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Abstract

The routes and the mechanisms of the molecular and dissociative adsorptions of a formic acid HCOOH and the
succeeding migration of a proton on MgO(001) surface are investigated by means of the ab-initio molecular orbital method
using the MggOy cluster embedded in the electrostatic field due to the 284 point charges on the crystal lattice positions,
Both cis- and trans-formic acids are molecularly adsorbed on an MgO(001) surface with no energy barrier, the trans form
being more stable than the cis form. They are dissociated into a formate anion HCOO ™ and a proton H* sat on two Mg and
O atoms, respectively. We examine the favorable pathway for the dissociation of the O~H bond. The most stable structure of
the formate anion is the bridging type on two Mg atoms and the heat of adsorption is 36 kcal /mol. The formate anion
adsorbed on the surface activates the surface O atom next to it, because the electrons in the 7 molecular orbital of the
formate anion repel the electrons in the p orbital of this surface O atom, raising it up to the HOMO of the system. The
proton adsorbed on the surface O atom hardly migrates because of the high energy barrier of 83-94 keal /mol, but the
existence of the adsorbed formate ion helps this migration by reducing the energy barrier to 44 keal /mol, through the
formation of the molecularly adsorbed formic acid intermediate. The formate anion is shown to be easily tilted on the surface
by a small perturbation, leading to an increased interaction between the formate species and the surface,

Keywords: Ab initio quantum chemical methods and calculations; Carboxylic acid; Low index single crystal surfaces; Magnesium oxides;
Models of non-equilibrium phenomena; Solid—gas interfaces

1. Introduction methanol [1], ethanol [2,3] and formic acid [4,5] take
place easily on the MgO catalyst. In the water gas

Metal oxide is a good catalyst for a variety of shift reactions [6~9] on the surface of the metal
chemical processes as well as a good support for oxides, like MgO, Al,0; and ZnO, etc., the formate
catalysts [1-18]. For example, the decompositions of anion is known to be a surface intermediate. How-

ever, there are many questions to be solved, such as
the nature of the active sites, the structure of the
adsorbed species, and the route and the mechanism

* Corresponding author. of the reaction. It has been known that the formic
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Fig. 1. Three possible geometries of the formate anion on the surface.

acid is adsorbed dissociatively on the metal and the
metal oxide surfaces at room temperature and gives
formate anion and surface hydroxyl species [4,10—
18]. Three types of structures are suggested for the
formate anion adsorbed on various metal oxide sur-
faces [4,10-18]; bridging type, bidentate type, and
unidenatate type shown in Fig. 1.

The formic acid decomposes on metal and metal
oxide surfaces producing H,O0 + CO or H, + CO,
[4,6—18]. Many studies have been done for clarifying
the mechanism of the activity and the selectivity of
the catalysts in the decomposition reaction of the
formic acid. Previously, the dissociative adsorption
and the decomposition of the formic acid on the

MgO(001) single crystal surface are studied by the
temperature programmed desorption (TPD) and the
sum frequency generation (SFG) methods [4]. The
C-H stretching band was observed at 2870 cm™*,
and the formate ion on the MgO(001) surface is
assigned to be either the bridging or bidentate type.

Theoretical study for surface reactions can pro-
vide information on the active site and the mecha-
nism of the reaction, and many such studies have
been reported for the hydrogen chemisorption on an
MgO surface [19-21] and other metal oxides sur-
faces [22-25]. In this paper, we report a theoretical
study on the molecular and dissociative adsorptions
of the formic acid on the MgO surface and the

Q bridging type
{F‘ bidentafe type
Mg
() o

Fig. 2. MggOy cluster as a model of the MgO(001) surface. This cluster is taken from the first layer of the MgQ surface and put in the
electrostatic field presented by 284 point charges located on the MgO crystal lattice. The central Mg, 0, in the cluster is used for the
adsorption and dissociation of HCOOH. The arrows indicate the sites of the adsorption of the formate anion in the bridging and bidentate

forms.
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succeeding proton migration mechanism on the sur-
face.

2. Model and calculational method

The MgO(001) surface is represented by the
MggO; cluster shown in Fig. 2 embedded in the
electrostatic field. The point charges situate at the
284 lattice sites of the first, second and third layers
around this MggO, cluster. The net charges of the
naked MggO, cluster are calculated to be 1.3-1.5
for the Mg atoms and —1.5 to —1.3 for the O
atoms. We therefore choose the point charges +1.0
for the Mg sites and — 1.0 for the O sites to prevent
the overestimation of the Coulomb interaction be-
tween the cluster and the lattice point charges. The
cluster geometry was fixed at the crystal lattice
position with the MgO distance of 2.105 A during
the surface reaction processes. The relaxation of the
MgO surface has been found to be very small [26].
Nevertheless, the surface relaxation effect might be
important in the chemisorption and surface reaction
processes. However, a large number of the degrees
of freedom of the surface implies a formidable opti-
mization problem when it is included in the reaction
path calculations. Therefore, in the present study, we
did not include the effect of the relaxation of the
MgO surface. Only the geometries of the adsorbates
are optimized using the energy gradient method.

We investigate the reaction on a clean flat sur-
face. As the reaction site for the adsorption and
dissociation of the formic acid, we use the central
Mg,0, part of the cluster, since these atoms have
adequate neighboring atoms of the first layer. For
example, the bridging and bidentate type formic
acids are assumed to be adsorbed on the Mg atoms
shown by the arrows in Fig. 2.

The basis set used for the Mg atom is the
(3s3p) /[2s2p] set of Wadt and Hay [27] and the Ne
core is replaced by the effective core potential. For C
and O atoms, the (9s5p)/[4s2p] set of Huzinaga and
Dunning and for H atom the (4s)/[2p] set are used
[28,29].

The calculations are done at the Hartree-Fock and
the MP2 levels with the use of the program HONDO7
[30].

3. Molecular adsorption of formic acid on
MgO(001) surface

It is known that the formic acid is dissociatively
adsorbed on the MgO(001) surface at room tempera-
ture [4]. It is also known that the formic acid is
molecularly adsorbed on various metal surfaces
[15,17]. However, the molecular adsorption of the
formic acid on the MgO(001) surface has not been
reported. We first investigate the molecular adsorp-
tion of the formic acid on the MgO(001) surface.

In a gas phase, the trans-formic acid is calculated
to be more stable than the cis form by 6.4 kcal /mol,
and the energy barrier is calculated to be 5.6
kcal/mol relative to the cis form. We therefore

Fig. 3. Assumed path for the molecular adsorption of the formic
acid: (a) and (b) trans-HCOOH is molecularly adsorbed; (c)
cis-HCOOH is molecularly adsorbed. R is the distance between
the formic acid and the surface.
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assume that both trans and cis forms exist in equi-
librium in a gas phase.

We assume the path for the molecular adsorptions
of the cis-formic acid as shown in Fig. 3c. The two
oxygen atoms of the formic acid interact with the
two surface Mg atoms, not with the surface oxygen
due to the Coulomb repulsion. The molecular plane
of the adsorbed formate species on the metal and
metal oxide surfaces have been reported to be per-
pendicular to the surface [5,18,31]. We therefore
assume that the molecular plane of the formic acid is
perpendicular to the surface. The oxygen—oxygen
axis of the formic acid in Fig. 3¢ is assumed to be
parallel to the surface. The optimized geometry is
almost the same as in a gas phase as shown in Fig. 4.
The adsorption energy defined by the following
equation,

AE = E(molecular adsorption) — E(MggOj4 cluster)
— E( cis — formic acid) (1)

is calculated to be 14.3 kcal /mol.
We assume the paths for the molecular adsorp-
tions of the trans-formic acid as shown in Figs. 3a
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(c) adsorbed cis-formic acid

and 3b. The molecular planes of the formic acids are
assumed to be perpendicular to the surface. The
oxygen—hydrogen axis of the formic acid shown by
the broken line in Fig. 3a and the hydroxyl bond of
the formic acid in Fig. 3b are assumed to be parallel
to the surface. In Fig. 3a, the O and H atoms of the
formic acid interact with the surface Mg and O
atoms, respectively. In Fig. 3b, the hydroxyl bond
interacts with the surface Mg and O atoms. The
adsorption energy for the paths (a) and (b) are 14.5
and 8.5 kcal/mol, respectively, showing that the
interaction in path (a) is more favorable than that in
path (b) because the six-membered surface—molecule
local geometry involved in path (a) is more relaxed
than the four-membered geometry in path (b). The
adsorption energy for the frans form defined by,

AE = E(molecular adsorption) — E(MggOj cluster)

— E(trans — formic acid) (2)
is calculated to be 20.6 kcal /mol. The geometry of
the favorable structure in path (a) is optimized. The

geometry is almost same as in a gas phase as shown
in Fig. 4.
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F1g 4. Fully optimized geometrical parameters of free HCOOH and HCOOH adsorbed on a MgO surface. Bond distances and angles are in
A and degree, respectively: (a) free cis-HCOOH; (b) free trans-HCOOH; (c) adsorbed cis-formic acid; (d) adsorbed trans-formic acid,

Values in parentheses show the net atomic charge.
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The molecular adsorptions of both #rans and cis
forms occur with no energy barrier with the adsorp-
tion energies of 14 and 21 kcal /mol, respectively.
The adsorption energy of the frans form is larger
than that of the cis form. This reflects that the O-H
interaction is stronger than the Mg—O interaction.
The total net charge on the molecularly adsorbed
formic acid shows that the charge transfer, like o
donation or 7 back-donation, does not occur, but the
interaction is essentially electrostatic.

4, Stable adsorption geometry of formate anion
on MgO(001) surface

Here we study a stable adsorption geometry and
the adsorption energy of the formate anion on the
MgO(001) surface. For the former, we examine the
bridging, bidentate, and unidentate types shown in
Fig. 1. The molecular plane of HCOO™ is assumed
to be perpendicular to the MgO plane and stand on
the Mg atoms. The unidentate type is not stable on
the MgO(001) surface. The optimized geometries of
the bridging and bidentate types are shown in Fig. 5
together with those of the free formic acid and the
formate anion in a gas phase. The values in parenthe-
ses show the Mulliken gross charge.

For the free molecules, the geometries of the cis
and trans forms are similar. The OCO angle is larger
than 120°, but the COH angle is smaller than 120°.
The CO distance of the free formate anion is median
between the CO single and double bonds. These
characteristics in the geometries are understood from
the electrostatic force method [32].

On the MgO surface, the bridging type is calcu-
lated to be more stable than the bidentate type: the
heat of adsorption is calculated to be 36.0 and 12.0
kcal /mol for the bridging and bidentate types, re-
spectively. Actually the distance between the formate
anion and the surface is much shorter in the bridging
type than in the bidentate type. The geometry of the
formate anion itself does not differ much from that
of the free anion. The gross atomic charge is also
similar except for the charge of the carbon atom of
the bidentate form.

The total charge of HCOO™ is —1.0, —0.83, and
—0.92, for the free, bridging type, and bidentate
type formate anions, respectively. An electron flow
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Fig. 5. Fully optimized geometrical parameters of free HCOO™
and HCOO™ adsorbed on a MgO surface, Bond distances and
angles are in A and degree, respectively: (a) free HCOO™; (b)
bridging-type; (c) bidentate type. Values in parentheses show the
net atomic charge. The non-symmetry of the bidentate type re-
flects the non-symmetry of the adsorption site of the cluster
shown in Fig. 2.

occurs from the formate anion to the surface and it is
largest for the bridging geometry.

Thus, we conclude that the bridging type is the
most stable adsorption geometry on the MgO(001)
surface; it interacts more strongly with the surface
than the unidentate and bidentate types. This result
supports the previous result obtained by the SFG
experiment [4],

5. Activation of the MgO(001) surface by the
adsorbed formate anion

We investigate the effect of the adsorption of the
formate anion on the MgO(001) surface by using the
MggO;g cluster shown in Fig. 2. The MggOj; cluster
has three different reaction sites with the different
coordination numbers. The surface coordination
numbers of the Mg atoms adjacent to the O atoms at
the sites #1, #2 and #3 of Fig. 2 are four, three and
two, respectively. The coordinatively unsaturated O
atoms at site #2 and #3 may be more favorable as a
reaction site than the saturated O atoms at site #1.
These coordinatively unsaturated sites may be viewed




H. Nakatsuji et al. / Surface Science 336 (1995) 232-244 237

as representing the kink and step sites on a real MgO
surface, while the coordinatively saturated atoms
correspond to a flat surface.

We compare in Fig. 6 the MO diagrams of the
MggO; cluster, the Mgg,Og + HCOO™ system, and
free formate anion. For the Mg; O, bare cluster, the
HOMO consists of the p orbital of the O atom
located at the edge (site #3 in Fig. 2) of the cluster.
It is vertical to the surface. The p orbital of the O
atom at the center of the cluster (site #1 in Fig. 2) is
at the lower energy levels as shown by the illustra-
tions in Fig. 6. At the energy levels between HOMO
and p orbitals at site #1, there are p orbitals parallel
to the surface at site #3. On the other hand, the
LUMO is the s orbital of the Mg atom located at #c
site, again at the edge of the cluster. The s orbitals of
the other Mg atoms constitute the unoccupied MO’s
next to the LUMO. The unoccupied orbital of the

(a) MggQsg cluster

—— } #aMgatoms
—— } #c Mgatom s

0.0 —
T
50

#1 O atom p,

i
?
I3
Q

- #1 O atom p,

(b) MggOg + HCOO- system

coordinatively unsaturated Mg atom is at lower en-
ergy level than that of the coordinatively saturated
Mg atom. The surface coordination numbers of the O
atoms adjacent to the Mg atoms at three difference
sites, #a, #b and #c are four, three and two,
respectively. The order of the energy levels of these
unoccupied orbitals is #c < #a < #b. In actual sur-
faces, these MO levels have some widths and form
the band structure.

From the above analysis, the most active site for
the electrophile would be the O atom at the edge site
#3 of the cluster and for the nucleophile, it is the
Mg atom at the edge site #c. The O and Mg atoms
on a flat surface (at #1) are less reactive. This result
agrees with our experience that the surfaces having
some defects are more reactive than a flat surface.

When the Mg;Oq cluster adsorbs HCOO™, the p
orbital of the surface O atom at #1, located adjacent

(c) HCOO-

—— }#aMgatoms

#c Mg atom §

Fig. 6. Schematic molecular orbital diagram for (a) MggO; cluster, (b) MggOg + HCOO ™ system and (¢) HCOO™.
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Fig. 7. Relative adsorption energy of proton at site #1, #2 and
#3 (defined in Fig. 2) before and after the adsorption of the
formate ion. The energy standard is taken for site #1 before
adsorption of the formate anion.

to the adsorption site of the formate anion, is acti-
vated and moves up to the HOMO, as shown in Fig.
6. The LUMO remains the s orbital of the Mg atom

 at the edge of the cluster and the order of the other

unoccupied orbitals also does not change. Thus,
when the formate ion is adsorbed, the vertical p

- orbital of the O atom adjacent to the adsorption site

of the formate ion is strongly activated for the
electrophilic attack.

We investigate the effect of this activation of the
surface O atom on the subsequent proton adsorption
to the surface. We compare the proton adsorptions to
the O atoms at sites #1, #2 and #3 in Fig. 2. The
adsorption energy on each site before and after the
adsorption of the formate anion is shown in Fig. 7.
We assume that the proton is adsorbed at the on-top
site and the distance between the surface and the
proton is fixed at 0.99 A, which is the optimized

~ distance for site #1 before the adsorption of the
- formate ion. The adsorption energy for site #3,

located at the edge of cluster, is largest before the

adsorption of the formate anion, while after the
adsorption of the formate anion, the adsorption en-
ergy for site #1, adjacent to the adsorption site of
the formate anion, is largest. This is the result of the
activation of the surface O atom due to the adsorp-
tion of the formate anion.

We note that the adsorption energy at site #2 is
smallest both before and after the adsorption of the
formate ion. This inactiveness of the site #2 is worth
noticing.

We think this activation of the surface oxygen
atom induced by the adsorbed species would affect a
variety of the surface reactions. For example, the
mechanism of decomposition of the formate species
on the surface should differ from that in a gas phase.

6. The route and the mechanism of
transformation from molecular to dissociative
adsorptions

We next examine the route and the mechanism of
the transformation from molecular to dissociative
adsorptions of formic acid on the MgO(001) surface.
We examine the routes starting from the cis- and
trans-formic acids adsorbed on the surface.

We consider the paths A and B shown in Fig. 8
starting from the cis-formic acid. In paths A and B,
the hydrogen migrates to site I and site II, respec-
tively, of the surface.

Fig. 8. Dissociation path of the OH bond of the molecularly
adsorbed cis-HCOOH on the MgO surface. In path A, the H atom
migrates from HCOOH to site I on the surface and in path B, it
migrates to site 1L
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In Fig. 9, we show a different view of path A: it
is normal to the surface Mg-O (site I) axis. The
point #1 corresponds to the molecular adsorption
and #5 to the dissociative adsorption. The H atom
rotates from #1 to #2 with the OH distance fixed
and parallel with the MgO axis. At #3, the H atom
lies just at the median of the MgO axis and only the
distance between H atom and the surface is opti-
mized to be 1.77 A. At #5, the H atom lies on top of
the surface O at site I and the distance is optimized
to be 0.98 A. At #4, this OH distance is the same,
and the distance of H from the MgO axis is opti-
mized to be 0.85 A. In path B, the H atom migrates
just in the same way as in path A, replacing the
Mg—O (site I) axis with the Mg—O (site II) axis.

Fig. 10 shows the energy profile for the dissocia-
tion from cis-formic acid adsorbed on the MgO
surface, where AE is calculated by,

AE =E — E(Mg3Oq cluster)

— E( cis — formic acid). (3)
The energy barrier for path A is 34.0 kcal /mol from
the molecular adsorption state and the heat of the
dissociative adsorption is 20.0 kcal /mol. Path B is

less favorable in both the barrier height and the
adsorption energy.

molecular

adsorption
%%A \
096A \
#3
5 disdsociz:'tive
2.17A 177A adsorption
H
0.98A
site |

Mg

Fig. 9. A sketch of the dissociation path of the OH bond of the
cis-HCOOH in path A. Only the distance between the proton and
the surface is optimized.
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Fig. 10. Energy profile for the dissociation of the molecularly
adsorbed c¢is-HCOOH on the MgO surface.

The favorable nature of path A is due to the two
reasons. First, in the initial stage of path A the H
atom can interact with the p# orbital of the formic
acid and second in the later stage the H atom is
adsorbed at the surface O atom at site I which is
activated by the adsorption of the formate anion
which is the product of this reaction.

Next, we show in Fig. 11 the assumed pathway of
the OH bond cleavage of the molecularly adsorbed
trans-formic acid. When formic acid is molecularly
adsorbed, the interaction between the hydrogen of
the formic acid and the surface O atom occurs. This
O-H interaction promotes the cleavages of the hy-
droxyl bond of the formic acid and gives the essen-
tially unidentate formate anion. Because the uniden-
tate configuration is unstable as discussed in Section
4, it is transformed into the bridging form, leaving a
proton on the surface O atom.

For studying this O—H bond cleavage process, we
fix the geometry of the formate anion and the length
between the surface Mg atom and the O atom of the
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Fig. 11. Dissociation path of the OH bond of the molecularly
adsorbed trans-HCOOH on the MgO surface.

e

formic acid. The molecular plane of the formate
anion is rotated around this MgO bond to form
another MgO bond. We calculate the energy differ-
ence AE by,

AE =E — E(Mg40Og cluster)

— E(trans — formic acid), (4)
and show the energy profile for the above assumed
path in Fig. 12.

The energy barrier for the dissociation starting
from the trans form is calculated 17.4 kcal /mol. It
is smaller than that starting from the cis form shown
in Fig. 10. The interaction between H and the surface

O atom facilitates the cleavage of O~H bond. How-
ever, in Fig. 12, the dissociatively adsorbed state is

Table 1
Molecular and dissociative adsorption energies and the energy
barriers in kcal/mol calculated at the HF and MP2 levels

cis-formic acid trans-formic acid

HF MP2 HF MP2
Molecular adsorption —-143 —-479 -206 -—592
energy °
Energy barrier for 34.0 28.7 17.4 12.8
dissociation °
- Dissociative adsorption  —20.0 -51.7 —13.6 —45.0

energy °

# Relative to the corresponding free formic acid and surface.
® Relative to the corresponding molecularly adsorbed state.
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Fig. 12. Energy profile for the dissociation of the molecularly
adsorbed frans-HCOOH on the MgO surface, Paths (2) and (b)
are defined in Fig. 11.

calculated to be less stable than the molecularly
adsorbed state, which may not to be consistent with
the experimental result [4].

We examine the effect of the electron correlation
at the MP2 level: we calculate the MP2 energy at the
geometry optimized at the HF level and show the
results in Table 1. At the MP2 level the adsorption
energies are much larger than those at the HF level
and the energy barriers for the dissociation are smaller
than those of the HF level. The qualitative nature
does not change, but at the MP2 level, the geometry
should also be optimized at the MP2 level.

7. Migration of proton on the MgO(001) surface

It is known that a proton migrates easily on metal
surfaces [33]. We study here the migration of a
proton on the MgO(001) surface, which is a metal
oxide and is an insulator, and further about the effect
of the adsorbed formate ion on the migration of the
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proton. We examine several paths shown in Fig. 13
for the migration of a proton on the surface before
and after the adsorption of the formate ion. The
distance between the proton and the surface is opti-
mized for each path.

In path « of Fig. 13a, a proton moves straight
from one O atom to another adjacent one on the
surface before the adsorption of the formate ion. The
energy barrier is 93.5 kcal/mol and this value is
essentially the same as the dissociation energy of the
OH bond, i.e., 101 kcal /mol [34]. We next investi-
gate the same path after the adsorption of the formic
acid. When a proton migrates from site I to IIl on the
surface as shown in Fig. 13b, the energy barrier is
83.5 kcal /mol. When the proton migrates from site
IV to I, the energy barrier is 94.7 kcal /mol. There-
fore, the path that the proton moves straight from
one O atom to another on the surface is not realistic.

Next, we examine path 3 shown in Fig. 13a in
which the proton first migrates from O to the adja-
cent Mg atom and then from this Mg to the O atom.
The energy barrier is 167.7 kcal /mol: the proton is
unstable on the Mg atom because of the similar
positive charges. We have also investigated path y
shown in Fig. 13a and found that the order of the
energy barrier is

path 3 > pathy > patha.

We next examine the two paths in the existence of
the formate anion as shown as path A and B in Fig.
13b. Both paths have two steps and the first step is
similar. It is the movement of a proton from the
surface O atom to the O atom of the adsorbed
formate ion to form the O—H interaction. At the end
of the first steps of both paths, the proton is situated
at the distorted cis form of the molecularly adsorbed

site IV
Fig. 13. Proton migration paths on the MgO surface, before and after the adsorption of HCOO™.
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formic acid. The energy is the same for the first step
of both paths. The second step is the movement of
the proton to another surface O atom as shown in
Fig. 13b. In path A, the proton migrates from site I
to II, and in path B, the proton migrates from site I
to IIL.

The energy profiles of path A and B are shown in
Fig. 14. The energy bartier of the first stage is 43.5
kcal /mol for both paths and the system is stabilized
by 7.7 kcal/mol through a formation of the OH
bond. The energy barrier for the second stage is 51.2
keal /mol for path A and 20.5 kcal /mol for path B:
the energy barrier in path B is smaller than that in
path A. The lower energy barrier in path B is due to
the fact that the proton interacts more easily with the
HOMO of the formate anion, which is the non-bond-
ing 7 MO localized on oxygen as shown in the right
hand side of Fig. 6. The adsorption energy at site III
is larger than that at site II, because site III is just the
position activated by the presence of the adsorbed
formate anion as discussed in the above section.

Thus, the energy barrier for the proton migration
is much smaller when the formate anion exists on the
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Fig. 14. Energy profile for the migration of a proton. Paths A and
B are defined in Fig. 13.

(b)

Fig. 15, Tilting of the formic anion on the MgO(001) surface.
© =0 denotes the molecular plane vertical to the surface and
© = 90 the molecular plane parallel to the surface, {a) The system
of only the adsorbed formate anion. (b) The system of the
adsorbed formate anion and the adsorbed H atom.

surface. This is because the proton migrates not
directly but through the formation of the molecularly
adsorbed formic acid.

8. Tilting of the molecular plane of the formate
ion on MgO(001) surface

We investigate here whether the molecular plane
of the formate ion tilts toward the MgO(001) surface,
and if so, how much and how easily does it tilt. Fig.
15 shows the tilting of the formate molecular plane
on the MgO surface. We use the bridging geometry
and the height of two oxygen atoms of the adsorbed
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Fig. 16. Potential curve for tilting the adsorbed formate anion on
the MgO(001) surface. Solid and broken lines correspond to the
cases (a) without and (b) with the proton.

formate anion from the surface is fixed and the
geometry of the formate is also fixed. The angle
between the molecular plane and the plane vertical to
the surface is expressed by the ©. The formate ions
vertical and parallel to the surface are expressed by
the @ =0 and 6 = 90, respectively. Fig. 15a is the
system of only the adsorbed formate anion and Fig.
15b includes further the adsorbed H atom. In Fig.
15b, O is negative when the formate anion tilts
toward the adsorbed H atom.

The potential curves for Figs. 15a and 15b are
shown in Fig. 16. The most stable structure is at
© =0 in Fig. 152, while it is at © =30 in Fig. 15b.
The stabilization energy by tilting in Fig. 15b is only
4 kcal /mol, within the thermal energy. Further, the
potential curve for the case (a) is very flat, so that
the formate anion easily tilts by a secondary pertur-
bation: the perturbation of only 5 kcal /mol can tilt
the formate anion by the angle as large as 50°.

The dynamic bending mode, or the wagging mode
of the adsorbed formate anion, which is the tilting
mode toward the surface was observed on an Ag
surface [18].

On the decomposition of the formic acid into
CO +H,0 or CO, +H, on the surface, the C-O
and C—H bond cleavages should occur in the rate-de-
termining step. Since the C—H bond interacts more
effectively with the surface by the tilting of the
molecular plane, we expect that the wagging mode is
important for inducing the C—H bond cleavage.

We are currently investigating the mechanism of
the decomposition reaction of the formic acid on the
metal oxide surfaces.

9. Summary

We have investigated the reaction route and the
mechanism of the molecular and dissociative adsorp-
tions of a formic acid and the succeeding migration
of a proton on a MgO(001) surface by means of the
ab-initio molecular orbital method. The surface is
represented by the MggO; cluster embedded in the
electrostatic filed due to the 248 point charges placed
at the lattice positions of the crystal.

We summarize the results as follows. The bridg-
ing type formate ion is more stable than the bidentate
type on the MgO(001) surface and the unidentate
type is unstable. Both the trans- and cis-formic acids
are molecularly adsorbed without energy barrier and
are stabilized on the surface by 21 and 14 kcal /mol,
respectively. Then, the OH bond of the formic acid
is dissociated to give the adsorbed formate anion and
the proton is adsorbed on the surface oxygen. The
energy barrier for this dissociation is 17 and 34
keal /mol, respectively, for the #rans- and the cis-
formic acids. The electron correlation effect is exam-
ined at the MP2 level.

We found that the p orbital of the surface O atom
adjacent to the adsorption site of the formate anion is
strongly activated by the presence of the adsorbed
formate anion. This activation would affect the
courses and the barriers of the surface reactions
occurring on this surface. The proton migration on
the MgO(001) surface can not occur directly but
occurs through the formation of the molecularly
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adsorbed formic acid as an intermediate, and in this
case the barrier is about 43 kcal /mol. The formate
anion easily tilts on the surface, leading to a larger
interaction between the formate species and the sur-
face.
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