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Abstract

The structure of formate species adsorbed on Pd(111) has been determined using low-energy electron diffraction

(LEED). The presence of formate species on the Pd(111) surface was established using reflection-absorption infrared

spectroscopy (RAIRS). The oxygen atoms of the formate species were found to be adsorbed over surface palladium

atoms with the OCO plane perpendicular to the surface. The CO bond length was found to be 1.26 ± 0.05Å, the pal-

ladium–oxygen distance was 2.16 ± 0.06Å, and the OCO angle 130 ± 5�. The experimentally determined values were in
excellent agreement with those calculated using density functional theory (DFT).

� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The participation of carboxylate intermediates

has been invoked in a number of catalytic reac-
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tions including the water-gas shift reaction [1],
methanol synthesis and decomposition [2–6], and

the methanation of CO and CO2 [7–12]. As an

example, the reaction pathway for the synthesis

of oxygenates from CO and hydrogen invokes the

formation of a stable carboxylate that hydroge-

nates to yield alcohols over supported group-VIII

transition-metal catalysts [13–15]. Carboxylates
ed.
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(in this case acetates) are also proposed to be inter-

mediates in the palladium-catalyzed synthesis of

vinyl acetate monomers from ethylene, acetic acid

and oxygen [16,17]. The decomposition of for-

mates (HCOO�) [18–32] and acetates (CH3COO
�)

[33–37] has been studied on a number of single

crystal surfaces. In spite of the importance of these

species as catalytic intermediates, there have been

remarkably few structural studies of carboxylates

on single-crystal, transition-metal surfaces. This

is partly due to the fact that they do not tend to

form ordered structures and are therefore not ame-

nable to analysis by standard low-energy electron
diffraction (LEED) methods. Photoelectron dif-

fraction has been used to measure the structure

of formate [38,39] and acetate [40] species on cop-

per where the oxygen atoms are found to be lo-

cated above copper atoms with the OCO plane

oriented perpendicular to the surface with an

OCO bond angle of �124�.
We have recently shown that it is possible to use

conventional LEED methods to measure the struc-

tures of disordered overlayers by interrogating the

way in which the intensities of the substrate (1 · 1)
Bragg diffraction spots are modified by the pres-

ence of an overlayer [41–43]. This strategy is ap-

plied in the following to measuring the structure

of formate species on Pd(111) where no ordered

LEED patterns are observed. An additional
advantage of this method is that the adsorbate

coverage appears as a variable in the analysis

and thus provides an additional method of deter-

mining surface coverages.

Finally, we have recently shown that amino

acids can act as chiral templates for the adsorption

of propylene oxide on Pd(111) [44]. That is, pre-

covering a Pd(111) surface with either an R- or
S-amino acid preferentially adsorbs propylene

oxide of the same chirality. A detailed knowledge

of the structure of the amino acids on surfaces is

central to understanding this behavior. Since the

amino acids are more complex than the carboxylic

acids, it is not feasible to vary all geometrical

parameters to find the best fit to the LEED inten-

sity versus beam energy (I/E) curves. In such cases,
it would be extremely beneficial to have structures

calculated by density functional theory (DFT) as

inputs into the LEED calculations. We have there-
fore compared the results of structural measure-

ments by LEED with the results of DFT on

Pd(111). One goal of this work, therefore, is to

test how well DFT can predict the measured struc-

ture for carboxylates on Pd(111).
2. Methods

2.1. Experimental methods

LEED measurements were carried out in a dou-

bly l-metal shielded ultrahigh vacuum chamber
operating at a base pressure of 5 · 10�11Torr,
and containing a Pd(111) single crystal, which

could be cooled to 80K and resistively heated to

1200K. The sample was cleaned using standard

procedures. LEED patterns of the clean surface

were photographed as a function of incident

energy using a Nikon Coolpix digital camera

(5.0MBytes resolution) and the images stored on
an IBM Smartcard memory (1GByte). The images

were then downloaded to a personal computer for

subsequent analysis using NIHIMage [45]. Images

were initially collected for the clean surface every

5eV between 80 and 325eV, a procedure that took

approximately 15min. The sample was heated

briefly to 740K to remove any background con-

taminants that may have adsorbed during this pro-
cess. The surface was then exposed to formic acid

and the LEED I/E curve of the formate-covered

surface was collected. The reflection-absorption

infrared spectra (RAIRS) were collected in ultra-

high vacuum as described in detail elsewhere [46].

All spectra were collected at 4cm�1 resolution

for 1000 scans.

The formate species were formed by dosing 5L
of formic acid (Aldrich, 99%) at 170K and then

heating briefly to 200K resulting in the formation

of a saturated overlayer. The sample was then al-

lowed to cool to 80K and the I/E curve collected.

2.2. Theoretical methods

The I/E data from the clean surface were first
analyzed by comparison with standard LEED cal-

culations [42] to determine the incidence angle of

the electrons relative to the surface. The I/E curves



Fig. 1. RAIRS spectra of formic acid adsorbed on clean

Pd(111) at 150K as a function of formic acid exposure, where

exposures are marked adjacent to the corresponding spectrum.
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from the formate-covered sample were then simu-

lated for this angle of incidence by assuming an or-

dered overlayer of the smallest possible (1 · 1)
periodicity with fractional occupancy of the same

magnitude as the coverage H. The notion that a
calculation involving only integer-order beams

may be sufficiently accurate for practical calcula-

tions of the integer-order Bragg spots for large

unit-cell overlayers may be regarded as a special

case of the beam set neglect method [47,48]. The

extra simplification introduced in the present

paper is that the quasidynamical [49] treatment

of the adlayer allows it to be treated as literally a
(1 · 1) overlayer with an adsorbate scattering fac-
tor reduced by a factor of H, so that the coverage
appears as a variable in the LEED structure deter-

mination. The precision of the bond lengths was

determined in standard way from the change the

in Pendry R-factor [50] as a function of change

in geometrical parameters.

Plane wave density functional theory calcula-
tions were performed using the Vienna ab initio

simulation package (VASP) [51]. VASP has been

shown to give results that are in agreement with

other DFT packages [52,53]. The results reported

here are from calculations using the spin polar-

ized generalized gradient approximation (GGA)

with a 3 · 3 · 1 k-point mesh. To examine the

structure of isolated formate molecules on
Pd(111), all calculations placed a single adsorbed

molecule in a (3 · 3) surface unit cell. The Pd
(111) surface was represented by a slab four lay-

ers thick and a vacuum spacing of 14Å. The

DFT-optimized lattice constant for Pd was used

to define the surface. This lattice constant,

3.96Å, is in good agreement with the experimen-

tal value of 3.89Å [54]. The top two layers of the
slab were allowed to relax with the adsorbed mole-

cule, since the adsorbate is expected to exhibit

some effect on the substrate. All calculations in-

volved convergence of relaxed atomic forces to

within 0.03eV/Å.
3. Results

The RAIRS spectrum of formic acid adsorbed

on Pd(111) at 150K is displayed in Fig. 1 as a
function of formic acid exposure, where the expo-

sures (in Langmuirs, 1L = 1 · 10�6Torr) are

marked adjacent to the corresponding spectrum.

At low exposures, the spectrum consists of three

relatively sharp features at 792, 1342 and

2904cm�1. These features persist as the exposure

increases, and additional peaks are detected at
947, 1243, 1630 and 1704cm�1 after an exposure

of 0.6L of formic acid. These features become

more intense as the exposure increases further until

the formic acid multilayer spectrum is evident after

dosing 1L. These features can be assigned straight-

forwardly by comparison with the spectra of for-

mic acid on Pt(111) [20] and the assignments are

summarized in Tables 1 and 2. This reveals that
the features at 792, 1342 and 2904cm�1 are due

to formate species, while those at 947, 1243, 1630

and 1704cm�1 are due to adsorbed formic acid.

Evidently the spectra in Fig. 1 indicate that for-

mate species initially form on the surface following



Fig. 2. RAIRS spectra of 1L of formic acid adsorbed on

Pd(111) at 150K heated to 175 and 200K, where the

temperatures are marked adjacent to the corresponding spectra.

Shown also are the spectra obtained following a 1L formic acid

exposure at 200K and by subsequently heating to 220 and

230K.

Table 1

Assignment of the vibrational modes of formate species on

Pd(111)

Assignment Frequency/cm�1

Formate/Pt(111)

[20]

Formate/Pd(111)

(This work)

d (OCO) 790 792

ms (OCO) 1340 1342

m (CH) 2950 2904

Table 2

Assignment of the vibrational modes of formic acid on Pd(111)

Assignment Frequency/cm�1

Formic acid/Pt(111)

[20]

Formic acid/Pd(111)

(This work)

m (C@O) 1720 1704

m (C@O) 1640 1630

m (CO) 1230 1243

p (OH) 980 947
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small exposures at 150K and molecular formic

acid adsorbs thereafter.

Fig. 2 shows the changes in the spectra on heat-

ing to 175 and 200K. The intensities of the fea-

tures due to molecular formic acid decrease on

heating to 175K and are completely absent when
the surface is heated to 200K, where features due

to only formate species are present. The formate

species can also be formed directly by dosing the

surface with formic acid at 200K. Heating the sur-

face to 220K causes a strong diminution in the

intensities of the formate modes, which disappear

completely on heating to 230K. These observa-

tions are in complete accord with the tempera-
ture-programmed desorption (TPD) spectra of

formic acid on Pd(111) [55], except that CO

desorption is found in TPD, while no CO is de-

tected in the infrared spectra. It should be noted

that DFT and Monte Carlo simulations of the

TPD spectra of formic acid on Pd(111) found no

CO formation pathways [56] indicating that the

CO found in TPD was due to CO adsorption from
the background.

Based on the infrared results, formate species

were formed on Pd(111) by exposure to 5L of for-

mic acid at 170K and heating briefly to 200K. The
resulting experimentally observed I/E curves of

the (1 · 1) diffraction spots are displayed in Fig.
3 (solid lines). The resulting calculated curves for

the best structure (see below) are also plotted as

dashed lines. Based on the observation that for-

mate species form on copper with the OCO plane

perpendicular to the surface with an OCO bond

angle of �124� [38–40], a global search was carried
out to determine the adsorption site by initially fix-

ing this geometry. This geometry is also consistent

with the infrared spectrum (see below). In addi-

tion, based on the observation that acetate species

have a saturation coverage of 0.25 on copper sur-

faces [38], the formate coverage was fixed at this

value. The C–O bond length was initially fixed at

1.25Å also based on the value measured on the
copper surface [38–40]. The global search was



Fig. 3. Experimental I/E curves for a disordered overlayer of formate species on a Pd(111) surface (solid lines). Shown for comparison

are the calculated curves for the best-fit structure (dashed lines).
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carried out by allowing one of the oxygen atoms
to adsorb at a total of 21 points in a reduced

Wigner–Seitz cell on the (111) surface without

allowing the substrate palladium atoms to relax.

The z-distance of the oxygen atoms to the surface

was then varied between 1.7 and 2.1Å in steps of

0.1 Å and the formate species allowed to rotate azi-

muthally about a normal to the Pd(111) surface in

steps of 30�. The resulting contour plot of Pendry
R-factors [50], for the z-height and azimuthal angle

that gave the lowest Pendry R-factor, is displayed

in Fig. 4 for a z-height of 2.1Å, as a function of

position within the reduced Wigner-Seitz cell.
The minimum value of the R-factor is 0.46, which
allows sites for which the R-factor is greater than

�0.50 to be excluded [50] eliminating the possibil-
ity that the oxygen atom adsorbs directly above

one of the high-symmetry (atop, bridge, and fcc

and hcp hollow) sites. There are two shallow min-

ima within the central region of the Wigner Seitz

cell marked A and B. These structures were further

refined using tensor LEED while allowing the pal-
ladium atom positions to relax [57]. It should be

noted that this is similar to a linear least-squares

fitting program so that the initial structure must

be close to the ‘‘true’’ structure for the program
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Fig. 4. Contour plot of the Pendry R-factor as a function of the

position of an O atom of the formate species within the reduced

Wigner–Seitz cell of Pd(111). The height of the O atom above

the surface was optimized by allowing it to vary between 1.7

and 2.1Å in steps of 0.1Å, and the azimuthal angle of the

molecular plane optimized by allowing it to vary in steps of 30.

Fig. 5. Depiction of the structure of formate species adsorbed

on Pd(111) from LEED.

Table 3

Theoretical and experimental geometrical parameters for for-

mate species on Pd(111)

Formate/Pd(111)

from LEED

Formate/Pd(111)

from DFT

d(O–Pd)/Å 2.16 ± 0.06 2.13

Angle of OCO

plane to surface/�
90 ± 2 90

OCO angle/� 130 ± 5 129

d(C–O)/Å 1.26 ± 0.05 1.27

d(C–H)/Å – 1.1
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to converge properly. Initial structures around

‘‘B’’ did not converge. The azimuthal angle around
point ‘‘A’’ corresponds to the OCO plane oriented

along a line joining the atop and bridge sites so

that structure with the carbon atom above the

bridge site was used as an input into the tensor

LEED program, which successfully converged. Fi-

nally, the tensor LEED calculation was performed

for various formate coverages between 0.2 and

0.45 using the refined structure. This revealed that
the formate coverage was �0.23, in good agree-
ment with that found on Cu(100) [38].

Only slight changes were noted from the struc-

ture found from the global search following the

Tensor LEED calculation for a formate coverage

of 0.23, leading to a final Pendry R-factor of

�0.33. The azimuthal OCO angle, the angle of

the OCO plane to the surface, and the z-distance
of the oxygen atoms from the surface all remained

unchanged. The final experimental formate struc-

ture is depicted in Fig. 5 and the corresponding

geometrical parameters summarized in Table 3.

The errors in the experimental measurements were

estimated in the standard way by calculating the

variation in the Pendry R-factor for each parame-

ter. Although no CO was found on the surface
using infrared spectroscopy following formic acid
adsorption on Pd(111) (Figs. 1 and 2), this was

further checked by comparing the experimental

LEED I/E data for a surface covered by both for-

mate species and CO. The resulting plot of Pendry

R-factor versus CO coverage is displayed in Fig. 6

and shown a minimum at H(CO) = 0.01 ± 0.04
and is in accord with the RAIRS data showing

that no CO is formed by formate decomposition.
4. Discussion

The vibrational frequencies of formate species

formed on Pd(111) are in good agreement with

those found on Pt(111) [20] (Table 1, Figs. 1 and

2). The symmetric OCO mode appears at
1342cm�1 on Pd(111), while no corresponding



Fig. 6. Plot of Pendry R-factor versus coverage of CO co-

adsorbed with formate species on Pd(111).
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asymmetric mode is observed indicating that the

OCO plane of the formate is oriented perpendicu-

lar to the surface. Some formate species form on

the surface immediately following formic acid
exposure at 150K (Fig. 1), while further exposure

leads to the adsorption of molecular formic acid

(Fig. 1). Molecular formic acid desorbs from

Pd(111) on heating to 200K (Fig. 2) in agreement

with previous TPD results where molecular formic

acid desorption is found in this temperature range

[55] leaving a surface covered by only formate spe-

cies. Formate species are also formed directly by
exposing a Pd(111) surface heated to 200K to for-

mic acid, where no co-adsorbed CO is found (Fig.

2). Heating the surface to above 230K results in

thermal decomposition of the formate species

(Fig. 2) again in accord with the TPD spectra of

formic acid on Pd(111) [55]. The only disparity be-

tween TPD and RAIRS results is that no CO is

found on the surface using RAIRS. CO desorption
in TPD may be ascribed to CO adsorbing from the

background [56].

A formate-covered Pd(111) surface was pre-

pared by exposure to 5L of formic acid at 170K

and heating to 200K and the LEED I/E curves col-

lected both for the clean and adsorbate-covered

surfaces (Fig. 3). Since the formate species do

not form an ordered overlayer, the (1 · 1) Bragg
spots were analyzed using method described previ-
ously [41–43] to yield an adsorption geometry in

which the oxygen atoms of the formate are located

approximately above palladium atoms with the

OCO plane oriented perpendicular to the surface

in accord with the infrared data and the results
of previous measurements of formate species on

copper [38,39]. The resulting structural parameters

are displayed in Table 3 and the geometry depicted

in Fig. 5. LEED analyses also indicate that there is

no CO co-adsorbed with the formate species (Fig.

6) consistent with infrared results (Figs. 1 and 2).

The relatively high values of the Pendry R-fac-

tor for the optimum structures are probably
related to our approximation of treating the disor-

dered overlayer as one of (1 · 1) periodicity with
scattering factor reduced by H. On this approxi-
mation, it is not possible to take account of local

substrate reconstructions in response to the

adsorption. However, unlike the case of an or-

dered overlayer, the reconstructions around each

adsorbate would be expected to be different, as
each would be expected to have a different spatial

distribution of neighboring adsorbates. Conse-

quently, the best that any diffraction technique

could determine might be a distribution of different

local substrate reconstruction around each adsor-

bate. As our aim in this work is mainly to deter-

mine the configuration of the atoms of the

adsorbate relative to the mean substrate, we did
not attempt to recover this distribution.

To explore theoretically the possible adsorption

geometries of formate on Pd (111) using DFT, ini-

tial configurations were created with the C atom

centered above a high-symmetry surface site (atop,

bridge, fcc and hcp) and the C–H bond pointed

away from the surface along the surface normal.

For each such surface site, initial configurations
were examined with the C–O bonds oriented along

several directions relative to the surface normal

and the OCO plane perpendicular to the surface.

The C–O bonds were directed in such a manner

to ensure that sufficient sites were examined and

such that the presumed Pd–O bonds would be

close to high symmetry sites. Each configuration

was then optimized using energy minimization
as previously described. In each case, the initial

geometry of the molecule was taken to be that of

deprotonated, gas-phase formic acid.
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Most of the initial structures moved from their

initial high symmetry surface sites to other surface

sites during energy minimization. In all calcula-

tions, the adsorbed molecule converged to one of

two locally stable structures. One stable structure
has the C atom centered above an fcc site and

the O atoms located above an atop and a bridge

site. The second stable structure has the C atom

centered above a bridge site and the two O atoms

symmetrically located above two atop sites. This

second site was calculated to be much more ener-

getically stable than the C-fcc site; the top-

bridge-top site is more stable by 0.17eV/molecule.
To ensure that the use of initial configurations

with the OCO plane perpendicular to the surface

did not affect our final result, we performed several

calculations with the top-bridge-top structure with

the OCO plane tilted by up to 20� away from the
surface normal. In every case, the tilted structures

converged to the structure with the un-tilted OCO

plane.
In summary, our DFT calculations predict

that formate binds on Pd(111) in a structure

with the OCO plane normal to the surface, the

C atom centered over a bridge site, and the

two O atoms symmetrically located above atop

sites. In this structure, the C–O bond lengths

are 1.27Å and these bonds are separated by an

angle of 129�. The length of the C–H bond was
found to be 1.11Å and the Pd–O distances

were each found to be 2.13Å. The theoretically

determined structural parameters are displayed

in Table 3.
5. Conclusions

The structure of �0.23 monolayers of formate
species has been determined on a Pd(111) surface

using low-energy electron diffraction. The molecu-

lar plane is oriented perpendicular to the surface

with a vector passing through the oxygen atoms

being oriented along the short bridge on the

(111) surface. The distance between the oxygen

and palladium atoms is 2.16 ± 0.06Å, the C–O
bond length is 1.26 ± 0.05Å and the OCO bond

angle is 130 ± 5�. The structure determined by
low-energy electron diffraction is in excellent
agreement with the results of density functional

theory.
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