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Adsorbate symmetry and Fermi resonances of methoxide adsorbed on Mo(110)
as studied by surface infrared spectroscopy
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It is conclusively demonstrated using surface infrared spectroscopy, in combination with selective isotopic

labeling, that methoxy coordinates with C3„symmetry on Mo(110), at coverages below 0.17 ML. The exist-

ence of intense Fermi resonances in the C-H stretch region of adsorbed CH30 is firmly established. By
application of these observations to previous studies of methoxy on the low-index planes of copper and nickel,

the disparity between the adsorbate geometry predicted by infrared spectroscopy and that deduced from

photoelectron studies is removed.

Accurate assignment of vibrational modes of adsorbed
species is essential in determining their structure and in prob-
ing surface-induced changes in their intramolecular poten-
tials. Among other things, adsorbate structure is important in
understanding a variety of surface phenomena, in order to
probe the mechanism of complex processes such as hetero-
geneous methanol synthesis and diamond atomic-layer epi-
taxy.

Over the last decade, there has been considerable debate
over the interpretation of the surface vibrational spectra of
adsorbed methoxide due to significant differences from the
known spectrum of gaseous or condensed methanol. In par-
ticular, there is disagreement regarding the assignment of the
symmetric and asymmetric carbon-hydrogen stretching vi-
brations, which can, in principle, be used to determine the
orientation and symmetry of the methoxy moiety. The as-
signment of these modes is complicated by the existence of
additional modes due to anharmonic coupling between over-
tones of the methyl deformation modes and the stretching
fundamentals, such that a normal mode analysis is no longer
appropriate. Indeed, strong Fermi resonances are known to
be prevalent in methyl-containing compounds and can
dominate the 2700—3100-cm region of the infrared
spectrum. Chesters and McCash have previously pro-
posed that the two highest frequency bands in the C-H
stretching region in the infrared spectrum of methoxy on
Cu(111) were due to overtone and/or combination bands of
the methyl deformation modes, based on data for hydroge-
nated and perdeutero-methoxy. However, a definitive assign-
ment is not possible using such isotopically "pure" metha-
nol, as these overtone modes cannot easily be distinguished
from the asymmetric C-H(D) stretching fundamentals, which
occur in the same frequency range. Importantly, the reso-
nance results in intensity borrowing by the overtone from the
C-H stretch modes, with the result that significant intensity
can be observed in the overtone, independent of the oscilla-
tor strength of the deformation fundamentals. We were able
to eliminate this coupling by partially deuterating the methyl
group so that the overtones of the highest frequency-bending
modes are no longer near-degenerate with the C-H stretch

modes. This approach has previously been used by McKean
and co-workers to remove contributions from Fermi reso-
nances in the infrared spectra of gaseous methyl-containing
compounds, including methanol. ' Consequently, we are
able to conclusively demonstrate that a single methoxy spe-
cies with C3„symmetry is present on Mo(110) at 100 K,
for a coverage of 0.17 ML. Hence, the intense features ob-
served at 2916 and 2868 cm ' in the infrared spectrum of
CH30- are not due to the asymmetric C-H stretch, as has
been previously proposed for methoxy adsorbed on a variety
of surfaces, but are due to overtones of the methyl defor-
mation modes mixed with the symmetric C-H stretching fun-

damental, in agreement with the assignments proposed by
Chesters and McCash.

Experiments were performed in an ultrahigh vacuum
chamber with a base pressure below 2X10 ' Torr, de-
scribed in detail elsewhere. All infrared reflection absorp-
tion spectra were collected using a single-beam, clean-air
purged Fourier-transform infrared spectrometer (Nicolet, Se-
ries 800) and averaged over 1000 scans using a mercury-
cadmium-telluride detector, at 2-cm resolution; resulting
in a scan time of approximately 15 min. Sample spectra were
ratioed against a background taken immediately after the
sample scan by flashing the crystal to 900 K. The scan was
initiated after the crystal temperature had returned to 100 K.
The spectra shown consist of at least two sets of 1000 scans,
co-added to improve the signal-to-noise ratio. Methoxy was
prepared by exposing the clean Mo(110) surface to a dose of
methanol [CH3OH (Aldrich, 99.9%), CHD2OH (Cambridge
Isotope, 98%)] sufficient to deposit multiple layers, followed
by heating to 300 K. Formation of surface methoxy was
verified by electron-energy-loss spectroscopy and the meth-
oxy coverage determined by x-ray photoelectron spectros-
copy, as described in a subsequent publication.

Methoxy adsorbed on a low-index plane will exhibit ei-
ther C3„, C, , or C& symmetry, depending on the orientation
and the symmetry of the adsorption site. The C3„symmetry
requires that the symmetry axis of the molecule be oriented
along the surface normal and, formally, that the adsorption
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FIG. 1. The C-H stretching region of the infrared spectrum

of 0.17 ML of methoxy adsorbed on Mo(110) at 100 K;
(a) CHD20- and (b) CH)O-.

site has threefold symmetry or higher. Consequently, meth-

oxy cannot strictly possess C3„symmetry on the twofold-
symmetric (110) surface, although, as molybdenum has a
body-centered-cubic lattice structure, this surface does pos-
sess pseudothreefold sites that are only slightly perturbed
from true local threefold symmetry. However, if methoxy is
insensitive to the symmetry of the surface beyond the ad-

sorption site, C3„symmetry is possible for the atop site.
The infrared spectra of intermediate coverages of

CHD20- and CH&O- adsorbed on Mo(110) conclusively
demonstrate that the adsorbate symmetry is C3„(Fig. 1).The
presence of only a single feature in the C-H stretching region
of CHD20- precludes both C, and C1 symmetry. Further-

more, the presence of three features in this region of the
infrared spectrum of CH30- is entirely consistent with the

predictions based on C3„molecular symmetry. The fact that

only the symmetric deformation mode, at 1424 cm ', is
observed is also consistent with a Cz„adsorbate symmetry.
The asymmetric deformation, predicted to be at -1445
cm, is not observed as it is surface-dipole forbidden for
this geometry.

Under the surface-dipole selection rule, the only modes
that are allowed are those that transform as the totally sym-
metric representation of the point group. Therefore, for C3„
symmetry, the only fundamentals allowed are those with

A& character: v(C-O), p(CH3), b', (CH3), and v, (C-H). The
b, (CH3) and v, (C-H) modes are degenerate (E character)
and are therefore forbidden. Thus, only one fundamental
mode, v, (C-H), should be observed in the 2700—3100-
cm region of the vibrational spectrum. For a nondegener-
ate fundamental, all first overtones (second harmonics) are
totally symmetric with respect to the operations of the point

group and are therefore allowed. Hence, the first overtone of
the symmetric deformation at 1424 cm can contribute in-

tensity in this region. The overtones of the (degenerate)
asymmetric deformations have character A, +E; the only al-

lowed (A &) part being due to the simultaneous excitation of
the fundamental of both degenerate components. Finally, the

bands resulting from a combination of the symmetric- and

asymmetric-deformation modes have A& XE=E character
and are consequently forbidden. Therefore, three bands are

allowed under C3„symmetry, in the 2700—3100-cm ' re-

gion of the infrared spectrum of CH30-: v, (C-H),
28,(CH3), and 28, (CH3). In contrast, only one C-H stretch

mode will have significant intensity for "Cz„"CHD20-, as
all C-H bond coordinates are equivalent and are uncoupled
from the overtones and combination bands of the CH 2 bend-

ing modes. The degeneracy of the asymmetric modes in

CH30- is lifted under C, symmetry, to form two different
classes of modes; one having A ' symmetry (in plane) and the

other A" symmetry (out of plane). Therefore, the symmetric
and in-plane asymmetric C-H stretching modes are allowed
under C, symmetry. Four nonfundamental modes are also
allowed: the overtones of the three deformation modes as
well as the 8,(CH3) X 8, (CHz) combination band, giving a
total of six allowed bands in the surface infrared spectrum.
However, only two features would be observed in this spec-
tral region for C, CHD20, formally due to the existence of
two different symmetries, C, and C&, and corresponding to
C-H stretching motions in and out of the Mo-0-C plane
present in the molecule.

Finally, the out-of-plane component of the asymmetric
stretch and the 8,(CH3) X 8, (CH3) and b, (CH3)
Xb', ii(CH3) combination bands also become allowed for
CH&O- under C& symmetry, giving a total of nine possible
bands in the 2700—3100-crn ' region. In contrast, three C-H
stretch modes would be observed in this region for
CHD20-, as all C-H coordinates become inequivalent on
removal of the O.

I, symmetry element present under C, sym-
rnetry.

By reference to our data for CHD20-, we assign the fea-
tures observed in the C-H stretch region of the spectrum of
0.17-ML CH30 to 2b', (CH3) and 28, (CHs) in Fermi
resonance with the symmetric C-H stretching fundamental

v, (C-H). However, these features can only be approximately
described in terms of these normal modes. The anharrnonic

coupling allows mixing of the vibrational wave functions to
form modes with partial v, and partial 8, /8, character, re-

sulting in "intensity borrowing" by the overtone states from
the fundamental, so that the observed intensity is indepen-
dent of the transition dipole moment of deformation funda-
mentals. Therefore, a more accurate description is that the
modes at 2916 and 2811 cm are due to a Fermi resonance
between v, (C-H) and an in phase combinatio-n of
28,(CH3) and 28, (CH3), whereas the mode at 2868 cm
results in an out ofphase combination -of 28,(CH3) and
28', (CH3), with considerably less admixture of v, (C-H).

The above assignments may be generally applicable for
adsorbed methoxide, based on the excellent agreement be-
tween our data and those reported for a wide variety of dif-
ferent surfaces (Table I).An early infrared reflection absorp-
tion study of methoxy adsorbed on Cu(100) attributed the
observation of three modes at 2787, 2861, and 2901 cm ' to
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TABLE I. Vibrational assignments for CH30- on various sur-

faces.

Mo(110)
(cm ')

2916
2868
2811
1424
1007

Cu(100)
(cm ')

2901
2861
2787

Cu(111)
(cm ')

2918
2882
2818
1435
1036

Ni(111)
(cm )

2921
2878
2817

1027

Assignment

2 b', (CH3)
28,(CH3)

v, (C-H)

8,(CHs)
t(C-0)

the symmetric and asymmetric stretching modes, respec-
tively, of a single, tilted (C, symmetry) species. However, a
subsequent study determined that the C-0 axis is actually
perpendicular to the Cu(100) plane, using x-ray absorption
and backscattering photoelectron diffraction measurements,
consistent with our assignment of the three bands in the in-
frared spectrum to the symmetric C-H stretch and two over-
tone modes (Table I). Similarly, for methoxy adsorbed on
Cu(111), a perpendicular C-0 bond orientation has been de-
rived from forward-scattering photoelectron diffraction, '
whereas three modes are observed at 2818, 2882, and 2918
cm in the 2700—3100-cm region of the surface infrared
spectrum. There is also excellent agreement between our
data and that observed for methoxy adsorbed on Ni(111), for
which the 2921-cm ' mode was previously attributed to
v, (C-H), implying that the molecular symmetry axis was
tilted away from the surface normal, as proposed in an earlier
electron-energy-loss study of this system. ' The C3„geom-
etry predicted for CH30-Ni(111) based on our assignments,
is in agreement with the conclusions of ultraviolet photo-
emission studies of methoxy on Ni(111) and ab initio
valence-orbital calculations of methoxy adsorbed in a three-
fold site on a 28-atom Ni(111) cluster, which indicated that a
perpendicular C-0 bond orientation was most favorable
(Table I).' ' Clearly, infrared studies using CHDzO- on
these surfaces would be valuable, in order to further justify
the generality of our assignments. Finally, in a subsequent
publication we will show that, other than the appearance of
v, (C-H) at -2950 cm ', the vibrational spectrum of a tilted
methoxy species, formed at higher coverages, is essentially
identical to that for C3„, implying that Fermi resonances
also give rise to the intense features at around 2900 cm ' in

tilted methoxy species, in contrast to the recent assignment
of these features to v, i(C-H) for methoxy on Ni(110), based
on rhenium cluster data. '

Our data clearly indicate that the vibrational spectrum of
methoxide is not sensitive to substrate symmetry. Formally,
the only coordination site on the Cu(100) and Mo(110) sur-
faces compatible with a C3, adsorbate symmetry is the atop
site, provided that the symmetry of the surface beyond the
adsorption site can be neglected. However, this site can be
excluded for Cu(100), based on the symmetry properties of
the observed surface phonons. ' Therefore, the highest sym-
metry possible for methoxide is C, , when coordination to an
unreconstructed surface is taken into account. In a previous
publication, we have discussed the possibility of a surface
reconstruction occurring upon adsorption of CH3S-, result-
ing in a local C3„symmetry of the pseudothreefold-hollow
sites. However, no reconstruction of the Mo(110) occurs on
adsorption of CH30-, based on 1ow-energy electron-
diffraction data. We therefore conclude that formal group
theory is not always applicable when determining the sym-
metry of methoxy on these surfaces, even when only the
symmetry of the coordination site is considered.

In conclusion, we have shown by surface infrared spec-
troscopy in combination with selective isotopic labeling, that
methoxy coordinates in an upright or "pseudo-C3„" geom-
etry on Mo(110), at coverages below 0.17 ML. Conse-
quently, the intense features at 2868 and 2916 cm ' in the
infrared spectrum of methoxy can only be assigned to over-
tones of the methyl deformation modes, gaining virtually all
intensity from Fermi resonances with the symmetric C-H
stretching vibration. Furthermore, we propose that the pre-
dominance of the overtone modes in the infrared spectrum is
not restricted to molybdenum, but is generally the case for
methoxy adsorbed on transition-metal surfaces, based on the
excellent agreement between our data and that for the low-
index planes of copper and nickel. Indeed, reassignment of
the three bands in the infrared spectrum of methoxy adsorbed
on these surfaces to the symmetric carbon-hydrogen stretch
and two overtones of the methyl deformations of a C3„moi-
ety, removes the disparity between the structure predicted by
infrared spectroscopy and that deduced by a variety of other
techniques.
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