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Density-functional theory study on the arrangement of adsorbed formate molecules on Cu(110)
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The interaction of formate molecules with the Cu(110) surface is investigated using density-functional
theory calculations. We find that in the most stable structures for low and high coverage, the formate molecules
are sitting perpendicular to the Cu(110) surface, and they are adsorbed in a bridge position, i.e., the O—C—O
group forms a bridge between two Cu atoms. Other tested configurations are less stable by at least 0.45 eV per
formate molecule. In the case of an oxygen-precovered Cu(110) surface with high formate coverage [two
molecules in a (2 X2) unit cell] we find a very similar adsorption geometry. We find an attractive interaction
between adsorbed formate molecules on the copper surface. Our results are consistent with experimental results
by scanning tunneling microscopy and photoelectron diffraction.
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I. INTRODUCTION

Surface reactions involving organic molecules have at-
tracted increasing attention recently. Apart from their tradi-
tional use in a vast number of economically important sur-
face processes such as catalysis in chemical production,
corrosion, and the fabrication of computer chips or magnetic
storage devices, the behavior of biomaterials and the organic
functionalization of the metallic surfaces have important
applications.! In addition, electronic transport involving or-
ganic molecules adsorbed on metal surfaces is considered a
promising pathway to nanoelectronic devices.

Within such a technological complex, it is clear that the
development of future organic and/or inorganic interfaces is
critically dependent on establishing a fundamental under-
standing of the various bonding mechanisms and lateral in-
teractions that govern the orientation, conformation, and
two-dimensional organization of these molecules at the sur-
face.

Recent developments have enabled the chemistry field of
surface science to progress from the study of simple adsor-
bates to the investigation of bigger and more complicated
molecules, e.g., organic acids and amino acids. The carboxyl
group is a well-known anchoring group for the chemical
binding to metal surfaces of a large variety of organic
molecules.'*

From the theoretical point of view, to understand the bind-
ing to the metal surface of the simplest molecule that con-
tains the carboxyl group (which is the formic acid) is a first
step in the treatment of more complex molecular structures.
On the other hand, the adsorption of formic acid on copper
single-crystal surfaces, in particular, Cu(110) surface, has
also attracted considerable attention due to the identification
of formate as a key stable intermediate in methanol synthe-
sis, which is carried out commercially using copper-based
catalysts.®

The binding and ordering of molecules on surfaces is, in
general, controlled by a delicate balance between competing
molecule-substrate and intermolecular interactions. The ad-
sorption on metal surfaces may change the geometrical and
electronic properties of the molecule and the exact adsorp-
tion conformation may play an important role in the electron
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transfer from the metal to the molecule. A detailed insight
into the binding geometries and the ordering of the mol-
ecules on surfaces and the specificity of the interactions that
occur between anchored molecules can be obtained by per-
forming ab initio calculations. The first question concerns
the adsorption geometry and the atomic positions. The next
step is understanding the electronic structure and the hybrid-
ization of orbitals in the formation of the bonds.

II. PREVIOUS EXPERIMENTAL RESULTS

Formic acid adsorption has been studied experimentally
on both clean and oxygen-precovered surfaces of copper. At
elevated temperatures (300-450 °C), formate molecules are
chemically adsorbed on the Cu surface by dehydrogenation
(on a clean surface) or the release of water (on an oxygen-
precovered surface) of the formic acid.””'° To determine the
formate adsorption structures, several experimental methods
have been used:”!'~15 near-edge x-ray-absorption fine struc-
ture (NEXAFS) spectroscopy, surface-extended x-ray-
absorption fine structure (SEXAFS) spectroscopy, low-
energy electron diffraction (LEED), Auger electron
spectroscopy, temperature-programed desorption, scanning
tunneling microscopy (STM), reflection-absorption infrared
spectroscopy, and in situ infrared reflection-absorption spec-
troscopy.

With some of the experimental methods, it was difficult to
determine how the formate molecules are chemisorbed on
the copper surface. The distinction between an upright and
tilted geometry, or between bidentate geometry (oxygen
binds to two copper atoms'"'®) and monodentate geometry
(oxygen binds to a single copper atom'>!?) cannot be made
unambiguously. Some NEXAFS, SEXAFS, and STM experi-
ments have suggested specific geometries:!>!3 the molecules
are adsorbed with their molecular plane perpendicular to the
metal surface, and the molecules are arranged in rows with
the plane formed by the carboxylate group along the [110]
direction.

Experiments suggest that the formate molecules form a
(2% 2) and (3 X 1) superstructure on the Cu(110) surface,'?
which by anealing up to 400 K regenerate in well-ordered
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TABLE I. Parameters used to construct the pseudopotential projectors. For the PAW pseudopotentials, the
cutoff radii (r.,,) and reference energies (E,,; in Ry) are listed. The first line refers to the eigenvalues of the
bound states for the respective / channel; the second line refers to the specific energies for the unbound states
used to construct the second projector for each / channel. Tohe radii of the partial-core correction (r,,,.) are C
1.0, O 1.1, and Cu 2.1. All the radii are in ag (0.529 177 A).

Channel
s p d f
Atom Teur Eref Teur Eref Feur Eref Teur Eref

C 1.10 —-1.0098 1.10 -0.3887

1.10 —-0.7000 1.10 -0.7000 1.10 —-0.3000
(0] 1.10 -1.7577 1.10 —-0.6643

1.10 —-0.1000 1.10 —-0.0900 1.10 —-0.4000
Cu 2.10 -0.32622 2.10 -0.0518 2.10 —-0.3831

2.10 —-0.3000 2.10 -0.0500 2.10 -0.2300 2.10 —-0.1000

(2x2) and (4 X 1) formate structures.®1%13-10 At Jow cover-
age, there is just one molecule in the unit cell, whereas at
high coverage, the unit cell contains two molecules. At high
coverage on the clean surface, the formate molecules form
small domains and to some extent are randomly distributed.
It is assumed that there are repulsive intermolecular interac-
tions between the molecules in the [001] direction, which
increase their mobility at the surface and prevent the obser-
vation of an ordered LEED pattern or clearly interpretable
STM images.'? According to the experiments, the formate
adsorption structure on the clean Cu(110) surface has simi-
larities to the (2 X 2) formate structure that has been reported
for the formic acid adsorption on the 0.5 ML (monolayer)
oxygen-precovered copper surface. In the last case, the (2
X 2) formate structure can be imaged with STM with good
resolution, indicating that the formate molecules are much
better ordered and more localized than on the clean surface.
It seems that the repulsive interaction between the molecules
can be overcome in the case of the oxygen-precovered sur-
face. The higher formate coverage is enabled through the
energetically favorable reaction of formic acid deprotonation
by the preadsorbed oxygen.!>!¢ In this case, the carboxylic
hydrogen leaves the surface not as H, but rather as H,O.
There are two O atoms in the precovered oxygen (2 X 2) unit
cell. One is used for the formation of H,O, while the second
one remains in the (2X?2) unit cell (i.e., 0.25 ML).

Several theoretical calculations using ab initio density-
functional theory as well as semiempirical methods have
been reported in the literature!”'® to determine the adsorp-
tion geometry of a formate molecule on the Cu(110) surface.
All of them are based on the cluster approach: a cluster of
eight to ten copper atoms is used to model the metal surface,
where the copper atoms are kept at their ideal bulk positions.
These methods take into account just one formate molecule
on the surface, and they can only describe the local structure
of the molecule-metal surface system at very low coverage.
With these methods, no information concerning the intermo-
lecular interactions can be obtained. In the present work,
several geometries and different coverages of the formate

adsorption on the Cu(110) surface are optimized using the
supercell approach. The results obtained with this method
can be compared with the cluster approach at low coverage.
The supercell approach has the advantage of better simulat-
ing the real system because it takes into account a real infi-
nite surface and also includes the interactions between the
molecules when the coverage increases.

III. THEORETICAL METHOD

All calculations are based on the density-functional theory
(DFT) in the generalized-gradient approximation Perdew-
Burke-Etrnzerhof (GGA-PBE) functional.'® In order to solve
the Kohn-Sham equations for the ground state of the valence
electrons, we used an energy-minimization scheme based on
the pseudopotential plane-wave (PPW) method. This PPW
method approximates the crystal surface with the attached
molecules by periodically arranged large supercells, and uses
plane waves to expand the electronic wave functions. This
has the advantage of allowing band-structure methods to be
used in determining the electronic structure, and total ener-
gies and forces on the atoms to be calculated without diffi-
culty for arbitrary arrangements of the atoms in the supercell.

Our ESTCOMPP program?*?! can handle norm-conserving
Kleinman-Bylander (KB) pseudopotentials?> and projector-
augmented wave (PAW) multiprojector pseudopotentials®® to
describe the electron-ion interaction. For the H atom a KB-
local potential is used for the s electron. For C and O, the 2s,
2p valence electrons, and for Cu, the 4s, 4p valence elec-
trons as well as the 3d electrons are treated explicitly with
PAW pseudopotentials. Partial-core correction was used for
C, O, and Cu. The cutoff radii and reference energies used to
generate the projectors, and the radii of the partial-core cor-
rection are listed in Table I. The charge augmentation within
the PAW method is done in the sphere with the largest cutoff
radius (augmentation sphere). For the Brillouin-zone integra-
tion, we used 12 k points in the irreducible part generated
with a Monkhorst-Pack scheme.?* This is equivalent to 6
X 6 X6 k points for a Cu bulk calculation. We used a plane-

115407-2



DENSITY-FUNCTIONAL THEORY STUDY ON THE...

TABLE II. The bond lengths and O—C—O angle for the 2B2
state of a free formate radical.

This work Ref. 25 Ref. 31
Bond length (A)
CH 1.140 1.095 1.100
co 1.247 1.261 1.257
Angle (°)
0OCO 110.87 111.6 111.50

wave cutoff of 25 Ry, which is required for the convergence
of all PAW pseudopotentials.

IV. RESULTS AND DISCUSSION

In order to calculate the changes due to the adsorption of
formate on the Cu(110) surface (binding energy and change
of geometry), we first optimized the structures of the formate
(free radical) molecule and of the clean (1 X 1) Cu(110) sur-
face. The obtained results are comparable with theoretical
data reported in the literature and with experimental
results.!71825 Then we used these relaxed coordinates of the
molecule and copper surface as starting positions in the
molecule-surface calculations and relaxed the combined sys-
tem to the minimum-energy configuration for several adsorp-
tion geometries. The obtained results are discussed in the
following.

A. Formate free radical

The electronic and geometrical structures of the formate
radical have been optimized using the GGA-PBE
functional'® for the exchange correlation. The molecule has
been placed in a cubic box with a=8.5 A. To check the con-
vergence, several additional calculations have been done: a
larger box with a=18.5 A using gamma-point and larger
k-point sets (up to 3 X 3 X 3) with or without C,, symmetry.
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All calculations yield the same structure within a 1073 A mar-
gin of error for the bond lengths. The bond lengths and
O—C—0 angle are given in Table II. Our optimized geom-
etry and calculated electronic levels reproduce well those
reported in the literature for the B, state of the free formate
radical.!-18:25-32

B. Clean Cu(110) surface

We optimized the structure of the (1 X 1) Cu(110) surface
using 7 and 13 Cu layers and considering a vacuum layer of
9.51 and 19.02 ap, respectively. We wused a
3% 12X 17 k-point set in the irreducible part of the Brillouin
zone and a cutoff energy of 25 Ry. The results of the inter-
layer relaxations for this surface are in good agreement with
the experimental data and other calculations reported in the
literature. In Table III the results are summarized. To our
experience, the radius of the partial-core correction (r,,) is
of great importance in obtaining the proper relaxations of the
copper surface. A large r,.. will induce small relaxations
(sometimes in the wrong direction) and a small r,,.. will pro-
duce quite large relaxations. We optimized the . of copper
so that our relaxations are in very good agreement with those
obtained through all-electron calculations.

C. Formate Cu(110) surface systems

All GGA-PBE calculations of formate molecules ad-
sorbed on the Cu(110) surface have been performed using an
inversion-symmetric slab containing five copper layers. The
unit cell has the dimensions 4a\2 (perpendicular to the sur-
face) and 2a, a\2 (parallel), with a=3.641 A being the the-
oretical bulk lattice constant of fcc Cu. This results in a
distance of 11.53 ap between the hydrogen atoms of the for-
mate molecules on opposite surfaces. An energy cutoff of
25 Ry and a 1 X 3 X 4-k point set have been used.

In the calculated structures, all atoms except the inner-
most Cu layer have been allowed to relax without any con-
straint until the forces on the atoms were less than
I mRy/a.u. We did not use any special symmetries, except

TABLE III. In this work (tw) the interlayer relaxations (A;;) of the the clean Cu(110) surface are given in
% relative to the ideal bulk terminated surface. The experimental results (Ref. 5) are for Aj,=-3.0 to —10.0
and A,3=0.0 to +8.0. In line 3 the vacuum thickness (ag) above the surface is listed, and in line 4 the number

of copper layers used in calculations.

LDA GGA

tw Ref. 34 tw Ref. 33 Ref. 35
3 9.51 19.02 19.02 14.6
4 7 13 7 13 7 13 6
A -11.00 -11.07 -11.46 -11.42 -9.30 -11.01 -9.73 —-10.08
Ay +3.59 +3.72 +3.38 +3.39 +2.08 +3.60 +3.63 +5.30
Asy -1.69 -2.14 -1.99 -2.32 +1.10 -1.16 -1.16 +0.10
Ays -0.39 -0.95 +0.39
Asg -0.98 -1.02 -0.08
Ag; -0.87 -1.12 +0.14
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the inversion symmetry of our supercells. The relative ener-
gies of all configurations and the bond lengths in the calcu-
lated configurations are presented in the next tables. The
Cu—O distances larger than 3.0 A are not listed. A general
observation is that in all calculated configurations (for differ-
ent coverages of the formate molecules) the most stable ones
contain only the molecules in bridge position with each O
binding to one Cu atom.

1. Low formate coverage on Cu(110) surface

In the case of low coverage [one molecule in (2 X2) unit
cell], two of the most probable configurations have been op-
timized. In one configuration, the oxygen atoms are sitting
on top of the copper surface atoms. This is the so-called
bridge position (the carboxylate group, OCO, is a bridge
between two Cu atoms), where each of the oxygen atoms is
forming one single bond with a copper atom (see Fig. 1). In
the second configuration, the molecule is bound in a so-
called top position (C on top of a Cu atom), where each of
the oxygen atoms is sitting on the surface between two cop-
per nearest-neighbor atoms.

Atomic structure and energetics. The energy of the bridge
position is 0.45 eV lower than that of the top position, which
makes it more stable. This can be explained by the stronger
interaction of the oxygen and copper atoms indicated by the
much shorter O—Cu distances in the bridge position. The
oxygen atoms are bound to the Cu(110) surface in a mono-
dentate geometry (each oxygen of the carboxylic group binds
to a single copper atom). Due to the copper-oxygen interac-
tion for both configurations, the O—C—O angle is larger
than for the single formate free radical (128.4° for bridge,
125.3° for top, and 110.8° for free radical).

The relaxations of the copper atoms of the first layer de-
pend on the existence of O—Cu interactions (see Table IV).
When the formate molecule is adsorbed in the bridge posi-
tion, the copper atoms that are not bonded directly to the
oxygen atoms show similar inward relaxations as on the
clean Cu(110) surface. In contrast, when the relaxation of the
copper atoms that form bonds with the oxygen atoms is very
small, the positions of these atoms are close to unrelaxed
ideal surface positions. When formate is adsorbed in the top
position, each oxygen atom of the molecule binds with two
nearest-neighbor copper atoms. The O—Cu bond distances
are larger and the relaxations of the copper atoms are quite
small, i.e., the positions of the copper surface atoms are close
to the ideal unrelaxed Cu(110) surface.

Comparison to literature. The molecular geometries and
the Cu—O bonds calculated in this work agree well with the
theoretical results'”!'® reported in the literature and the ex-
perimental data.'? The theoretical results in the literature are
for the bridge position of a single formate molecule using the
cluster approach and the DFT, restricted Hartree-Fock, and
semiempirical theoretical approaches.!”!'® In the reported
DFT calculation, a localized basis set and the B3LYP hybrid
functional®® for the exchange correlation have been used.

In the literature, experimental data and theoretical calcu-
lations are reported for organometallic complexes of Cu!*
with formic acid and diformate molecules. In these com-
plexes, the oxygen atoms bind in monodentate geometry to
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FIG. 1. (Color online) Adsorption geometry of one formate mol-
ecule in a (2 X 2) unit cell on a clean Cu(110) surface (Cu, green; O,
red; C, gray, and H, dark gray). The bridge configuration is shown,
where the OCO group forms a bridge between the Cu surface atoms
Cu'" and Cu'®. By displacing the molecule along the [110] direc-
tion with half of the distance Cu'>—Cu'?, the top configuration is
obtained (where C?'is on top of Cu'®). There are four Cu surface
atoms, three of them (Nos.15, 17, and 19) are shown in the side-
view figures. The fourth one, Cu'3, is located behind Cu'® in the
side view along [001], and behind Cu'’ in the side view along
[110]. In this bridge configuration, each oxygen binds to one Cu
atom (Nos.15 and 19), and the Cu surface atoms form two groups
by symmetry: Cu'? is equivalent to Cu'’, and Cu'> to Cu'®.

the copper atoms. It is shown that the O—Cu'* attractive
interaction is very strong, with the O—Cu bond length being
1.910 A for the diformate molecule and 1.958 A for the for-
mic acid.’”*® The reported Cu—O bond length is close to
our calculated Cu—O bond length (1.994 A) for the bridge
configuration of the formate molecules on the Cu(110) sur-
face. It is generally accepted that Cu—O distances of 1.91
up to 2.0 A correspond to a strong Cu—O interaction.>*
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TABLE IV. Bond lengths and relative energies for one formate molecule in a (2X2) unit cell (for the
numbering of the atoms, we refer to Fig. 1). Interlayer relaxations are given in % relative to the ideal bulk

terminated surface.

Position

Bridge Top

Position

Bridge Top

Bond length (A)

Interlayer relaxations (%)

c¥_—_np%¥ 1.141 1.146 Cul3—Cu'! -10.06 -2.02
c—_o® 1.321 1.324 Cul®>—Cu'! -0.85 +0.37
c_o%» 1.321 1.324 Cu!’—Cu! -10.06 -1.95
0% _—_cub 1.994 2.4412 Cu!®—Cu! -0.84 +0.32
0¥ —cu" 2.4342 Clean Cu(110) surface
o»_—_cub? 1.994 2.320° -11.00
o»_—_cub 2.314b

Angle (°) Relative total energies (ev)
oBco% 128.41 125.32 0.00 0.45

*These are equivalent bond lengths. The agreement (=5 X 103A) is satisfactory for our calculations without

imposing symmetry.

bThese are equivalent bond lengths. The agreement (=5 X 1073A) is satisfactory for our calculations without

imposing symmetry.

Electronic structure. Obviously, the chemical bonding be-
tween the carboxylate group and the copper surface is neither
purely ionic (Coulombic) nor covalent. We identify that both
interactions play a role in the bonding of the formate mol-
ecule with the Cu(110) surface, and that the stronger cova-
lent interaction favors the adsorption of the formate molecule
via the carboxylate group in the bridge position. Detailed
information on the bonding characteristics and the electronic
structure of the adsorbed formate molecule can be obtained
by analyzing the partial local density of states (PLDOS) and
the spatial distribution of the wave functions. The energy
range of interest for understanding the bonding and/or cou-
pling of formate-Cu surface atoms is the Cu d bands between
—4.5 and —1.0 eV below the Fermi level. The partial local
densities of states corresponding to the low coverage for
bridge and top positions are directly compared in Figs.
2(a)-2(d), which show the PLDOS for the O atoms of the
adsorbed formate molecule and for two nonequivalent Cu
surface atoms (Cu'’ and Cu'®) integrated over the augmen-
tation sphere.

The hybridization of the molecular orbitals with the d
bands of the copper atoms clearly show up in the plots of the
PLDOS. For the bridge configuration, each O atom binds to
one Cu atom, and the behavior of the PLDOS for O and Cu
atoms is easily understood in terms of the Anderson-Newns
model,*® which describes the interaction of a localized
atomic orbital with the extended metallic states. In the case
of Cu with a completely occupied d band, the model predicts
that both bonding and antibonding states are formed, analog
to the bonding and antibonding molecular orbitals which are
formed by the orbitals of two interacting atoms (see Fig. 3).

It turns out that this simple picture is qualitatively valid
not only in the case of atomic adsorption but generally also
in the case of the adsorption of molecules that use anchoring

groups to bind the metal surfaces.***! The features discussed
above can be identified in the PLDOS at the O atoms: There
is a set of orbitals at lower energies (from —4 to—2.5 eV)
which are the bonding combinations, while the ones with
higher energies (from -2 to—0.8 eV) are the antibonding
combinations. At the Cu'> atoms (binding to the O atoms),
the antibonding combinations show up in two peaks above
the undistorted Cu d band, which are not present at the Cub3
atoms (not binding to O atoms). Figure 4 shows the spatial
distribution of four characteristic wave functions, two for
each range [the corresponding PLDOS peaks can be seen in
Fig. 2(a)]. They clearly show the expected binding behavior.
The PLDOS analysis shows that, in general, for the bridge
configuration the height of the p peaks located at the O atom
and the d band peaks of Cu surface atoms are smaller com-
pared to those for the top configuration. This indicates that
for the bridge configuration much more charge is transferred
from the region located near the atoms [the augmentation
sphere (see Sec. III) where the integration for the PLDOS is
done] to the interstitial region. Also, for the bridge configu-
ration, the total density of states shows a downshift of the
occupied energy levels compared to those for the top con-
figuration [Fig. 2(e)], which leads to a lower total electron
energy. In the bridge configuration, the Cu—QO bond length
is only slightly larger than the sum of the covalent radii of
the Cu and O atoms (4.7%). Moreover, the wave-function
analysis shows the interface orbitals with a clear-cut bonding
and antibonding character (see Fig. 4). Due to the effective
molecule-metal hybridization of the formate highest occu-
pied molecular orbitals, the adsorption process may indeed
be described in terms of chemisorption, with the formation
of the true chemical bonds at the formate-copper interface
with mixed molecular and metallic character.

In the top configuration, the Cu—O bond length is much
larger than the sum of the covalent radii of the Cu and O
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FIG. 2. (Color online) (a)—(d): Comparison of the partial local density of states (PLDOS) as a function of energy for the two adsorption
geometries of formate on Cu(110); left panels, bridge position; right panels, top position. For each adsorption geometry, the PLDOS
integrated over the augmentation sphere (see Sec. IIT) around O [(a) and (c)] and around two nonequivalent Cu-surface atoms [Cu' full lines
and Cu'? broken lines in (b) and (d)] decomposed into angular momentum contributions (s, red; p, green; and d, blue) are shown. The
Cu—O bonding states are found in the range of the Cu d band, located between —4.5 and —1.0 eV below the Fermi energy (E is set to zero
in the plots). The states between —1.8 eV and Ep have a metal-molecule antibonding character, whereas metal-molecule bonding states
appear in the lower edge of the Cu d bands (from —4.5 to —1.8 eV). Characteristic of the bridge position (b) are the two peaks around —1.0
and —1.6 eV at the Cu' site (Cu'® binds to O) which are not present for the nonbinding Cu'3 surface atoms. In the case of the top position
(d), the weight of the two peaks (appearing for Cu'®, which is the one nearer to the O atom in this configuration) is significantly lower. (e)
Comparison of the total local density of states (DOS) as a function of energy for the two adsorption geometries (bridge, red; top, blue) of

formate on Cu(110).

atoms (22.1%-27.9%). The wave-function analysis shows
interface orbitals with no clear-cut bonding and antibonding
character (a connected isosurface between the Cu and O at-
oms is achieved only when choosing a density parameter at

least 2 orders of magnitude smaller compared to the bridge
configuration). Therefore we conclude that the Cu—O bond
is unlikely to be strongly covalent and the main driving force
for the binding is the Coulomb interaction, as also stated by
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FIG. 3. (Color online) Schematic view of the hybridization of
formate molecular orbitals with Cu d band wavefunctions. On the O
atoms of the formate molecules, the hybridization leads to a split-
ting in to two subbands. On the Cu atoms, the antibonding combi-
nations have energies slightly above the original Cu d band.

Preuss et al.*> The molecule-metal hybridization of the for-
mate highest occupied molecular orbitals and the d bands of
the copper surface is not as efficient as for the bridge con-
figuration. Another proof for the Coulomb contribution to the
binding of the formate molecule with the copper surface are
total charge-difference plots for the two adsorption geom-
etries (bridge and top positions). The spatially resolved
charge difference, Ap, is calculated accordingly to the for-
mula

Ap(r) = pracoo—cu110)(r) = Pcu110)(r) = pucoo(r), (1)

where ppcoo—cu(ii0) 1 the charge density of the relaxed
formate-Cu(110) system, pc,(10) the charge density of the
clean Cu(110) surface (without the molecular layer), and
PrCcoo the charge density of the free formate molecule placed
in the respective adsorption configuration (bridge or top).
Figure 5 shows the regions of electron accumulation and/or
depletion displayed in red and/or blue for the isosurface
value of 0.008 e/a.u.’. For both adsorption geometries, we
identify an electron accumulation around the O atoms and a
depletion of electrons from the copper surface atoms.

(©) o (@

'Q’,,.‘“
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To summarize, from the wave-function analysis, the PL-
DOS, and the total charge-difference plots, we conclude that
the adsorption of the formate molecule in the bridge configu-
ration has strong covalent Cu—O bonds due to the hybrid-
ization of the highest occupied molecular orbitals of the for-
mate molecule with copper d bands. On the contrary, for the
adsorption in top configuration, the Coulomb interaction
plays the decisive role and the hybridization of the molecular
levels with the d bands of the copper surface is less efficient.

2. High formate coverage on Cu(110) surface

For high formate coverage on the clean Cu(110) surface,
where two molecules are present in a (2X2) unit cell, three
different configurations are tested: one with both molecules
in the bridge position (bridge-bridge configuration, see Fig.
6), another one with both molecules in the top position (top-
top configuration), and a third configuration with one mol-
ecule in the bridge position and the other one in the top
position (bridge-top configuration).

We present the details of the formate arrangements for
high coverage in two tables: Table V shows the intramolecu-
lar bond lengths and bond angles and the atomic distances in
the Cu surface, and Table VI shows the Cu—O bond lengths
and relative energies. For the numbering of the atoms we
refer to Fig. 6.

Atomic structure and energetics. The most stable configu-
ration for high coverage is the one with both molecules in the
bridge position. In Table VI the energies for the other opti-
mized configurations are given relative to the energy of the
bridge configuration. A positive energy indicates that the spe-
cific structure is less stable. The geometries of the formate
molecules are quite similar in all configurations with two
molecules per unit cell. The main differences appear in the
Cu—O bond lengths and the relaxations of the copper sur-
face atoms. As for formate adsorption in the bridge position
for low coverage (with one molecule per unit cell), the
oxygen-bound copper atoms relax outward relative to the
clean Cu(110) surface. With two molecules per unit cell, both

FIG. 4. (Color online) Isodensity surfaces for
molecule-metal hybrid wave functions of formate
adsorbed on Cu(110) in the bridge configuration
(Cu, green; O, red; C, gray; and H, dark gray). (a)
and (b) show bonding combinations with the ei-
genvalues £=-2.7 and e=-3.6 eV. (c) and (d)
show antibonding combinations with the eigen-
values e=—1.0 and e=-1.6 eV.
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FIG. 5. (Color online) Total charge-difference plots for the
bridge and top configurations of formate adsorbed on Cu(110) com-
pared to the isolated sytems (Cu, green; O, red; C, gray; and H, dark
gray). Regions of electron accumulation and/or depletion are dis-
played in red (light gray) and/or blue (dark gray) for an isosurface
of 0.008 e/a.u.’. There is an accumulation of electrons around the
oxygen atoms due to a depletion of electrons from the copper sur-
face atoms. From the smaller volume included inside the equicharge
surface, we can conclude that for the bridge configuration less
charge is transferred from the surface to the oxygen atoms.

in bridge positions, all Cu atoms are affected and the out-
ward relaxations are larger than for low coverage (see Tables
IV and V). As discussed above, the small O—Cu bond
length when both molecules are in the bridge position is
indicative of a strong attractive O—Cu interaction.>3”3" In
the most stable structure, the O—Cu bonds are all equal.
Also the outward relaxations of all copper atoms of the first
layer are the same. Due to the O—Cu bonds, the inward
relaxation of the clean Cu(110) surface is overcompensated.

When one of the molecules is placed in the top position
(mixed configuration), the energy increases by 0.52 eV, a
little more than the 0.45 eV found for low coverage. As for
low coverage, the increase of energy is mostly due to the
different O—Cu bonds. A small contribution comes from
different relaxations of the copper surface atoms. The rest of
the difference can be attributed to different interactions be-
tween the formate molecules. The same is true when both
molecules are in the top position. The increase of energy
(1.03 V) is larger than 2X0.45 eV.

The stability of the phases with high or low formate cov-
erage on Cu(110) due to repulsion or attraction between the
adsorbed molecules can be estimated by comparing the en-
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FIG. 6. (Color online) Adsorption geometry of two formate mol-
ecules in a (2X2) unit cell on a clean Cu(110) surface (Cu, green;
O, red; C, gray; and H, dark gray). Shown is the bridge-bridge
configuration (C?' on bridge between Cu'>—Cu'® and C?* on
bridge between Cu'>—Cu!”). By displacing both molecules along
the [110] direction with half of the distance Cu!S—Cu'® and
Cu'3—Cu'?, the top-top configuration is obtained (C2! on top of
Cu'” and C? on top of Cu'®). By displacing only one molecule
along the [110] direction with half of the distance Cu'>—Cu'”, the
bridge-top configuration is obtained (C>' on bridge between
Cu'>—Cu'? and C? on top of Cu'3).

ergies of a given area of the Cu surface for two different
arrangements of the formate molecules: (i) the formate is
spread out on the copper surface with low coverage [i.e., one
molecule per (2 X 2) unit cell] and (ii) the formate molecules
are present on only half of the surface area with double
(high) coverage [i.e., two molecules per (2 X 2) unit cell] and
half of the Cu surface area is free of formate. The two situ-
ations yield the following energy difference per formate mol-
ecule:

0.25[2ELT0" = (Ecunio) + Ecu i)™ ) 1= AE,,  (2)

where EZ16¢ and EZJT1o¢ are the slab energies of the (2

X 2) Cu(110) unit cell with one and two molecules, respec-
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TABLE V. Two formate molecules in a (2X2) unit cell on the
clean Cu(110) surface. Bond lengths of the molecules are in ang-
stroms and relaxations of the Cu atoms of the first layer are ex-
pressed in % relative to the ideal interlayer distance where the Cu
atoms have the bulk terminated positions.

Position
2 bridge 2 top Bridge-top
Bond length (A)

c_H» 1.142 1.143 1.141
C3B_H» 1.142 1.143 1.145
c2l—0o% 1.320 1.323 1.322
2l —o¥ 1.320 1.323 1.321
c»3—_0% 1.320 1.323 1.323
c3_07! 1.320 1.323 1.326

Angle (°)
ox»c2lo? 129.10 126.35 128.51
0¥cB0! 128.69 126.35 126.12

Interlayer relaxations (%)

Cul3—cCu! +1.17 -0.54 -0.04
Cub—cCu!! +1.17 -1.34 -0.72
Cu'7—cCu!! +1.17 -1.34 -1.54
Cu'?—cCu!! +1.17 -0.54 -0.70
Clean Cu(110) surface -11.00

tively (with the molecules in bridge positions), and Ecy( o)
represents the energy of the clean Cu(110) surface. An extra
factor of 2 enters because there are two identical surfaces in
the slab. If AE; >0, the interaction between the molecules is
attractive, and it is repulsive if AE;<<0. Our results for the
total energies of the different Cu(110) surfaces (with and
without formate) yield a small positive energy difference,
AE;=+0.1197 eV per molecule. This would mean that an
attractive interaction of the adsorbed formate molecules ex-
ists, in contradiction to the earlier experimental suggestions'?
which postulate a repulsive interaction between formate mol-
ecules on the Cu(110) surface from the fact that the high-
coverage configuration is not achievable by long exposure of
the Cu(110) surface with formic acid in the gas phase. How-
ever, while our calculations test the equilibrium configura-
tions of formate molecules on the surface at 7=0, the experi-
ments draw the conclusions from the kinetics of the
adsorption reaction. The ultimate test is to calculate the bar-
rier for adsorption of a second formate molecule in the (2
X 2) unit cell. We have done preliminary calculations (with-
out allowing any relaxations) with the formic acid molecule
approaching the copper surface in a (2X2) unit cell which
contains an adsorbed formate molecule. We estimate an en-
ergetic barrier of about 2 eV. A complete investigation re-
quires the relaxation of all the atoms in the unit cell, but this
is a very demanding calculation and has to be left for future
investigations.
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TABLE VI. Cu—O bond lengths and relative energies for two
formate molecules in a (2 X 2) unit cell on the clean Cu(110) sur-
face (oxygen-copper bond lengths are given in A).

Bond length (A)

Molecule Energy
position Atom Cu®  Ccu®  cu?  cu? (eV)
Bridge- 0% 1.998
bridge
oY 1.998
0¥ 1.998 0.0000
o3 1.998
One bridge o» 1.993
and one top
oY 1.989
0¥ 2334 2.461 0.5229
03 2340 2.475
Top- 0% 2.456 2.327
top
0% 2.450 2.334
0%® 2334 2.448 1.0257
03 2326 2.456

3. High formate coverage on oxygen-precovered Cu(110) surface

In the case of the oxygen-precovered Cu(110) surface
with two formate molecules in the (2 X 2) unit cell, the oxy-
gen atom of 0.25 ML has been placed in a hollow site (be-
tween four copper atoms of the first layer and on top of a
copper atom of the second layer), as is suggested by previous
calculations.® In this case, four configurations are possible.
One contains both molecules in the bridge position and an-
other one has both molecules in the top position. For these
configurations, all hollow sites of the copper surface in the
unit cell are equivalent (Fig. 7). In the case when one mol-
ecule is in the bridge position and the other one is in the top
position, there are two nonequivalent positions of the oxygen
atom (0.25 ML) relative to the copper surface and formate
molecules (see Fig. 7).

We give the details of the arrangement of the formate
molecules on the oxygen-precovered Cu(110) surface in
three different tables: Table VII shows the intramolecular
bond lengths, bond angles, and interlayer relaxations of the
Cu(110) surface; Table VIII the bond lengths of the oxygen
atoms of the formate molecules with the copper surface at-
oms and the energies of the different formate adsorption ge-
ometries; and Table IX the bond lengths of the extra oxygen
atoms with the Cu surface atoms. For the numbering of the
atoms we refer to Fig. 7.

Atomic structure and energetics. In the case of the
oxygen-precovered Cu(110) surface, the most stable configu-
ration also turns out to be the one with both molecules oc-
cupying bridge positions. It is characteristic for all configu-
rations that due to the O—Cu bonds the first copper layer
relaxes outward above the ideal bulk terminated positions
and the first interlayer distance increases. Again the inward
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FIG. 7. (Color online) Adsorption geometry of two formate mol-
ecules in a (2X2) unit cell on a 0.25 ML oxygen-precovered
Cu(110) surface (Cu, green; O, red; C, gray; and H, dark gray).
Shown is the bridge-bridge configuration (C?' on bridge between
Cu'>—Cu' and C?? on bridge between Cu'>—Cu'”). By displac-
ing both molecules along the [110] direction with half of the dis-
tance Cu'>—Cu'? and Cu'*—Cu'”, the top-top configuration is
obtained (C?!' on top of Cu'® and C?* on top of Cu'?). For both
bridge-bridge and top-top configurations, the 0.25 ML oxygen (033
atom is situated on top of Cu’. By displacing only one molecule
along the [110] direction with half of the distance Cu'>—Cu'®, the
bridge-top configurations are obtained (C>* on bridge between
Cu'*—Cu'7 and C?! on top of Cu'®). For one bridge-top configu-
ration, the 0.25 ML oxygen (0?) atom is situated on top of Cu’ and
for the other on top of Cu'l.

relaxation for the clean Cu(110) surface is overcompensated.
The extra oxygen atom (the remaining 0.25 ML after water
release) is only slightly displaced from the hollow site posi-
tion. For all configurations, the Cu—O3 bond length
(Cu’"—0%* and Cu''—0%) relative to the second-layer
atom 1is practically the same. The bond length of the lone
oxygen atom with copper atoms of the second layer is
shorter than the one formed by the oxygen of the molecules
with the copper atoms of the first layer (see Tables VII-IX).
In Table VIII the energy of the most stable configuration
(both formate molecules in bridge positions) is taken as ref-
erence. The positive energies indicate the reduced stability of
the other configurations.
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TABLE VII. Intramolecular bond lengths (A) and interlayer re-
laxations for two formate molecules in a (2X2) unit cell on the
oxygen-precovered Cu(110) surface. The relaxations of the copper
atoms of the first layer are expressed in % relative to the ideal
interlayer distance where the copper atoms have the bulk terminated
positions.

Position
Bridge-top Bridge-top
2 bridge 2top (0¥—C7) (0B—cl
Bond length (A)
C?_—_H» 1.139 1.142 1.153 1.150
CB_HY 1.142 1.140 1.147 1.145
c—_o» 1.321 1.314 1.332 1.313
cH—_o% 1.321 1.331 1.315 1.328
cB—_0% 1.318 1.331 1.323 1.319
cB_0o3! 1.317 1.333 1.320 1.313
Angle (°)
o»c?o¥ 129.75  126.38 125.30 125.58
0¥cxo?! 12824  126.39 128.68 127.44
Interlayer relaxations (%)
Cu'3—cCu"! +8.28 +8.16 +11.27 +5.66
Cu>—Cu'! +8.27 +7.22 +11.69 +5.63
Cu'’—Cu"! +8.28 +7.22 +11.62 +5.81
Cu'”—cCu"! +8.27 +8.13 +13.81 +6.85

Clean Cu(110) surface —11.00

The calculated bond lengths of the extra oxygen atom
(Cu”"'—0%) are in good agreement with experimental re-
sults and theoretical calculations of the oxygen-precovered
Cu(110) surface.>>343-47 The O} position is slightly above
the first layer of copper atoms (see Fig. 7). Similar to our
results, Liem et al.? reported that at low coverage of oxygen
on the Cu(110) surface the most favorable adsorption site of
the additional oxygen atom is not the hollow site (high-
symmetry fourfold coordination). Instead, the equilibrium
position corresponds to a pseudo-threefold-coordinated ad-
sorption site. The oxygen is in a midpoint between a hollow

site and two copper nearest-neighbor atoms along the [110]
direction. This is explained by the closer coordination
(shorter bond lengths) of the oxygen to the copper atoms for
the pseudo-threefold-coordinated adsorption site.

We find that for the most stable configuration of formate
adsorption on the 0.25 ML oxygen-precovered Cu(110) sur-
face (with both molecules in the bridge position), the addi-
tional oxygen atom follows the same trend: it is displaced
from the hollow site and likes to coordinate closer to three
Cu-surface atoms (see Table IX); the O3* forms slightly
shorter bonds to Cu'® and Cu!” and longer ones with Cu'>
and Cu'®. The direction of relaxation is the same as the one
found by Liem et al.?® (see Fig. 8).

For the oxygen precovered Cu(110) surface, the energy
difference between the most stable configuration (with both
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TABLE VIII. Cu—O bond lengths (A) and energies (in eV) for
two formate molecules in a (2X2) unit cell on the oxygen-
precovered Cu(110) surface.

Bond length (A)

Molecule Energy
position Atom Cul® Cu® 7 Ccu® (eV)
Bridge- (o 1.993
brige
o% 1.993
o¥ 1.989 0.0000
03! 1.988
Top- 0% 2.494 2.377
top
o% 2.381 2.235
0¥ 2235 2.382 0.8471
o3 2377 2.494
One bridge 0% 2.493 2.347
and one top
(033_C7)
o7’ 2.428 2.301
0% 1.987 0.5417
o’ 1.986
One bridge o%» 2.449 2.281
and one top
(033_C11)
o% 2.566
0¥ 2.003 0.76206

0’ 1.998

molecules in the bridge position) and the least stable one
(with both molecules in the top position) is 0.85 eV, which is
less than the corresponding energy difference for the clean
surface (1.03 eV). The presence of additional oxygen appar-
ently influences the energy difference between different for-

TABLE IX. Bond lengths (A) of the additional oxygen (O%?) for
two formate molecules in a (2X2) unit cell on the oxygen-
precovered Cu(110) surface.

Cu—O0™ bond length (A)

Molecule
position Cu/ Cu''  cu® o’ e
Bridge-bridge  1.869 2.135 2305 2.135 2305
Top-top 1.879 2.239 2239 2239 2238
One bridge 1.865 2211 2243 2280 2.294
and one top
(033_C7)
One bridge 1.875 22100 2.200 2.227 2.321
and one top
(033_C11)
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FIG. 8. (Color online) Cu, green; O, red; C, gray; and H, dark
gray. Displacement of additional oxygen for two formate molecules
in bridge positions and an oxygen atom in a (2 X 2) unit cell (0.25
ML oxygen-precovered surface). The 0** is displaced by 0.1 A
from the hollow site toward Cu'® and Cu'”. The oxygen atoms 0%
and O3! are on top of the mentioned copper atoms. H33 and H*” are
slightly tilted toward the O3 atom.

mate adsorption geometries. This is not surprising since the
Cu atoms participating in the formate binding are also in-
volved in the binding of the extra oxygen.

For a characterization of the effect of the preadsorbed
oxygen on the formate-formate interaction, one has to com-
pare the adsorption energies of the formate-Cu(110) system
“high coverage” with and without additional oxygen (consid-
ering both molecules in bridge positions). The difference of
the adsorption energy per formate is given by

2 1
0.25 [Eclf;”]’fg‘;éismo = (Ecy(10p025mro + 4 }i)nrgnfzte)]

- 0~25[Eé{(01r1r3‘)”e = (Ecu(iio) + 4E}Tr%re)] =AE,, (3)
where the first bracket represents the negative binding energy
of formate on the oxygen-precovered Cu(110) surface and
the second one is the negative binding energy of formate on

the Cu(110) surface without oxygen. Ecj; rl"l’g Gasmo is the en-

ergy of the two formate molecules on the oxygen-precovered
Cu(110) slab, EZ" ulioy s the energy of the two formate mol-

ecules on the Cu(110) system, Ec,(;jo)0.2smLo is the energy of
the oxygen-precovered (0.25 ML) Cu(110) slab, E¢yg) is
the energy of the clean Cu(110) slab, and ES"* s the

formate
energy of a single gas-phase formate molecule. Our results
for the total energies of the different Cu surfaces (with and
without oxygen) yield the following binding energies per

formate molecule: Eé’lf(dfi‘g) oxygen formae=—3-0221 €V and
Ebmdm

Cu(110) formare=—3-2101 eV, i.e., a positive adsorption energy
difference, AE,=+0.4879 eV per formate molecule in favor
of the clean Cu surface. This means that the oxygen does not
increase the attractive interaction between the adsorbed for-
mate molecules. But again we would like to point out that we
tested the equilibrium configurations with and without oxy-
gen at T=0. The effect of the adsorbed oxygen might be
more important for reducing the barrier for adsorption of the
second formate molecule in the (2 X 2) Cu(110) surface cell.
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In fact, due to the presence of oxygen, a different reaction
path for the adsorption of formate from gas-phase formic
acid opened up: instead of releasing H, when the acid form
of the molecules are adsorbed, with the additional oxygen,
water can be formed. This is indeed experimentally
observed.!? A theoretical investigation of the kinetics has to
be left to future investigations due to the very high compu-
tational demands.

4. Comparison of adsorption energies and enthalpies

In this section, we compile the energy difference due to
the adsorption of formate molecules on Cu(110) for different
coverages and conformations. The simplest measure is the
adsorption energy (per molecule) starting from preformed
free formate molecules in the gas phase. This is given by

(1/2’1) [Esystem - (ECu—Surfuce + 2nEsil1gle )] = Eads’ (4)

‘formate

where E,,,, 1s the slab energy of the formate-copper-surface
system, ECu_surfac.e represents the slab energy of the copper
surface without and/or with additional oxygen, and »n is the
number of formate molecules in the (2X2) unit cell (n=1
for low coverage and n=2 for high coverage). The extra
factor of 1/2 is due to the fact that our slab contains two
identical surfaces.

This adsorption energy includes the following contribu-
tions, all of which we calculated separately: (1) the energy
due to the conformational change of the adsorbed molecules
and due to the interactions between the molecules constitut-
ing the molecular layer [this is the packing energy E, g
which can be defined as the energy necessary to bring the
formate molecules from the free gas phase into a (2X2)
array structure in the gas phase], (2) the interaction energy of
the molecular layer with the copper surface (the formation of
the O—Cu bonds), and (3) the energy due to the relaxation
of the copper surface under the molecular layer.

In addition, we calculated the adsorption (reaction) en-
thalpy at 7=0 (AH4Y), which is defined as the difference
between the sum of total energies of the products (formate-
copper-surface system plus H,/H,0) minus the sum of total
energies of the reactants (formic acid and copper surface
without or with additional oxygen) according to

(1/2n)[(Esystem + nEHZ/HZO) - (ECu—surface + 2nE;‘Z;§rI;c—ucld)]
= AHSE . (5)

The reaction enthalpy, AH}%, is the sum of the adsorption
energy (E,;), the energy necessary to break the oxygen-
hydrogen bond in the carboxylic group, and the energy due
to the formation of the H,/H,O molecule.

The results are summarized in Table X. Our data (E,,;, and
AH}%) suggest that the high-coverage adsorption of formate
molecules on Cu(110) should be the most stable configura-
tion. The analysis of the packing energies shows that an at-
tractive interaction between molecules in a (2X?2) array
structure in the gas phase exists. This attractive interaction is
even increased in the case of high coverage (see also the
difference in the adsorption energies for low and high cov-
erages and AE,;>0). This observation is in contradiction
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TABLE X. 1, low coverage (one molecule per unit cell); 2, high
coverage and 3, high coverage on the oxygen-precovered surface
(two molecules per unit cell). The energies are given in eV per
formate molecule.

SyStem Eads AH{;"T() Epacking
1 -3.390 -0.307 —-0.057

-3.510 -0.429 -0.076
3 -3.022 -0.278 -0.067

with the experimental suggestion that a repulsive interaction
exists between adsorbed molecules, because in the absence
of the oxygen on the copper surface the high-coverage sys-
tem cannot be clearly identified.

However, as mentioned above, the information on the re-
action enthalpy is not sufficient to judge the possibility of a
reaction. The reaction barriers (activation energies) deci-
sively determine the probability of a reaction at finite tem-
peratures.

We would like to offer some speculative ideas for contri-
butions to the barriers in different situations. For the reaction
pathways between a Cu surface (with and without pread-
sorbed oxygen) and formic acid, there are several contribu-
tions to the energy barriers, one of which is always the
breaking of the oxygen-hydrogen bond of the carboxylic
group. In the absence of oxygen on the Cu(110) surface,
experiments show that the low-coverage adsorption pattern
[one formate molecule in the (2X2) surface unit cell] is
fully established, but high coverage [two formate molecules
in the (2X2) surface unit cell] cannot be achieved by long
exposure.'3 One can easily imagine that, in order to adsorb
an additional formate on the surface, the approaching formic
acid molecule has to approach the already adsorbed formate
very closely. Then the interaction between the 7 systems of
the two molecules comes into play, i.e., the highest occupied
molecular orbital (HOMO)-lowest unoccupied molecular or-
bital (LUMO) interaction, which is known to be sensitively
dependent on the nature of the 7 systems involved and on
the geometry of approach.*” Here we expect a rather strong
repulsive interaction between the 37 system of the carboxy-
late group (—COO) of the adsorbed formate molecule and
the 27 system of the C=0 group of the approaching formic
acid, which increases the effective energy barrier for the ad-
sorption.

There are other examples where the HOMO-LUMO inter-
action between the adsorbed and approaching molecules
does not prevent high-coverage adsorption on the clean cop-
per surface: oxalic acid (which is formed by replacing in the
formic acid the hydrogen atom which binds to the carbon
atom by another carboxylic group) is known to form a low-
coverage configuration with upright adsorption geometries
on the clean Cu(110) surface, which turns into a high-
coverage well-ordered (2X?2) structure upon long
exposure.*® The only difference to the formic acid and/or
formate case is that here the HOMO-LUMO interaction is
determined by the 57 system of the adsorbed oxalate mol-
ecule and the 47 system of the approaching oxalic acid mol-
ecule. Apparently due to the larger spatial extent of the 7
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systems, in this case, the interaction is not so repulsive and
the adsorption of the second oxalic acid molecule can take
place.

In the case of preadsorbed oxygen on the copper surface,
the high-coverage structure of the formate is immediately
achieved without the low coverage as a precursor.'® This can
be understood because there is a very different reaction path
with a low barrier. The hydrogen atoms detaching from the
formic acid molecules react with a preadsorbed oxygen atom
to form water. This very reactive path allows two formic acid
molecules to approach very closely (with the C=0 double
bonds at the distant ends of the molecules), and the resulting
two formate molecules can simultaneously bind to the Cu
surface.

V. SUMMARY

We have investigated the adsorption geometry and stabil-
ity of various configurations of formate on the Cu(110) sur-
face. For all configurations, we find that the formate mol-
ecules are adsorbed with the molecular plane perpendicular
to the Cu(110) surface.

For low coverage [one molecule in the (2 X 2) unit cell],
we find that the bridge position (each oxygen of the carboxy-
late group binds to a single copper atom so that the carboxy-
late group forms a bridge between two nearest-neighbor cop-

per atoms along the [110] direction) is the stable
configuration. The Cu surface atoms which are not involved
in the binding to oxygen atoms show inward relaxations as
on the clean Cu(110) surface. In contrast, nearly no relax-
ation relative to the ideal unrelaxed Cu(110) surface is found
for the copper atoms which form the bonds with O atoms.
At high coverage [two molecules in the (2 X 2) unit cell],
the most stable configuration is the one with both molecules
in bridge positions. The Cu(110) surface atoms show small
outward relaxations overcompensating the first interlayer
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contraction of the clean surface. The geometries of both for-
mate molecules are quite similar to that of the molecule at
low coverage.

Also in the case of high-coverage formate adsorption on
the oxygen-precovered Cu(110) surface, we find that the
stable configuration is the one with both molecules in bridge
positions. A large outward relaxation of the copper surface
layer is found. The molecular geometry of the formate mol-
ecules does not change significantly and is similar to that of
the previously discussed systems. The extra oxygen atom
(the 0.25 ML oxygen) is only slightly displaced from the
hollow site position. This oxygen atom binds more strongly
to the second-layer Cu atom than to the first-layer atoms.

The Cu—O bond length is practically the same in all
configurations. It does not depend on the coverage and
agrees well with the experimentally measured one.!> The ad-
ditional oxygen adsorption does not influence the bond
length of the oxygen atoms of the carboxylate group with the
first layer of the Cu surface, but rather the adsorption energy.
The main geometrical changes due to the presence of oxygen
are in the first interlayer relaxations. With increasing cover-
age, the first Cu surface layer relaxes toward the positions
corresponding to the unrelaxed (110) surface, and for the
oxygen-precovered surface, the inward relaxation for the
clean Cu(110) surface is overcompensated and turns into a
large outward relaxation.

From our calculation, we conclude that an attractive inter-
action between the adsorbed molecules exist. We have dis-
cussed several contributions to a high-energy barrier for the
adsorption of additional formate molecules onto the formate-
covered Cu surface: detachment of the H atom from the for-
mic acid and the HOMO-LUMO repulsion between the 7
systems of formic acid and formate. This may prevent a
stable high-coverage configuration on the clean Cu surface.
This situation can be reversed if the system finds it possible
for the energy barrier to be lowered by a very reactive part-
ner like preadsorbed oxygen.
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