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Interaction of carbon monoxide with a stepped (112) Pd surface has been studied by a quantum 
chemical topological method. The adsorption of CO takes place preferentially in 5-fold hollow 
bound configurations i.e. on sites associated with steps. In all cases studied the bonding of CO 
molecule by carbon is energetically more favorable than that by oxygen. The dissociation of 
CO between neighbor 5-fold hollow positions can take place but is energetically less favorable 
than the non dissociative chemisorption on the same positions. 

In general, there are two distinct ways how to study diverse and complicated chemical problems 
theoretically. The first way is to study small and medium sized systems by very accurate non
empirical methods. The second way is to simplify theoretical methods as much as possible to 
obtain at least qualitative informations on large' and complicated chemical systems. R. Zahradnik 
was an outstanding pioneer in the latter field and brought many examples on the usefulness 
of very crude quantum chemical methods to solve rather complicated problems in the field of 
aromaticity, chemical reactivity and electron spectroscopyl. His work in this field was also 
extended to the study of metal surfaces2 . His interest tempted one of us to prepare a set of 
quantum-chemical programs3 which are based on the simplest assumption on topological proper
ties of large molecular systems. 

In this paper, the topological method is applied to an investigation of the adsorp
tion of carbon monoxide on the (112) fcc Pd surface. This plane is the only low 
index plane which exhibits steps. It is well known experimentally that if the CO 
dissociation occurs it takes place particularly on step and kink sites. In addition the 
(112) plane consists of the two basic planes (100) and (111). This model is thus 
applicable, at least as the first approximation, for the study of the gas chemisorption 
on all three low index planes. 

fn our previous papers4 •5 we focused our attention to both dissociative and non
dissociative chemisorption of CO on nickel, copper and platinum fcc (112) surfaces. 
It appeared that the adsorption on the 5-fold hollow position is favorable on both 
Ni and Cu metals4 , however, the dissociative adsorption is preferred only on the 
Ni surfaces. On the contrary, the adsorption on the top sites is favorable on Pt 
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metalS and both dissociative and non-dissociative adsorptions were found to play 
'1 role only on atop sites on a platinum surface. 

With palladium the n-fold hollow sites were found to play a dominant role in 
adsorption on the low index planes (100), (110), (111), (210) in all experiments reported 
till now. At higher coverages the top positions were found, too, see e.g. refs6- 23 • 

Theoretical papers dealing with the adsorption of CO on Pd are very scarceZ4 - 28 . 

LCGTO-LSD model potential calculations have been performed for CO interacting 
with two, four and eight atom clusters of Pd, which modelled the low-index surfacez4. 
Scattered-wave-X" molecular cluster calculationszS were performed for the chemi
sorption of CO on Pd clusters and they were used for the interpretation of photo
electron spectraZ6. LCAO-X" model potential calculations27 suggested the localized 
character of CO chemisroption and the similarity among calculated energy levels 
for various surfaces of palladium. 

THEORETICAL 

In this paper the same computational method has been used as in our previous wokr4. 
It is essentially a topological method based on the one-center Hamiltonian in which 
resonance integrals were calculated between all pairs of equivalent orbitals which 
belong to the nearest neighbor atoms. It has been found that such a trick is good 
enough to remove serious shortcomings of the HUckel method applied on all-electron 
systemsZQ, which were questioned by Hoifmann30 • Resonance integrals were cali
brated on heats of formation of small molecules of the similar valence types rather 
than to atomic properties. In addition, orbital electronegativies (Table I) used as 
a basis for calculations of Coulomb integrals were empirically scaled to reproduce 
correctly charge distribution in small systems. The parametrization procedure was 
the same as in our previous paper\ in this particular case Pdz, Pd(CO)4' and PdO 
molecules were used for obtaining resonance integrals for Pd-Pd, Pd-C, and 
Pd-O bonds. The corresponding values of resonance integrals between equivalent 
orbitals, which lie on connections of nuclei, were 80,103, and 45 kllmol for Pd-Pd, 

TABLE [ 

Scaled orbital electronegativities for the elements under study in kJ/mol 

Element s p d f 
---.-~----- ---- ---- ---

Pd -393 -195 -226 0 
C -1473 -597 -\08 0 
0 -2507 -991 -158 0 
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Pd-C, and Pd-O bonds, respectively. Similarly as in paper4 the reduction of 
Pd-C and Pd-O bond energies in bridged and hollow positions due to larger 
bond lengths was obtained using the Morse function based on experimental data. 
The values of jJ-integrals between equivalent orbitals on neighbor atoms amount 
to 50 and Pd-O bonds. The identical parametrical procedure as that in ref.4 gave 
us the possibility to compare directly results obtained in this paper with those 
presented in literature4. 

Similarly as in that paper4 the basic structural unit consisted of 27 atoms (cf. 
Fig. 1). All leftmost and foremost atoms were linked with corresponding righmost 
and hindermost atoms to form a torus. This procedure was used to conserve periodic 
boundary conditions. By appropriate linking nine crystal planes were accounted 
for. Dissociated or nondissociated carbon monoxide was captured on atop centers 
and those multiple n-fold hollow sites which can be identified with directions of 
a crystal grow. The systems studied are depicted in Figs 2 - 4. There are three dif
ferent on top positions on the surface and two subsurface planes and three different 
hollow positions: two-fold, three-fold, and five-fold hollow sites. The corresponding 
structures are denoted as I - IV in Fig. 2 as well as in subsequent tables. Orientations 
A and B (cf. Fig. 2) are those in which the C-O bond is perpendicular to a terrace 
or a step of the crystal. A total size of the system was 348 basis orbitals and a single 
calculation on the computer IBM 370 model 148 lasted about 35 min. 

RESULTS AND DISCUSSION 

As has been said previously the torus represents an infinite crystal with nine ele
mentary (112) planes. Due to the conservation of the translational symmetry, atoms 

FIG. 1 

The (12) plane of the Pd crystal. Atoms which constitute the basic structural unit are designed 
by full squares 
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FIG. 2 

The list of I inear CO captures studied in this 
paper 

be;. 4 
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FIG. 3 

The list of dissociative CO captures between 
n-fold hollow centers studied in this paper 

The list of dissociative CO captures between atop centers studied in this paper 
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in respective planes are identical. Calculated charge densities and bond orders for 
Pd atoms on avarious planes are presented in Table II. It should be mentioned that 
bond orders are tabulated only for atoms lying on the same plane. 

Unlike Ni, Cu (ref.4 ), and Pt (ref. S), the surface layer possesses no charge, the 
negative charge being concentrated in the bulk. The corresponding positive charge 
appears in the first subsurface level. The bond orders indicate the successive bond 
strength weakening in the direction toward the bulk. This behavior resembles that 
of the Ni, Cu, and Pt crystals with one exception. The unusually high bond order in 
the middle of the crystal indicates an enhanced stability of bulk phase of palladium. 

~alculated band structures for surface (dotted and dashed curve) and total valence 
( fuII curve) electrons are presented in Fig. 5. 

The curve presented is an envelope of Gaussian curves with the half-width of 
15 kllmol their maximum being placed at energies of corresponding occupied MO's. 
It was assumed that the inclusion of 324 basis orbitals results in the problem large 
enough to provide the clustering of orbital energies in bands analogus to that in infi
nite ideal crystals. 

An energy of associative chemisorption (energy gain) of the proces 

o 
I 

C 

Me + (CO)g -- Me (A) 

and a total amount of charge on carbon monoxide are summarized in Table III. 
From this table it is seen that the stability of the chemisorbed 5-fold hollow com

plex is higher than that of any atop complex and is much more higher than that of 

TABLE If 

Charge densities q and bond orders p on the subsequent planes of the metal crystal 

Plane q p 

-~------

2 
3 
4 
5 
6 
7 
X 
') 

0·00 
0·15 

-0·02 
-0·11 

0·00 
-0·11 
-0·02 

0·15 
0·00 

1·08 
0·74 
0·68 
0·10 
0·57 
0·10 
0·68 
0·74 
(·08 
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2- and 3-fold hollow complexes. The exceptionally high adsorption energy in the 
5-fold positions appears to be remarkable and this suggests the preferential capture 
of the molecule on the ledge sites. On the contrary, the very low adsorption energy on 
edge positions should be pointed out. However, a remarkably high adsorption energy 
on atop positions suggests the preferential atop bonding on lower indexed crystal 
planes as (100) or (111). This is in a contradiction with the adsorption of CO on both 
Ni and eu surfaces4 • In all cases studied the capture of the CO molecule by oxygen 
is endoergic and it can thus hardly occur. The orientation of CO perpendicularly 
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FIG. 5 

The band structure of the surface (dotted and dashed curve) and all-valence (full curve) electrons 
calculated in this work for the (112) Pd surface. a Integral function, b derivative function 
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TABLE III 

Adsorption energies Ead in kJ!mol, total charges Q of ads robed molecules and relative bond 
order changes -!'l.p on C-O bonds for all systems under study. The respective systems are 
displayed in Fig. 2 

Systems 

IA 
IB 
IIA 
lIB 
IlIA 
IIIB 
IVA 
IVB 
VA 
VB 

TABLE IV 

Ead 

197 
161 
90 
89 
12 
14 

178 
139 
180 
138 

Caption ofC 

Q -!'l.p 

-1·1922 1-4279 
-2·5856 1·7434 
-0·8510 1·1569 
-1·0050 1·1852 
-1·0886 0·9808 
-1·7241 0·9858 
-0·5134 1·0720 
-0·7068 1-1583 
-0·3795 0·9794 
-0·3784 0·9584 

Caption of 0 
--------

Ead Q -!'l.p 

-17 -0·5692 0·6962 
-17 -0·5694 0·6963 
-82 -0·2837 0·4526 
-78 -0·4258 0·5173 

-114 -0·2015 0·3327 
-112 -0·2424 0·3531 
-51 -0·6069 0·4493 
-70 -0·3623 0·5168 
-48 -0·1211 0·4157 
-68 -0·1469 0·5157 

Chemisorption energies in kJ!mol and the sum of charges on chemisorbed atoms for dissocia
tions displayed in Figs 3 and 4. The first index in those figures correspond to the position of the 
C caption and it is the row index in this table 

Chemisorption energy Charges 
System --~-- --~------

II JJJ II III 

30 -29 -70 -3·2916 -3·4926 -3·6528 
II -127 -191 -232 -3·6460 - 3-8250 -3·9670 
III -229 -294 -327 -3-8633 -4·0253 -4·1650 

--- ~-~ --- --- - -----

IVA IVB VA VB IVA IVB VA VB 
- ---- ~-- --- ---~--

IVA -62 -412 -68 -87 -3·4348 -4·6333 -3·5310 -3·4993 
IVB -409 -132 -108 -395 -4·7810 - 3·3565 - 3·4536 -4·5122 
VA -124 -112 -51 -106 - 3·3413 - 3·3847 -3-8512 -3·4346 
VB -145 -146 -123 -108 -3·5283 - 3·5283 -3·4514 -3·5017 

-~--
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to terrace plane (111) is more favorable than that perpendicular to the step (plane 
(100». 

With all systems a charge transfer from the metal to the CO molecule occurs in 
a course of the chemisorption. The strong charge transfer to the CO molecule suggests 
the predominant role of the back-donation mechanism. Such a transfer results in the 
fact that the CO molecule resembles alcoholate and the enhanced reactivity toward 
·electrophilic agents can be anticipated in 'this case. 

Energy of a dissociative chemisorption for the process 

C 0 
I I 

Me···Me + (CO)g -+ Me···Me (B) 

as well as sum of charges on C and 0 atoms are summarized in Table IV. It is seen 
that the dissociative chemisorption on the stepped surface (112) of palladium can 
occur only between multiple 5-fold hollow positions. However, the dissociative 
chemisorption in energetically much less favorable than the simple adsorption on 
the 5-fold hollow and on all top positions (cf. Table III). The energy of the linear 
capture on the 5-fold hollow position is about 170 kJ/mol higher and thus the 
nondissociative chemisorption should highly predominate. 

CONCLUSIONS 

The calculation indicates that the adsorption of CO takes place prefferentially in 
a linearly bound configuration at sites associated with the steps on the 5-fold hollow 
positions and on atop positions with almost the same energy. Palladium resembles 
thus both nickel and platinum in this respect the binding energy being as low as that 
in platinum unlike Ni. The attachement of oxygen is endoergic and thus improbable. 
The dissociation of CO between 5-fold hollow positions is exoergic but energetically 
much less favorable that the simple adsorption of any site of the crystal and also 
much less favorable than that on either Ni or Pt. 

The authors wish to thank Dr Z. Knor for his critical reading of the manuscript. 
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