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The nature of the species formed by CO chemisorption of Mo(100) has been investigated using
angle-resolved ultraviolet photoelectron spectroscopy (ARUPS) and near-edge x-ray
absorption spectroscopy. High-resolution electron energy loss spectroscopy (HREELS)
indicates the formation of two distinct types of CO. At coverages greater than 50% of
saturation, chemisorbed CO exhibits a CO stretching frequency of ~2100 cm ™' corresponding
to a CO molecule chemisorbed in an atop site. ARUPS indicates that at these coverages CO
chemisorbs with its axis perpendicular to the surface in an analogous manner to that
commonly observed on transition metal surfaces. At coverages Jess than 50% of saturation, CO
exhibits an extraordinarily low stretching frequency of ~ 1200 cm™'. Both NEXAFS and
ARUPS measurements unequivocally indicate that at low coverages CO is tilted at ~40° to the
surface normal. Since CO is tilted with respect to the surface at low coverages, this effect
cannot be ascribed to adatom—adatom interactions, and a careful measurement of the positions
of the photoelectron peaks of the tilted molecule indicates that both the 17 and the 5o orbitals
participate in surface bonding. A bonding model is proposed that is in accord with these
observations in which the CO molecule chemisorbs into a fourfold hollow site.

I. INTRODUCTION

Carbon monoxide chemisorbs onto transition metal sur-
faces, in the majority of cases, with the carbon—oxygen bond
perpendicular to the sample surface, exhibiting a C-O
stretching frequency at around 2000 cm ™ '; the exact value
of this stretching frequency depending on whether the CO
chemisorbs at an atop, bridging, or hollow site. The bonding
of CO, its dissociation probability, and the effect of alkalis on
CO chemisorption have all been explained in terms of the
Blyholder model® in which the molecule surface bond is
formed by electron donation to the surface from the CO 5o
orbital, with a synergistic backbond from the surface into the
CO 27* antibonding orbital. Variations in CO chemistry can
be rationalized from changes in work function (either by
changing the metal or adding an alkali) which in turn alters
the relative proportions of 50 donation compared to 27*
back donation. Cases in which the chemisorbed CO tilts with
respect to the surface normal can be ascribed to adatom-—
adatom interactions which produce glide planes in the or-
dered overlayer. Such adatom—adatom interactions occur at
high coverages.! Recently, however, vibrational spectrosco-
py in the form of high-resolution electron energy loss spec-
troscopy (HREELS) has revealed a new frequency ( ~ 1200
cm™!) CO mode at low coverage. This has been tentatively
assigned to the vibration of a tilted CO molecule, but since
this species is observed at low CO coverages cannot be as-
cribed to a molecule that is tilted because of adatom—adatom
interactions. Such low vibrational frequencies at low cover-
age have hitherto been observed for CO adsorbed on
Fe(100),2 Cr(110),> and Mo(100).5 NEXAFS spectra for
CO on Fe(100) indicated that the so-called a, state of CO
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comprises a molecule that is tilted at 45° to the surface nor-
mal.* Tilted molecular species have been proposed for CO
chemisorbed onto Cr(110) based on electron stimulated de-
sorption (ESDIAD) experiments® and ultraviolet photo-
electron spectroscopy data.” Recent theoretical calculations
have concluded that the stable molecular orientation on
Cr(110) is when the molecular axis of CO is parallel to the
surface and in which the 40, 17, and 5o orbitals of CO all
interact with the surface.’

Another example of a surface that exhibits this low fre-
quency mode following CO chemisorption is Mo(100).°
This low frequency state, which formally corresponds to a
CO bond order of unity, has been further shown by combin-
ing thermal desorption spectroscopy (TDS) and HREELS
studies to be a precursor to CO dissociation. The data of Ref.
6 show that at a CO coverage of 0.4 (where coverage in this
case signifies relative coverage, i.e., 6 /0, ) the HREELS
spectrum exhibits almost exclusively the low frequency CO
stretching modes, and in TDS two high temperature desorp-
tion peaks due to second-order atom recombination reaction
are observed. A very small peak at ~2000 cm ™! at this cov-
erage (6 /6,,,, = 0.4) suggests that a small portion of the
CO chemisorbs at an atop site. Increasing the exposure so
that the CO coverage is 0.65 produces a spectrum in which
both the low frequency (1200 cm™') and high frequency
(2000 cm ~ ') loss peaks increase in intensity, suggesting a
simultaneous population of both of these states in this cover-
age range (i.e., between 8 /6,,,, = 0.4and 6 /0,,,, = 0.65).
Further exposure results only in an increase of the 2000
cm ™ ! peak. This suggests that the “low frequency” CO cov-
ers approximately half the surface, the other half being CO
chemisorbed at an atop site. Auger measurements suggest a
saturation CO coverage of ~ 1.8 x 10'®> molecules/cm?; this
corresponds to approximately 2 CO molecules per surface
molybdenum atom on the (100) face.
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We present in the following angle-resolved ultraviolet
photoelectron spectroscopic (ARUPS) and near-edge x-ray
absorption fine structure (NEXAFS) measurements for CO
on Mo(100). The NEXAFS data suggest that the molecule
is tilted at 40° + 10° to the surface normal. Angle-resolved
photoelectron spectroscopy also indicates that the molecule
is tilted at 40° + 5° to the plane of the Mo(100) surface.
Measurement of the spacing between the 277* and 60* reson-
ances in NEXAFS suggests that the CO bond is some
0.25 + 0.05 A longer in the tilted orientation than for the
“perpendicular” molecule. This longer CO bond is in accord
with the weaker CO force constant observed in HREELS.

The positions of the CO energy levels in UPS for the
perpendicular and tilted CO molecules are quite different,
and the data suggest that while there is a strong component
of bonding which involves donation of 5o electrons to the
surface for tilted CO, 17 electron density is also donated to
the surface. Comparison with organometallic analogs sug-
gests that o and 7 donation are to adjacent surface molyb-
denum atoms. This molecular geometry is somewhat differ-
ent to that predicted theoretically for the chemisorption of
COon Cr(110).5

Il. EXPERIMENTAL

These experiments were performed at the National
Sychrotron Light Source at Brookhaven National Laborato-
ry on beamline U14A. The monochromator used for these
experiments was a PGM which has been described in detail
elsewhere.®

The ion pumped stainless steel vacuum chamber used in
these experiments operated at a base pressure of 1107 '°
Torr after bakeout. It was equipped with a cylindrical mirror
analyzer for Auger analysis of the surface which was mainly
used to establish sample cleanliness and for near-edge x-ray
absorption fine structure (NEXAFS) experiments. It also
contained a rotatable angle-resolving hemispherical analyz-
er for photoelectron spectroscopy experiments.

The Mo(100) crystal was prepared using standard me-
tallographic techniques and was mounted to the sample ma-
nipulator via tantalum wires spotwelded to the edge of the
crystal. The sample could be resistively heated to 2000 K and
cooled to ~120 K via thermal contact to a liquid nitrogen
reservoir. The sample was cleaned using standard proce-
dures, i.e., by repeatedly annealing in 1 X 10~ Torr of oxy-
gen at 1200 K to remove carbon, and heating to 2000 K in
vacuo to remove oxygen. The CO used in these studies was
vacuum distilled several times to remove contaminants (pre-
dominantly metal carbonyls) and stored in glass. The CO
was free of impurities as adjudged by mass spectroscopy.

Preliminary photoemission experiments were per-
formed to establish the photon energy that optimized the
adsorbate signal relative to those from the substrate, as well
as overall count rates. Photon energies of 40 eV were used for
photoelectron spectroscopy throughout this work. This has
been shown previously to be close to the optimum energy for
UPS of CO on transition metal surfaces.!® Photoelectron
spectra were obtained in a pulse counting mode with a fixed
analyzer pass energy of 20 eV (corresponding to an analyzer
resolution of 0.2 eV). The monochrometer resolution at the

photon energies used (40 eV) was measured to be 0.2 eV.

NEXAFS spectra were taken in the majority of cases
using Auger detection. A peak-to-peak modulation ampli-
tude of 30 V was used in order to degrade the resolution of
electrons photoejected from just below the Fermi edge.!!
Nevertheless, this renders the background in the region of
the 1s to 60 resonances less reliable, so that quantitative mea-
surements of intensities of these features was avoided in the
data analysis. A set of spectra were also taken using the crys-
tal current as a measure of the adsorption.

lll. RESULTS

Figure 1 shows a series of angle-resolved photoelectron
spectra of a Mo (100) surface following exposure to 0.5 L (1
L = 10~%Torr s) of CO at 120 K taken with the photoelec-
tron detection angle normal to the surface while varying the
angle of incidence of the UV beam. The definitions of the
angles used in this paper are shown in Fig. 2. According to
previous work,® this CO exposure corresponds to a coverage,
0/6,,. ~0.5,ie., 50% of saturation coverage. Chemisorbed
CO in this low coverage state exhibits low CO stretching
frequencies and dissociates upon heating. The spectra are
normalized to total incident photon flux which was deter-
mined by measuring sample current to ground. These spec-
tra exhibit a broad feature between 7 and 14 eV below the
Fermi edge due to chemisorbed CO. It is evident that the
shape of this feature changes only little as a function of inci-
dence angle. Shown for comparison are the spacings of the
photoemission peaks from the 40, 17, and 5o orbitals of gas
phase CO. These lines are rigidly shifted so that the 5o level
aligns with the CO photoemission peak at ~ 13 eV binding
energy. The structure between the Fermi edge (denoted as
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FIG. 1. Photoelectron spectra of 0.5 L of CO on Mo (100) taken at normal
emission as a function of photon incidence angle. The photon energy was 40
eV.
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FIG. 2. Coordinate system used for the analysis of the UPS and NEXAFS
data.

Ey in the diagram) and 4 eV binding energy is due to emis-
sion from the substrate d electrons.

A similar set of spectra (i.e., normal detection, taken as
afunction of photon incidence angle) are shown in Fig. 3 for
a surface saturated with CO (5 L exposure) at 120 K. CO
photoemission features in this case are significantly more
intense than the spectra of Fig. 1 reflecting a higher total CO
coverage. The spectrum consists of two features that are rea-
sonably well resolved; a narrow peak 11.9 eV below the Fer-
mi level and a broader peak at ~8.7 eV below the Fermi
level. These peak positions are in reasonable agreement with
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FIG. 3. Photoelectron spectra of a saturation coverage of CO on Mo(100)
(5 L) taken at normal emission as a function of photon incidence angle. The
photon energy was 40 eV.

spectra observed for CO on group VIII transition metal sur-
faces [e.g., CO/Ni(100)'?]. The peak at 11.9 eV below E,.
shows a significant variation in intensity as a function of
incidence angle, while the broad peak at 8.7 eV below the
Fermi edge shows little variation in intensity. Again shown
for comparison are the positions of the peaks in the gas phase
CO photoelectron spectrum, and the positions of the peaks
for chemisorbed CO. The assignment of these peaks will be
discussed below.

Figure 4 shows a series of spectra following a 5 L expo-
sure of CO (i.e., a saturated surface) as a function of photo-
electron emission angle taken with the light beam normal to
the surface. Spectra are shown as a function of azimuthal
angle both in the plane and perpendicular to the plane of
polarization, and again the positions of gas phase and che-
misorbed photoemission peaks are shown for comparison.
While the broad peak shows little variation in shape as a
function of azimuthal angle perpendicular to the plane of
polarization significant variation in the shapes of the photoe-
mission profiles with azimuthal angle parallel to the plane is
evident. Figure 5 shows a set of spectra taken as a function of
parallel azimuthal detection angle for normal incidence fol-
lowing 0.5 L CO exposure. In this case there is some vari-
ation in total intensity and a slight variation in the shape of
the photoemission envelope from chemisorbed CO.

Near edge x-ray absorption fine structure (NEXAFS)
spectra of a surface saturated with CO (5 L exposure at 120
K)) were taken for both normal and grazing incidence (70° to
the surface normal). Figure 6 shows the 7 resonances at the
C 1sand O 1s absorption edges (i.e., C 1sto 27* and O Is to
27* transitions, respectively) for normal and grazing inci-
dence. The absorption cross sections in this case were mea-
sured from the intensity of the O(KLL) and C(KLL) Auger
decay pathways of the respective core holes. These data indi-
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FIG. 4. Normal incidence photoelectron spectra following exposure to 5 L
CO (i.e., a saturated surface) as a function of azimuthal detection angles.
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FIG. 5. Normal incidence photoelectron spectra following exposure to 0.5
L CO (50% of saturation) as a function of azimuthal («, ¢ = 0) detection
angles in the plane of polarization only.

cate that there is still a significant absorption into the 27*
level at grazing incidence (70° to the surface normal). Figure
7 shows the C edge NEXAFS spectrum in which the absorp-
tion was obtained by measuring the total current through the
crystal. The data in this case are significantly noisier because
of the inherently less sensitive detection method. However,
the data in the region of the o resonance is more reliable than
that obtained using the Auger detection technique since
there is no likelihood of interference from photoemission
from the d band.'® The spectrum at normal incidence exhib-
its a very broad o resonance. The 7—o spacing in this case is
11 + 1 eV. The grazing incidence o— spacing is significant-
ly different from this value, and in this case is 19 + 1 eV.
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FIG. 6. Near-edge x-ray absorption fine-structure experiment showing 7
resonances at the O edges and C edge for a Mo(100) surface saturated with
CO.
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FIG. 7. NEXAFS spectra of a CO saturated Mo(100) surface obtained by
measuring the current to ground through the crystal.

IV. DISCUSSION

We turn our attention initially to determining the angle
of the low coverage CO state with respect to the surface. The
consensus in the literature is that such a low CO stretching
frequency of this state suggests that this corresponds toa CO
molecule chemisorbed with a C-O axis that is not perpendic-
ular to the surface. Figure 6 shows the 7 resonances at both
the carbon and oxygen edges. If the surface consisted entire-
ly of CO bonded with its molecular axis normal to the sur-
face, the ratio of absorption cross section at normal vs graz-
ing incidence should be ~ 8.5."* Experimentally we obtain
for this system a ratio between 3 and 4 indicating the coexis-
tence of perpendicular and tilted CO molecules on the sur-
face. The angular dependence of the NEXAFS for als to 27*
transition is proportional to'?

{4—(3cos?0—1)(3cos’t— 1)},

where 8 is the angle of incidence of the x rays (see Fig. 2),
and ¢ is the molecular tilt angle measured with respect to the
surface normal. The NEXAFS data (Figs. 6 and 7) were
taken for a molybdenum surface saturated with CO, so that
approximately 50% + 10% of the surface consists of the
species exhibiting a low CO stretching frequency (putatively
tilted to the surface) and 50% + 10% consists of CO with
the molecular axis perpendicular to the surface. Thus the
ratio of perpendicular to tilted CO is between 40:60 and
60:40. The ratios of the normal to grazing absorption intensi-
ty for a 1s to 27* transition for a surface assumed to consist
of either 60% perpendicular CO and 40% tilted CO (@) and
for a surface consisting of 40% perpendicular CO and 60%
perpendicular CO (X ) (the extreme cases) are shown plot-
ted in Fig. 8 as a function of CO tilt angle, ¢. Table I shows the
measured values of the ratios of the absorbances for normal
and grazing incidences taken from the data of Figs. 6 and 7
(i.e., for excitation from either the carbon or oxygen core
levels). These ratios are shown plotted onto the theoretical
curves of Fig. 8. The NEXAFS data therefore indicate that
the CO is tilted at 40° + 10° to the surface normal.

The o resonance at adsorption at the carbon edge was
obtained by measuring the current through the crystal (Fig.
7). The o resonance at glancing incidence is a broad feature
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FIG. 8. Plot of the ratios of intensities of 1s to 7* transitions for normal
grazing incidence as a function of molecular tilt angle for a surface consist-
ing of 40% tilted CO and 40% perpendicular CO and 60% tilted and 40%
perpendicular CO. Shown also are the experimental ratios taken from Table
I and the tilt angles to which they correspond.

centered at 302 + 1 eV photon energy and is primarily due to
adsorption from the Is to 6¢ antibonding orbital of perpen-
dicular CO. At normal incidence the corresponding feature
is due to excitation into the 6¢ level of tilted CO. The spacing
between the o and 7 resonances can be used as a measure of
the CO bond length; empirically a shift of 1 eV in this spacing
correlates with a change in a bond length of ~0.03 A wherea
longer bond yields a smaller spacing between the ¢ and 7
resonances.’* Examination of the region in which the o reso-
nance occurs in the normal incidence experiment shows a
broad plateau which starts to decrease above 300 eV photon
energy. A possible interpretation of this feature is that it is an
extremely broad o resonance centered at 294 4 1 eV photon
energy. If this is indeed the case the change in o to 7 spacing
between a tilted and perpendicular CO moleculeis 8 4 2 eV,
which implies that the tilted CO molecule has a CO bond
some 0.25 + 0.05 A longer than the perpendicular CO. Such
an increase in length of the CO bond for tilted CO would
certainly be in line with the extremely low vibrational fre-
quencies associated with this tilted state (~1200cm™"') and
which corresponds, using bond order—bond frequency argu-
ments, to a CO single bond.

The angular dependent UPS results complement the in-
formation obtained with NEXAFS. The photoelectron spec-
trum of a surface saturated with CO (which consists of
~50% tilted CO, and ~ 50% perpendicular CO) exhibits a
sharp peak at 11.9 eV and a broad peak at 8.7 ¢V below the
Fermi edge. The bonding of CO with its axis perpendicular
to the metal surface is well understood. In general terms this
is due to donation from the 5o orbital, which is a nonbonding
CO orbital consisting predominantly of a lone pair on car-
bon, into an empty metal d orbital, and a synergistic back
donation from a filled metal d orbital into the 277* antibond-

TABLE 1. NEXAFS 7 resonance intensity ratio as a function of incident
angle for a CO saturated Mo(100) surface.

Spectrum Normal to grazing intensity
6 (C edge) 3.63
6 (O edge) 3.12
7 3.80

ing orbital of CO. Herman and Bagus'® have calculated the
shift in ionization energies of the CO valence orbitals in
NiCO as a function of the Ni-C distance using the Hartree—
Fock ASCF method. This shows that while the 40 and 17
orbitals are only slightly stabilized as the CO molecule ap-
proaches the Ni atom, the 50 orbital is significantly stabi-
lized so that at sufficiently small Ni—-C distances it can, in
fact, become more stable than the lir orbital. The relative
ionization energies of these orbitals can be established using
angle-resolved photoelectron spectroscopy in the case in
which CO is bonded perpendicularly to the surface since the
surface complex in this case has relatively high symmetry.
This procedure is illustrated, for example, by the case of CO
bonding on Ni(100).'? An experimental geometry in which
the normally emitted photoelectrons are detected and where
the electric field is parallel to the surface (normal incidence)
should exclude emission from the 40 and 50 levels of CO;
electrons should be photoejected from the 17 orbitals only.
As the incidence angle is varied from normal, the 7 levels
increase in intensity since in this case there is a significant
component of the electric field along the molecular axis. This
increase in the o-emission cross section is accompanied by a
decrease in 7-emission cross section. Such a set of experi-
ments is shown in the data of Fig. 3. At normal incidence
(6 = 90°), the photoelectron spectrum exhibits a broad peak
at 8.7 eV below E,. which, in this geometry, must be due to
emission from the 17 orbital. The small feature at 11.9 eV
below Ey is due to some residual emission from the 40 orbi-
tal of the tilted CO. As the light incidence angle is moved
from normal incidence the emission cross section from the o
levels increases. The peak at 11.9 eV below Ej is therefore
assigned to emission from the 4o level of chemisorbed CO.
The peak at 8.7 eV shifts slightly to 8.4 eV but its intensity
remains almost constant. This is because the 177 and 5o levels
for chemisorbed CO are almost degenerate, so that the com-
bined photoemission intensity remains almost constant.
This is because the 177 and 5¢ levels for chemisorbed CO are
almost degenerate, so that the combined photoemission in-
tensity from this accidentally degenerate 17/50 pair remains
constant. The peak at 8.4 eV is therefore assigned to emission
from the 5o orbital of chemisorbed CO, and this suggests
that in the case of CO on Mo(100) the 5c¢ level is not as
strongly stabilized as for example in this case of CO on
Ni(100). The positions of the peaks due to chemisorbed CO
are shown in Figs. 3 and 4 and comparison with the positions
of the peaks for gas phase CO indicates that the CO 5o level
is shifted due to bonding to the Mo surface by ~ 1eV. The 4o
and 17 levels are not shifted in accord with the Blyholder
model.

J. Chem. Phys., Vol. 87, No. 12, 15 December 1987

Downloaded 09 Oct 2007 to 129.89.22.226. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



7270

This phenomenon is further illustrated in the azimuthal
plots of a CO saturated surface (Fig. 4). Calculations of the
angular profiles of the ¢ orbitals of CO at normal incidence
when it is perpendicularly bonded'®'” show that the photoe-
mission cross section of a o orbital should be zero at normal
detection and increase with increasing polar angle, so that it
reaches a maximum when the detection angle is 30°—40° for
an excitation energy of 40 eV, in accordance with our results.
The spectra of Fig. 4 also serve to confirm the positions of the
40, 11, and 50 energy levels assigned above. No signal from
the 40 and 50 peaks is expected when ¢ = 90 regardless of ,
in agreement with our results.

We return now to the low coverage state
(8/6,,., =0.5) of CO on Mo(100). NEXAFS data have
shown that this corresponds to a CO molecule tilted at
40 + 10° to the surface normal and with a CO bond some
025 A longer than perpendicular CO. Further corrobora-
tion of the low coverage CO orientation is furnished by the
lack of variation in shape of the mainfold of photoemission
peaks due to CO since this angle is reasonably close to the
magic angle (54.7°). Figure 9 shows the normal detection
photoemission spectra due to a tilted CO fitted to three Lor-
entzians. The experimental curves were obtained from the
spectra of Fig. 1 by subtracting an estimated curved base line
(due predominantly to inelastically scattered electrons).
The background-subtracted data are shown plotted with
identical heights; the vertical lines adjacent to each of the
spectra represent the same count rates. The fitting param-
eters (width, position, and height) for the Lorentzians were
allowed to vary independently. These values agree between
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FIG. 9. Angle-resolved photoelectron spectra of 0.5 L of CO on Mo(100)
replotted between 4 and 21 eV below E.. An estimated background has
been subtracted and the profiles fitted to three Lorentzians.
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spectra taken at different incidence angles to within 10%. It
is assumed that these peaks are due to emission from the 4¢,
177, and 5o CO orbitals. Because of the low symmetry of the
tilted CO molecule, there are no longer any symmetry re-
strictions that require the 17 orbitals to be degenerate, so
that formally these may split into two singly degenerate orbi-
tals. However, calculations by Anderson® for CO bonded
parallel to the surface (in which case it would be expected
that the splitting be a maximum) suggest that the fitted sepa-
ration between these levelsis < 0.1 eV; below the resolution
of the spectrometer. The binding energies of the peaks are
13.0 + 0.1, 10.9 + 0.1, and 9.0 4+ 0.1 eV below the Fermi
edge. The 13.0 eV binding energy peak is assigned to the 40
orbital of CO as this is not involved in surface bonding to any
large extent since it consists primarily of an oxygen lone pair,
so that its binding energy would be expected to be close to
that of perpendicular CO (11.9 eV). The 10.9 and 9.0 eV
binding energy peaks are assigned to emission from the 17
and 5o orbitals of chemisorbed CO, respectively.

The variation in intensity of photoemission peaks as a
function of photon incidence angle can be used to confirm
the NEXAFS measurements of molecular tilt angle. Shown
plotted as solid lines in Fig. 10 is the theoretical variation of
o-photoemission intensity with incidence angle (normalized
to 40° incidence) as a function of molecular tilt angle (mea-
sured with respect to the surface normal). Since the real and
imaginary parts of the refractive index are likely to vary sig-
nificantly from unity and zero, respectively, in UPS (i.e., for
40 eV photons), it was necessary to calculate the effect of the
surface on the electric field. The theoretical plot in Fig. 10
was corrected for this effect by solving the Fresnel equa-
tions’® to yield the normal and perpendicular components of
the electric field at a surface with a complex dielectric con-
stant of 0.88 + 70.23 as a function of photon incidence angle.

C10éMo(‘|00),A0eV Molecular tilt angle
=] — 70
1 | Sigma emission
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05F 0
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FIG. 10. Plot of photoemission intensity for emission from the CO 4o level
as a function of incidence angle. Plotted for comparison are theoretical
curves of the same quantity for various values of tilt angle, taking into ac-
count the complex dielectric constant of the surface.
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The component of the effective electric field along the molec-
ular axis was calculated for different incidence and molecu-
lar tilt angles and averaged over all azimuthal angles. Shown
also plotted on this curve are experimental points obtained
form the fitted curves from Fig. 9 for the 13.0 eV peak (M).
This yields a molecular tilt angle of 40° 4+ 5% in good agree-
ment with the value obtained from NEXAFS data. This also
confirms that the 13.0 eV peak is due to emission from the 40
orbital. Calculation of the molecular tilt angle without taking
account of the complex refractive index of the molybdenum
surface yields a molecular tilt angle of ~50°, and illustrates
the importance of this procedure. Analysis of the variation of
intensity of the 177 and So orbitals of the tilted CO was avoid-
ed, since the shift in the positions of these levels compared to
gas phase CO suggests that they are strongly involved in
binding to the molybdenum surface. This implies that the
molecular orbitals associated with these peaks comprise a
significant contribution from the substrate so that a vari-
ation of the intensity of these peaks as a function of incidence
angle is likely to lead to erroneous estimated of tilt angle.

The plots of Fig. 5 show that the peak due to the 40
orbital of tilted CO (at 13.0 eV binding energy) increases by
afactor of ~ 1.5 as the detection angle changes from 0° to 45°.
For a CO molecule tilted at 30°, and with 41 eV photons, the
corresponding theoretical value of this ratio is ~2.1."” The
emission intensity at 9.0 eV binding energy (assigned to
emission from the 5o orbital of tilted CO) increases by a
factor of ~ 1.3 as the polar detection angle increases from 0°
to 45°, again in accord with the theoretical calculations for
tilted CO.

The data strongly suggest that both the 17 and the 5o
orbitals interact with the surface. Since both the 17 and 5o
peaks are shifted to higher binding energies for low coverage
(tilted) CO compared to gas phase CO, this strongly sug-
gests that both the 17 and the 50 orbitals interact with the
surface.

Organometallic compounds in which carbon monoxide
is tilted at an angle with respect to the metal-metal bond'*-*
have been synthesized. The bonding in these cases has been
described by suggesting that the CO can behave as a four
electron ligand by donating two electrons to each metal
atom. Thus a pair of electrons is donated from the carbon
lone pair (50 orbital) and another electron pair from the 17
orbital. There appears therefore to be some correspondence
between the bonding of CO to a Mo(100) surface and the
bonding in these organometallic compounds. It should,
however, be mentioned that the bridging CO stretching fre-
quency in the organometallic compounds is ~ 1380-1400
cm ', substantially larger than the energy of the loss feature
(~1200 cm™!) observed for this species in HREELS and
may reflect a considerably stronger bond for surface CO
than in the complex.

We turn our attention finally to the question of nature of
the CO adsorption site for tilted CO. The relatively large
shifts in both 4o and 17 orbitals on bonding require a geome-
try that allows simultaneous access of both of these orbitals
to the surface. This suggests that tilted CO does not chemis-
orb at an atop site since this precludes significant simulta-
neous overlap of the 40 and 17 orbitals with the surface. In

any case, CO chemisorbs in the atop site for coverages
greater than 0.5, so that on this basis this geometry can be
excluded as a possible binding for tilted CO. Of the remain-
ing possibilities (bridge and hollow sites), adsorption at a
hollow site seems most likely.

V. CONCLUSIONS

Two species have been identified on Mo (100) following
CO adsorption at 120 K. At coverages up to ~50% of satu-
ration, a species that has a characteristic vibrational frequen-
cy of ~1200 cm ™' and which on heating the sample leads to
CO dissociation, has been unequivocally identified using
NEXAFS and angle-resolved photoelectron spectroscopy as
being tilted to the metal surface. The tilt angle has been mea-
sured at 40° 4+ 10° to the surface normal using both NEX-
AFS and angle-resolved UPS. This species appears to bond
via donation from the 5¢ orbital to a molybdenum atom and
also by donation of I electrons to an adjacent molybdenum
atom. At higher coverages (approaching saturation) CO
bonds with its axis perpendicular to the surface in a fashion

that is identical to many transition metal surfaces. This CO

has a characteristic vibrational frequency of ~2100 cm™!,

indicating adsorption at an atop site, and this species desorbs
molecularly on heating. Finally, it is postulated that the tilt-
ed CO is adsorbed into a fourfold hollow site.
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