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Vibrational Shifts Induced by 13C Isotopic Substitutions in a Surface Adsorbate
Determined by Infrared Spectroscopy andAb Initio Calculations
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Vibrational shifts of three carbon skeleton modes induced by13C substitutions were determined in
13CH3CH2O-, CH3

13CH2O-, and13CH3
13CH2O- adsorbed on W(110) using surface infrared absorption

spectroscopy. The experimentally determined frequency shifts of the three different modes are, on
average, determined within1.1 cm21 using ab initio electronic structure calculations. These results
indicate the validity ofab initio methods for the interpretation of vibrational spectra of adsorbed species.
[S0031-9007(98)08133-2]

PACS numbers: 68.35.Ja, 78.30.– j, 82.65.My
e
u

e

d
-
i

i

n

o

l

e

r

l

e

ol

s
re
nt
n
n
r
e
)

d
t

r

e
es
-

ed
d
ol,
e
-
d
e

f
l

by
n

On well-defined surfaces, vibrational spectroscopy r
mains our most powerful spectroscopic probe for all b
the most simple adsorbates. However, the richness
the experimental data often makes the interpretation
vibrational spectra difficult and complex. The interpre
tation and assignment of vibrational spectra of adsorb
polyatomic molecules are, therefore, generally based
comparison with vibrational spectra of the correspon
ing free molecules. This so-called “fingerprint” tech
nique has been successfully used to chemically ident
adsorbed molecules [1] and surface reaction intermedia
[2]. There are obvious limitations to this approach. Fo
all but the most simple molecules, the quality of the ava
able data for free molecules is often quite poor and th
assignments ambiguous. Furthermore, an important mo
vation for investigating adsorbed molecules is to determi
the modifications that the surface induces in the electron
structure of the molecule upon adsorption (modification
that, for instance, allow for new reaction pathways, n
available in the gas phase, to be made accessible). In
dition, there are many surface intermediates that do n
have an analogous free molecule and therefore are diffic
to identify by vibrational spectroscopy. However, the de
velopment of modernab initio calculations allows for the
quantitative determination of vibrational spectra not on
for free molecules but also for species coordinated to me
surfaces [3–5] and on semiconductor surfaces [6,7]. F
both systems, it has been shown that a good agreem
between calculated and measured frequencies can be
tained, along with a qualitative understanding of observ
intensities. Such information greatly enhances the app
cability of vibrational spectroscopy as a tool for the unde
standing of species adsorbed on the surface.

In the following, we will demonstrate that even sma
vibrational shifts in the carbon skeleton of a metal-ethox
complex induced by13C isotopic substitutions can be
determined, almost within experimental error, byab initio
electronic structure calculations. The systems us
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in the present paper are CH3CH2O-, 13CH3CH2O-,
CH3

13CH2O-, and13CH3
13CH2O- adsorbed on a W(110)

single crystal. In contrast, correspondingab initio
calculations for the analogous free molecule, ethan
12C and13C isotopomers, fail to correctly determine the
vibrational shifts. The modes related to the C-H stretche
and bends are not considered in this paper as they a
coupled to other modes in ways that we cannot accou
for in our theoretical model. The C-H stretches are ofte
strongly influenced by Fermi resonances [8], making a
analysis of the13C induced shifts of these modes rathe
complex. A detailed account of C-H stretches and th
Fermi resonances in ethoxy [9] adsorbed on W(110
will be given elsewhere [10]. The C-H bend modes
in alkoxides are frequently influenced by coupling to
the C-O stretch mode [11] and are therefore influence
by dipole-dipole coupling (see below). As we canno
account for dipole-dipole coupling in our model, the C-H
bend modes are not considered further.

Experiments were performed in a new UHV chambe
(base pressure7 3 10211 torr) equipped with a Bruker
66vyS Fourier transform infrared spectrometer. Th
W(110) single crystal was cleaned by standard techniqu
[12] until no contaminants could be detected by the re
tarding field LEEDyAuger optics. The long term stability
and cleanness of the crystal have also been confirm
by highly reproducible vibrational spectra over a perio
spanning several months. Spectroscopic grade ethan
99.5%, was used without any further purifications. Th
different 13C isotopes were used as delivered from Cam
bridge Isotope Laboratories, Inc. The ethanol was store
over 3 Å baked molecular sieves and admitted into th
chamber after several freeze-pump-thaw cycles.

Ab initio calculations were performed with version 94 o
the GAUSSIAN program [13], and analysis of the potentia
energy distributions (PED) was performed withMOLVIB

[14]. In the calculations the surface was represented
a single metal atom only. It has previously been show
© 1998 The American Physical Society 125
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that adsorbate vibrations are less sensitive to cluster s
than the electronic states which determine binding en
gies [15,16], providing a justification for our primitive rep
resentation of the surface. Calculations were perform
by substituting Mo for W due the inaccessibilities of ba
sis sets for the latter. The Los Alamos effective core p
tentials were used for Mo with a double-zeta basis set
all other atoms at the Hartree-Fock level [17,18]. Geom
try optimizations were performed to default tolerances, a
frequencies were determined via numerical differentiati
of the forces at the optimized geometries. A general sc
ing factor of 0.9 was applied to the vibrational frequen
cies, as previously performed [4]. Internal coordinates f
the (PED) determinations were defined according to Pu
et al. [19]. Potential energy distribution analysis of th
isotopically substituted species used the force constant
trix from the unsubstituted compound with only the mass
of the appropriate atoms altered.

Calculations of the ethoxy-metal complex were pe
formed using a11 charged complex which we have pre
viously used to successfully determine vibrational spec
of various deuterated methoxies [5], ethoxies [3], and is
propoxies [4] adsorbed on Mo(110). The motivation fo
choosing this, in principle, unphysical complex has be
discussed in detail [4]. Briefly, the open shell calcul
tions required for a zero charged complex could not
performed, but the11 charge complex (in contrast to21
charge) was shown, through a Mulliken charge populati
analysis, to best model the charge distribution of a ze
charge complex.

The geometry optimization results in a 180± Mo-O-C
bond angle and a Cs symmetric complex. Experimenta
results for both ethoxy and methoxy adsorbed on W(11
support this geometric structure. We do not observ
any asymmetricsA00d modes in the vibrational spectra o
ethoxy on W(110) showing that the mirror plane of th
complex, determined by the calculations, is preserved
the adsorbed species as well. Preliminary results sh
that methoxy is oriented with the C-O axis normal t
the W(110) surface. Based on these observations,
conclude that ethoxy will adsorb in a geometry on W(11
which is in accordance with the calculations. A necessa
shortcoming of the present model is that the influence
different coordination numbers and the symmetry of t
adsorption site cannot be investigated. However, it h
been experimentally verified, by isotopic decoupling of th
symmetric C-H stretch mode, that an adsorbed metho
species may exhibit C3y symmetry on the Mo(110) surface
[8] and therefore does not probe the C2y symmetry of
this surface. There may be two reasons for this: t
coordination number is actually one, or the adsorba
experiences the surface as very weakly corrugated. In b
cases, the one metal atom representation of the surf
will exhibit the correct site symmetry. The physica
and chemical similarities between Mo(110) and W(11
surface should make these results applicable to the W(1
surface as well.
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Spectra were recorded with1.0 cm21 resolution. In or-
der to confirm the reproducibility of the frequencies, eac
spectrum in Fig. 1 consists of three co-added spectra c
responding to three separate preparations of the adsor
layer. The co-added spectrum resulted in no further li
broadening demonstrating the high reproducibility of th
preparation of the ethoxy overlayer. It was necessary
make the preparation highly reproducible as the mode
and 2 frequencies are sensitive to the coverage. This w
accomplished by careful thermal treatment. 1 l ethan
was dosed while the crystal was kept at210 6 1 K, a
temperature at which ethoxy is formed upon adsorptio
The crystal was thereafter directly heated to 300 K
desorb possible excess ethanol. Both spectra and ba
ground were collected below 90 K, the background aft
a flash to 1100 K.

The vibrational spectra of the800 1200 cm21 region
of the four different adsorbed isotopes, CH3CH2O-,
13CH3CH2O-, CH3

13CH2O-, and 13CH3
13CH2O- are

shown in Fig. 1. Included in Fig. 1 as vertical line
are the calculated vibrational shifts. The frequencies a
normalized with respect to the CH3CH2O- species. It is
immediately clear that the calculations reproduce the13C

FIG. 1. Infrared absorption spectra of CH3CH2O-,
13CH3CH2O-, CH3

13CH2O-, and 13CH3
13CH2O-, adsorbed on

W(110). Vertical lines correspond to the calculated shift
The calculated values are normalized with respect to the12C
species.
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induced experimental shifts almost within experiment
error s60.6 cm21d [20]. The calculated ethoxy-Mo
complex and measured adsorbed ethoxy frequencies
summarized and compared in the upper part of Tabl
together with mode assignments. A few results a
notable. The absolute frequencies of the two, predom
nantlynsC-Od stretch modes, 1 and 2, are underestimat
in the calculations as the dipole-dipole coupling in th
adsorbate layer is not accounted for. In contrast to, f
example, methoxy [21] and diatomic molecules [22
the presence of two coupled modes exhibiting larg
dynamic dipole moments makes it a nontrivial task
experimentally determine the dipole induced shift of th
two modes (e.g., via isotopic dilution, thereby separatin
it from possible coverage-dependent chemical shift
The emphasis is, therefore, on the isotopic shifts rath
than absolute values, as the dipole coupling should ha
only a marginal effect on these shifts since they are sm
A reduction of the coverage to a fraction of0.45 6 0.05
asured
TABLE I. The calculated and measured frequencies for ethoxy-Mo complex and ethanol isotopes, both compared to me
ethoxy-W(110) isotope frequencies.
al

are
e I
re
i-

ed
e
or
],
e

to
e
g

s).
er
ve

all.

(as determined from the intensity of mode 3) results i
shifts of 3 cm21 of mode 1, 10 cm21 of mode 2, and
only 1 cm21 of mode 3. That is, the shifts are clearly
related to the intensity and the dynamic dipole moment o
the modes, consistent with dipole-dipole coupling induce
shifts of mode 1 and 2. As expected, the frequency o
mode 3 is correctly reproduced since the dynamic dipo
moment of this mode is much smaller than for 1 and
2. The calculated value of mode 3 is1089 cm21 versus
a measured value of1091 cm21. In the bottom part of
Table I the calculated frequencies of the correspondin
ethanol isotopes are shown. Even though the direction
all of the shifts is correctly reproduced by both ethano
and the ethoxy-Mo complex, it is clear that the meta
complex is a more accurate model of the adsorbat
surface system. This is summarized in Fig. 2, wher
a comparison on how well the experimental data i
reproduced is made between ethanol and the ethoxy-M
complex. The average deviation from experimental da
127
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FIG. 2. Deviations from experimental13C induced frequency
shifts compared to two different theoretical models: ethoxy-M
complex and ethanol.

is only 1.1 cm21 for the ethoxy-Mo complex, whereas
for the ethanol it is4.0 cm21. The former deviation
is almost within the experimental error (approximately
60.6 cm21), whereas the latter deviation is significantly
larger than the experimental error.

In conclusion, we have shown that even a primitive
representation of the metal surface is adequate to the
retically determine small vibrational shifts induced by
13C substitutions, involving carbon skeleton modes in ad
sorbed ethoxy. This is an important step in quantitativ
adsorbate vibrational spectroscopy as it demonstrates t
such shifts can be theoretically modeled successfully u
ing our approach. This ability will, for example, allow
for detailed reaction mechanism studies involving13C la-
beling. The recent development of single-molecule v
brational spectroscopy [23] has opened up new avenu
in the field and will, for instance, allow for studies of
molecules in a more complex environment. It is essen
tial that these advances are followed up by theory, an
the present study is an important step towards a bet
understanding of the vibrational properties of adsorbe
molecules.
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