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First-Principle Calculations of the Experimental Vibrational Spectrum of a Surface
Adsorbate: Anharmonic Resonance Coupling between Fundamental and Binary Modes
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By including relevant physical properties in our modeling of a surface adsorbate system we can, from
first principles, correctly calculate all experimentally observed features in the vibrational spectrum of
CH3CH2O- and CD3CH2O- adsorbed on Cu(100). That is, we reproduce the number of observed modes,
the vibrational frequencies, and intensities of the modes including the presence/absence of binary
overtone and combination modes. No scaling was performed. Our calculations show that the anhar-
monic terms of the potential energy surface of free ethanol are transferrable to the corresponding
surface adsorbate, ethoxy, while the harmonic terms are not.
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tion (for the Hartree-Fock method) and anharmonicity
are treated in a rather unsophisticated manner. In these

nations are placed on the diagonal. The resonant terms
removed from the xij:s are included explicitly as
For investigations of all but the smallest surfaces ad-
sorbates, vibrational spectroscopy remains the most
powerful spectroscopic probe for well-characterized sur-
faces. It is also the only spectroscopic technique which
allows for chemical identification of single molecules at
surfaces [1]. From the vibrational spectra, a variety of
properties can be obtained, e.g., chemical identity and
geometric structures. The richness and complexity, how-
ever, of the vibrational spectrum generally makes assign-
ment and interpretation difficult and ambiguous. It is
therefore often assumed that a molecule or a group in a
molecule has characteristic frequencies and intensities
and that these are transferrable between molecules and
groups. These characteristics are often referred to as the
fingerprint. Much of the power of surface adsorbate vibra-
tional spectroscopy relies on this principle. That is, as-
signments made for the free molecule are transferrable to
the molecule adsorbed on the surface.

For a more detailed analysis, however, the surface
induces changes in the electronic structure which in gen-
eral cannot be traced back to the free molecule. Indeed,
one of the most important reasons for studies of surface
adsorbates is the alteration in electronic structure induced
by the surface. Efforts have therefore been made to ex-
pand surface vibrational spectroscopy beyond the finger-
print technique by ab initio and density functional
electronic structure calculations of small model systems
to calculate the vibrational properties of surface adsor-
bates. We have previously shown that it is possible to
obtain a quantitative description of isotopic induced
shifts of many fundamental modes of surface adsorbates,
e.g., ethoxy [2,3], methoxy [4], and pyridine [5]. Vibra-
tional frequencies of different adsorbates and reaction
intermediates have also been successfully calculated by
density functional cluster calculations for some different
silicon surfaces [6–8]. In all these studies, the calculated
frequencies were scaled. That is, correlated electron mo-
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treatments, only the harmonic coupling between different
modes was included. When vibrations are near degener-
ate, the anharmonic or Fermi resonance coupling be-
tween fundamental and combination or overtone
vibrations may, however, have a profound influence on
the intensity distribution and the vibrational frequencies
also for surface adsorbates [9–13]. Anharmonic resonan-
ces are particularly important for organic molecules be-
cause of the energy match between binary modes of the
fundamental C-H deformation modes [2� �1400–
1500 cm�1�] and the fundamental C-H stretch modes
(2800–3000 cm�1). As a result, the number of lines ob-
served in the C-H stretch region frequently constitutes a
large fraction of the total spectral information. In the
vibrational spectrum of ethoxy adsorbed on Cu(100), 17
lines are observed, Figs. 1 and 2, of which 10 are observed
in the C-H stretch region.

In the present Letter, we will demonstrate that the
frequencies and the intensities of all experimentally ob-
served absorption lines of a polyatomic surface adsorbate
can be reproduced from first-principle calculations. The
harmonic frequencies of the normal modes of the adsor-
bate are calculated using a Cu17 cluster representing the
Cu(100) surface, whereas the anharmonic constants are
calculated from ethanol. That is, we make the assumption
that the anharmonic properties of the adsorbate are trans-
ferrable from the free molecule, whereas the harmonic
properties are not. The anharmonicities, xij, are calcu-
lated from standard expressions for energy third deriva-
tives and semidiagonal fourth derivatives via second
order perturbation theory [14] and are added to the har-
monic wave numbers ! via a term expression (see, e.g.,
[14,15]) to yield the fundamental frequencies.

In the case of near degeneracy, the perturbation ex-
pansion breaks down and the resonant parts are removed
from the xij:s (see, e.g., [14,15]). A Hamiltonian matrix
is formed in which the fundamentals and binary combi-
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FIG. 1. Comparison between experimental and calculated
vibrational spectra of CH3CH2O- (bottom) and CD3CH2O-
(top) adsorbed on Cu(100). The numbers 1–17 in the
CH3CH2O- spectra refer to the modes in Table I.
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FIG. 2. Comparison between experimental and calculated
vibrational spectra of CH3CH2O- in the C-H stretch region,
2640–3000 cm�1. The weak spectral features are magnified for
both experimental and calculated spectra. All calculated
spectra have an energy separation " � 50 cm�1 with the ex-
ception of the spectrum marked with ‘‘*’’ where " � 250 cm�1

was used.
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off-diagonal elements coupling the near-degenerate states
in the Hamiltonian matrix. Through diagonalization, all
new states are then expressed in terms of the original
ones, e.g., as a mix of fundamental and binary vibrations.
As mentioned, near degeneracy between different vibra-
tions results in state mixing and intensity transfer, an-
harmonic resonances. In this manner, the resonances are
included in the theory. It is, however, still a matter of
choice, which energy separation, ", should be considered
as near degeneracy. In our treatment we have used two
different " to reproduce experimental data for ethoxy and
a single " for deuterated ethoxy.

For the calculations, we used the GAUSSIAN 98 package
and the hybrid density functional method LG1LYP, by
Adamo and Barone [16]. It consists of the Lacks-Gordon
exchange functional [17] and the correlation functional
by Lee, Yang, and Parr [18]. Ethoxy is placed in a fourfold
hollow site [19] with the mirror plane along the (001)
direction. The Cu17 cluster was frozen throughout the
optimization at nearest neighbor distances of bulk copper,
076103-2
2:556 �A. There are no imaginary frustrated adsorbate
motions, showing that the adsorbate geometry is at a
minimum. The basis set 6-311�G�d; p� used for the
adsorbate was checked for convergence (with respect to
diffuse functions and polarized basis sets) for the corre-
sponding free molecule, ethanol. For the substrate, the
basis set LANL2DZ was used for the five metal atoms in
contact with the adsorbate, whereas for all other Cu atoms
the basis set by Bagus et al. [20] was used. Energy third
and fourth derivatives were calculated for the free ethanol
molecule optimized with tight convergence criteria. The
fourth derivatives were calculated using a finite differ-
ence method [21]. All frustrated motions are excluded in
our treatment.

The convergence of the intramolecular modes with
respect to the basis sets of the copper cluster was ensured.
The limited basis set by Bagus et al. [20] was replaced by
the LANL2MB basis set on the outer copper atoms, and
alternatively the LANL2DZ basis set was replaced by the
076103-2
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CEP-31G basis set on the inner copper atoms. In both
investigations, the same copper cluster was used while
ethoxy was replaced by methoxy. In both cases, the modi-
fication of the intramolecular frequencies was smaller
than the accuracy of our ethoxy calculations. As for the
cluster size, two recent studies of methoxy, on Al(100)
[22] and Cu(111) [23], showed that no significant change
of the vibrational frequencies was induced by increasing
the cluster size. It is also known [20] that the vibrational
frequencies converge much more rapidly than, e.g., the
adsorption energy with respect to cluster size.

The experiments were performed in an UHV chamber
(base pressure 7� 10�11 torr) equipped with a Fourier-
transform infrared spectrometer, Bruker 66v/S. The setup
and the Cu(100)/ethoxy system have been described else-
where [3]. An InSb detector equipped with a Spectrogon
LP3000 filter was used for the 2500–3000 cm�1 region
(resolution 0:5 cm�1) and a MCT detector was used for
the 760–3000 cm�1 region (resolution 1 cm�1).

The experimental and calculated vibrational spectra of
both CH3CH2O- and CD3CH2O- are compared in Fig. 1.
The number of observed modes, the vibrational frequen-
cies, and the intensities are all reproduced for both iso-
topes. The results are also summarized, for CH3CH2O-,
in Table I along with the labeling of all observed adsorp-
tion lines. Only adsorbate modes of A0 symmetry are
included in the table. The calculated intensities have
been normalized with respect to line 2 and modified
according to the surface dipole selection rule. The line-
widths of the calculated spectra have been adjusted to the
TABLE I. Observed and calculated frequencies for CH3CH2O-Cu
asterisk have been calculated with " � 250 cm�1. All other mode

Mode Experimental Calculated Deviation % unperturbe
No. frequency frequency calc.–exp. �s �CH3�

1 867.8 865.6 �2:2
2 1027.6 1052.1 24.5
3 1087.3 1087.2 �0:1
4 1347.5 1342.0 �5:5
5 1372.9 1364.3 �8:6
6 1442.0 1444.0 2.0
7 1468.2 1462.3 �5:9
8 2677.7 2672.0* �5:7 2
9 2702.5 2690.9* �11:6 10

10 2727.3 2712.0* �15:3 4
11 2784.7 2783.4 �1:3 0
12 2811.5 2796.3* �15:2 3
13 2850.3 2854.2 3.9 89
14 2873.2 2874.1 0.9 2
15 2899.6 2906.8 7.2 9
16 2940.5 2940.4 �0:1 0
17 2952.1 2943.2 �8:9 0
18 �2955 2947.1 �7:9 0

Mean absolute deviation 7.1

076103-3
experimental linewidths of the fundamental vibrations
using a Lorentzian line shape. Importantly, the relative
intensities as well as the frequencies for the entire spec-
tral region are reproduced by the calculations. The only
exception is the intense narrow line 1 which is overesti-
mated by a factor of 4. We attribute this to a deficiency of
the limited copper cluster used. The shoulders observed
on lines 1 and 2, and the splitting of line 3, are attributed
to inhomogeneity.

The details of the anharmonic resonance coupling in
the C-H stretch region of CH3CH2O- is shown in Fig. 2.
The intensity transfer from the fundamentals to the bi-
nary modes is also shown in Table I. Note that, since two
different " have been used, the total intensity from both
�s�CH2� and �s�CH3� will add up to more than 100% [the
sum of the entries without asterisks (" � 50 cm�1) do,
however, add up to 100%]. The linewidths of the binary
modes in the calculated spectrum are assumed to be the
same as the fundamental mode from which the intensity
is derived from. All ten vibrational features can be as-
signed from the calculations of this region. The line
labeled 18 while not resolved at this coverage is observed
at lower coverage. In the calculated spectrum shown as a
solid black line, upper panel in Fig. 2, an energy separa-
tion " of 50 cm�1 was used which reproduces the ex-
perimental frequencies and intensities. In order to
allow for coupling to the lower lying binary vibrations
( > 50 cm�1 from nearest fundamental), it was neces-
sary to use a separation of 250 cm�1 also. The results
obtained with this energy separation are shown in the
�100�. All frequencies are in cm�1. The modes marked with an
s are calculated using " � 50 cm�1.

d % unperturbed % unperturbed
�s �CH2� �as �CH3� Mode description

�s�OCC�
�as�OCC�
��CH3�

w�CH2�

�s�CH3�

�as�CH3�

sc�CH2�

6 0 2� w�CH2�

1 0 w�CH2� � �s�CH3�

1 0 2� �s�CH3�

4 0 2� �s�CH3��A
00�

0 0 �s�CH3� � �as�CH3�

0 0 �s�CH2�

17 0 2� �as�CH3��A
0�

3 0 �as�CH3� � sc�CH2�

52 3 �s�CH3�

6 91 �as�CH3�

17 6 2� sc�CH2�
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upper panel of Fig. 2. As seen, the frequencies are well
reproduced while the intensities of the binary combina-
tion modes are somewhat overestimated. Most of the
error of calculated frequencies of the binary modes can
be derived from errors in the corresponding fundamental
modes. In the corresponding C-H and C-D stretch regions
in CD3CH2O- (Fig. 1), a single value for " (200 cm�1)
was used as our focus is on the CH stretch region. This
means that the intensities in the CD stretch region in
CD3CH2O- are slightly more qualitative than for
CH3CH2O- (Fig. 1). A complete account of several ethoxy
isotopomers will be given elsewhere.

In spite of the quite substantial efforts [24] made in [3],
we could not even assign all the fundamental A0 modes in
the C-H stretch region correctly. The weak feature 15 in
Fig. 2 was incorrectly assigned to the �s�CH3� mode.
The reason is seen in Table I; the intensity of the
�s�CH3� mode is distributed over nine different modes.
This example demonstrates that one cannot in general
trust assignments, based on calculations at the har-
monic level only, of modes involving Fermi resonance
coupling.

In conclusion, the vibrational spectra of CH3CH2O-
and CD3CH2O- adsorbed on Cu(100) have been calcu-
lated. By including the anharmonic coupling between
binary and fundamentals modes, the calculations repro-
duce all the experimentally observed spectral features,
with a mean absolute deviation of less than 10 cm�1. Our
results show that the anharmonic terms of the potential
energy surface are transferrable from a free molecule to a
corresponding surface adsorbate, while the harmonic
terms are not. Exceptions from this principle will show
that this particular part of the potential energy surface is
strongly perturbed by the adsorption.

The single most important physical reason why the
anharmonic terms are transferrable is that the absolute
value of the calculated unperturbed modes has to be
within �10 cm�1 in order to reproduce experimentally
observed frequency shift and the intensity transfer
induced by the Fermi resonance. That is, a larger
relative inaccuracy can be accepted for the anhar-
monic terms which are 	 j140j cm�1. It is, however,
necessary to use the calculated anharmonic terms rather
than a general scaling factor as the variation of these
terms is as large as 40 cm�1 for, e.g., the C-H stretch
modes.

The anharmonic coupling between different intramo-
lecular modes [25] and between intramolecular modes
and hindered rotations and translations of surfaces adsor-
bates [26,27] governs the energy dissipation and random-
ization of initially localized modes. As such, they are,
e.g., a key to the realization of bond-selected chemistry.
Our approach shows that the anharmonic coupling be-
tween vibrations in polyatomic surface adsorbates can be
explored and understood in detail.
076103-4
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