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Adsorption of the formate species on copper surfaces:
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Abstract

The density functional theory and the cluster model approach have been applied to study the interaction of the
formate species with the copper (100), (110) and (111) surfaces. The short-bridge, long-bridge and cross-bridge sites
of the copper surface have been modelled by Cu7 and Cu8 metal clusters after checking the validity of the results
against those obtained with much larger clusters. The results show that the formate species is stabilized strongly on
the short-bridge site of the surfaces considered and this is in agreement with available experimental data. For
adsorption on the short-bridge site, and for the three surfaces considered, the CusurfMO is close to 2.02 Å, the CMO
bond length is 1.26 Å and the OMCMO angle is 128°. On this adsorption site, formate is bridge-bonded with the two
oxygens almost in a top position on two copper atoms. For the long-bridge site, the oxygen atoms of the adsorbate
are not located above the two copper atoms. The two OMC bonds are equivalent when formate is adsorbed on these
two sites. On the cross-bridge site, the formate species is bonded to the surface in a monodentate conformation. The
two OMC bonds are different with two clearly different bond lengths. The difference is larger for adsorption on
the Cu (100) surface. In this case, the bond lengths are typical of a bond order of one and two. The bonding to the
surface is essentially ionic, and the total charge in the adsorbate is 0.75 ±0.05 e, approximately. © 1999 Elsevier
Science B.V. All rights reserved.
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1. Introduction extensively studied surfaces are those directly
related to the catalysis of these two reactions, i.e.

The decomposition of formic acid on metal copper and silver. In industry, a silver catalyst is
surfaces has been the subject of numerous experi- used to obtain formaldehyde from methanol and
mental studies in recent years [1–27], due to the a Cu/ZnO catalyst to produce methanol from
simplicity of the intermediates and products syn-gas.
involved. Surface formate is easily formed from formic

Formate is observed during the methanol oxida- acid by OMH bond cleavage. It can undergo
tion reaction, and it is thought to be an intermedi- dehydrogenation to produce H2 and CO2 and
ate in the methanol synthesis reaction. The most dehydration to yield H2O and CO, depending on

the metal surface. On copper surfaces, only dehy-
drogenation is observed [1,8]. Formate has been* Corresponding author. Fax: +351-2-6082959.

E-mail address: jfgomes@fc.up.pt (J.A.N.F. Gomes) studied by different experimental techniques on
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copper (100) [1–7], copper (110) [5–22], copper In the literature, only a few theoretical studies
can be found on the adsorption of HCO2 on(111) [23] and supported copper surfaces [23–27].

HCO2 has been identified by temperature-pro- copper surfaces [28–33]. These theoretical studies
are 10 years old and use very poor methods (bygrammed reaction spectroscopy (TPRS) [8,9], by

electron energy loss spectroscopy (EELS) [1], today’s standards) to evaluate chemisorption prop-
erties, with the exception of the recent studies ofhigh-resolution electron energy loss spectroscopy

(HREELS) [1,8], reflection absorption infra-red Casarin et al. [32] and Kakumoto et al. [33].
Casarin et al. [32] use a linear combination ofspectroscopy (RAIRS) [10], in-situ infra-red

reflection absorption spectroscopy (IRAS) atomic orbitals method within the local density
approximation (LCAO–LDA) to study the chemi-[10,11,23] and scanning tunnelling microscopy

(STM) [12–14]. From the results obtained with sorption of formate on Cu (100). They studied the
adsorption on the short-bridge and on the cross-these techniques, it was difficult to clarify how the

formate species are chemisorbed on copper sur- bridge sites and concluded that the adsorption on
the short-bridge site is the most favourable.faces, if formate were bonded to the copper sur-

faces in a upright or tilted geometry or if it were Ab-initio MO calculations using the DFT method
were presented by Kakumoto et al. [33] for thebonded in a bidentate or monodentate geometry.

This is due to the observation, or not, of the uas formate intermediate adsorbed on a [Cu2]+ bridge
site. In this work, only the energy and geometry(OCO) band. More studies were performed using

near-edge X-ray absorption spectroscopy variation of the HCO2 species with the CuMCu
distance is calculated.(NEXAFS) [3,4,15,16 ], and it was concluded that

the formate species was oriented with its molecular One of the goals of this paper is to compile
theoretical results for the adsorption of the formateplane normal to the metal surface. By means of

surface extended X-ray absorption fine structure species on the Cu (100), (110) and (111) surfaces
under the same conditions in terms of methodology(SEXAFS) [3,4], it was found that the HCO2

species was adsorbed on the Cu (100) surface on and basis sets in order to compare the trends in
the adsorption of this species.the cross-bridge site and later, in a data reanalysis

[5,6 ], that the diagonal atop site was the preferred This paper is organized as follows. In Section 2,
the theoretical details are given for the computa-adsorption site for formate adsorption. On the Cu

(110) surface, the aligned atop site [5,6,15,16 ] tional method used and for the metal clusters used
to describe the metal surface. In Section 3, theseemed to be the most favourable for HCO2

adsorption. calculated results for HCO2 adsorption on Cu
(100), (110) and on Cu (111) surfaces are pre-More recently and taking advantage of photo-

electron diffraction (PhD) [7] and NEXAFS [17] sented and in Section 4, a summary of the main
conclusions obtained with this work is given.techniques, it was found that the formate species

are adsorbed on the short-bridge sites of the Cu
(100) and Cu (110) surfaces. The oxygen atoms
are located at the same distance from the surface 2. Method
and with a CuMO nearest-neighbour distance of
1.98±0.04 Å. In the present work, the interaction of the

formate species with copper (100), (110) and (111)For the Cu (111) surface, as far as we know, a
similar PhD study does not exist. In a recent study surfaces is studied. For that purpose, the density

functional theory (DFT) approach was used. The[23] using IRAS for HCO2/Cu (111), a bidentate
structure was found with both oxygen atoms Cu (100) and the Cu (110) metal surfaces are

modelled by a Cu8 cluster and the Cu (111) surfacelocated at the same distance from the surface, thus
possibly indicating adsorption of formate on the by a Cu7 cluster as shown in Fig. 1. These two-

layer clusters are a small section of the ideal Cushort-bridge site of the Cu (111) surface.
For low temperatures, it seems that this type of (100), Cu (110) and Cu (111) surfaces with a

CuMCu nearest-neighbour distance taken fromadsorption is preferred.
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(a) (b)

(c)

Fig. 1. Top views of the different sites studied on the (100), (110) and (111) copper surfaces. The (100) and (110) surfaces were
modelled by a two-layer cluster with eight metal atoms. The (111) surface was modelled by a two-layer cluster with seven metal
atoms. (a) (100) surface. (b) (110) surface. (c) (111) surface.

the bulk and equal to 2.551 Å. These clusters, above oxide media [24]. Larger clusters with a
value of n up to 19 metal atoms were also usedalbeit small, were found previously to give a rea-

sonable description of the copper surface. In our [34,38] in order to test these approximations.
The present calculations for the formate inter-experience, Cu7 clusters for studying the methoxy

[34,35] and dioxymethylene [36 ] adsorption on the action with the copper surfaces were performed
for short-bridge and cross-bridge orientations ofcopper (111) surface and Cu

n
(n=5, 7, 12) clusters

for studying halide ions [37,38] and water [39,40] the HCO2 species, except for the Cu (110) surface
where the long-bridge orientation was also studied.adsorption on the copper (100) surface give very

good results, which compare well with available These orientations can be understood from Fig. 1.
In the short-bridge site, the OCO group lies aboveexperimental data. Also, in many catalytic real

systems, it seems that copper exists as small islands a surface short bridge with its oxygen atoms point-
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ing towards top sites, and in the cross-bridge site, adsorbed on the short-bridge site of a Cu8 cluster
and for HCO2 adsorbed on the short-bridge sitethe carbon atoms lies above the surface short

bridge with the oxygen atoms pointing towards of a Cu18 cluster used to model the Cu (100)
surface were also performed.the hollow sites. In copper (100) and (110), these

hollow sites are fourfold, whereas in the Cu (111)
surface, they are threefold sites. For Cu (110), a
HCO2 long-bridge orientation was also studied 3. Results
where the OCO group is placed above a surface
long-bridge site with the oxygen atoms pointing 3.1. Free HCO

2
and HCO−

2
species

towards top sites.
The geometry of the adsorbed HCO2 species Table 1 lists the computed geometry, energy and

vibrational frequencies for the three different swas optimized in the calculations. Only one restric-
tion was imposed during these optimizations, this states of the HCOO radical, 2B2, 2A1 and 2A∞

optimized at the DFT/6-31G11 level. The calcula-being the conservation of the mirror plane that
crosses the carbon, the oxygen and the copper tions were made using as a starting point the

geometry values obtained in previous work [45–atoms that define the long-, short- or cross-bridge
sites. In all cases, the calculations were made with 47].

Depending on whether the oxygen atoms ina starting geometry for the HCO2 species with an
equal surface–oxygen distance for both oxygen HCO2 are identical or not, there are two possible

symmetric types for the HCO2 species, C2v andatoms. All calculations were made for the lowest
spin multiplicity systems. Cs. The 2B2 and the 2A1 states belong to the C2v

symmetric type, whereas the 2A∞ state belongs toThe DFT was used to obtain the geometry,
energy and frequencies for the formate species the Cs symmetric type.

The results show that the 2B2 state has theadsorbed on the copper surfaces in the different
orientations described above. The B3LYP hybrid lowest energy and the 2A∞ state the second lowest

(3.54 kJ mol−1 above 2B2). The 2A1 and the 2A∞method proposed by Becke [41] included in the
Gaussian 94 [42] package was used. This method states have a similar energy, with the 2A1 state

slightly more unstable. The computed OCO angleincludes a mixture of Hartree–Fock (HF) and
DFT exchange terms associated with the gradient for the 2B2 state is much smaller (~113°) than

that found for the other two electronic statescorrected correlation functional of Lee et al. [43].
The metal atoms are described by the large considered. For the 2A1 and 2A∞ states, the OCO

angle is similar and approximately 143°. The pLANL2DZ basis set, which treats the outer 19
electrons of copper atoms with a double zeta basis states are much more unstable. For example, the

2B1 electronic state is 415 kJ mol−1 higher inset and the inner 1s, 2s and 2p electrons with the
effective core potential of Hay and Wadt [44]. The energy than the 2B2 electronic state. The 2B1

electronic state is less stable, and this is innon-metallic atoms (O,C and H) are described by
the 6-31G11 basis set of double zeta quality with p agreement with the values obtained by MCSCF

[45], by HF and MP2 [46 ] and by CASSCF andpolarization functions in hydrogen atoms and d
polarization functions in carbon and oxygen CASPT2 [47]. The 2B2 state was found to be the

most stable electronic state by MP4, G2 andatoms. Calculations were made only for the ground
state configurations except for the free HCO2 QCISD(T) [46 ] and by MRCI [47]. Using HF,

MP2, CASSCF and CASPT2 [46,47], a minimumspecies where different electronic states were con-
sidered. The vibrational frequencies were obtained in energy was found also for the 2A1 and 2A∞

electronic states, and this is in agreement with theby calculation of the analytic second derivatives
of the energy of the molecular systems, and an small difference in energy that we have observed

for these three states.infinite mass was used for the copper atoms.
In order to test the validity of the systems Vibrational frequency calculations were also

performed for these three electronic states, and thestudied, calculations for formate (HCO−
2

)
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Table 1
Geometry and energy (without ZPE corrections) of the optimized free HCO2 and HCO−

2
species

Free species HCO2 HCO−
2

2B2 2A1 2A∞ 1A1

Energy (a.u.) −189.07695 −189.07559 −189.07560 −189.17445
Distance (CH) (Å) 1.1002 1.1554 1.1556 1.1536
Distance (COa) (Å) 1.2568 1.2311 1.2185 1.2542
Distance (COb) (Å) 1.2568 1.2311 1.2462 1.2542
Angle (OaCOb) (°) 113.05 143.78 143.37 131.10
Angle (OaCH ) (°) 123.48 108.08 113.02 114.45

results are shown in Table 2. They were found to and 2A1 states of the formyloxy species. The
vibrational frequencies for the anion are shown inbe stationary points. However, the 2A1 state is a

transition structure with the imaginary frequency Table 2. The large CMH bond length is the cause
of the small CMH stretch observed. The anion isobserved for the CH in-plane wagging. The same

result was found by Feller et al. using the MCSCF #256 kJ mol−1 more stable than the radical.
procedure [45]. The small frequency value found
for the CMH stretch for the 2A1 and 2A∞ states is

3.2. HCO
2
/Cu (100)due to the larger CMH bond length. The 2A1 state

is the saddle point that connects the 2A∞ electronic
Table 3 summarizes the computed geometry,state and the trans form of OCOH. This species is

adsorption energy and charge of the adsorbate formuch more stable than any HCO2 structure [45].
formate on the short-bridge and cross-bridge sitesThis reaction can also proceed by an intermediate
of the Cu (100) surface.step that is the formation of the dissociated H

Formate bonds to the surface in two differentand CO2 species and then the bonding of the
forms. On the short-bridge site, formate binds tohydrogen atom to one of the oxygen atom yield-
the surface in a bridge-bonded configuration,ing OCOH.
whereas on the cross-bridge site, it binds to theThe energy and geometry of the free anion were
surface in a monodentate configuration. Thealso obtained. The results for the most stable
HCO2 species is stabilized more efficiently on theelectronic state, 1A1, of HCO−

2
are shown in

short-bridge site than on the cross-bridge site byTable 1. The values obtained for bond distances
approximately 56 kJ mol−1. On the short-bridgeand angles lie between those obtained for the 2B2 site, both oxygen atoms interact directly with the
surface, and they are located 2.014 Å from theTable 2

Vibrational frequencies (cm−1) of HCO2 and HCO−
2

speciesa metal surface. The CMO bonds are identical with
the same bond length (1.266 Å). On the cross-

Free species HCO2 HCO−
2 bridge site, the two oxygen atoms are positioned

2B2 2A1 2A∞ 1A1 at two different distances from the Cu (100) sur-
face, i.e. 1.624 and 2.625 Å. The bond length

vf1 647 680 699 764 between the formate carbon atom and the oxygen
vf2 1033 858 861 1068

atom closer to the surface is larger (1.305 Å) thanvf3 1107 1652 1676 1777
the bond length of the other CMO bond (1.230 Å).vf4 1301 265i 365 1415

vf5 1509 1232 1210 1369 These bond lengths are consistent with a bond
vf6 3065 2407 2421 2468 order of one and two, respectively [48]. For the

adsorption on the short-bridge site, the calculateda vf1=OCO bending; vf2=CH out-of-plane wagging; vf3= intermediate value indicates delocalization ofCO asymmetric stretch; vf4=CH in-plane wagging; vf5=CO
symmetric stretch; vf6=CH stretch. charge density between the oxygen atoms.



284 J.R.B. Gomes, J.A.N.F. Gomes / Surface Science 432 (1999) 279–290

Table 3 electron charge from the metal substrate to the
Adsorption energies (kJ mol−1), optimized geometry and adsorbate (see Table 3). The greater value observed
charges for HCO2 adsorbed on the short-bridge and cross-

in the OMCMO angle is due to the increase in thebridge sites of the Cu (100) surfacea
electron density near the oxygen atoms. In fact,

HCO2/Cu (100) Short-bridge Cross-bridge this is consistent with the OMCMO angle calcu-
lated for the anion (see Table 1), where a charge

Adsorption energy (kJ mol−1) −312.7 −256.5
of −1 is delocalized in the CO2 group. Thus, theDistance (CH) (Å) 1.103 1.108
adsorbed HCO2 species behaves like a mixture ofDistance (COa) (Å) 1.266 1.305

Distance (COb) (Å) 1.266 1.230 the free HCO2 and HCO−
2

species. The total charge
Distance (SurfOa) (Å) 2.014 1.624 in the adsorbate was calculated using four different
Distance (SurfOb) (Å) 2.014 2.625

types of atomic charges. When the Mulliken andDistance (CusbOa) (Å) 2.019 2.298
Natural Population Analysis (NPA) methods wereDistance (CuoOa) (Å) – 2.578

Distance (CusbOb) (Å) 2.019 3.087 used, the total charge in the adsorbate was similar
Distance (CuoHOb) (Å) – 3.301 for the two sites studied and was different when
Angle (OaCOb) (°) 128.0 125.1 the electrostatic potential derived charges [Merz–
Angle (HCOa) (°) 116.0 114.5

Singh–Kollman (MSK) and ChelpG (CHG)Angle (HCOb) (°) 116.0 120.5
schemes] were used. The higher value is observedqadsorbate (Mulliken) (a.u.) −0.34 −0.36

qadsorbate (NPA) (a.u.) −0.73 −0.77 for the adsorption on the short-bridge site where
qadsorbate (MSK) (a.u.) −0.33 −0.08 the adsorption energy is higher. Since the
qadsorbate (CHG) (a.u.) −0.51 −0.19

OMCMO angle observed for the geometry of the
adsorbed species is similar, the charge in the adsor-a The charge on the adsorbate was calculated using Mulliken,

Natural Population Analysis (NPA), Merz–Singh–Kollman bate for both sites should be similar. The MSK
(MSK) and Breneman–Wiberg (CHG) atomic charges. The and CHG methods are not efficient to obtain total
labels a and b are used to distinguish between the two oxygen

charges for small systems like those studied here.atoms of HCO2 adsorbed on the cross-bridge site. CusbOa and
The calculated vibrational frequencies are listedCusbOb denote the distance of the oxygen atoms to the short-

bridge copper atoms. CuoOa and CuoOb denote the distance of in Table 4. The agreement with the experimental
the oxygen atoms to the other first-layer copper atoms used to results is good. The n (CuO) stretching frequencies
define the hollow site. The experimental results for the CO and are higher for adsorption on the short-bridge sitethe CuO distances are 1.27±0.04 Å [4] and 1.98±0.04 Å [7],

than on the cross-bridge site, indicating a strongerrespectively. The experimental value for the OCO angle is
127±7° [4]. bond in the former case.

The calculated results for HCO2 adsorption on
the short-bridge site agree very well with the Table 4

Calculated vibrational frequencies for HCO2 adsorption on theavailable experimental data [7], in which it was
short-bridge and cross-bridge sites of the Cu (100) surfacefound that formate is adsorbed on the short-bridge

site with a CuMO distance of 1.98±0.04 Å. The HCO2/Cu (100) Short- Cross- Experimental
computed value lies in the experimental error bar, bridge bridge
and the same happens with the CMO distance and

n (CH ) 3027 2968 2910a, 2930bthe OMCMO angle, which were found experimen-
nassym (OCO) 1604 1675 1640atally [4] to be 1.27±0.04 Å and 127±7° respec-
d (OCH) 1394 1377

tively. The geometry of the adsorbed formate is nsym (OCO) 1372 1253 1330a, 1325b
very similar to that obtained for the free HCO2 d (OCH) 1048 1042

n (OCO) 765 753 760a,bspecies (2B2 state) except for the OMCMO angle,
n (OCu) 341 221 340a, 320bwhich is larger in the adsorbed species. This is
n (OCu) – 176probably due to the fact that with this geometry,

the interaction with the metal atoms from the a Ref. [1].
b Ref. [2].surface is larger, and also due to the donation of
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3.3. HCO
2
/Cu (110) large difference in the adsorption energy, approxi-

mately 66 kJ mol−1.
This large difference must be due to the geome-The results obtained for adsorption of the

HCO2 species on the Cu (110) surface are pre- try of the oxygen atomic orbitals and the inter-
acting atomic orbitals on the two neighbour coppersented in Table 5. As was found for adsorption on

the Cu (100) surface, the adsorption energy is atoms. The adsorption of the HCO2 species on the
copper surface involves mainly the oxygen 2phigher if formate adsorbs on the short-bridge site.

In this surface, the energy difference between orbitals and the copper d orbitals (results not
shown). The shorter distance for the two nearest-adsorption on the short-bridge site and on the

cross-bridge site is more important and is greater neighbour copper atoms on the short-bridge site
of the Cu (110) surface is responsible for a higherthan 145 kJ mol−1. The adsorption on the long-

bridge site was also studied, and the adsorption interaction between the metallic orbitals, and this
gives a stronger ligand effect.energy is 280.9 kJ mol−1.

The HCO2 species binds to the short-bridge and The charge transferred from the metal surface
is slightly higher than that observed for the samelong-bridge sites in a bridge-bonded conformation,

whereas on the cross-bridge site, it binds in a sites on the Cu (100) surface. Again, the Mulliken
and NPA total charges are constant for the threemonodentate way. The geometric parameters

obtained for the two-bridge bonded conformations sites considered for the (110) copper surface.
The calculated vibrational frequencies agreeare very similar. The distances from the formate

oxygen atoms to the nearest copper atoms are very very well with the experimental frequencies (see
Table 6). A better agreement is found for adsorp-similar, 2.030 Å for adsorption on the short-bridge

site and 2.093 Å for adsorption on the long-bridge tion on the short-bridge site except the nasym (OCO)
stretching mode for which the deviation is largesite, and this is not the reason for the observed

Table 5
Adsorption energies (kJ mol−1), optimized geometry and charges for HCO2 adsorbed on the short-bridge, long-bridge and cross-
bridge sites of the Cu (110) surfacea

HCO2/Cu (110) Short-bridge Long-bridge Cross-bridge

Adsorption energy (kJ mol−1) −346.2 −280.9 −209.6
Distance (CH) (Å) 1.106 1.109 1.114
Distance (COa) (Å) 1.266 1.264 1.289
Distance (COb) (Å) 1.266 1.264 1.241
Distance (SurfOa) (Å) 2.026 1.986 1.590
Distance (SurfOb) (Å) 2.026 1.986 2.397
Distance (CusbOa) (Å) 2.030 2.093 2.626
Distance (CuoOa) (Å) – – 2.832
Distance (CusbOb) (Å) 2.030 2.093 3.180
Distance (CuoOb) (Å) – – 3.352
Angle (OaCOb) (°) 128.7 129.9 126.5
Angle (HCOa) (°) 115.6 115.0 115.0
Angle (HCOb) (°) 115.6 115.0 118.6
qadsorbate (Mulliken) (a.u.) −0.40 −0.42 −0.42
qadsorbate (NPA) (a.u.) −0.79 −0.80 −0.81
qadsorbate (MSK) (a.u.) −0.43 −0.21 −0.24
qadsorbate (CHG) (a.u.) −0.56 −0.32 −0.23

a The charge on the adsorbate was calculated using Mulliken, Natural Population Analysis (NPA), Merz–Singh–Kollman (MSK)
and Breneman–Wiberg (CHG) atomic charges. The labels a and b are used to distinguish between the two oxygen atoms of HCO2
adsorbed on the cross-bridge site. CusbOa and CusbOb denote the distance of the oxygen atoms to the short-bridge copper atoms.
CuoOa and CuoOb denote the distance of the oxygen atoms to the other first-layer copper atoms used to define the hollow site. The
experimental result for the the CuO distances is 1.98±0.04 Å [7].
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Table 6
Calculated vibrational frequencies for HCO2 adsorption on the short-bridge, cross-bridge and cross-bridge sites of the Cu (110) surface

HCO2/Cu (110) Short-bridge Long-bridge Cross-bridge Experimentala

n (CH) 2990 2954 2892 2920, 2960
nassym (OCO) 1614 1603 1632 1560
d (OCH) 1404 1414 1388
nsym (OCO) 1373 1367 1298 1360
r (OCH) 1054 1049 1051
d (OCO) 762 728 737 780
n (OCu) 332 261 171 390
n (OCu) – 259 133

a Ref. [22].

Table 7(54 cm−1). The large difference in CusurfMO
Adsorption energies, optimized geometry and charges forstretching frequencies for adsorption on the cross-
HCO2 adsorbed on the short-bridge and cross-bridge sites of

bridge site is consistent with a monodentate con- the Cu (111) surfacea
formation for the adsorbed HCO2 species.

HCO2/Cu (111) Short-bridge Cross-bridge

3.4. HCO
2
/Cu (111)

Adsorption energy (kJ mol−1) −329.2 −288.9
Distance (CH) (Å) 1.103 1.105

The calculated results for the HCO2 adsorption Distance (COa) (Å) 1.264 1.286
Distance (COb) (Å) 1.264 1.246on the Cu (111) surface are listed in Table 7. For
Distance (SurfOa) (Å) 2.015 1.803the short-bridge site, a geometry of the formate
Distance (SurfOb) (Å) 2.015 2.228species similar to those obtained for adsorption
Distance (CusbOa) (Å) 2.020 2.472

of HCO2 on the same site on the Cu (100) and Distance (CuoOa) (Å) – 2.111
Cu (110) surfaces is observed. The CusurfMO Distance (CusbOb) (Å) 2.020 2.798

Distance (CuoOb) (Å) – 2.484distance is 2.015 Å, and this is very close to that
Angle (OaCOb) (°) 127.8 126.7calculated for adsorption on the Cu (100) surface
Angle (HCOa) (°) 116.1 114.6(2.014 Å) and for adsorption on the Cu (110)
Angle (HCOb) (°) 116.1 118.7

surface (2.026 Å). The nearest-neighbour distance qadsorbate (Mulliken) (a.u.) −0.33 −0.33
is 2.020 Å, which means that the oxygen atoms qadsorbate (NPA) (a.u.) −0.70 −0.74

qadsorbate (MSK) (a.u.) −0.09 −0.03are atop two copper atoms of the short-bridge site.
qadsorbate (CHG) (a.u.) −0.38 −0.24As far as we know, no experimental geometric

results are available for adsorption of the HCO2 a The charge on the adsorbate was calculated using Mulliken,
species on the Cu (111) surface. Since the CuMCu Natural Population Analysis (NPA), Merz–Singh–Kollman

(MSK) and Breneman–Wiberg (CHG) atomic charges. Thedistance for the Cu (111) short-bridge site is the
labels a and b are used to distinguish between the two oxygensame as those for the Cu (100) and Cu (110)
atoms of HCO2 adsorbed on the cross-bridge site. CusbOa andsurfaces, a comparison with the experimental
CusbOb denote the distance of the oxygen atoms to the short-

results of Refs. [4,7] is made. The calculated bridge copper atoms. CuoOa and CuoOb denote the distance of
OMCu and CMO distances are 2.020 and 1.264 Å, the oxygen atoms to the other first-layer copper atoms used to

define the hollow site.respectively. These values are very similar to those
obtained for the other two copper surfaces studied
theoretically and experimentally [4,7]. The same for adsorption on the short-bridge site than on the

cross-bridge site.is observed for the OMCMO angle, which is
127.8°. The HCO2 species adsorbs in a monodentate

configuration with one oxygen atom of theThe adsorption energy is 40 kJ mol−1 higher
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Table 8 3.5. HCO
2

binding scheme to the copper surface
Calculated vibrational frequencies for HCO2 adsorption on the
short-bridge and cross-bridge sites of the Cu (111) surface

The adsorption of the HCO2 species on the
copper surfaces involves mainly the p orbitals ofHCO2/Cu (111) Short- Cross- Experimentala

bridge bridge the adsorbate and the d orbitals of the metal
surface. Upon adsorption, there is some charge

n (CH) 3032 3002
transfer to the oxygen atoms and also to the

nassym (OCO) 1603 1606
carbon atom of the HCO2 species. This is consis-d (OCH) 1377 1375

nsym (OCO) 1368 1331 1330 tent with an ionic bond of HCO2 to the copper
r (OCH) 1040 1036 surface. All calculations were performed for the
d (OCO) 773 733 adsorbed radical species since Olivera et al. [49]
n (OCu) 323 254

found that, after adsorption, the neutral and
n (OCu) – 154

charged species would be the same entity. The
a Ref. [23]. infinite metal surface acts as an electron bath that

accepts charge from the adsorbate or transfers
charge to the adsorbate. In fact, this was observed
in the system studied when small clusters were

HCO2 species located 1.863 Å from the surface used. Table 9 shows the data obtained for the
and the other oxygen atom located 2.228 Å from HCO−

2
adsorption on the short-bridge site of the

the surface. The OMCMO angle is almost the Cu (100) surface. Small geometric differences were
same as that found for adsorption on the short- observed when the results were compared with the
bridge site. The two CMO bonds have different data obtained for the adsorbed radical species.
bond lengths. As for adsorption on the Cu (110) The maximum deviation is reported for the O–
surface, the difference in the two bond lengths is surface distance (#0.06 Å). Due to the higher
smaller than that observed for adsorption on the stability of the free anion when compared with the
cross-bridge site of the Cu (100) surface. free radical, the adsorption energy is smaller for

The frequencies obtained for the adsorbed the anion adsorption. The total charge in the anion
HCO2 species on the Cu (111) surface are shown is similar to that obtained for the radical. The
in Table 8. Again, similarity with the other two anion transfers electron charge to the metal sur-
surfaces studied is observed. For adsorption on face, whereas the radical accepts electron charge
the cross-bridge site, the differences are higher. A from the metal surface. This is also confirmed by
red shift is observed in the OMCMO asymmetric the linear behaviour of the dipole moment varia-
stretch frequency when compared with the Cu tion with the distance of the HCO2 species to the
(110) surface and especially with the Cu (100) metal surface (Fig. 2) for all the sites considered
surface. A reverse effect is observed for the on the three copper surfaces studied. The compo-
OMCMO symmetric stretching frequency. This nent of the dipole moment normal to the surface
means that the difference in the two CMO bonds is plotted against the distance of the substrate to
is higher for adsorption on the Cu (100) surface the metal surface. This technique is based on the
and that the difference in bond order effect is simple model of Bagus et al. [50–54]. For an ionic
higher for the Cu (100) surface than for Cu (110) molecule represented by two point charges, +q
and Cu (111) surfaces. and −q, with the negative charge on the positive

The CuMO stretch frequencies are higher for axis, the dipole moment is m
z
=−ql, where l is the

adsorption on the Cu (111) cross-bridge site when distance between the two point charges. Thus, the
compared with the other two surfaces. This was slope of the curve is dm/dl=−q. For a fully ionic
to be expected since the adsorption energy differ- molecule with q=1, dm/dl=−1, and the curve is
ence between adsorption on the short-bridge and a straight line. For ionic bonding, the slope is
cross-bridge sites is smaller for the Cu (111) expected to be large, and the curvature is expected

to be small. The slope of the curves is close tosurface.
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Table 9
Adsorption energies (kJ mol−1), optimized geometry and charges for HCO2 adsorbed on the short-bridge of the Cu (100) surfacea

Short-bridge HCO2/Cu8 HCO2/Cu18 HCO−
2
/Cu8

Adsorption energy (kJ mol−1) −312.7 −318.4 −285.6
Distance (CH) (Å) 1.103 1.103 1.108
Distance (CO) (Å) 1.266 1.264 1.263
Distance (SurfO) (Å) 2.014 2.012 2.073
Distance (CusbO) (Å) 2.019 2.017 2.077
Angle (OCO) (°) 128.0 128.2 128.6
Angle (HCO) (°) 116.0 115.9 115.7
qadsorbate (Mulliken) (a.u.) −0.34 −0.31 −0.38
qadsorbate (NPA) (a.u.) −0.73 −0.72 −0.76
qadsorbate (MSK) (a.u.) −0.33 −0.68 −0.27
qadsorbate (CHG) (a.u.) −0.51 −0.74 −0.62

a The charge on the adsorbate was calculated using Mulliken, Natural Population Analysis (NPA), Merz–Singh–Kollman (MSK)
and Breneman–Wiberg (CHG) atomic charges. CusbO is the distance of the oxygen atoms to the short-bridge copper atoms. The
experimental results for the CO and the CuO distances are 1.27±0.04 Å [4] and 1.98±0.04 Å [7], respectively. The experimental
value for the OCO angle is 127±7° [4].

Fig. 2. Dipole moment variation with the distance from the copper (100), (110) and (111) surfaces to the HCO2 species adsorbed
on the short-bridge, long-bridge and cross-bridge sites. The curves were obtained for z±0.6 a. u. adsorbate–surface distances with z
equal to the equilibrium distance.

−1.1. This value is larger than the charges approaching the surface is not considered (cluster
polarization). From the curves plotted in Fig. 2, itobtained with the different schemes employed to

obtain the total charge in the adsorbate. This was is concluded that the binding of the formate species
to the copper surface is independent of the siteexpected since the influence of the adsorbate
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and of the surface. This is in disagreement with those obtained for the Cu (100) and Cu (110)
surfaces. The formate species is preferentiallythe total charges obtained with the electrostatic

potential derived charges for the Cu7 and Cu8 adsorbed on the short-bridge site of these surfaces.
The adsorption energies range from 310 toclusters. Mulliken charges are known to give an

underestimation of total charges. For a negative 350 kJ mol−1 for the radical adsorption and are
smaller for the anion adsorption. Due to the greatcharge placed above a hollow or a top site of the

Pt (111) surface, Garcı̀a-Hernández et al. [55] stability of the formate species on the copper
surfaces considered, the formic acid adsorptionobserved that the model of Bagus et al. [50–54]

gives charges in the adsorbate greater than the real yields OMH bond scission, which is preferred to
CMO bond breaking. This preference leads to thecharges by 35-40%. This finding is in agreement

with the NPA total charge obtained with all the dehydrogenation reaction instead of the dehydra-
tion reaction with production of adsorbed HCOmetal clusters and with the CHG and MSK total

charges obtained with the Cu18 cluster (see and OH. To obtain the adsorption energy of the
adsorbed species, the energy values of the isolatedTable 9).
HCO2 and HCO−

2
species were needed. Three s

electronic states of this species were studied: the
2B2, 2A1 and 2A∞ electronic states. The p states4. Conclusions
were not extensively studied because these states
are much higher in energy. It was found that theThe ab-initio cluster model approach has been

applied to study the adsorption of the HCO2 2B2 state is the ground state of the HCO2 species.
This is in agreement with other theoretical resultsspecies on the copper (100), (110) and (111)

surfaces. Small metal clusters of seven and eight [45–47]. The calculated vibrational frequencies
show that the 2A1 electronic state is a transitionmetal atoms have been chosen to model the short-

bridge, long-bridge and cross-bridge sites in the state. Its geometry is very similar to that obtained
for the 2A∞ electronic state. The 2A1 state is athree metallic surfaces as these have been shown

to be trustworthy for studies of this type. In order transition structure that connects the 2A∞ state and
the OCOH form, which was found previously [45]to justify the use of these small clusters in this

work, we have also studied HCO2 adsorption on to be more stable than any HCO2 structure. Only
the 1A1 state of the HCO−

2
species was studied.the short-bridge site of a Cu18 (12,6) cluster where

the short-bridge site is surrounded by one neigh- This species is much more stable than the HCO2
radical.bour atom in all directions on and below the

surface. This cluster was used to model the Cu The adsorbed HCO2 has a higher OMCMO
angle when compared with the gas form. This is(100) surface. The results obtained are shown in

Table 9 and compared with the results obtained due to the donation of charge from the metal
surface, and at the same time, this makes thewith the Cu8 (6,2) cluster. The differences are very

small; for the bond lengths, the maximum differ- interaction with the copper surface more efficient.
ence is 0.002 Å, and for the internal angles, it is
0.2°; for the adsorption energy, the difference is
#6 kJ mol−1. Surprisingly, the MSK and CHG
charges are similar to those obtained with the NPA
method. Thus, for our small systems, the number Acknowledgements
of point charges used to fit the electrostatic poten-
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