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Introduction 1 

Introduction 

SYNTHESIS GAS CONVERSION 

Oil is the most important source of energy in the Western world. It is used for heat
ing, traffic and also to produce electricity in power plants. In petrochemical plants 
it is used as feedstock for the production of large number of important chemicals. 
However, supplies are limited and the dependence of the world economy on oil is 
demonstrated by the world wide economical depression following the two oil crises 
in 1973 and 1979. This caused a renewal of interest in alternatives. Nuclear fission, 
wind and solar power can be used as alternative ways to produce energy. Coal and 
natural gas can be used both for the production of electricity and as a basic raw ma
terial for the petrochemical industry. Natural gas is clean and easily transportable. 
Extensive coal resources are available, but since coal is solid, it causes difficulties 
in transportation and handling. It also contains high concentrations of impurities 
as metals, S and N. By conversion of coal to synthesis gas ( a mixture of hydrogen 
and carbon monoxide) a feedstock useful for a number of reactions can be produced. 
In coal gasification many of the problems related to the impurity level of coal are 
economically solvable. After the decrease of oil prices interest in syngas conver
sion technology remained because of the potential conversion of natural gas after 
steam reforming to liquefied hydrocarbons or oxidation. Especially for production 
at remote locations or in countries with limited oil supply this is important. 

The renewal of interest in coal and gas conversion also caused a renewal of fun
damental research in the mechanism of the Fischer-Tropsch process. In the Fischer
Tropsch process synthesis gas is converted into hydrocarbons. Catalysts used in 
this process contain Ni, Co, Ru and Fe. Corrimercially Fischer-Tropsch synthesis is 
used to produce synthetic fuel in South-Africa. In this thesis we present results of 
a quantum chemical study on the interaction of some intermediates formed on the 
catalyst surface in the Fischer-Tropsch process. This study is a part of a research 
program to establish the molecular basis of synthesis gas conversion reactions. 

Several different mechanisms had been proposed in the past to describe the for
mation of hydrocarbons from CO and H2 (synthesis gas). We want to mention the 
carbide mechanism [1,2], dehydro condensation model [2,3], the carbon monoxide 
insertion model [4,5] and CHx insertion model [6-12]. The CHx model [8,10,13-19] 
now is generally accepted as the main mechanism. The overall CO hydrogenation 
reaction consists of initiation, propagation and termination steps. 

According to the CHx model, the elementary reactions of the first step in the 
Fischer-Tropsch process (initiation step) are the dissociation of hydrogen and carbon 
monoxide (17], and the formation of CHx fragments: 
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CO + • 1-t CO* 

CO* 1-t C* + O* 

C* + xH* 1-t CH~ + x • x=l 3 

where • indicates a surface site and * an adsorbed fragment. Longer chain products 
are formed by insertion of CH; (propagation step): 

CH~ + CnH2n+i ,_. Cn+IH2n+t+x 

Reaction is ended (termination step)· by hydrogenation 

leading to paraffins, or by ,8-hydrogen abstraction (leading to olefins): 

Methanol is produced on an industrial scale from synthesis gas catalyzed by 
a Cu/Zn catalyst [20). Molecularly adsorbed CO [21,22] can be hydrogenated on 
active centers possibly consisting of unreduced metal ions (Zn,Pd) [23-26]: 

CO* + H* f----+ CHO* f----+ CH3 0H 

The mechanism of methanol synthesis over the commercial Cu/Zn catalysts is still 
a matter of discussion. If a mixture of C02 , CO and H2 is used, than it appears 
that where carbon dioxide is the main source of carbon [27] in CH30H. 

Also the formation of higher oxygenates has attracted much attention. The 
economical value of oxygenates is higher than that of hydrocarbons since oxygen is 
retained in the molecule. In the synthesis of hydrocarbons the oxygen atom of CO 
(introduced before by partial oxidation or steam reforming of coal or methane) has 
to be removed again. Rh has proven to be a very versatile catalyst in the production 
of higher oxygenates [28,29,30] Reaction mechanisms are proposed by van den Berg 
[31], Ichikawa [32], Takeuchi [33], Anderson [34], Henrici-Olive [35), Pichler [36] and 
Sachtler [37). Still not all the details can be accounted for by one of the proposed 
theories, but there is considerable evidence that CO insertion in surface-CHx and 
subsequent hydrogenation leads to C2 oxygenates like ethanol (C2H5CO), ethanal 
(CH3 CHO)and acetic acid (CH3 COOH): 
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The selectivity towards oxygenates ca.n be enhanced by promotors like Th02 , Mo03 

and V 20 5 [28-30]. There is considerable discussion about the influence of these 
promotors in the synthesis gas reaction and is subject of ongoing research in this 
laboratory. It has been found [29] that promotors can enhance CO dissociation. 

CO ADSORPTION AND DISSOCIATION 

CO adsorption plays a crucial role in synthesis gas reactions. Hydrogenation of 
molecularly adsorbed CO will result in methanol or higher oxygenates. Dissocia
tive adsorption of carbon monoxide yields carbon, which is hydrogenated to form 
CH.,. Insertion of a second CHx fragment leads to the formation of longer hydrocar
bon chains, while insertion of molecular CO leads to the formation of oxygenated 
products. On metal surfaces where CO is only molecularly adsorbed and does not 
dissociate, only methanol will be formed. Hydrocarbons only will be formed in the 
opposite case when all adsorbed CO molecules will dissociate. When a surface is cov
ered both with molecular and dissociatively adsorbed CO, production of oxygenates 
is possible. 

VI VII VIII IB 

Cr Mn Fe Co Ni Cu 
Mo Tc Ru Rh Pd Ag 

w Re Os lr Pt Au 

t t 
Room synthesis 

terrperature terrperature 

Figure 1. Dissociative and non dissociative adsorption of CO on elements of the periodic table 

at room and CO hydrogenation reaction temperature (after ref. [38]). 

CO adsorption is one of the most studied topics in surface science. Figure 1 
summarizes the information on CO adsorption on metals. Metals in the right down 
corner are found to adsorb CO molecularly both at room and reaction temperature. 
Metals in the left upper corner of figure 1 are found to adsorb CO dissociatively at 
all temperatures, while metals in between the two lines adsorb CO molecularly at 
low temperatures and dissociatively at higher temperatures [38]. Broden et al. [39] 
found a correlation between the tendency of CO to dissociate on a metal surface and 
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.6.(hr - 4a), the energy difference of the 4a and br peak in UPS spectra. When the 
C-0 bond length increases, the 7r peak shifts upwards while the 4a peak is almost 
constant. As a result fl(br - 4a) will increase. F()r Pd, Ir and Pt low values are 
found, high values are reported for Fe and Mo, leading to the conclusion that the 
C-0 bond length of CO on Fe and Mo will be longer than on Pd, Ir and Pt. 

Nieuwenhuys [40] found a similar trend for the change in work function .6.</> 
and in CO stretching vibration frequency .6.v. These trends are due to increased 
backdonation into 27r* as one moves from the right down corner to the upper left 
one. Nieuwenhuys also found that backdonation is more important on open surfaces 
(e.g. fee (110)) than on smooth ones like fee (111) and (100). Ishi [4l] related the 
change in .6.</> to changes in polarity of adsorbed CO as a result of the increase in 
C-0 bond distance. Neumann et al [42] has published angle resolved photoelectron 
spectroscopy (ARUPS) data of CO on Ni(llO), which show that spectral features 
in the Ni d band are induced by CO 27r*-Ni 3d interaction. 

Adsorption and dissociation of CO can be influenced by promotors. An overview 
is given by Bonzel [43]. CO dissociation can be affected both in an electronic and a 
geometrical way. Promotors like alkali metals [44] or oxides [45-47] lower the work 
function, resulting in an increased backdonation of electrons to the CO 27r* orbital 
that enhances CO dissociation. An combined IR Absorption Spectroscopy (IRAS), 
TPD and LEED study of Yates 148,49] showed that at low potassium coverages 
about 25 CO molecules are affected by one K when CO is adsorbed on K precovered 
Ni(lll). Results indicate both a long range electrostatic effect and a short range 
effect. Goodman [50,51] studied the effect of preadsorption of electronegative atoms 
(Cl, S and P) on CO adsorption on Ni(lOO). The poisoning effect was found to 
correlate with increasing electronegativity. Electronic interactions, which reduce 
the 3d density of Ni atoms in vicinity of the preadsorbed atoms as well as steric 
effects (site blocking) play a role. 

THEORETICAL STUDIES 

The increase in number and quality of theoretical studies of adsorption processes 
and surface reactions is parallel to the enormous advancements made in computer 
science. Faster computers with more memory are available, and larger problems can 
be attacked with more realistic models. Aims of theoretical studies are to provide 
information which can not or can hardly be obtained experimentally, and to provide 
a better understanding of experimental results. 

Interactions of adsorbates with surfaces is one of the problems getting increasing 
interest. Ab initio methods like Hartree·Fock [52] and Hartree-Fock Slater [53-55] 
but also semi empirical methods (e.g. Extended Ruckel [56-60]) have been applied 
to a variety of surface reactions. Whereas ab initio methods are more accurate and 
can be used for quantitative studies, their use is still limited to the study of small 
metal clusters (up to 10 metal atoms, when using supercomputers). Semi empirical 



Introduction 5 

methods lack the accuracy and predicting power of more advanced approaches and 
can only be used in a qualitative way. However, they can be used to study larger 
systems (in this thesis clusters have been used of 50 Rh atoms) and as shown very 
convincingly by Hoffmann (6l] , a careful analysis of electronic interactions allows 
to understand trends in chemical reactivity. 

The (dissociative) adsorption of H2 on metal surfaces is an important reaction 
step in many catalytic reactions. Several studies employing the Extended Hiickel 
method exist. Saillard and Hoffmann [62] have compared H-H bond breaking of H2 

on discrete transition metal complexes and on slabs simulating the Ni(lll) surface. 
Fujimoto and Kawamura (63] studied the activation of the H-H bond in molecular 
hydrogen on Ni(lll), (100) and (110). They found that large metal clusters are 
necessary for a correct description of repulsive interactions, while smaller clusters 
are sufficient to describe the electron delocalization. Van Santen [64] used tight
binding theory to study the adsorption of a hydrogen atom to the s band (group IB) 
metals and to alloy models. Fassaert [65] has studied in details the adsorption of 
hydrogen on Ni and Cu with a resolvent method also based on the Extended Hiickel 
method. The Atom Superposition and Electron Delocalization method is used by 
Anderson et al. [66] in a study of the geometry of adsorbed hydrogen on MoS2 • 

Casalone et al (67] reported an Extended Hiickel study of hydrogen adsorption on 
bimetallic Pt-Au(ll 1) alloy clusters. Substitution of Au in a pure Pt cluster results 
in metal-hydrogen bond destabilization, while insertion of Pt in Au stabilizes M-H. 
Siegbahn et al [68] studied the dissociation of H2 on Ni(lOO) with ab initio methods. 
Dissociation of H2 on this surface requires strong interaction with Ni 3d electrons. 

CO adsorption has been widely studied by a variety of theoretical models. An
dreoni and Varma (69] have calculated the adsorption energy of CO and of separately 
adsorbed oxygen and carbon on transition metals with a self-consistent tight-binding 
method. They found for high cl valence electron occupation that the adsorption en
ergy of molecular CO is larger than the sum of adsorption energies of coadsorbed 
oxygen and carbon atoms, and therefore adsorption will be molecular. At low d 
valence electron occupation the adsorption energy of carbon and oxygen is higher 
and adsorption will be dissociative. 

The precursor state and activation barrier for CO adsorption on Ni have been 
investigated with the Extended Hiickel method as reported by Garfunkel and Feng 
(70]. Blyholder [71] has proposed the first useful model for CO adsorption on metal 
surfaces. In the adsorption process, electrons. flow from occupied CO orbitals to 
the empty d, sand p valence electron bands of the metal (donation), and from the 
metal cl band to empty orbitals of CO (backdonation). This is schematically drawn 
in figure 2. The Frontier Orbital [61,72] concepts by which chemical bonding is 
considered as the interaction of Highest Occupied Molecular Orbital (HOMO) and 
Lowest Unoccupied Molecular Orbital (LUMO) has been proven to be very useful. 
Sung and Hoffmann [73] extensively studied adsorption of CO on Ni(ll l) and (100), 
Co(OOOl), Fe(llO), Cr(llO) and Ti(OOOl). Interactions of 5tr (HOMO) and 2:ir~ of CO 
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Figure 2. Blyholder mechanism of CO adsorption on metal surfaces. Indicated are donation of 

electrons from the CO 5u orbital to empty metal levels, and hackdonation of electrons from the 

metal to 2ir* of CO. 

with surface metal orbitals are elucidated with an analysis based on calculation of the 
Local Density of States (LDOS) and Crystal Orbital Overlap Population (COOP). 
The 5a orbital of CO bonds mainly with metal dz2 and s, whereas 211"* interacts with 
metal dxz and dyv;. The electron occupation of the 211"* orbital increases at higher 
valence electron occupation. Kobayashi et al. [74] systematically investigated the 
adsorption of CO and N2 (which are isoelectronic) on Ti, Cr, Fe, Ni and Cu surfaces. 
They concluded that backdonation of electrons towards the 211"* orbital of CO is 
stronger than donation from the 5a orbital for Ti, Cr, Fe and Ni, but donation into 
this orbital prevails for CO adsorption on Cu. 

The tilting of CO chemisorbed on Pt(llO) has been studied with Extended Hiickel 
methods by Ban et al [75]. Close packing of CO causes repulsion which can be 
relieved by tilting. The occupation of 5o- is increased, and the occupation of 4a 
and 111" is decreased. Interaction between 2 CO molecules and between Hand CO is 
studied by Ruckenstein and Halachev [76], who found that the ordering of adsorbate 
layers as found experimentally with LEED analysis, could be explained by nearest 
neighbour and next nearest neighbour interactions. 

Geometry optimization is not well accessible with the Extended Hiickel (E.H.) 
method, and in most studies just fixed metal-adsorbate distances are used. Anderson 
has modified the Extended Hiickel method by combining the (attractive) energy as 
found by Extended Hiickel with a repulsive energy term [58,59]. However, results 
depend then on the proper choice of parameters. This Atom Superposition and 
Electron Delocalization (ASED) molecular Orbital method is extensively used. We 
mention here the applications to the adsorption of CO on .MnO [77], the 3 dense 
surfaces of iron (Fe(lll), (100) and (llO)) [78], Pt(lll) doped with K [79]. A 
detailed analysis has been presented for CO adsorption on Cr(llO) [80]. On this 
surface CO is not bound perpendicular as on most other metal surfaces, but side-on 
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or parallel. The antibonding counterparts of the strong 5a and l7r orbitals(involved 
in donation) are empty because of the low Fermi level. The side-on orientation 
allows increased backdonation into the 27r* orbitals of CO. 

Anderson and Dowd [81] have studied the influence of coadsorbed metals and 
metal oxides on CO adsorption on Pt(lll). The oxygen atom of CO is found to 
tilt towards coadsorbed Fe, the Ti end of coadsorbed TiO and to Fe in FeO, while 
the interaction with coadsorbed Pt and ZnO is found to be repulsive. Donation of 
electrons from 7r orbitals of CO adsorbed in the vicinity of the metal (oxides) causes 
a stabilization of tilted geometries when the cl band of the metal atom is partially 
filled. When the metal cl band is nearly or completely filled, the interaction with 
the CO l7r orbital will result in repulsion. Therefore CO tilts to Fe (3d64s2 ) but not 
to Pt (5d9 6s1 ). 

Rodriguez and Campbell [82] have compared the semiempirical INDO (inter
mediate neglect of differential overlap) and the Extended Hiickel method for CO 
adsorption on linear sites of Cu(lll). Results suggest that backdonation dominates 
the chemisorption bond. Gavezzotti [83] has compared Extended Hiickel and SCF 
pseudopotential calculations for the interaction of CO with Pt clusters up to 7 atoms. 
Whereas Extended Hiickel calculations largely overestimated binding energies and 
energy differences between various sites, the trend in bond overlap populations was 
found to give a qualitative indication of the observed C-0 stretching frequencies. 
Koutecky et al. [84] studied linear RhCO and PdCO with effective core poten
tial calculations. Bonding of CO to the metal atom is found to be due to 27r* 
backdonation, while interaction with 5a leads to repulsion. This was also found in 
the following study [85] of the adsorption of CO on small Pd clusters (up to 4 Pd 
atoms). Bullett and 0 'Reilly [86] used a localized orbital pseudopotential approach 
to compare metal carbonyls and CO adsorption on a large number of slabs simu
lating noble metal surfaces. Bullett [87] recently used the same method to study 
CO adsorption on Ni(OOl), Co(OOOl) and Fe(llO). In this study calculated band 
changes induced by the adsorbate are compared with experimental data, focusing on 
separate metal-adsorbate and adsorbate-adsorbate interactions. Post and Baerends 
[88] have published interesting information on the interaction of CO with Cu(lll) 
and Cu(lOO) calculated with the Hartree-Fock-Slater method. They found that the 
height of CO above the surface, the M-CO vibration frequency and the bond length 
of CO are mainly dependent on the metal atoms surrounding the adsorption site 
(local properties), whereas the adsorption energy is a delocalized property. 

Most of the theoretical investigations deal with the interaction of CO with Pt and 
Ni since the CO adsorption on these metals is also mostly studied experimentally. 
McKee and Worley [89] have published ab initio results of gas phase Rh CO, Rh CO+, 
Rh( CO h and Rh( CO )t. Results indicate that the Rh-C bond strength of the gem
dicarbonyl is larger for Rh+ than fo Rh, while a zero oxidation state is found to be 
optimal for the so called "linear" CO. Cao et al [90] have studied CO adsorption 
on Rh(llO) (modeled by a cluster of 5 Rh atoms) with the self-consistent Hartree-
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Fock-Slater method. CO adsorption on 1-fold sites results in a higher adsorption 
energy compared with that for 4-fold sites, and the 1-fold sites are clearly favoured. 
At the 4-fold sites a much larger contribution of the 27r* backdonation is found than 
at the 1-fold sites. "n~Fold site" indicates adsorption on a metal site consisting of 
n metal atoms. I-fold sites can also be denoted as linear or top sites, 2-fold sites 
as bridge sites and 3-fold (4-fold) sites as hollow sites. Calculated total Density of 
States curves are in good agreement with UPS peak positions of CO on Rh(llO). 
The DOS curve for CO adsorbed on the 4-fold sites shows a larger 27r* peak in 
agreement with the larger contribution of backdonation. 

Whereas many authors have studied CO adsorption theoretically, theoretical 
studies of CO dissociation are few. Whereas Banholzer [91] published a semi em
pirical study of the decomposition of NO on Pt single crystal surfaces, a similar 
systematic study of CO dissociation is not available yet. In a model potential Xa 
study of MCO (M=Sc through Ni), Katsuki et al. [60] found a correlation be
tween the backdonation of electrons to the 27r* orbital of CO, and the tendency of 
CO to dissociate on these metals. Yin-Sheng and Xiao-Le [92] have analyzed CO 
adsorption and dissociation on models of supported Rh and Ni catalysts with the 
Extended Hiickel method. In this study CO is adsorbed on a bridge position between 
2 metal atoms on a oxidic support, and it can dissociate by bending to the surface. 
Two possible mechanisms are considered, in which CO bends in or out of a plane 
drawn through the two metal atoms perpendicular to the surface. CO dissociates 
via out of plane bending on Rh and Ni supported by Ti02 , while Al20 3 and Si02 

supported metals catalyse CO dissociation via an in plane vibration. A completely 
different approach is followed in an ASED study of van Langeveld et al. [93]. CO 
is adsorbed on a particular site, where the carbon atom is fixed. The oxygen a.tom 
is moved away from the carbon atom. A systematic investigation of the energy for 
oxygen adsorption on the surface next to C helps to find the reaction path with the 
lowest energy for CO dissociation. Pancir et al [94,95] have studied CO dissociation 
on the (112) surfaces of Ni, Cu and Ir with a semi empirical topological method. 
They found that on Ni(112) and Cu(112) CO adsorbs preferentially on the edge 
sites, where it is adsorbed to 5 metal atoms. On Ir(112) CO only adsorbs on the 
1-fold sites. Dissociation of CO was studied by calculating the energy for a number 
of geometries whereby the carbon ad oxygen atom are coadsorbed on the surface. 
Only for CO adsorbed on edge sites of Ni(112) dissociation is possible. 

Only a limited number of studies of adsorption and reaction of hydrocarbon 
fragments on metal surfaces are reported in literature. Acetylene (C2H2 ) has at
tracted attention because experiments suggested rearrangement of ethyne to either 
ethylidyne (CCH3) or vinylidene (CCH2). Silvestre and Hoffmann [96] studied in 
detail the C2Hn fragments on Pt(lll) with the Extended Hiickel method. Ander
son and coworkers have studied the adsorption of acetylene (97-99], adsorption and 
o:-hydrogen abstraction of propylene ( C3H6) on Pt(l 11) [100], and the selective ox
idation of methane on Mo03 [101] with the ASED method. Gavezzotti [102,103] 



Introduction g 

has studied the adsorption of acetylene and fragments ( CH, C-C, C-C-H, H2CC, 
H3CC and H3CCH) on Pt(lll) with Extended Hiickel methods. Acetylene (C2H2 ) 

is most likely to rearrange to vinylidene (CCH2) and later on to H3CC or H3CCH 
on Pt(lll) [103), while Ni can also catalyse the reverse reaction from vinylidene to 
acetylene [102]. Ab initio studies are few. Geurts and van der Avoird [104] have 
used the Hartree-Fock-Slater method to study the interaction of C2H2 with Ni(lll). 
Different adsorption sites and adsorption geometry of C2H2 and surface specific 
dissociation on (small) Ni clusters have been investigated, and theoretical results 
related to the experimental ones. Nakatsuji et al. [105] studied the hydrogenation 
of acetylene using ab initio methods. The adsorption of CHx (x=l,2,3) fragments 
on metal surfaces has been studied by several groups. Minot et al [106] have stud
ied CHn and C-CHn adsorption on metal clusters simulating Pt(lll), Zheng and 
Hoffmann [107] report a detailed study of CHn adsorption on Ti, Cr and Co slabs. 
In both studies the Extended Hiickel method was used. CH3 adsorption on Ni(lOO) 
[108] and on Ni(lll) [109] has been studied with ab initio methods. 

Recently an ASED study of methane activation on AlN is published [110]. Hoff
mann and coworkers have studied with the Extended Hiickel method the reaction 
path of methyl migration in CH3Mn(C0)5 as model for the carbonyl insertion reac
tion [111], a comparison of H-H and C-H bond activation is transition metal com
plexes and on surfaces [62], and migration of CH, CH2 and CH3 on metal surfaces 
(107]. They found that CH2 migration on the surface is free, while a low barrier for 
CH and a high barrier for CH3 migration (with exception of migration on Ti) are 
found. In the same paper (107] calculations are reported on recombination reactions 
of hydrocarbon fragments. Calculations are presented for the recombination of two 
CH3 fragments (termination reaction), CH3 + CH2 (chain propagation to ethene) 
and CH2 + CH2 (chain propagation to ethylene). Both the coupling reaction of 
two CH3 fragments and CH3 + CH2 are endothermic reactions, and the higher the 
metal Fermi level the higher the activation energy for the reaction. This is in con
trast with the coupling of two Clb fragments, which is always exothermic and has 
no energy barrier. Baetzold [112] has published results of a kinetic model of hy
drocarbon formation from H2 and CO. According to his analysis, the rate limiting 
step in methanation is not the CO dissociation but the hydrogenation of CH3 • A 
completely different approach is followed by Shustorovich and Bell [113,114], who 
use the Bond Order Conservation model. In this method the activation energy for 
surface migration, dissociation and coupling reactions is calculated from the exper· 
imental atomic and molecular heats of adsorption of the reacting fragments using 
empirical relations. 
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SCOPE OF THIS THESIS 

In the last few years a wealth of information about adsorption and dissociation of 
adsorbates on (metal) surfaces as well as many details of surface reactions acquired 
by a large variety of experimental techniques has become available. Our aim is to 
rationalize experimental findings in terms of electronic structure of adsorbate and 
surface. This knowledge can be used to predict the catalytic behaviour of metals 
and promotors. Since in our laboratory research has been directed to synthesis gas 
reactions, we will study elementary steps in the Ficher-Tropsch synthesis. 

Considered in this thesis are the following subjects: 

1. adsorption of CO on metal surfaces, in particular the preference of adsorption site 
(linear, bridge or on hollow sites) and plane specific interactions. An explanation 
for the site preference of CO is proposed. 

2. details of CO dissociation in terms of ensemble size and geometry of the acti
vated complex. This enables a formulation of the quantum chemical basis of the 
catalytic ensemble effect. 

3. preliminary results of the adsorption of CHx (x=l-3) and the coupling reaction 
of CHx fragments. In particular the role of metal d compared with that of s 
electrons is discussed. 

In this study, we have investigated adsorption and reactions on Rh single crystal 
surfaces, since this metal can be used as a catalyst for either the Fischer-Tropsch 
synthesis to hydrocarbons or for synthesis to oxygenates. 

In chapter 2 we will give a brief outline of the theoretical methods used. All cal
culations presented in this thesis are done with the Atom Superposition and Electron 
Delocalization (ASED) method, which is an adapted version of the Extended Hi.ickel 
method. An introduction to the quantum chemistry is presented, followed by a short 
description of both methods. In analyzing electronic interactions, extensive use is 
made of the Local Density of States and Bond Order Overlap Populations. Also 
the use of group orbitals is introduced. A short description is given of the cluster 
models of the single crystal planes (step-free and stepped (111), (100) and (110)), 
and the molecular orbital schema of CO and CH3 is given. Results obtained with 
other than quantum chemical methods (Bond Energy Bond Order method, Bond 
Order Conservation) will be shortly discussed. 

Chapter 3 presents ASED results concerning the adsorption of carbon, oxygen 
and carbon monoxide on,the (111), stepped (111), (100) and (110) surfaces of Rh. 
Calculated adsorption energies and metal-adsorbate bond lengths will be compared 
with the experimental data when they are available. Electronic effects of adsorption 
of C, 0 and CO on Rh(lll) are studied in detail with the LDOS and Bond Order 
Overlap concepts. The factors favouring atop (1-fold) or bridge (2-fold) adsorption 
as a function of valence electron occupation of the metal will be discussed. A similar 
analysis is given for 1-fold adsorption of CO on the three dense surfaces of Rh as a 
function of the valence electron occupation. The influence of promotors and higher 
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coverages of CO are shortly discussed. 
The dissociation of CO is studied in chapter 4. For CO on Rh(lll), (100) and 

(110) a large number of possible reaction paths for CO dissociation are proposed. 
For each reaction path the activation energy is calculated by an optimization of 
the geometry of C and 0 during intermediate stages of the dissociation process. 
The influence of a step on CO adsorption on Rh(lll) will be discussed. Results 
will give an indication of the activated complex and the ensemble size necessary 
for dissociation. The importance of the occupation of the CO 2?r* orbital will be 
stressed. 

In chapter 5 results of the adsorption and combination reaction of hydrocarbon 
fragments are given. The adsorption of CHx (x=l,3) on Rh(lll) and Ni(lll) is 
studied with ASED. The adsorption of CH3 is studied in detail as a function of the 
metal valence electron occupation because of an existing disagreement in literature 
about the preferred adsorption site. A comparison will be given for the electronic 
effects of 1-fold and 2-fold adsorbed CH3 on both metal surfaces. Results give an 
indication of the importance of metal subbands on adsorption. We have started 
investigations on combination reactions of hydrocarbon fragments by studying the 
coadsorption of CH3 and CH2 on Rh(lll). 

In a last chapter results and conclusions will be summarized. 
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Semi empirical and empirical Methods 

INTRODUCTION 

It has always been a challenge for chemists to describe complicated chemical systems 
and processes with a model which contains a minimum of basic parameters and as
sumptions, and still results in an accurate description of reality. The theoretical basis 
of Quantum Chemistry originates from the twenties. Because of increasing computer 
speed and storage the application of quantum chemical methods to systems inter
esting for chemistry is becoming feasible, which promises an ever increasing impact 
of theory on chemistry. According to quantum mechanics any state of a system of 
particles is described by a wave function \I!, which is a function of spatial coordinates 
of electrons and nuclei, and time. The physical properties we are interested in, can 
be obtained from this wave function and a relevant operator. For example, if we 
want to calculate the energy E of a system, we use the Schrodinger equation: 

(2.1) 

where the operator fJ (the Hamiltonian) of the system, consists of two contributions 
T and V. T is the operator of the kinetic energy which for a single particle (electron 
or nucleus) reads: 

' [ 1 ()2 ()2 f)Z ]] 1 
T = - 2rn lax2 + 8y2 + f}z2 = - 2m \7

2 (2.2) 

and V is the operator for the potential energy of the system. In systems consisting 
of nuclei and electrons, we have to account for the following interactions: 
1. electron nuclei attractive interaction Yen 

(2.3a) 

2. electron-electron repulsive interactions V,,. 

(2.3b) 

3. nucleus - nucleus repulsive interactions Vnn 

(2.3c) 
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The Hamiltonian of a molecule with n electrons, N nuclei of charge Za can be 
written as a combination of these interactions: 

(2.4) 

When equation (2.4) is examined carefully, we see that it can be separated in terms 
only depending on electron coordinates (r), terms dependent on nuclear coordinates 
(R) only, and a term dependent on both: 

Hen = [te(r) + v •• (r) l + ['.i\(R) + Vnn(R)] + Ven(r,R) (2.5) 

The electron- nucleus interaction V.n(r, R) makes it impossible to separate the con
tributions of electrons and nuclei. In the Born-Oppenheimer approximation, the 
location of nuclei is assumed to be fixed as the mass of a nucleus is much larger than 
the mass of an electron and the electronic energy is calculated with the nuclei fixed 
in space. The resulting Schrodinger equation for the electrons is: 

(2.6) 

Now the eigenfunctions w. and eigenvalues E. are implicit functions of the nuclear 
coordinates. Calculations that solve equation (2.6) without empirical parameters 
(e.g. Hartree-Fock and Hartree-Fock-Slater [1-3]) are very successful but result in 
enormous demands of computer-time and -memory even for systems with a moderate 
number of atoms. Semi-empirical methods (e.g. Extended Hiickel [4-6]) use an 
approximate Hamiltonian. As a result they can handle much larger systems. While 
quantitative results of these methods have to be considered with care, these methods 
can successfully be applied for qualitative studies of larger systems. In this thesis 
we explore the use of Extended Hiickel Molecular Orbital method to study the 
reactivity of CO and hydrocarbon fragments on clusters simulating metal surfaces. 
Based on the outcome of these calculations our results can be used to simplify model 
assumptions in subsequent studies. 
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MOLECULAR ORBITAL THEORY 

In the Molecular Orbital Method, the following assumptions have been made: 
1. The many electron wave function We is approximated by a Slater determinant: 

?/J1 ( 1) 

We(l,2, ... ,n) 1 ?/J1(2) 
fo! 

where the ?/J; 's are one electron wave functions. 

tPn(l) 
tPn(2) 

tPn(n) 

(2.7) 

2. The one electron wave functions ?/J; of the system under study are taken to be 
Linear Combinations of Atomic Orbitals (LCAO) [7]: 

C;1 X1 + Ciz Xz + ···· + Cin Xn 
n 

L Cij Xi (n = 1, 2, ... , n) 
j=l 

(2.8) 

Application of the variation principle to the expectation value (Ille I He I We ) with 
equation (2.7) holding for We gives a Schrodinger-like equation for the one electron 
wave function: 

This can be written as a secular equation: 

where 

n 

L [ H;j - f Sji l Cj 0 
j=l 

S;i = j di Xi( r') Xj( r') 

H;i = F;i + J;i - I<;i 

F;i = j di xi(f'> (- 2~ 'V7)x;(r') 

J J d-d-' *(;;'\ ~ I ?/Jk(i') 1

2 
(;;'\ 

ii = r r X; r J L., I - - I Xi r J 
k r - r' 

I<;j = j di di' x:(f'> I: ?/Jr:') x~\i1 ') ?/Jk(f'> 
k r - r 

(2.9) 

(2.10) 

(2.11) 

where J;j is the Coulomb integral and I<;j the exchange integral. The electronic 
energy is given by 
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~ jdr jdr' L L 11/>k(r'~ 12 ~ 1/>1{r') 12 
2 ; " jr-r'I 

+ ~ J dr J dr' L L 1/>Z(r ') 1/>i~1 *_:( i1) 'l/J;(r ') 
2 i " lr-r'I 

(2.12) 

We get the total energy by adding the nuclear repulsion term (the kinetic energy of 
the nuclei is neglected). 

EXTENDED HUCKEL METHOD 

Hoffmann [4,5] was the first to use the Hiickel Method for systems other than organic 
molecules with 7r bonds. In his approach, the Extended Hiickel Method (EHMO), 
the following assumptions are made: 
1. All atoms in the system are taken into account, not only the 11"-bonded ones. 
2. The basis set of wave functions \JI is formed from Slater-type orbitals (STO's) 

[8]. These are atomic orbitals (AO's), which have the general form: 

(2()n+l/2 
<I>sro = r;;;::\i rn-l exp[- ( r] 01m <J>m 

y(2n)! 
(2.13) 

where n is the principal quantum number in the hydrogenlike orbitals, ( the Slater 
exponent in the dependence of the wave function on the distance r from the nucleus, 
and 01m, if>m are angular functions. 
3. Included in the calculation are of each atom all orbitals that are part of the 

valence shell. These AO's are not necessarily occupied in the free atom. 
4. In the secular determinant, the off-diagonal elements are not neglected and each 

matrix element has the form [ H;i - E S;j]. 
5. Overlap integrals S;; are calculated exactly. 
6. H;i is not calculated explicitly, but is taken to be the Valence State Ionization 

Potential (VSIP): 

= - (VSIP); (2.14) 

Extensive libraries (9-12] exist for parameters. Parameters used in this thesis are 
given in Appendix 1. The Rh parameters are from Hoffmann [13], the Ni parameters 
from van Langeveld [14]. The C and 0 parameters follow from the work of Anderson 
[15,16]. 

Numerical values of the bond integrals H;; are calculated by using the Wolfsberg
Helmholz equation: 

H;"'/ 0 
(2.15) 
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In equation (2.15) a,b denote different atoms. Whereas in the Extended Hiickel 
method I< is taken to be 1. 75 [4], in the ASED MO method K is calculated with: 

I< = 2.25 exp( -0.13R) (2.16a) 

where R is the internuclear distance. In semi-empirical calculations, experimental 
values of ionization potentials (the energy of an electron in a particular orbital with 
regard to the vacuum level) are used for H;;. Recently [17] it has been shown 
that equation (2.16a) can lead to problems in case of large interatomic distances in 
diatomic molecules. Instead of equation (2.16a), a new formula was suggested to 
overcome this: 

I<= 1 + K-exp(-t5(R-do)) (2.16b) 

where K- and t5 are positive empirical parameters and d0 is equal to the sum of the 
van der Waals radii of two neighbour atoms. 
7. In the Extended Hiickel theory the electron-electron repulsion and the nuclear 

repulsion terms are thought to cancel each other (which is not fully correct) and 
the energy of a system is found by applying equation (2.17): 

(2.17) 

ASED THEORY 

The Atom Superposition and Electron Delocalization (ASED) Molecular Orbital 
Theory (18,19] is a modified Extended Hiickel method. The repulsive part of the 
bond strength is calculated by superimposing the electron densities of the fragments 
as they are without interaction. The resulting electronic charge density of a molecule 
is then the sum of all atomic densities Pi· However, atoms interact with each other 
and we have to include a 'non perfectly following' density Pnvf resulting from electron 
delocalization due to these interactions. This Pnvf is equal to the deformation density 
P<lef· For a diatomic molecule AB with atom A on the origin, the total molecular 
density can be written as: 

(2.18) 

where Pa and p0 are electron densities as in the free atoms A and B, and r (R) are 
electron (nuclear) coordinates. The force on nucleus bis the sum of two components: 

(2.19) 

and equals the gradient of the expectation value of the full Hamiltonian E(Rb) when 
the density p(r, Rt,) is an eigendensity. This force is given exactly by the Hellmann
Feynman force theorem: 
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(2.20) 

where V Rb is the gradient operator. The interaction energy is found by integration 
of this force, and can be written as the sum of a repulsive energy caused by electron
electron and nuclear repulsion, and an attractive energy caused by the 'non perfectly 
following' electron density Pnp/: 

(2.21) 

The electron delocalization leads to an attractive energy given by: 

r I dr dRb (2.22) 

where Z is the nuclear charge, R a nuclear coordinate and r an electron coordinate. 
Eatt is the energy due to electron delocalization ('non perfectly following' electron 
density) and can be approximated by calculating the difference between the atomic 
and molecular energies [18,19]: 

(2.23) 

where n; is orbital occupation number (0,1, or 2), £f, er are atomic orbital energies. In 
practice the numerical values of the ionization energies (- VSIP) are used. Energies 
efb are molecular orbital energies and they are found in the ASED method by solving 
the Hamiltonian using the Extended Hiickel method. 

In the ASED MO theory, besides this above mentioned attractive energy due to 
electron delocalization, also a repulsive energy is evaluated [20,21 ]: 

( b) [ Za J Pa ( r) J 
Er a, = zb I Ra - Rbl - I Rb - r I dr (2.24) 

This repulsive energy is calculated by evaluating empirical formulae [21]: 

(
3 

( 2 6R 18 24 ) 
ZaN 4! R + ( + (2 + (3R exp(-(R) (2.25a) 

for period 1 atoms where N is the number of £-shell electrons and ( is twice the 
Slater exponent of the 2s and 2p orbitals of atom b. For period 2 atoms Er is given 
by 

(
5 

( 4 10R3 60R2 240R 600 720) . ~ 
E, ZaN fi! R + -,- + (2 + (3 + (4 + (f>R exp(-(R) (2.20b) 
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Figure 1. ASED total energy Etot, attractive (Extended Hiickel) energy Eatt and the repulsive 

energy Erep as a function of the height of carbon above the metal surface. Shown is 1-fold adsorption 

of CO on Rh(lll). 

has to be calculated by using the charge density of the more electronegative 
atom of the pair. The total energy is the sum of Er (a,b) (equation 2.24) and Eatt 
(equation 2.23): 

Etot = Er( a, b) + Eatt (2.26) 

All previous equations are for diatomic molecules. For polyatomic molecules, the 
total energy is calculated by a summation of two-body repulsion terms and adding 
the attractive energy: 

Etot = E,..,p + Eatt = 2:: Er( a, b) + Ea.tt 
a.>b 

(2.27) 

As an example, figure 1 shows Erep, Eatt and Etot as a function of h, the height of the 
carbon atom of CO bonded linearly (I-fold) on a Rh(lll) surface. Parameters used 
are given in Appendix 1. Eatt becomes more bonding at smaller h until at a certain 
height h the increasing attractive energy is balanced by an also increasing repulsive 
energy Erep· This height is the optimum height of adsorption, the energy Etot is the 
optimum ASED bond energy. At smaller distances the increase of repulsion energy 
is larger than the increase in attractive energy, and overall Etot is less bonding. 

In this thesis results of Extended Hiickel calculations of interactions of CO and 
small hydrocarbons on Rh single crystal surfaces will be presented. Extended Hiickel 
calculations have the following advantages over other more sophisticated molecular 
orbital methods: 
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- the method is easy to use as it does not make use of an iterative process or 
of integration methods. The only input variables are parameters to describe 
the atomic orbitals of the atoms involved, and the atomic positions. Values for 
parameters have been documented and can be found from literature. 

- the demanded computer time and memory are moderate compared with other 
methods. Clusters up to 50 metal atoms can be readily studied on main frame 
computers. 

- results can be interpreted easily. Since only orbitals of valence electrons are used 
(a minimal basis set) in the Extended Ruckel method [4,5], can bonding interac
tions between fragments be analyzed with Local Density of States (LDOS) and 
Bond Order Overlap Populations (Crystal Orbital Overlap Populations) [22,23]. 
The bond energy of a system AB consisting of the fragments A and B, is easily 
obtained by taking the energy difference of AB and A+ B: E(AB) = E(A) - E(B). 

- the method is parameter dependent, as no iterative scheme is involved. Whereas 
the choice of parameters determines the accuracy of the results, it also opens 
the possibility of studying properties as a function of a single parameter. A 
disadvantages is the following: 

- electrostatic interactions are absent. This hinders the study of the interaction 
of CO with stepped surfaces, as with stepped surfaces an interaction with a 
surface dipole should be handled explicitly. The study of the influence of charged 
promotors like the oxides of ys+ and y 3+ is impossible with Extended Hiickel 
methods. 

Recently van Santen and Baerends [24] have presented a detailed comparison of 
results of the Extended Hiickel method, ab initio Hartree-Fock combined with Con
figuration Interaction methods and the Hartree-Fock-Slater Xo: method. Whereas 
quantitatively differences are found, the picture of chemical bonding that arises is in 
all cases essentially similar. This result encourages us to do preliminary studies with 
large metal clusters, and a large number of adsorption and dissociation geometries 
by using the Extended Hiickel method. Favourable geometries found can serve as a 
basis for later calculations with first principles methods. 

FRONTIER ORBITAL METHOD 

The Frontier Orbital method [23,25,26] which describes the attractive part of the 
chemical bond in terms of the interaction between Highest Occupied Molecular Or
bitals and Lowest Unoccupied Molecular Orbitals is a very useful approximate tech
nique. Applied to a metal surface it relates the attractive part of the chemical bond 
to the local densities of state at the Fermi level of orbital fragments of surface atoms 
[27] interacting with the Frontier Orbitals of the adsorbing molecule. 

The repulsive part of the chemisorptive bond is due to the interaction between 
doubly occupied orbitals of the interacting fragments. Two fragments form a bond
ing and an antibonding orbital. If both remain occupied repulsion occurs [28]. This 
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Figure 2. Orbital interaction diagrams. (a): Interaction of two fully occupied homonuclear 

orbitals, haa = hbb (b ): Interaction of two fully occupied heteronuclear orbitals, haa =fa hbb ( c ): 

Interaction of two fully occupied heteronuclear orbitals, haa -fa hbb· Repulsion is released by 

electron transfer to lower lying unoccupied metal levels. 

can be illustrated with figure 2. When the fragments a and b (with orbital ener
gies haa and hbb respectively) approach each other, a bonding orbita.l is formed with 
energy E+ and an antibonding orbital with energy E_, where 

ho.a + hbb 2habS 
2(1 - S 2 ) 

± 
2
(l ~ S 2 ) V(haa + hbb - 2haoS)2 + 4(1 - S2)(h~b - haahbb) 

(2.28a) 
In case of homonuclear interaction, we have haa = hbb and 

haaS - hab 

1 -

E_ = ho.a ·- habS haaS - hab 
-1-.::-§2 + 1 - S 2 

When this system has two electrons, we have an energy change of 

6.E(2) = 2E _ 2h = 2( hab - haaS) 
+ aa 1 + S 

(2.28b) 

(2.29) 

Since !ha&I > lhaalS and hab < 0 this energy change is negative and the interaction 
is attractive. 

In case of 4 electrons, the energy change is given by 

AE(4) = 2E+ + 2E_ - 4haa = (2.30) 

6.E( 4) is positive and therefore repulsive. 
The repulsive interactions are proportional to the number of neighbours [24) and 

hence play a significant role in determining which geometry of adsorption sites is 
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optimal. There are several possibilities that enable reduction of these Pauli repulsion 
forces. These effects are very important to catalysis, since reduction of the repulsive 
interaction results in a lowering of activation energies [29]. 

Since the antibonding orbital formed upon interaction between the fragments 
usually is antisymmetric with respect to the center of the new bond, interaction 
with unoccupied orbitals of the same symmetry lowers its energy and hence reduces 
for example the activation energy for insertion. 

This has been explained very elegantly by Hoffmann et al [30], in a study of 
CO insertion in the metal-methyl bond in the coordination shell of organometallic 
complexes. 

For instance; the intei;action between the doubly occupied methyl O' orbital and 
the doubly occupied 5o- (HOMO) orbital of CO is reduced because the antibonding 
orbital resulting from the two O' orbitals is stabilized by the interaction with an 
empty metal cl-orbital. 

This may explain why insertion reactions into the metal-CO bond require co
ordination of fragments to metal atoms with partially empty d atomic orbitals. 
Moreover, metal ions can be even more preferred. A complete release of repulsion 
may occur, if the energy of the occupied antibonding orbitals becomes higher than 
the energy of unoccupied unchanged orbitals in the metal complex or at the metal 
surface [31,32], due to electron transfer from the occupied antibonding orbital to the 
unoccupied metal orbital (figure 2c). We will see that this happens often at metal 
surfaces. Energy of the antibonding orbital combinations appear above the Fermi 
level, which will change repulsive interactions into attractive forces. 

In elucidating details of bonding, we will frequently make use of plots of Local 
Density of States (LDOS) and Bond Order Population (BOP). Bond order overlap 
population densities, introduced by Mulliken and denoted by Hoffmann as Crystal 
Orbital Overlap Populations (COOP) [22,23] are calculated with: 

'lriJ(E) == L Re ci" cj S;j li(E - Ek) 
k 

(2.31) 

k labels the molecular orbitals, cf and cj the coefficients of fragment orbitals and 
S1j their overlap. 

The Bond Order Population (B.O.P.) is an overlap population weighted density 
of states, i.e. the relative number of levels in a given energy interval weighted by 
the contribution these levels make to the overlap population for a specified bond. 
In other words, it allows us to determine if a collection of energy levels contributes 
to bonding or antibonding between atoms or fragments. The changes in the sign 
of 7r;j reflect the changes from bonding to antibonding orbit.al contributions. The 
integral of the BOP curve up to the Fermi level is the total overlap population of 
the specified bond. 

The group orbital local density of states (LDOS) is given by: 
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p;,(E) = I: l(iI>ilwk)l2 8(E - Ek) (2.32) 
k 

il>; is a fragment orbital, and '!/Jk is a molecular orbital eigenfunction with corre
sponding eigenvalue fk. 

A Density Of States (DOS) curve gives the number of levels in an energy interval 
at certain energy. The Local Density Of States (LDOS) singles out the Cl'.,mtribution 
of a certain group of atomic or fragment orbitals to the overall DOS plot. A strong 
shift in the position ofa fragment orbital indicates strong interaction, either bonding 
or antibonding. 

Van Santen has demonstrated that with the second order perturbation theory 
[33] the following expressions for the attractive contribution to the bond energy of 
CO coordinated to a metal surface can be derived: 

(2.33) 
2 L Pf3(EF) f3'/ ---::------

/3 ff.J 

The first term represents interaction of the 5a orbital of CO with metal orbitals 
of a symmetry ( c13 < Ep ), the second term interactions of surface orbitals of 7r 

symmetry with 27r* of CO ( f.f.J > EF ). p,,(EF) is the group orbital local density 
of states of the metal surface electron valence band at the Fermi level energy EF 
as calculated with equation (2.32). In equation (2.33) EF is taken relative of the 
bottom of the electron band. The LDOS has to be averaged over an energy interval 

of the order £ (the width of the broadened interacting adsorbate electron levels) 
around the Fermi level. 6.a is the total band width of the metal valence electron 
band corresponding to il>"', and Pa is a measure of the electron occupation of that 
electron band: 

(2.34) 

Equation (2.33) relates the attractive component of the binding energy to: 
a. the surface group orbital local density of states at the Fermi level Pa,j (EF) 
b. the effective energy difference between adsorbate orbitals and the Fermi level 

EF - ta 

c. the surface metal orbital electron occupation Pa,i 
d. orbital overlap 
Expression (2.33) is an interesting result. It has been already speculated by many 
authors [34], that a relation between bond energy and density of states at the Fermi 
level should exist, and equation (2.33) explicitly presents this relation with the 
modification that the surface group orbital density of states at the Fermi level has 
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to be used. Further details can be found in [35]. In using equation (2.33), we will 
take the attractive energy Eatt as proportional to the LDOS of metal group orbitals 
at the Fermi level and use constant values for the other parameters. 

The interaction between doubly occupied orbital results in a repulsive energy: 

E,.ep = -4 L /3:,; Sa,i ~ -4Z /3~,; S~,; (2.35) 

Equation (2.35) gives the repulsive part to the bond energy. It is simply the repulsion 
between doubly occupied orbitals, calculated within the Extended Hiickel method. 
One observes that the repulsive contribution is proportional to Z,the number of 
neighbour atoms of the adsorbing molecule. 

Norskov et al. [36-38] derived an alternative formula for the repulsive energy 
part using the free electron theory. The effective medium theory calculates the 
attractive part to the bond energy from the electron density distributions that are a 
superposition of atom centered electron densities. As a consequence, the dependence 
on the density of states at the Fermi level, the result found if the interaction is weak, 
does not explicitly appear in this treatment. 

The changes in the work function lead according to equation (2.33) to similar 
effects like those due to the electrostatic field. The latter has been treated by first 
principle calculations [39,40], effective medium theory (36-38] or by the adapted 
Extended Hiickel theory [41]. 

Lowering the effective ionization potential enhances electron back donation be
tween metal and adsorbate. Nieuwenhuys [42] has extensively documented experi
mental results indicating this correlation. 

CLUSTER MODELS USED 

Rh has a face centered cubic (f.c.c.) structure. We have calculated adsorption 
properties and dissociation / association behaviour of adsorbates on 3 different Rh 
single crystal surfaces, Rh(lll) (smooth and stepped), Rh(lOO) and Rh(llO). In our 
studies surfaces are represented by cluster models. All adsorption and dissociation 
studies involve central atoms, as we have have found in a preliminary study [43) 
that adsorption on central sites is favoured with 0.5 eV over edge adsorption sites, a 
result also reported by Ruckenstein [44]. In studies of possible dissociation reaction 
paths large ensembles of surface atoms are needed. Choice of cluster models is such 
that each metal atom involved in bonding with an adsorbed fragment has the same 
number of metal neighbours as on an infinite metal surface. An upper limit to the 
number of cluster atoms is imposed by computer time available. Therefore we have 
used clusters with 29 to 50 Rh atoms. 

The Rh-Rh distance in all clusters is taken to be 2.687 A, the closest inter
molecular Rh distance in bulk metal. Intensity analysis of the Low Energy Electron 
Diffraction (LEED) measurements revealed that Rh(lll) [45,46], Rh(lOO) [45,47] 
and Rh(llO) [45,48] planes do not show any surface reconstruction. 
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Rh(111) Stepped Rh(lll) 

Rh(!OO) Rh(llO) 

10101 

Figure 3. Cluster models used for simnlating the Rh surfaces. (a): (111) snrface, simulated by 

a (18,11) 2 layer cluster. (b): Stepped (111) cluster, simulated by a (6,18,11) 3 layer cluster. The 

coordination site of CO adsorbed on a hep site dose to the edge (1.551 A) is indicated. (c): (100) 

Rh cluster, simulated by a (25,16) 2 layer cluster. (d): (110) Rh cluster, simulated by a (19,14,9,8) 

4 layer cluster. 

Rh(lll) is the most densely packed surface of the three surfaces mentioned. 
Whereas a bulk Rh atom is surrounded by 12 nearest neighbours, a Rh(lll) surface 
atom is surrounded by 6 nearest neighbour Rh atoms in the same layer and by 3 
Rh atoms in the second layer, making a total of 9 nearest neighbours. Each surface 
Rh atom has 3 next nearest neighbours in the second layer. As a model for a 
Rh( 111) surface is used a cluster of 29 Rh atoms in two layers of 18 and 11 Rh 
atoms respectively (figure 3a). The central atoms fulfill the constraint that they 
have 6 nearest neighbours in the same layer and 3 nearest neighbours in the second 
layer. 

A stepped Rh( 111) is modeled by adding a third layer of 6 Rh atoms on top of 
the first layer (figure 3b). On this duster the 3-fold hep sites (a 3-fold coordination 
site with a Rh atom in the second layer) are dose to the edge (distance: 1.551 A ), 
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while the fee sites (3-fold sites with no Rh in the second layer) are further away 
(distance: 2.326 A from the edge). 

A Rh(lOO) surface is less densely packed than Rh(lll). A surface atom has 
4 nearest neighbours and 4 next nearest neighbours in the same layer, 4 nearest 
neighbours in the second layer and in the third layer an additional next nearest 
neighbour, resulting in a total of 8 nearest and 5 next nearest neighbours. In our 
calculations, we have used a (25,16) 2 layer cluster for a (100) surface plotted in 
figure 3c. 

The most open surface considered in this study is the (110) surface, which consists 
of alternative edges and grooves in the lTO direction (figure 3d). Atoms in the first 
(edge) layer are surrounded by 2 nearest neighbours in the same layer, 4 nearest 
neighbours in the second (or groove) layer and one nearest neighbour in the third 
layer. Atoms in the second (or groove) layer are surrounded by 4 nearest atoms 
in the top (edge) layer, 2 neighbours in the same layer, 4 Rh atoms in the third 
layer and in the fourth layer finally by 1 nearest neighbour. Atoms in the edge 
layer have 7 nearest neighbours, atoms in the groove have 11 nearest neighbours. 
Every atom has 2 next nearest neighbours in the same layer and 2 next nearest 
neighbours in one but next layer. Each surrounding layer contains zero next nearest 
neighbours. Preliminary calcuiations have been done with a (20,12) two layer duster, 
final calculations with a (19,14,9,8) 4 layer cluster. 

THE ELECTRONIC STRUCTURE OF CO 

The chemical bonding of carbon (4 valence electrons) with oxygen (6 valence elec
trons) within a CO molecule can be best described with the Extended Hiickel model. 
The coefficients of the LCAO as calculated with the Extended Hiickel method are 
given in table 1, the molecular Orbital scheme is presented in figure 4. The CO 
molecule is oriented along the z axis in this calculation. 
1. The s and Pz atomic orbitals of both C and 0 mix and give molecular orbitals 

of a symmetry: 6a*, 5a, 4a* and 3a. The 3a orbital is mainly a bonding 
combination of the oxygen s with the carbon s, with minor contributions of the 
p,. orbitals. The 4a orbital is an antibonding combination of these orbitals since 
the s orbitals have a different sign. The 5a orbital is a bonding combination of the 
p,. orbitals of carbon and oxygen, with smaller contributions of the s orbitals. 
The coefficients of Pz have a different sign and are therefore bonding (CO is 
aligned along the z axis). The 60- orbital is an antibonding combination of both 
s orbitals (coefficients have a different sign)and Pz orbitals (coefficients have the 
same sign). 

2. Mixing of the Px and py orbitals results in two degenerate b and two degenerate 
271"* orbitals. One of the degenerate b and 21r* orbitals is formed out of a 
combination of Px orbitals with a minor contribution of the py orbitals, the other 
is mainly a combination of Py with a small contribution of Px· l7r is a bonding 
combination of Px (Py), 271'* is an antibonding combination of Px (py ). 
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Table 1. Coefficients of atomic orbitals of carbon and oxygen in carbon monoxide. 
CO is positioned along the z axis with the carbon atom down. The molecular 
orbitals Ware arranged from high to low energy. lll(l) is the molecular orbital with 
the highest energy (6a*), w(S) is the molecular orbital with the lowest energy (30-). 

<Ii '1!(1) '11(2) '1!(3) '11(4) '11(5) 1lt(6) '11(7) w(8) 

s(C) -1.13 0.00 0.00 0.40 0.00 0.00 -0.59 0.38 

Px(C) 0.00 -0.24 -0.89 0.00 -0.10 0.47 0.00 0.00 
py(C) 0.00 0.89 -0.24 0.00 0.47 0.10 0.00 0.00 

Pz(C) -1.23 0.00 0.00 -0.59 0.00 0.00 0.38 0.11 
s(O) 1.30 0.00 0.00 0.12 0.00 0.00 0.33 0.72 

Px(O) 0.00 0.18 0.69 0.00 -0.15 0.74 0.00 0.00 
Py(O) 0.00 -0.69 0.18 0.00 0.74 0.15 0.00 0.00 
p,,(O) -0.91 0.00 0.00 0.68 0.00 0.00 0.57 0.01 

The Highest Occupied Molecular Orbital (HOMO) of CO is 5a (occupied by 1 
electron), the Lowest Unoccupied Molecular Orbital (LUMO) is 21f*. 

When the vacuum level is energy zero, the energy of the 3£T, 4£T*, l7r and 50' 
orbitals is -38.3 eV, -20.1 eV, -17.2 eV and -14.5 eV respectively [49] as measured 
by UPS. Our Extended Hiickel results list energies of -32.4 eV (3£T), -17.8 eV (4£T*), 
-15.2 eV (h ), and -12.4 eV (5£T). The energy of the 21f* orbital, which is unoccupied 
in gaseous CO and therefore not measurable by UPS, is calculated to be at -7. 7 e V. 

Important for adsorption of CO on metal surfaces as well as for the formation 
of carbonyl complexes, are the 50' (HOMO)and 21f* (LUMO) molecular orbitals. 
In adsorption also the h plays a very small role. In figure 5a,b the contour plots 
of these MO's are plotted. It can be seen that the h orbitals consists of one 
positive and one negative lobe, with a node at the C-0 axis. The l1r orbitals are 
a combination of the Px (py) orbitals of carbon and oxygen. The 50' (a bonding 
combination of s and Pz or C and 0) is more complicated with a positive lobe below 
the C and above the 0 atom, and a negative lobe in between (figure 5c,d). The 271"* 
(figure 5e,f) molecular orbital has two nodes: one node is formed by the C-0 axis, 
the other one is perpendicular and meets the first one in between the carbon and 
oxygen atom. This is a result of the different sign of the coefficients of'the Px and 
Py orbital coefficients. 

Carbon monoxide will generally be bonded to metal surfaces with the carbon 
end down, since the coefficients of carbon orbitals in 50' and 271"* are larger than the 
coefficients of the oxygen orbitals. The perpendicular mode of bonding is amongst 
others due to the requirement to minimize repulsive interactions, in particular with 



30 Chapter 2 

6a* 

2S 

{\. 
I; \\ 'l \\ 'l \ \ 

II I\ 
1, \ \ /, \ \ 

I I \ \ 
I I \ \ 

I I \ \ 
I I I \ 

I I \ \ 
I I I \ 

I I 211"* \ \ 
/ 1,,.- --,, \ 

2p -++~~t:___ 50" 1'<, 
'V'1-.,...._ --......A...L,----~-...:.':M...l..4u.. 2P t. ,..... ---~ .-..-7"1"'V 
I \ ~ 111" ~-----.- / 

I '\,./ --'~<"-"(- \ / 

-++4:,,..-- ;...-- ---r"'V"" ' ' /K 
-- \ 4 • ' \ I 
' \ O" ', \ / \ 

' \ >-A.. \ 
', \ / '~'. I 

', \\ // ''>+-+-' ' \ / 2S ,,, / ----"'-4+--' __ _ 
3a 

c co 0 

Figure 4. Molecular orbital schema of CO. 

the doubly occupied CO l1r orbital. On Cr( 110) parallel or side-on adsorption of 
CO is found, where both C and 0 bind to the surface. Because of the low Fermi 
level, is bonding in a perpendicular adsorption geometry weak. Side-on bonding 
allows increased interaction with CO 211'* orbitals [50). 

According to the Blyholder mechanism [51), the adsorption of CO to a metal 
surface is due to two electron "flows": 
1. the occupied 5u molecular orbital will donate electrons into the empty d band 

of the metal surface. As a result, a M-C bond is formed. At the same time, 
electrons a.re withdrawn from the 5u orbital which is bonding in C-0. This will 
lead to a weakening of the C-0 bond. 

2. the metal will donate electrons into the empty 27r* of CO. This so called back do
nation also results in a stronger M-C bond and, as the 27r* molecular orbital is 
an antibonding C-0 MO, also in a weakening of the C-0 bond. 

This process is depicted in figure 6. The net effect of donation and back dona
tion is the formation of a metal - CO bond and a weakening of the C - 0 bond. 
This is evident in Infra Red (IR) Spectra where the carbon-oxygen stretching fre
quency decreases from 2153 cm-1 in gas phase CO [52] to 1650-2100 cm-1 • CO 
adsorbed 1-fold (linear) gives IR bands in the range of 2000-2130 cm-1 , while CO 
on higher coordination sites has IR bands in the range of 1880-2000 cm-1 for 2-
fold and 1650-1880 cm-1 for 3-fold and 4-fold adsorption sites [53,54]. Side-bonded 
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Figure 5. Contour plots of molecular orbitals of CO. Only one of the two degenerated ir and 

2ir* orbitals is shown. (a): lir orbital, plotted in the XZ plane; (b): 1ir orbital, plotted in the XY 

plane; (c): 5u orbital, plotted in the XZ plane; (d): 5u orbital, plotted in the XY plane; (e): 2ir* 

orbital, plotted in the XZ plane; (f): 2ir* orbital, plotted in the XY plane. 
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211"* 

Figure 6.. Blyholder mechanism of CO adsorption on metal surfaces. Donation of electrons 

from the CO 50' orbital to empty metal levels (1), and backdonation of electrons from the metal 

to 2ir* of CO (2) are indicated. 

CO, where the CO molecule is not bonded perpendicular to the surface but bent 
over to a configuration where both carbon and oxygen atom are in contact with 
the surface, is reported to give rise to IR adsorption in the 1300-1800 cm-1 region 
[55]. The frequency of the metal-carbon vibrations usually are below 300 cm-1 and 
can not be observed generally with IR spectroscopy. Frequencies in the range of 
200-400 cm-1 are observable with Electron Energy Loss Spectroscopy (EELS) with 
a higher sensitivity but lower resolution power than IR. 

In figure 5b, 5d and 5f the contour plots of the b, 5o- and 211"* orbitals respec
tively are plotted in the XY plane. It can be seen that the 5cr molecular orbital is 
rotationally symmetric, and therefore only can interact with symmetric wave func
tions of the metal. Both the b and the 211"* orbitals have a nodal plane through the 
molecular axis, and will combine with antisymmetric orbitals. As an example, when 
CO forms a bond with a single metal atom via the z-axis, (linear or 1-fold) the a 

type molecular orbitals will form bonds with the symmetric s, Pz and dz2 orbitals. 
The molecular orbitals of CO with 1r symmetry will interact with the metal Px, py, 
dxz and dyz orbitals. 

THE ELECTRONIC STRUCTURE OF CH3 

Cih can be considered as a methyl fragment, resulting from the splitting off an hy
drogen of methane CH,1• The molecular orbital scheme as calculated by the Extended 
Hiickel method is sketched in figure 7, and the coefficients of the wave functions are 
given in table 2. 

The orbital with the lowest energy (-24.08 eV) is a combination of the carbon 
2s and the hydrogen ls orbitals and is therefore of (]' symmetry. Higher in energy 
are two degenerate 1r - CH3 orbitals at -15.56 eV, which are fully occupied. These 
orbitals consist of a combination of a 2p orbital of carbon and hydrogen ls orbitals. 
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Table 2. Coefficients of atomic orbitals of carbon and hydrogen in CH3 . The C 
atom is positioned at the origin, and each C-H bond makes an angle of 109°28' with 
the negative z axis. The molecular orbitals Ill are arranged from high to low energy. 
111(1) is the molecular orbital with the highest energy (a-*), '11(7) is the molecular 
orbital with the lowest energy ( o-). 

4> 111(1) '1'(2) W(3) W( 4) IJJ(5) W(6) W(7) 

s(C) -1.26 0.00 0.00 0.23 0.00 0.00 0.63 
Px(C) 0.00 1.09 0.00 0.00 0.00 0.54 0.00 
Py(C) 0.00 0.00 1.09 0.00 -0.54 0.00 0.00 
p,,(C) -0.45 0.00 0.00 -0.96 0.00 0.00 0.00 

s(H) 0.71 -0.82 -0.47 -0.07 -0.26 0.45 0.23 
s(H) 0.71 0.00 0.94 -0.07 0.51 0.00 0.23 
s(H) 0.71 0.82 -0.47 -0.07 -0.26 -0.45 0.23 

The Highest Occupied Molecular Orbital (HOMO) is a combination of a sp3 hybrid 
resulting in a non bonding singly occupied orbital at -11.75 eV. This orbital will be 
denoted as n-CH3 • At 4.93 eV there are two degenerate 7r* orbitals (LUMO) which 
are the combination of carbon 2p and hydrogen ls [56]. 
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Figure 7. Molecular orbital schema of CH3 
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Bonding of CH3 involves both the LUMO (7r*) and HOMO (n-CHa) orbitals. In 
figure 8 are plotted the contour plots of the two degenerate 11"* orbitals and the n 
orbital. One of the degenerate 7r* orbitals (figure 8a,b) is a combination of carbon 
Px with two hydrogen s orbitals. This is clearly visible in the XY plane. The other 1r 

orbital (figure 8c,d) is a combination of the carbon Py orbital with all three hydrogen 
s orbitals. In figure 8e and 8f the contour plots of the n CH3 orbital are shown. 
As becomes clear from the contour plot in the XZ plane, this orbital is mainly a 
combination of the carbon s orbital with the p'l. orbital, with minor contributions of 
the hydrogen s orbitals. 

EMPIRICAL METHODS 

Several empirical methods have been applied to adsorption and dissociation of ad
sorbates on metal surfaces. Shortly, we will discus the Bond Energy Bond Order 
method, a thermodynamical approach and the Bond Order Conservation method. 

Miyazaki [57] uses the Bond Energy Bond Order method to estimate the single 
bond energy EM-A,s of carbon and oxygen. This energy represents the energy of 
carbon adsorbed on a Rh surface with a bond order of one, and is found by averaging 
the values calculated by using slightly modified Pauling-Eley formulae [58]: 

EL-A,s 
1 2 (;3EM-M + EA-A,s) + 23[f(XM 

== li[~ (EM-M + EA-A,s) + 23[(XM 
(2.36) 

EU M-A,s 

The original Pauling-Eley expression is modified into two different expressions (la
beled I and II) by empirical parameters ;3, 'Y and Ii, which can be found by fitting to 
experimental data of the heats of chemisorption. EM-M is the bond energy between 
metal atoms M, EA-A is the bond energy between adsorbate atoms A and XM, XA 
are Pauling electronegativities. 

The single bond energy of oxygen on Rh is -45.5 kcal/mol. In case of carbon, 
experimental data of CO have to be used. Miyazaki modified the original Pauling
Eley formula by introducing the parameter 6, which is found by him to be 0.9, from 
experimental heats of adsorption of CO on various metals. 

The total bond energy EM-A of the bond formed between surface metal and 
adsorbing atom A is assumed to be proportional to the corresponding bond order 
nM-A: 

(2.37) 

The bond order for adsorption on an n-fold site is proportional to the bond order 
nM-A [59], which can be found with the two-center M-A interaction: 

nM-A = (2 - .!_) 
n 

(2.38) 
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Figure 8. Contour plots of molecular orbitals of CH3 . (a): 11'* orbital which is antisymmetric 

with respect to the YZ mirror plane, plotted in the XY plane; (b ): 11'* orbital which is antisymmetric 

with respect to the YZ mirror plane, plotted in the XZ plane; (c): 11'* orbital which is symmetric 

with respect to the YZ mirror plane, plotted in the XY plane; (d): 'If* orbital which is symmetric 

with respect to the YZ mirror plane, plotted in the XZ plane; (e): n Clb orbital, plotted in the 

XY plane; (f): n CH3 orbital, plotted in the XZ plane. 
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substitution of equation (2.38) in (2.37) leads to values of -4 7. 7 kcal/mol ( -2.07 eV), 
-71.5 kcal/mol ( -3.10 eV), -79.5 kcal/mol ( -3.45 eV) and -83.5 kcal/mol ( -3.62 eV) 
for 1-fold, 2-fold, 3-fold and 4-fold adsorption of C. Using the value of 45.5 kcal/mol 
for the single bond energy of oxygen , equation (2.37) results in -45.5 kcal/mol ( 
-1.97 eV) for oxygen on I-fold, -68.2 kcal/mol ( -2.96 eV) for 2-fold, -75.8 kcal/mol 
( -3.29 eV) for 3-fold and -79.6 kcal/mol ( -3.45 eV) for 4-fold adsorption sites. 

Miyazaki (57] also used the empirical Bond Energy Bond Order (BEBO) model 
to study the (dissociative) adsorption of diatomic molecules on metal surfaces. In 
his model, CO adsorption is divided in 2 steps. The first step (with the bond order 
of CO nco in between 1.2 and 3.0) consists of adsorption of molecular CO on the 
surface, while the second step ( 0 :=:; nco :=:; 1.2) ls the dissociation of adsorbed 
CO in the adsorbed fragments Cad and Oad· For both regions the interaction energy 
Eco of the CO molecule with the surface can be calculated with empirical formulae: 

Eco = Dco - Eco.s nMc EMc,s - nMo EMo,s for 0 S nco $ 1.2 

(2.39) 

Eco = Dco - Eco,s - nMc EMc,s for 1.2 S nco S 3.0 

We have to use the following empirical parameters: 
1. Dco, the dissociation energy of gas phase CO (257 kcal/mole) 
2. EMo,., EMc,., the single bond energy of metal-carbon ( 47.7 kcal/mole) and metal

oxygen ( 45.5 kcal/mole) 
3. Eco,., the total energy in the C-0 bond of the adsorbing molecule on the surface. 

From fitting of known BEBO data the following empirical formula for the total 
energy in the C-0 bond of the adsorbing molecule on the surface is found: 

Eco,s -13.333 (nco)3 + 56 (nco) 2 + 37.334 (nco) (2.40) 

4. the bond orders nMc and nMo of carbon and oxygen respectively. Let us first 
examine the adsorption of CO, when 0 S nco :::; 1.2 We make use of the bond 
order conservation rule: 

(2.41a) 

which says that the sum of the bond order of adsorbed A and B equals nA.B, the bond 
order of gaseous AB (3 in case of CO) minus the bond order nAB in the adsorbed state 
multiplied with ,\, which is found to be 1.667 for CO. ,\ is a constant representing 
the ratio of forming bond order (nMA + nMs) to the losing bond order (nA.B - nAB) 
during the surface reaction. As CO adsorbs on Rh perpendicular to the surface with 
the carbon atom down, we obtain IlMo = nl\rn 0 and EMo EMB = 0: 

nMc = -X(nco - nco) 1.667(3 - nco) (2.41b) 
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Combination of equation (2.39) and (2.4lb) results in: 

Ead(CO) = Dco - Eco.s - 1.667 (3 - nco) EMc,s (2.42) 

When CO starts to dissociate (nco :<:; 1.2), an effective interaction of the oxygen 
atom with the metal surface begins to operate. The bond orders of carbon and 
oxygen can be expressed as: 

nMc 3 

nMo = 1.667 (1.2 - nco) 
(2.43) 

Combination of equation (2.43) and (2.39) gives: 

Eco Dco - 3EMc,s - 1.667 (1.2 - nco) EMo,s (2.44) 

When E,.d( CO) is calculated as a function of nco (the bond order of CO), a maximum 
adsorption energy of -18.6 kcal/mol of found for nco 2.35. A maximum energy 
of +30.2 kcal/mol is found at nco = 0.40, resulting in an activation energy for CO 
dissociation of 48.8 kcal/mol. 

Benziger [60] used a thermodynamic approach and assumed that the heat of 
dissociative adsorption is approximately given by the enthalpy difference between 
the gas phase molecule and the heats of formation of metal oxides and carbides: 

~Ho (CO) = ~Hr (MO) + 6Hr (MC) - 6Hr (COg) (2.45) 

This method has the disadvantage that no discrimination is possible between dif
ferent crystallographic surfaces, and that parameters are used originating from bulk 
processes like oxidation and carbide formation whereas values for surface processes 
are needed. A second problem is that for several elements (including Rh) thermody
namic values for the heats of formation are not available and have to be estimated 
from trends in the thermodynamic stability of oxides, nitrides and carbides over 
elements of the periodic table. For Rh this results in an estimated heat of disso
ciative adsorption of at least +5.5 kcal/mole, which has to be compared with the 
(experimental) heat of molecular adsorption of -32 kcal/mole [61 ]. 

A different approach is used by Shustorovich [62-69]. Adsorption of an adsorbate 
X on an-fold site of metal M is described by a potential energy curve E(r) where 
r is the M-X distance. A relation between E and r is given by the two-center M-X 
bond order: 

x = exp[-(r - r0 )/a] (2.46) 

where r0 and a are constants. A suitable function should include attractive and 
repulsive forces in order to give an energy minimum. The two-center Morse potential 
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E(x) = -Q(x) (2.47) 

gives only one minimum for the equilibrium distance r0 • At this point the bond 
order x = 1, and we can treat many center Mn X interactions by assuming that 
the bond order is conserved: 

n 

L Xa; = 1 
i=l 

(2.48) 

This Bond Order Conservation (B.O.C.) concept which has been applied success
fully to predict adsorption energies [62-64], activaticn energies for dissociation and 
recombination (65-67], adsorbate surface diffusion (62,68] and thermochemistry of 
C2 hydrocarbons [69]. An excellent overview can be found in (59]. 

In the B.O.C. concept, the adsorption energy of a molecule AB adsorbed per
pendicular to the surface via A is given by: 

QAB = D QijAQ ~ (0.12 - 0.22) QA 
0 + OA 

(2.49) 

where QA is the atomic heat of chemisorption of A, QAB is the molecular heat of 
chemisorption of molecular AB and Do is the gas phase dissociation energy. The 
adsorption energy of AB is related to that of A. This formula can be used either 
to estimate the adsorption energy of AB when that of A is known and vice versa. 
It also follows from equation (2.49) that the adsorption of AB will he highest when 
it adsorbs via the atom A with the highest atomic adsorption energy. In case of 
homonuclear diatomic molecules (e.g. H2 , 0 2), A2 generally adsorbs parallel with 
both A atoms bonding to the surface, the adsorption energy can be found with: 

. 9 Q2 
Q _ 2 OA 

A' --
8 Do + 3 QoA 

(2.50) 

Since we know the adsorption energies of CO and 0 2 , we can calculate the ad
sorption energies of carbon and oxygen atoms on Rh surfaces. Reported adsorption 
energies of CO are -31 kcal/mol [61],-31.6±1 kcal/mol [70] and -32.0± kcal/mol [71] 
for Rh(lll), -29 kcal/mol [61] and-31.8 kcal/mol [72] for Rh(lll) and -31.l kcal/mol 
[73] and-29.7 kcal/mol [74] for CO on Rh(llO). The dissociation energy of gas phase 
CO is 257.3 kcal/mole. In the B.O.C. formulas, positive values indicate bonding and 
therefore we will use a value of 32 kcal/mol. 

For the adsorption energy of carbon, we have to apply equation (2.49). Com
parison of the experimental adsorption energy QAs (32 kcal/mole) with values for 
Pt (the adsorption energy of CO is 32 kcal/mol, that of C 150 kcal/mol) results 
in a value of 150 kcal/mol for chcmisorption of C. When we assume an adsorption 
energy of 29 kcal/mol for Rh(lOO) we obtain an adsorption energy of carbon of 
135 kcal/mol. 
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Thermal Desorption Spectroscopy (TDS) experiments give an adsorption energy 
of -56±2 kcal/mol [75] and -85±5 kcal/mol (76] for 0 2 on Rh(lll) and -85 kcal/mol 
[77] on Rh(lOO). However, with TDS the energy necessary to desorb a molecule from 
the surface is measured and not the adsorption energy of an oxygen atom to the 
surface. Shustorovich uses a value of 102 kcal/mole for the heat of chemisorption 
of an oxygen atom. This value originates from heat of adsorption measurements 
reported by Hayward [78]. Other reported values for the adsorption of an oxygen 
atom on metal surfaces are 87 kcal/ mole for Pd( 111 ), 80 kcal/mole for Ag( 111) and 
93 kcal/mole for Ir(lll) [79]. 

Oxygen atoms are found to be adsorbed on 3-fold positions [80], and we need to 
calculate the maximum two center l\I-0 bond energy for the atop site: 

1 
QoA (2 -

n 
(2.51) 

Substitution of n=3 and Q0 = 102 kcal/mole results in QoA = 61 kcal/mole. 
Molecular oxygen will be adsorbed with both oxygen atoms in a di-a conformation, 
and the adsorption energy calculated with equation (2.50) yields 15 kcal/mole for 
0 2 on Rh(lll) and Rh(lOO). The alternative adsorption geometry, adsorption per
pendicular to the surface via one oxygen atom would result in an adsorption energy 
of 21 kcal/mol (equation (2.49)). 

Recombination of 2 adsorbed oxygen atoms in an adsorbed 0 2 would require an 
energy of 

QA Qa 1 
6.EA•B = = - QA 

QA + Qa 2 
if 

or in case of a homonuclear diatomic molecule 

if 

QAB - DAB 

(2.52) 

(2.53) 

Substitution of our parameters shows that this condition is not fulfilled, and the 
recombination energy is given by 

(2.54) 

This yields 70 kcal/mole. Measurements of molecular oxygen desorption energies 
are representative for the process 2 Oad i--+ (02)ad i--+ (02)gas and the energy 
required for this process is simply the sum of recombination energy 6. E;.8 and the 
adsorption energy for molecular oxygen QA2. The resulting BOC equation is 

6.Eexp = 6.EA.2 + QA2 = 2 QA - QA2 - D A2 + QA2 

= 2 QA2 DA2 
(2.55) 
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and is independent of the molecular adsorption energy QA 2 • Our parameters give a 
value of 85 kcal/mole, which is in excellent agreement with experimental values of 
85 kcal/mole [76]. 

Since we now know the adsorption energies of carbon, oxygen and carbon monox
ide on Rh, we can a.nalyze dissociation of CO on Rh(lll) and Rh(lOO) with the 
B.O.C. method. All values listed are for CO on Rh(ll 1 ), while values in parenthesis 
are for CO on Rh(lOO). 

Thermodynamically, for a diatomic molecule AB to dissociate, the heat of the 
atomic constituents C and 0 (Qc and Qo respectively) must exceed the gas phase 
dissociation energy Dco: 

(2.56) 

Substitution of the values of 1.50 (135) kcal/mole for Qc and 102 kcal/mole for Qo 
[78] results in QA + Qs = 252 (237) kcal/mole, indicating that thermodynamically 
dissociation is not possible for CO on Rh(lOO) and doubtful on Rh(lll). However, 
we will continue the analysis and we will present activation barriers according to 
this B.O.C. method. 

When CO approaches a surface from the gas phase and dissociates, the activation 
energy for the reaction ABg f--+ Aad + Bad: 

tiE~B,g ( QA + Qa) + QA Qa 
QA + Qs 

(2.57) 

Applying this leads to an activation energy of 66 (78) kcal/mole or 2.85 (3.S.5) eV. 
The value of the activation barrier for dissociation on the surface ABad f--+ 

Aad + Bad can be found by: 

(2.58) 

Our parameters result in an activation energy of 98 ( 107) kcal/mole or 4.23 ( 4.64) 
eV for dissociation of CO adsorbed on a Rh(lll) surface. 
The reverse reaction of recombination Aad + Bad f--+ ABAB has an activation 
energy: 

(2.52a) 

and with our parameters it results in 61 (58) kcal/mole or 2.63 (2.52) eV. This 
formula is only valid when the condition (2.52b) holds: 

QA QB > ti H = Q + Q 
QA + QB - A B DAB - QAB (2.52b) 

Substitution of all parameters yields that this condition is fulfilled in both cases. 
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Table 3. Results B.O.C. method on Rh surfaces. Results labeled "uncorr" and 
"corr" are obtained with the original and modified BOC formulae respectively. 

Reaction Rh(lll) Rh(lOO) 
uncorr. corr. uncorr. corr. 

cog f-l> cad + cad 66 41 78 52 
cog f-l> co,.d f-l> cad + cad 98 73 107 81 

Cad + Cad Ho COad 61 58 
co,.d Ho cog 32 32 29 29 

Recently van Santen [81] showed that the Bond Order Conservation principle 
is rigorously true within the Valence Bond method. He also corrected some of 
Shustorovich's equations for changes in bond order for the metal atoms involved 
in adsorption and dissociation. When a molecule or atom is adsorbed on a (metal) 
surface, the bonding between this metal atom and surrounding metal atoms is weak
ened. In deriving a formula for the adsorption energy of a molecule or atom, we 
have to take into account bond order conservation not only for the adsorbate but 
also for the surface metal atoms involved in the adsorption process. 

As we have seen in the ASED results, during CO dissociation there is an activated 
complex where both the carbon and oxygen atoms are bonded to a surface Rh atom. 
Using the bond order conservation principle for carbon, oxygen and surface Rh atom 
leads to the following activation energy for dissociation from the gas phase: 

LiE~B,g = -~(QA + QB) 

and for dissociation on the surface: 

Dmm + DAB + QAB 

(2.59) 

(2.60) 

where Dnun is the bond strength between two metal atoms. Applying both formulas 
leads to a considerable lowering of the activation energies. This is a result of changes 
in bond order conservation in the metal substrate, which are not corrected for in 
the original Shustorovich formulas. The B.O.C. results are summarized in table 3, 
where the labels "uncorr" and "corr" refer to the original BOC formulae as given 
by Shustorovich, and to BOC formulae including the corrections suggested by van 
Santen respectively. In this table also the experimental values of the desorption 
energy are given for a comparison. 

Table 3 shows clearly that the (experimental) desorption energy of molecularly 
adsorbed CO is smaller than the activation energy for dissociation from the gas phase 
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as well as dissociation on the surface. This is in agreement with the thermodynamic 
considerations as presented by Benziger [60], which state that CO dissociation is not 
possible on Rh. The recombination energy for carbon and oxygen atoms towards 
CO is lower than the dissociation energy, indicating that. any adsorbed carbon and 
oxygen atoms resulting from CO dissociation will easily recombine to molecularly 
adsorbed CO. 

Appendix 1. Atomic parameters: principal quantum number (n), Valence State 
Ionization Potential (V.S.I.P.), orbital exponents(() and respective coefficients (C;) 

d only- used. 

s p I 

Atom n VSIP ( n VSIP ( i 

c 2 I 20.00 11.658 2 11.26 1.618 I 
0 2 I 28.48 • 2.246 2 13.62 2.227 

Rh 5 8.09 12.135 5 4 .. 57 2.100 

Ni 4 7.63 1.800 4 4.45 1.500 I 

d i 

n VSIP I (1 C1 I C2 (2 

Rh 4 12.50 4.290 0.5807 I o.5685 1.97 
I 

I Ni 3 10.00 I 5.750 0.5681 ! 0.6293 2.00 
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Adsorption of C, 0 and CO on Rh surfaces 

ABSTRACT 

The adsorption of C, 0 and CO on the three dense surfaces of Rh ( ( 111 ), (100) 
and (110)) are studied with the Atom Superposition and Electron Delocal
ization (ASED) and Extended Hiickel molecular orbital methods. Results of 
adsorption energies and favourable bonding geometries are compared with 
experimental ones if available. The ASED method is not very suitable for 
geometry optimization because of the parameter dependency, but is very use
ful to study trends of bonding properties as a function of electronic structure 
parameters. We will focus in particular on the dependence in valence band 
occupation. 

A detailed analysis of the electronic features that determine the difference 
in bond strength of CO chemisorbed to different adsorption sites (1-fold, 2-
fold) on Rh(lll) as a function of valence band occupation is presented. A 
clear picture of the factors favouring atop versus bridge adsorption is found. 
Interactions of metal group orbitals of a symmetry with the 5a CO orbital 
direct CO to 1-fold sites, while the interaction of CO 27r* orbitals with metal 
group orbitals of 7r symmetry are bridge directing. 

A comparison is given of the bond strength of diatomic Rh-X 0) 
with the adsorption energy of carbon and oxygen adsorbed 1-fold and 2-fold 
on Rh( 111). Adsorption energies are higher than the bond strength in the 
diatomic molecule since repulsiYe interactions are relieved by an electron flow 
to surrounding metal atoms. 

The influence of the surface structure on adsorption is studied by studying 
1-fold adsorption on the three dense surfaces of a face centered cubic metal 
as a function of valence band occupation. Other parameters are kept the 
same as used for Rh. At low d valence band occupation adsorption on (110) 
surface is favoured, while at high valence band occupation the adsorption is 
strongest for the (100) and lowest for the (110) surface. A correlation is found 
of the adsorption energy with the Local Density of States at the Fermi level 
of surface metal group orbitals with a symmetry. 

The influence of promotors and of higher surface coverage on the adsorp
tion of CO are discussed. A lO\vering of the Fermi level will result in a shift 
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from I-fold to 2-fold sites. Increasing the coverage of CO will result in repul
sion of the occupied l 7r orbitals. 

INTRODUCTION 

47 

Carbon monoxide is used as a raw material in a large variety of chemical processes. 
On a large scale it is used in homogeneous processes as hydroformulation ( conver
sion of alkenes into aldehydes or alcoholes) and the acetic acid process (conversion 
of methanol into acetic acid) and heterogeneous processes as the Fischer-Tropsch 
synthesis. Using the water gas shift reaction hydrogen can be produced from CO 
and water. The total oxidation of CO produced by incomplete oxidation of hydro
carbons in car engines, power plants and heating units is an example of a reaction 
important for the protection of the environment. Rhodium is used in three way 
catalysts for motor cars. 

One of the most studied reactions in fundamental catalysis is the Fischer-Tropsch 
synthesis. Using heterogeneous catalysts synthesis gas ( a mixture of CO and H2 ) 

can be converted to methane (Ni), hydrocarbons (Fe, Ru), methanol (Cu, Pd) and 
Ct oxygenates (Rh). Often a mixture of various products is obtained, and promo
tors are used to enhance selectivity or conversion. Nowadays, it is widely accepted 
that hydrocarbons are produced by dissociative adsorption of CO on the metal and 
subsequent hydrogenation of Ct><1 [1]. The synthesis of methanol is believed by some 
authors to be catalyzed by nonreduced metal, by a mechanism involving nondis
sociative adsorption of CO [2-5]. Both dissociative and associative adsorption of 
CO are of importance for the formation of oxygenates [6-8]. Rhodium adsorbs CO 
molecularly at room temperature, but dissociative adsorption is reported at reac
tion temperatures [9]. As a result, Rh is a catalyst for the synthesis of oxygenated 
compounds and hydrocarbons. 

Surface science and fundamental catalysis favour the study of CO chemisorption 
and reactivity as one of its key areas of research. As a result the interaction of CO 
with metal surfaces and bonding in metal complexes is at the moment reasonably 
well understood. Semi empirical [10-16] as well as first principle quantum chemical 
[17-24] theoretical methods have been used to establish the electronic features that 
govern the interaction. The result is a consistent picture of the electronic structure 
of chemisorbed CO. On noble metals, CO is oriented perpendicularly to the metal 
surface, with the carbon atom directed towards the metal atom(s). Adsorption of 
CO on metal surfaces is usually described by the well known Blyholder model [25], 
in which bonding is the result of electron donation from CO to the metal, and a back 
donation of electrons from metal to CO. When CO adsorbs on a surface, electrons 
will go from the 5u orbital ( Highest Occupied Molecular Orbital or HOMO) of CO 
to the partially occupied metal d band. This process is denoted as donation and 
will slightly weaken the C-0 bond as the 5u orbital is a slightly bonding orbital. 
Depending on the position of the Fermi level, the interaction of the doubly occupied 
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CO 5a orbital with a metal surface i;nay become repulsive or attractive. Electrons 
will also go from the metal d band to the previously empty 211"* orbitals (Lowest Un
occupied Molecular Orbital or LUMO) of CO, this process is called back donation. 
This interaction is always attractive. Admixture of the 27r* orbitals with interacting 
fragments leads to partial electron occupation of these orbital. Since a 211"* orbital 
is antibonding with respect to the CO bond, population of a 211"* orbital tends to 
weaken the CO bond significantly. This results in a lowering of the CO stretch fre
quency, observable by Infrared Spectroscopy or Electron Energy Loss Spectroscopy. 
Since the electron population of these CO 27r* orbitals is also approximately pro
portional to the number of atom neighbours [26), measurement of the CO stretching 
frequency provides information on the adsorption site geometry. The fate of the 
unoccupied 27r* CO orbitals is crucial to CO dissociation, because occupation of a 
211"* CO orbital lowers the CO bond strength. 

Carbon monoxide bonds side-on (parallel to the surface) at low coverages on 
alkali-promoted Ru(OOl) [27] and on Cr(llO) [28,29]. A theoretical explanation is 
given by Anderson [30]. Parallel adsorption of CO on Cr(llO) results in strong 5a 
and l1r donation bonds. Their antibonding counterparts are above the Fermi level 
and therefore empty. Side-on bonding increases the overlap of the 211"* orbitals with 
surface orbitals and back donation of electrons into 27r* orbitals is enhanced. At 
higher d band fillings will the antibonding counterparts of the l7r and 5a orbitals 
become occupied, and perpendicular adsorption will be preferred. Side-on adsorp
tion will therefore only occur at low d band filling (at the left of the transition 
metal series). The valence electron d band filling is not only important to parallel 
or perpendicular adsorption of CO to the surface, it also affects the preference for 
an adsorption site. Carbon monoxide is adsorbed 1-fold (atop) on Re, Ru, Os, Pt, 
lr and Rh [31]. On Ni(lll) and Pd(lll) CO is adsorbed on hollow sites at low 
coverages and shifts to bridge sites at higher coverages. The choice of adsorption 
site can even depend on the metal plane. Carbon monoxide is adsorbed on hollow 
and bridge sites on Ni(lll), while atop adsorption is found for Ni(lOO). 

The adsorption properties (adsorption site, adsorption energy and bond length) 
are studied of adsorbed C, 0 and CO on the (111), stepped (111), (100) and (110) 
surfaces of Rh. These results will be compared with experimental data wherever 
available. We will use a semi empirical method based on the Extended Hiickel 
molecular orbital method because it allows the study of large clusters and inves
tigation of trends by a systematic variation of a single parameter. The Extended 
Hiickel method is not suitable to predicts adsorption geometries [32,33], but appears 
to be very useful to analyze trends in bonding as a function of substrate electronic 
properties. The Atom Superposition and Electron Delocalization (ASED) [34,35] 
molecular orbital method combines the calculation of an attractive energy with a 
repulsive energy term derived by Anderson (35] using the Hellman-Feynman theo
rem. The ASED method can be parametrized to predict both bond lengths and 
bond energies reasonably accurately. As pointed out by Anderson, the parameters 
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used in ASED method have to be optimized by fitting known properties of relevant 
diatomic molecules. Therefore, as a first test of the ASED method and of the pa
rameters we use for C, 0 and Rh, the properties of the diatomic CO, 0 2 , Rh-C and 
Rh-0 are calculated. 

The results of the calculations have only qualitative significance, but are very 
useful since they enable an analysis of the electronic factors and offer an explanation 
of particular trends. The interaction of CO with different adsorption sites is studied 
for a hypothetical metal series in which only the number of valence electrons is varied 
(rigid band model). The rigid band model is also used in a study of CO adsorbed 
1-fold on the (111), (100) and (110) faces of Rh. 

The ASED method is used to estimate adsorbate-metal atom distances. The 
Extended Hiickel method is used to analyze the relevant features of the interacting 
adsorbate molecule and metal surface atoms. Earlier work [26,36-38] on the relative 
stability of chemisorption complexes (Has well as CO) has shown that a convenient 
method to analyze electronic factors involved in bonding is the group orbital local 
density of states. This is the the projection of the surface density of states on 
symmetry combinations of surface atomic orbitals that interact with orbitals of 
the adsorbate molecule. Also it was proposed that comparison of the values of 
those group orbital LDOS at the Fermi level provides a qualitative indication of 
the relative magnitude of the different terms that contribute to the chemisorptive 
bond. Hoffmann [39,40] introduced the Crystal Orbital Overlap Population (COOP) 
analysis for bonding in solids. This method can be extended to study chemisorption 
of adsorbates to metal surfaces in terms of (group) orbital interactions. These 
concepts will be applied to analyze first the bonds in diatomic Rh-C and Rh-0 
and adsorption of C and 0 on Rh(111). Then the electronic factors that determine 
the relative stability of CO chemisorbed atop or in bridge coordination are analyzed 
in detail. Emphasis will be on the relation of the adsorption energy with valence 
d band occupation and work function of transition metal surface. It will appear 
that binding with the 5cr and 27r* orbitals of CO follow different trends. Next, the 
relative bond strength of CO chemisorbed atop on different metal surfaces (Rh(lll), 
(100) and (110)) will be analyzed in a similar way. This is of interest because the 
relative reactivity of surfaces of the same metal appears to be dependent on position 
in the periodic table. Whereas the interaction of the 5cr as well as 27r* orbitals of 
CO with the metal surface is of great relevance to the coordination of CO, the 
difference in bond strength of CO chemisorbed 1-fold on different surfaces of the 
same metal mainly depends on differences in the interaction with the 5a orbital. 
Nieuwenhuys and Hendrick [41,42] observed a different sequence of the reactivity 
of NO on Rh surfaces than found earlier by Banholzer [43-45] for Pt surfaces. A. 
possible explanation can be the occupation of valence energy levels of the substrate. 

In a final section we will comment shortly on the effect of promotors on the 
adsorption of CO on transition metal surfaces. 
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THEORETICAL METHOD AND CLUSTER MODELS USED 

In the Atom Superposition and Electron Delocalization (ASED) Molecular Orbital 
method [34,35], the total energy Etot is calculated by a summation of an attractive 
and a repulsive energy (1): 

Etot = Eatt + Erep (3.1) 

The attractive energy Eatt is the "Extended Hiickel" energy [32,33]. The parameters 
used are given in Appendix 1 and follow from the work of Hoffmann [46] for Rh and 
the work of Anderson [47,48] for C and 0. 

The repulsive energy Erep is an approximate expression derived from an analysis 
of corrections due to the electron-electron interactions [35]. In the tables, the ASED 
total energy Etot and the Extended Hiickel energy Eatt are separately listed. 

Electronic effects of adsorption are analyzed by calculating the Local Density Of 
States (LDOS) (2): 

p;;(E) = L j(<I>;j1J!k}l2 6(E - Ek) 
k 

with <I>; the fragment orbital and IJ!k the calculated Molecular Orbital. 
Bond Order Overlap densities are calculated with equation (3): 

L Re cik et Sij 6(E - Ek) 
k 

(3.2) 

(3.3) 

cf is the coefficient of fragment orbital i in Molecular Orbital k and S;; is the overlap 
between the fragment orbitals. The definition of Bond Order Overlap density 1fij is 
equivalent to Hoffmann's Crystal Orbital Overlap Populations [39,40]. The integral 
of the Bond Order Overlap density curve up to the Fermi level is the total overlap 
population of the specified bond. In all plots, calculated p;;(E) and 11";j{E) are 
presented after convolution of the functions with a Gaussian distribution (a= 0.25 
eV). 

When adsorbates (C,O, or CO) are adsorbed 1-fold, fragment orbitals of the 
surface metal atom are the atomic orbitals. Adsorbates on a 2-fold or bridge site 
are located in between two Rh atoms aligned along the x-axis. The z-axis is perpen
dicular to the surface. Since adsorbates are in (direct) interaction with two surface 
Rh atoms, we have to consider interaction with group orbitals of these 2 Rh atoms. 
Group orbitals are constructed by taking combinations of two atomic orbitals. For 
example, the combination of two dz2 orbitals with the same sign: 

(3.4) 

is a group orbital with a symmetry and will have interaction with a type orbitals 
of CO. The combination if two <lz2 orbitals with opposite sign 
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(3.5) 

is a group orbital with 11' symmetry and can interact with CO orbitals of 11' symmetry 
like the 211'* orbitals. The combination of 2 dxz orbitals with the same sign results 
in a group orbital of 11' symmetry, the combination of orbitals with opposite sign in 
CT symmetry. 

For adsorption of 3-fold sites we have to construct group orbitals consisting of 
orbitals of 3 surface metal atoms: 

(3.6) 

A metal surface atom has 9 orbitals, so 18 group orbital can be constructed for 
adsorption on 2-fold sites. For adsorption on 3-fold sites this number is 27, and 
Bond Order Overlap densities have to be calculated for combinations of adsorbate 
orbitals with all 27 metal group orbitals. Since the 2-fold and 3-fold sites follow the 
same trends, we will study electronic effects on 2-fold sites. 

Van Santen [26] has shown using second order perturbation theory that the fol
lowing expression for the attractive contribution to the bond energy of an adsorbate 
coordinated to a metal surface valid in case of weak chemisorption can be derived: 

Eatt = 2~ _ (E ) ,2 .6.a (1- P,,) 
L., Pa F f3cx W __ e2_ + .6. (l _ p ) 

" 4r.,+k., Ea "' er 
(3.7) 

- 2 L pp(EF) (3'j --~..:::..__.:;__ __ 
JJ €.p -

This expression is the analogue of the HOMO-LUMO second order perturbation ex
pression used in the Frontier Orbital theory to analyze the interaction of molecules. 
The first term represents interaction of metal group orbitals of CT symmetry with the 
5cr orbital ( Ealpha < Ep) , the second term interactions of orbitals of 11' symmetry 
with the 211"* orbitals of CO. (€.alpha > EF) Pa(EF) is the group orbital local den
sity of states of the metal surface electron valence band at the Fermi level energy 
EF as calculated with equation (3.2) and has to be averaged around its value at 

the Fermi level over an energy interval of the order £, which is the width of the 
broadened interacting adsorbate electron levels. Important in equation (3. 7) is that 
the attractive energy Eatt is proportional to the LDOS of the metal group orbitals 
at the Fermi level. 

The interaction between doubly occupied orbitals results in a repulsive energy 
[26]: 

Erep = -4 L 11:,i Scx,i (3.8a) 
a 1i 
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~ -4Z /3~,; S~,; (3.8b) 

Equation (3.8b) is valid when atomic orbitals of s symmetry interact, then the 
repulSive energy is directly proportional to the number of neighbours Z. 

As a model for a Rh( 111) surface a cluster is used of 29 Rh atoms in two layers 
of 18 and 11 Rh atoms respectively. This cluster is denoted as an (18,11) cluster. 
Atoms in the center of the first layer of this cluster are fully coordinated by 6 Rh 
atoms in the same layer and 3 Rh atoms in the second layer. All adsorption studies 
below involve those central atoms. We used the bulk value of 2.687 A [49] as closest 
intermolecular Rh distance. A stepped Rh(l 11) is modeled by adding a third layer 
of 6 Rh atoms on top of the first layer, yielding a (6,18,11) cluster. According to the 
same general principles, a Rh(lOO) surface is modeled by a (25,16) 2 layer cluster 
and a Rh(llO) surface by a four layer (19,14,9,8) cluster. 

The properties of diatomic molecules are studied by increasing the bond length 
in steps of 0.001 A in case of CO and 0 2 , and in steps of 0.01 A in case of Rh-C and 
Rh-0. The adsorption of atomic oxygen and carbon, and molecular carbon monoxide 
are studied by varying the height of the absorbing species above the surface in steps 
of 0.1 eV or 0.05 eV. 

The energy of each position is calculated, and subsequently corrected by sub
tracting the summed energies of pure adsorbing species and bare cluster. In the 
tables are listed adsorption energy (both ASED energy Etot and Extended Hiickel 
energy Eatt) in eV, and optimized height of adsorbate above the surface. This height 
indicates the distance of adsorbing species (C, 0 and C in case of adsorption of CO) 
to a plane through the core of the top layer Rh atoms. Also included are calculated 
distances of the adsorbing species to the Rh atoms of the adsorption site. 

RESULTS 

DIATOMIC MOLECULES 

Bond distance and bond energies are calculated by the ASED MO method, and re
sults are compared with experimental values in Table 1. Anderson [34] uses diatomic 
molecules to optimize atomic parameters. In his approach, the values for the Ion
ization Potential (VSIP) and exponents are varied systematically until satisfactory 
bond energies and bond distances are obtained. The parameters found in this way 
are used to study larger systems. In our study we have used standard parameters 
reported in literature [46-48]. 

The ASED method reproduces bond distances reasonably well. Good agreement 
is found for CO (a difference of 0.016 A between ASED result and experimental 
value) and H2 (a difference of 0.009 A), while the results for 0 2 and Rh-C show a 
larger deviation (0.188 and 0.21 A respectively). McKee [50] found with ab initio 
methods a C-0 bond length of 1.130 A. The bond length value for the Rh-0 diatomic 
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Table 1. ASED results of relevant diatomic molecules. 

Molecule Re Re (lit.) Be Be Be (lit.) ref 

(A) (A) (eV) (kcal/mol) (kcal/mol) 

co 1.112 1.128 -9.55 -220.42 -257.3 144 

02 1.396 1.208 -2.97 -68.49 -119.11 145 

Rh-C 1.82 1.687 -4.07 -93.88 -138.0 16,145,146 

Rh-0 1.51 -3.66 -84.43 -89 147 

-97 16 

molecule are not available. As the Rh-0 distances in o:- Rh20 3 (2.03 and 2.07 A), in 
(3- Rh20 3 (distances ranging of 1.82 to 2.24 A), in Rh20 3- II (distances of 1.985 to 
2.076 A and in Rh022 (distances of 1.95 to 1.97 A) [51] are all considerably larger, 
the calculated Rh-0 distance of 1.51 A is expected to be too short. 

The results of the binding (dissociation) energy show larger deviation, with the 
exception of Rh-0. The large underestimation of the bindings energy Be of 0 2 will 
influence the calculated adsorption energies of 0 2 , as 2 oxygen atoms adsorbed on 
the surface recombine to give one diatomic molecule in the gas phase: 

(3.9) 

Calculated adsorption energies of 0 2 will result in an overestimation of Ead(02). 
Gavezzotti [52] calculated a bond distance of 1.93 A for gaseous Rh-C, and a 

bond energy of 68 kcal/mol using the Extended Hiickel method, with exactly the 
same Rh parameters as we use. However, in his paper the parameters for C are not 
mentioned. 

ADSORPTION OF C, 0 AND CO ON RH SURFACES 
A COMPARISON OF ASED PREDICTIONS WITH EXPERIMENTS 
The adsorption of carbon, oxygen and carbon monoxide on Rh surfaces is studied 
below with the ASED method. By variation of the vertical height hx of an atom or 
molecule adsorbed perpendicular to the surface, the most stable geometry is found. 
Results are listed in table 2 and summarized in table 3. Besides the ASED energy 
Etot also the "Extended Hiickel" energy Eatt is listed. 

Table 3a gives a summary of preferred adsorption sites of C, 0 and CO on the 
three dense Rh surfaces. Remarkable is that for CO both methods predict the. 
same adsorption site, while they disagree on the preferred site for C on Rh(IOO) 
(4-fold versus 2-fold). For adsorption of oxygen there is only an agreement for the 
adsorption site on Rh(lll). It is tempting to compare ASED and Extended Hiickel 
results with experimentally found results of the CO/Rh system. We must keep in 
mind tha.t the optimum height is determined by the ASED method and that the 
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Table 2a. Adsorption of C, 0 and CO on Rh(lll) 

species site Etot 
E(1) 

a.tt h~) dk3) 

( eV) (eV) (A) (A) 
c I-fold -4.43 -6.49 1.80 1.80 

2-fold -4.88 -6.85 1.40 1.94 

3-fold fcc4 -5.48 -8.08 1.20 1.96 

3-fold hcp5 -5.58 -8.19 1.20 1.96 

0 1-fold -6.59 -8.2I 1.45 1.45 

2-fold -6.22 -8.21 0.70 1.51 

3-fold fee -6.27 -7.85 0.40 1.60 

3-fold hep -6.30 -7.59 0.50 1.63 

co 1-fold -2.20 -3.40 1.90 1.90 

2-fold -2.27 -3.60 1.50 2.01 

3-fold fee -2.45 -3.75 1.40 2.09 

3-fold hep -2.39 -3.69 1.40 2.09 

Table 2b. Adsorption of C, 0 and CO on stepped Rh(lll) surface 

species site d(edge)6 Etot E!tt hi d3 x 
(A) ( eV) ( eV) (A) (A) 

c I-fold 3.lOI -4.58 -6.64 1.80 1.80 

2-fold 1.938 -5.32 -7.52 1.40 1.94 

3-fold fcc4 2.326 -5.34 -7.96 1.20 1.96 

3-fold hcp5 l.55I -5.52 -9.80 1.20 1.96 

0 I-fold 3.101 -6.60 -8.2I 1.45 1.45 

2-fold 1.938 -6.00 -8.75 0.60 1.47 

3-fold fee 2.326 -6.32 -8.19 0.30 1.58 

3-fold hep 1.551 -5.97 -7.56 0.40 1.60 

co I-fold 3.IOl -2.22 -3.86 1.90 1.90 
2-fold 3.101 -2.28 -3.6I 1.50 2.01 

3-fold hep 1.551 -0.78 -5.62 1.25 1.99 

3-fold hep (7) -1.94 -3.24 1.40 2.09 

3-fold fee 2.326 -2.24 -3.56 1.40 2.09 

(1): bond energy contribution excluding the two-body repulsion term (2): height 
of adsorbing species (X=C, 0 or CO) above the surface (3): distance of adsorbing 
species (X=C, 0 or CO) to the nearest Rh atom (4): no Rh present in second layer 
(5): Rh present in second layer (6): distance of the adsorption site to the nearest 
Rh atom (7): adsorbed on the step 
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Table 2c. Adsorption of C, 0 and CO on Rh(llO) 

species site Etot Ea.tt 
h(l) 
x 

d(2) 
x 

( eV) (eV) (A) (A) 
c 1-fold -4.33 -6.38 1.8 1.80 

2-fold(3) -5.63 -8.47 0.3 1.92 
2-fold(4) -5.05 -7.88 1.3 1.87 

4-fold -4.70 -5.96 0.6 2.40(5) 

0 I-fold -6.09 -8.42 1.4 1.40 
2-fold(3) -5.48 -7.25 -0.6 1.99(6) 

2-fold(4) -6.29 -8.29 0.7 1.51 

4-fold -4.87 -6.57 0.1 2,33(7) 

co 1-fold -2.04 -3.24 1.9 1.90 
2-fold(3) -1.95 -2.80 0.9 2.10 
2-fold(4) 

! -2.11 -3.40 1.5 2.01 

4-fold -2.04 -2.86 0.7 • 2.43(8) 

Table 2d. Adsorption of C, 0 a.nd CO on Rh(lOO) 

species site Etot Ea.tt h~) d(2) 
x 

( eV) (eV) (A) (A) 

c 1-fold -4.52 -6.57 1.8 1.80 

2-fold -5.24 -8.07 1.3 1.87 

4-fold -5.68 -7.69 0.8 2.06 

0 1-fold -6.54 -8.87 1.4 1.40 

2-fold -6.82 -8.81 0.7 1.51 

4-fold -4.23 -5.50 -0.4 i.94(9) 

co I-fold -2.31 -3.51 1.9 1.90 

2-fold -2.34 -3.64 1.5 2.01 

4-fold -2.23 -3.19 1.1 2.19 

(1): Height of adsorbens to the surface in A; (2): Rh-X distance in A; (3): Bridge 
in between 2 next-nearest neighbours in the (001) direction; (4): Bridge in between 
2 nearest neighbours in the (lIO) ; (5): Distance to second layer Rh: 1.94 A; (6): 
Distance to second layer Rh: 1.53 A; (7): Distance to second layer Rh: 1.44 A; (8): 
Distance to second layer Rh: 2.04 A; (9): Distance to second layer Rh: 1.50 A; 
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"Extended Hiickel" energy Ea.it is found for this height. A variation of 0.1 A near 
the optimal height results in a 6Etot < 0.1 eV, while 6 Ea.it will be in the order 
of 0.3 - 0.4 eV. It is remarkable that the Extended Hiickel method always predicts 
lower coordination sites than the ASED method, in cases of disagreement. This 
might be due to approximations used in the derivation of the repulsive energy term. 

Carbon tends to adsorb on high coordination sites, the preferred adsorption site 
is 3-fold hep on Rh(lll) and 4-fold on Rh(lOO). This is in agreement with theoretical 
models [31,53]. On Rh(llO) the preferred site is 2-fold in the (001) direction and 
not 4-fold. This can be explained by the fact that on the 2-fold site the distance 
to coordinating metal atoms is much shorter than for the 4-fold site: in case of 
the 2-fold site the metal-carbon distance M-C is 1.923 A for edge metal atoms 
and 2.123 A for groove atoms. The M-C distance is 2.403 A for edge atoms and 
1.943 A in case of 4-fold adsorption. Although on the 4-fold site C is coordinated to 
5 Rh atoms, this geometry results in a 1-fold coordination to a groove atom where 
adsorption on the 2-fold site ([001] direction) means 2-fold coordination on groove 
metal atoms. 

On Rh( 111) C is adsorbed on a 3-fold site with a C height of 1. 2 A above the 
surface, corresponding with a Rh-C distance of 1.96 A. Metal-carbon distances are 
2.06 A for adsorption on the 4-fold site of Rh(lOO) and 1.92 A on the 2-fold site of 
Rh(llO). For the diatomic molecule a Rh-C distance is found of 1.61 A [54]. Carbon 
does not form a stable carbide on Rh single crystal surfaces and therefore a com
parison with experimental details is not possible. However, there is overwhelming 
evidence that during the synthesis gas reaction carbon is deposited on Rh surfaces 
[55-57]. 

We find that oxygen tends to sit on low coordination sites, 2-fold both on Rh(lOO) 
and Rh(llO). Oxygen adsorbs 1-fold on Rh(lll) according to Etot, while the same 
attractive energy Ea.tt is found for I-fold and 2-fold sites. The optimum Rh-0 dis
tances are extremely short: 1.45 A (1-fold on Rh(lll)) and 1.51 A ( 2-fold on 
Rh(lll), Rh(lOO), and Rh(llO)). These internuclear distances are considerable 
smaller than the Rh-0 distance found experimentally for oxygen atoms adsorbed 
on Rh surfaces and Rh-0 distances found in rhodium oxides. Wong [58] found with 
multiple scattering analysis of LEED intensities of the Rh(ll l )-(2x2)0 surface a 
height of 1.23 ± 0.09 A for oxygen on a 3-fold hollow site , resulting in a Rh-0 
distance of 1.98 A. Oed et al [59] used LEED intensity analysis and found an oxygen 
height of 0.95 ± 0.04 A for Rh(100)-(2x2)0. Oxygen on this surface is found to ad
sorb in hollow (4-fold) sites. Rh-0 distances in rhodium oxides by crystallographic 
determination are 2.03 A and 2.07 A (a-Rh203), 1.82 A (/3-Rh20 3) and 1.985 A ( 
Rh203-II and Rh02). 

Using Thermal Desorption Spectroscopy (TDS) the desorption energy of 0 2 is 
reported to be -56 ± 2 kcal/mol on Rh(lll} [60) and -85 ± 5 kcal/mol (61]. 0 2 

desorbs with a desorption energy of -85 kcal/mol on Rh(lOO) (62]. When we assume 
that the recombination of gas phase oxygen atoms into a gas phase oxygen molecule 
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Table 3a. Preferred adsorption sites on Rh surfaces predicted by ASED compared 
with experimental data. 

Atom Rh(lll) Rh(lOO) Rh(llO) 

c Etot 3-fold hep 4-fold 2-fold1 

Eatt 3-fold hep 2-fold 2-fold1 

0 Etot 1-fold 2-fold 2-fold2 

Eatt 1-fold, 2-fold3 I-fold 1-fold 
exp. 3-fold fce4 · 4-fold5 

co Etot 3-fold fee 2-fold 2-fold2 

Eatt 3-fold fee 2-fold 2-fold2 

exp. 1-fold6 l-fold6 l-fold7 

(1): 2-fold in the [001] direction (2): 2-fold in the [lTOJ direction. (3): same energy 
calculated for both adsorption sites, (4): ref. [58], (5): ref. [59], (6): ref. [64], (7): 
ref. [69] 

Table 3b. Summary of the maximum Ead of CO on the (111), (100) and (110) 
faces with corresponding adsorption sites. 

surface site Etot Eatt 

( eV) (eV) 

Rh(lll) 1-fold - -2.20 -3.40 

2-fold -2.27 -3.60 

3-fold fee -2.45 -3.75 

3-fold hep -2.39 -3.69 

Rh(lOO) I-fold -2.31 -3.51 

2-fold -2.34 -3.64 

4-fold -2.23 -3.19 

Rh(llO) 1-fold -2.04 -3.24 

2-fold (001) -1.95 -2.80 

2-fold (lIO) -2.11 -3.40 

4-fold -2.04 -2.86 
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Table 3c. Optimum adsorption energies on Rh surfaces calculated with ASED and 
Extended Huckel, compared with experimental data. 

Atom Rh(lll) Rh(lOO) Rh(llO) 

c Etot -5.58 -5.68 -5.63 
Eatt -8.19 -8.07 -8.47 

0 Etot -6.59 -6.82 -6.29 
Eatt -8.21 -8.87 -8.42 

co Etot -2.45 -2.34 -2.11 
Eatt -3.75 -3.64 -3.40 
exp. -1.341 -1.261 -1.352 

(1 ): ref. [64], (2): ref. [69] 

is not activated and we combine the adsorption energy of the 3-fold hep oxygen 
(-6.30 eV) with the bond strength of molecular oxygen (-2.97 eV), we obtain with 
equation (3.4) a desorption energy for 0 2 of -9.63 eV (-222.2 kcal/mole). The same 
procedure with the adsorption energy of 2-fold oxygen on Rh(lOO) (-6.82 eV) gives a 
desorption energy for molecular oxygen of -10.67 eV (-246.1 kcal/mol). This strong 
overestimation of the desorption energy is partly due to an overestimation of the 
adsorption energy of an oxygen atom, and a more than a 50% underestimation of the 
0 2 bond strength (-2.97 eV vs. an experimental value of -5.16 eV). It will also affect 
calculated activation energies for CO dissociation [63]. As the adsorption energy of 
oxygen is too high, calculated activation energies will be too low. 

A comparison of preferred adsorption sites and adsorption energies of CO on 
Rh(lll), (100) and (110) is given in table 3b. CO adsorbs 3-fold on Rh(lll), 2-
fold in the ITO direction on Rh(llO) and 2-fold on Rh(lOO). We will discuss CO 
adsorption I-fold and 2-fold on Rh(lll) in detail in a later section. 

In table 3c the adsorption energies of C, 0 and CO on the preferred sites are 
listed. As carbon, oxygen and carbon monoxide have a prefence for different ad
sorption sites on each surface, it can be seen that they also do not share the same 
order of preference for adsorption on different surfaces: 

c 
0 

co 

(111) < (110) < (100) 

(110) < (111) < (100) 

(110) < (100) < (111) 

6Etot = 0.10 eV 

h'Etot 0.53 eV 

h'Etot 0.34 eV 

8Etot is the difference between the highest and lowest adsorption energies for the 
three dense planes. When we only consider I-fold adsorption of CO, the order of 
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adsorption energies is: 

co: (110) < (111) < (100) c5E = 0.27 eV 

Trends can be explained on basis of an analysis of electronic factors using LDOS and 
Bond Order Overlap densities. We will present such an analysis for CO adsorbed 
1-fold on Rh(lll), (100) and (110) below. 

Experimental results on CO adsorption on Rh single crystal surfaces are rather 
scarce. At low coverage, CO is reported to adsorb linearly (1-fold) on the most 
densely packed surface of Rh ( (111), (100), (110)) [64-70]. For CO on Rh(lll) 
adsorption energies are reported of -31 kcal/mol [64], -31.6 ± 1 kcal/mol [65], and 
-32.0 ± 2 kcal/mol [66]. CO on Rh(331), where it is thought to adsorb on (111) 
terraces, has an adsorption energy of -31 kcal/mol [67]. Reported adsorption energies 
of CO on Rh(lOO) are -29 kcal/mol [64] and -31.8 kcal/mol [68], on Rh(llO) values 
are found of -31.1 kcal/mol [69] and -29.7 kcal/mol [70]. The desorption energy 
of CO on polycrystalline Rh is 32 ± 3 kcal/mol [71]. In refs. [64,67,69,70] the 
preexponential factor was assumed to be 1.0 x 1013 s-1 . When we only consider 
TDS results in which the preexponential factor is determined, we find the same 
adsorption energy for Rh(lll) and Rh(lOO). This is in contrast with adsorption 
on Pt, where the adsorption energy is highest for the (100) plane (-32.0 kcal/mol), 
lowest for (110) (-26.0 kcal/mol) and in between for (111) (30.1 kcal/mol) [72J. 

The energy differences for CO adsorption on the most favoured and the least 
favoured adsorption site are very small: 0.25 eV ( 5.8 kcal/mol) for CO on Rh(lll), 
0.11 eV on Rh{lOO) and 0.16 eV ( 3.7 kcal/mol) on Rh(llO). These low energy 
differences indicate that the activation energy for CO migration on the surface will 
be small. This agrees well with an experimental activation energy of migration of 
CO on Rh(lll) of 7.1 ± 0.5 kcal/mol [73]. The difference in adsorption energy of 
linearly and bridge bonded CO is reported to be 4 kcal/mol for Rh(111) [74] and 
1.10 ± 0.06 kcal/mol for Rh(lOO) [75]. 

Measurement of the standard enthalpy of carbonyl formation D. H~ determined 
with high temperature calorimetry [76] yields a value of Rh,;(CO)i2 = -577.9 ± 
4 kcal/mol, resulting in estimated bond enthalpies of 39.6 kcal/mol for the Rh-CO 
bond and 27.3 kcal/mol for the Rh-Rh bond. McKee [50] found a Rh-C length of 
1.865 A in gas phase Rh-CO with a Rh-C bond strength of 41.6 kcal/mole. 

Dubois et al [74] found by vibrational analysis of IR spectra a Rh-C-Rh bond 
angle of 88°, which combines with a Rh-Rh nearest neighbour distance of 2.69 A in 
a Rh-C distance of 1.93 A. In a serie of LEED studies van Hove and Somorjai [77-
79] found a trend of an increasing Rh-C distance: CO is adsorbed with an Rh-C 
distance of 1.94 ± 0.1 A for I-fold CO, 2.03 ± 0.07 A for 2-fold CO and 2.02 ± 
0.04 A for 3-fold CO ( coadsorbed with ethylene or benzene). 

Ruckenstein [80] calculated by the Extended Hiickel Method the adsorption en
ergy of I-fold CO on Rh(lll) to be -4.0832, -3.6389 , -3.6745 and -4.0714 eV, 
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depending on the size of the Rh cluster and the adsorption site ( center of a plane 
or its edge). In this study is the distance between adsorbed atom and metal atom 
is assumed to be equal to the sum of their atomic radii. Yin-Sheng [81] found 
with the Extended Hiickel MO method adsorption energies for 2-fold adsorption of 
-0.296 eV (vertical distance to the surface h=l.73 A), -1.844 eV (h=l.60 A) and 
-1.789 eV (h=l.60 A) for Rh/Si02 , Rh/Ah03 and Rh/Ti02, respectively. Cao et 
al [82] found with self consistent Hartree-Fock-Slater calculations of CO on Rh(llO) 
(cluster size: 5 Rh atoms) an adsorption energy of -3.13 eV for 1-fold adsorption 
and -1.68 eV for 4-fold adsorption. The optimized Rh-C distances are 1.80 A and 
1.85 A respectively. The value of -1.68 eV (38.7 kcal/mol)is reasonable compared 
with experiment, the value for 1-fold adsorption (72.2 kcal/mol) is too high. 

A general conclusion can be that geometry optimization with ASED has to be 
considered with care. Predicted adsorption sites rarely match with those experi
mentally established, while trends in the metal-adsorbate distances a.re predicted 
correctly. 

THE INFLUENCE OF A STEP ON ADSORPTION 

An extra layer of six Rh atoms on top of the (18,11) two layer model of Rh(lll) 
introduces a step. This step influences adsorba.tes in two different ways. The first 
one is a. geometrical effect: the step introduces a discontinuity on the surface. In the 
proximity of the step, the ( 111) structure of the step free surface is lost and locally 
an (110) structure is formed which introduces new types of adsorption sites, whereas 
adsorption sites further away are unaffected. Secondly, according to a classical paper 
by Smoluchowski [83], the electron distribution at the edge will reach further into 
the vacuum side and the edge will become positively charged. This redistribution 
of electrons results in a dipole moment with a negative charge outside for smooth 
surfaces but with the positive charge directed out of the surface for rough surfaces. 
Carbon monoxide has a dipole pointing towards carbon in the free state and will be 
influenced by the presence and orientation of a surface dipole. 

However, in the Extended Hiickel molecular orbital method electrostatic effects 
are not well accounted for, and the ASED method offers only a very crude estima· 
tion of the repulsion energy, based on electronegativities [84,85]. This limits our 
study to geometrical and covalent effects. Carbon, oxygen and carbon monoxide are 
positioned on sites at a distance of 1.5 - 3.1 A from the edge. ASED and Extended 
Hiickel results are given in table 2b, and calculated differences in adsorption energy 
with respect to the step free Rh(lll) are given in table 4. In this table are listed 
<5Etot and aE .. u, compared at the optimized height on step free Rh(lll). 

As expected there is an increasing influence of the step on the adsorption energy 
at sites close to the edge. Whereas adsorption sites at 3.101 A are unaffected, a 
slight repulsion is found for sites at 2.326 A. An exception is oxygen which is slightly 
stabilized. Closer to the edge at a distance of 1.938 A, carbon is stabilized while a 
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Table 4. Influence of step on adsorption energy on Rh( 111 )<1). 

adsorbens d(step)<2) site 6Ewt (3) SE,.u (4l 

(A) (eV) (eV) 

c 1.551 3-fold hep +0.06 -1.61 

0 3-fold hep +0.39 +0.39 

co 3-fold hep +2.06 -1.38 

c 1.938 2-fold -0.44 -0.67 

0 2-fold +0.12 +0.15 

c 2.326 3-fold fee +0.14 +0.12 

0 3-fold fee -0.05 -0.05 

co 3-fold fee +0.21 +0.19 

c 3.101 I-fold -0.15 -0.15 

0 I-fold -0.01 +o.oo 
co I-fold -0.02 -0.03 

co 2-fold -0.01 -0.01 

(1): 6Etot and SEtot are taken at the height of the adsorbens optimized for unstepped 
Rh(lll ); (2): Projected distance to the step in A; (3): Change in adsorption energy 
Etot of CO on stepped (111) compared with adsorption on smooth (111); ( 4): Change 
in adsorption energy Eatt of CO on stepped (111) compared with adsorption on 
smooth (llI) 

repulsion in case of oxygen is found. In all cases the Extended Hiickel method and 
the ASED method indicate the same trend. 

For adsorption on a 3-fold hep site very close to the site ( 1.551 A) the ASED 
total energy Etot indicates a repulsion in all cases. Whereas this repulsion is weak 
for C, it is larger for oxygen and a 2.1 eV repulsion energy if found in case of CO. 
Remarkable is that only for oxygen adsorption ASED results agree with those of 
Extended Hiickel. A negligible repulsion ( +0.06 eV) according to ASED for car
bon adsorption is a substantial stabilizing energy (-1.61 eV) according to Extended 
Hiickel, which agrees with increased adsorption energy of Cat 1.938 A. The largest 
discrepancy is found for CO: ASED indicates a 2.06 e V lower adsorption energy, 
while Extended Hiickel indicates a 1.38 eV higher adsorption energy. For CO ad
sorbed close to the edge, the increase in (Extended Hiickel) attractive energy Eatt 
is accompanyed by an even larger increase in repulsion energy and the total energy 
Etot indicates a lower adsorption energy. Summarizing, we find alternatively an at
tractive and an repulsive interaction for smaller distances of CO and C to the step. 
In case of oxygen we find a repulsion at smaller distances, due to the larger filling 
of oxygen p orbitals. Results are indicative of covalent interactions. 

As mentioned before, Extended Hiickel methods are not very suitable for studying 
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systems involving electrostatic effects. Results of the ASED method should be 
considered with even more care since both attractive and repulsive energy parts 
increase considerably at small distances to the edge. For a decisive study ab initio 
quantum chemical methods like HFS will be applied [86-88). 

Experimental evidence so far is contradictory [89-92). Some authors [89,91] re
port an increased CO dissociation in the presence of steps. The increased 211"* stabi
lization seems to agree with this. In a FEM study of Hendrickx et al [25], CO was 
adsorbed at 80 K at the FEM tip. CO is first adsorbed on rough surfaces like (531) 
and (210), and also on stepped surfaces like (221). At higher exposures the kinked 
surfaces around (111), (100) and (110) are populated. No information about the 
most densely packed surfaces is obtained. Other authors do not find any differences 
of the bond strength of CO chemisorbed on different low index crystal planes of Rh 
[92]. 

ANALYSIS OF ELECTRONIC STRUCTURE OF CO ON RH(lll) 

We will discuss in detail chemical bonding of CO, using the results of Extended 
Hiickel calculations, and will make extensive use of the Frontier Orbital concepts 
[93,94] of LDOS and Bond Order Overlap densities. In this section we will illustrate 
our approach with CO adsorption on Rh(lll), and in particular the adsorption on 
1-fold and 2-fold sites will be discussed. 

In the Frontier Orbital concept there is a special role of processes involving 
the HOMO's and LUMO's. Therefore, we will concentrate on changes in the 5a 
(HOMO) and 211"* (LUMO) orbitals of CO, and on bonds between these orbitals 
and (corresponding group orbitals of) the metal surface. 

In figure 1 an overview is given of CO adsorption at 1-fold (linear), 2-fold (bridge), 
and 3-fold fee (hollow) sites on Rh(lll), and also on a 3-fold hep site close to the 
edge (at 1.551 A) on stepped Rh(lll). Figure la gives the Local Density of States 
(LDOS) of 111", figure lb of 511 and in figure le the LDOS of 211"* is plotted. The h 
orbitals, which have a lower energy than the 5a orbital, do not shift but broaden on 
adsorption. The broadening of adsorbate orbital levels stems from the interaction of 
the orbitals with many metal surface molecular orbitals, with which they (nearly) 
match their energies. One can consider the interactions as resonant. The electron 
occupation of the 5u orbital is changed from 1.0 in gas phase CO to 0.998 (table 5a) 
for linearly adsorbed CO. When going from 1-fold to 3-fold adsorption, the LDOS 
does not change noticeably and even adsorption on a 3-fold hep site close to the edge 
still results in a hardly decreased gross population value of 0.93. On going from 1-
fold to 3-fold adsorption, the h peak is not shifted but has a constant energy. Only 
for adsorption dose to the step a clear shift to lower energy is found, while a minor 
part is shifted to higher energies. A shift to higher energies indicates an anti bonding, 
and a shift to lower energies a bonding interaction. The constant width and energy 
of the h peak indicate that the l?r orbitals are hardly involved in bonding of CO to 
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Figure 1 LDOS of the h (a), 5u (b) and 

2ir• ( c) CO molecular orbitals in the gas phase, 

1-fold adsorbed on Rh(lll), 2-fold adsorbed 

on Rh(lll), 3-fold adsorbed on Rh(lll) and 

3-fold adsorbed on stepped Rh(lll) (distance 

of CO to step: 1.551 A). The Fermi level is 

indicated by Ep . 
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the surface. The hr orbitals have a repulsive interaction with the step, resulting in 
antibonding density at higher energy. CO adsorbed at 1.551 A from the step results 
in an increase of ASED total energy of 2.06 eV, and a decrease in Extended Hiickel 
energy of -1.38 e V (table 4 ). Again, this is a strong indication that the ASED results 
at steps should be handled with care. 

The 50' orbital of gas phase CO is slightly lower in energy than the Fermi level 
of the Rhodium cluster, CO will donate electrons to the metal in the process of 
bonding. It can be seen in figure 1 b that, in contrast with the LDOS of 111', there is 
a considerable downward shift for 50'. Where we found that 111' is hardly bonding, the 
shift to lower energy of 5o- indicates a strongly bonding interaction. The position 
of the shifted peak gives an indication which metal orbital interacts with the 5o
orbital. This is explained schematically in figure 2. From interaction of a particular 
orbital of CO (in this case, the 5o- orbital) and a metal (group) orbital, a bonding 
and an antibonding orbital result. Plots of the LDOS of the CO orbital and also of 
the metal orbital involved in bonding will show density at the energy of the bonding 
and anti bonding orbitals formed out of this interaction (resonance peaks). For 1-fold 
adsorption on Rh, the 5o- orbital will interact with the metal d22, sand Pz orbitals. 
LDOS plots of these orbitals will therefore show density peaks at the same energy 
as for the 5o- orbital. 

On going from 1-fold to higher coordination adsorption sites, there is a continuous 
shift to lower energy and the peak width slightly changes. For higher coordination 
adsorption sites, density of states is found at energies higher than the main peak. 
This antibonding density is shifted above the Fermi level, and the gross population 
(table 5a) decreases slightly from 1-fold (0.884) to 3-fold (0.873) and somewhat more 
for 3-fold close to a step (0.840). At -18.5 eV a small peak is found. This energy 
is close to that of the 40' orbital (-17.82 eV in gas phase CO), and can therefore be 
attributed to the interaction of the 5o- with the 4a orbital. 

In gas phase CO the two antibonding 211'* orbitals are degenerated and empty. 
Upon adsorption on two-fold sites the degeneracy will be lifted. In our cluster model 
[95] the 2-fold site is aligned along the x-axis. Therefore we have calculated the 
LDOS of the two 211'* orbitals separately in case of adsorption on a 2-fold site. For 
adsorption on I-fold and 3-fold sites the 211'* orbitals will still be (nearly) degenerate 
and we have taken the sum of the LDOS of both orbitals. This same procedure can 
be applied in the calculation of the LDOS of hr, but differences will be negligible 
since these orbitals are hardly involved in bonding with the metal surface. 

When CO adsorbs on Rh, we see (figure le) that the 211'* LDOS splits in an 
antibonding and a bonding part. For I-fold adsorption the anti bonding peak (shifted 
upwards with respect to 211'* in gas phase CO) counts for about 87% of the density, 
The bonding peak appears below the Fermi level and is therefore populated (gross 
population: 0.136). The LDOS of 2-fold and 3-fold adsorption are quite similar, and 
shows a considerable increase in bonding density at expense of the anti bonding peak. 
The antibonding peak is shifted slightly to lower energies and the gross population 
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Table 5a. Gross population Extended Hiickel of CO adsorbed on Rh surfaces. 

orbital adsorbate atop bridge 3-fold step 

(111) (100) (110) (111) (111) (111) 

ads. 0.998 0.998 0.998 0.996 0.996 0.932 

br 

free 1.0 1.0 1.0 1.0 1.0 1.0 

ads. 0.884 0.882 0.895 0.873 0.873 0.840 

50' 

free 1.0 1.0 1.0 1.0 1.0 1.0 

ads. 0.136 0.125 0.135 0.228(!) 0.261 0.368 

211"* 

free 0.0 0.0 0.0 0.0 0.0 0.0 

<1>: average value of 211"" orbitals with 'lrx (occupation of 0.278) and with 1ry (0.178) 
symmetry. 

Table 5b. Comparison of calculated and experimental energies of CO adsorbed on 
Rh(lll). 

l1r 211'* 

anti bond. 

calc. gas -15.21 -12.45 -7.71 

I-fold -15.30 -14.10 -11.28 -7.02 

2-fold -15.36 -14.28 -11.52 -8.04 

3-fold -15.42 -14.34 -11.52 -7.68 

step -15.96 -15.00 -12.72 -7.14 

exp. gasl -17.2 -14.5 

1-fold2 -13.3 -13.8 3.2 

All energies in eV. Accuracy in calculated energies 0.06 eV. (1): ref. [191], (2): ref. 
[103] 
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Figure 2. Orbital interaction diagrams. (a): Interaction of two fully occupied heteronuclear 

orbitals. (b): Repulsive interaction cif the 5u orbital CO with metal d ... Repulsion is released by 

electron transfer to unoccupied metal levels. 

is increased up to 0.228 and 0.261 for 2-fold and 3-fold sites respectively. In case 
of adsorption on 2-fold sites, figure le gives the LDOS of the 211"* orbital with 1rx 

symmetry (occupation 0.278), which is more affected by adsorption than the 27r* 
orbital with ?ry symmetry (occupation of 0.178). Orbitals with 1rx symmetry are 
symmetric with respect to the XZ plane and antisymmetric with respect to the YZ 
plane, orbitals with 7ry symmetry are symmetric with respect to the YZ plane and 
antisymmetric with respect to the XZ plane. Table 5a lists the average occupation 
value (0.228). Because of the additional interaction of the 27r* orbitals with the step 
surface atoms, the ratio of bonding to antibonding peak maxima increases further. 
As a result the electron occupation of the 211"* orbitals of CO increases further. The 
resulting weakening of the CO bond gives quite low stretching frequencies, that 
indeed have been reported for stepped surfaces [96,97]. A very small density can be 
observed at about -15.4 eV in the LDOS of adsorbed CO, which can be attributed 
to mixing with the l7r orbitals (gas phase energy: -15.21 eV). This peak can also be 
found in the LDOS of dxz and dyz of the surface metal atom interacting with CO. 

When we solve the wave equations for 2 interacting nondegenerated fragment 
orbitals t/>1 (with orbital energy h..,.) and 4'2 (orbital energy hbb), we obtain a bonding 
molecular orbital llf with energy E+ and an antibonding molecular orbital w• with 
energy E_. The energies are given by 

h..,. + hbb 2hab8 
2(1 - 82) 

± 2(l ~ 82) V(haa + hbb - 2habS)2 + 4(1 - S2)(h;b 

When we neglect overlap (S=O), the expression becomes 
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(3.11) 

We can calculate the MO coefficients c in W = c1</>1 + c2 </>2 with 

(ha.a. (3.12) 

and the ratio of the coefficients is given by 

C1 hab 
(3.13) 

Now we define,\ as the normalized ratio of the coefficients: 

(3.14) 

A B c 

------------

E 

E+ -------

Figure 3. Interaction diagram of two heteronuclear orbitals (with orbital energies haa and 

hbb respectively) as a function of the overlap energy hab· (a): hab = 0, A+ 0, .\_ 1 (b): 

hab = lhaa - hi,bl· (c): hab :> lhaa hbbl, A+= 0.5, L = 0.5 

In figure 3 we have plotted ,\ as a function of the orbital energies E+ and E_ for 
different values of the overlap energy hab· The molecular orbital energies E+ and 
E_ are equal to the fragment orbital energies ha.a. and hbb when the overlap energy 
hab is small. The normalized ratio of the coefficients is one for the antibonding wave 
function w*, which is therefore equal to the fragment orbital i/J2• ,\ is zero for the 
bonding orbital and W is equal to i/J1 • This is plotted in figure 3a. 

When the interaction between the fragments (hab) increases, the bonding orbital 
<P shifts to lower energies and the antibonding orbital <P* shifts to higher energies. 
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This is shown in figure 3b for h.,b ;;;:: lh..., - hbbl· At the same time we find more 
mixing of the fragment orbitals and A will change to 0.5 for both 1Ji' and IJ!• at high 
h.,b (see figure 3c). In figure lb it is dearly visible that the bonding peak of 5o
shifts to lower energies when CO is bonded on higher adsorption sites. In figure 3c 
A = 0.5 for both the bonding molecular orbital <I> and the antibonding molecular 
orbital <l>*, indicating an equal contribution of the fragment orbitals </>1 and </>2 and 
a large interaction between the fragment orbitals. This large interaction is found 
when the overlap energy hab is much larger than the the energy difference between 
haa and hbb, e.g. when the difference in orbital energy of the interacting fragments 
is small. Therefore the interaction of the 271"* orbitals with surface metal orbitals 
(figure le) is weaker than interaction of the 5a orbital (figure lb) with surface metal 
orbitals. 

Since the depletion of the 50' orbital (-0.116 in case of 1-fold adsorption) is smaller 
than the increase in population of the 211'* orbitals ( +0.136), there is a small net 
flow of electrons from Rh surface to CO. This flow increases in going from I-fold to 
2-fold and 3-fold adsorption. Extended Hiickel calculations by Sung and Hoffmann 
[98) show that the net flow in case of CO on Ni(lOO), Ni(ll 1) and Co(OOOl) is almost 
zero, in case of Fe(llO) there is a small flow towards CO and a considerable flow 
towards CO is found for CO on Ti(OOOl) and Cr(llO). This increased flow towards 
CO is due to the increased metal ionization potentials. 

By using Ultra Violet Photoelectron Spectroscopy (UPS) the energy levels of CO 
can be determined experimentally. For chemisorbed CO, the hole left on CO upon 
ionization is screened by an image charge induced on the metal as a response to 
the positive CO charge. Therefore the experimental UPS Binding Energy values are 
always less than the molecular orbital energy values computed for neutral systems. 
Results usually are given as the energy necessary to remove electrons out of a certain 
level, and are therefore positive. In order to compare experimental values with our 
calculations, we will list experimental values therefore as negative numbers. Energy 
levels of gas phase CO are -19.67 eV (4a), -16.67 eV (171"), -14.01 eV (50') [99,100] 
relative to the Fermi level. Siegbahn et al. [101] reports -38.3 eV (3u), -20.1 eV 
(4a), -17.2 eV (h), -14.5 eV (5a). The 211"* level of free CO is above Fermi level 
and can not be measured by UPS. 

In Rh6(C0)16 , which is an octahedron of six Rh atoms with 12 terminal (lin
ear) and 4 three-fold coordinated CO molecules, Conrad [102] found with UPS peak 
positions of -8 eV for the unresolved 5a and 171" orbitals and -11 eV for the 40' orbi
tal. Braun and Neumann [103] found with Ultra Violet Photoelectron Spectroscopy 
(UPS) that the CO 5a peak shifts from -14 eV in gas phase to -13.8 eV relative 
to the vacuum level for CO on Rh( 111). The h peak is shifted from -17 e V to 
-13.3 eV , which indicates that the 50' and 111' levels have about the same energy in 
adsorbed CO. This is due to the lowering of the 5a energy upon bonding The 40' 
peak shifts from -19.7 eV to -16.7 eV. All values are relative to the vacuum level. 
Netzer et al. [104] have tabulated electron energy loss spectroscopy (ELS) data for 
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CO adsorption on a variety of metals. For Rh(lll) an ELS peak i~ found at 13.5 eV, 
which can be attributed to either 40' 1-4 211"* or 111" 1-4 211'* singlet excitations. This 
value in combination with -16.7 eV for 40' results in an energy level of -3.2 eV for 
the 211"* orbitals of CO on Rh(lll). Relative to the Fermi level are the values of the 
40', 111", 50' and 211"* orbitals -11.2 eV, -7.8 eV, -8.3 eV, and +2.3 eV respectively. 
Table 5b lists calculated energies and experimental data. 

Figures 4 give the Local Density of States of the 50' and 211'* orbitals for CO ad
sorbed on the 4-fold and 2-fold (ITO direction) of Rh(llO) and 2-fold site of Rh(lOO) 
respectively, which are the favoured adsorption sites according to the ASED total 
energy Etot· The adsorption of CO on these sites have a very similar interaction 
with the 211'* orbitals as CO adsorbed close to the steps on the (111) surface (see 
figure le) and it results in a considerable population of the anti bonding 211'* orbitals 
of CO. 

Experimentally, for Rh(lOO) [105] the position of the 40' peak is -10.7 eV relative 
to the Fermi level (-17.1 eV relative to vacuum), while an unresolved peak at -7.8 eV 
(-14.2 eV) is attributed to the hand 50' peaks. Our ASED calculations show LDOS 
peaks at -6.90 eV (211'*), -13.98 eV (5a), -15.30 eV (111') and -18.30 eV (40'). For 
Rh(llO) [106] the 40' peak is found at -10.6 eV (-16.6 eV) and the combined br - 5u 
peak at -7.6 eV (-13.6 eV). LDOS peaks are found at -6.94 eV (2?r*), -13.92 eV (5u), 
-15.30 eV (b) and -18.30 eV (40') as calculated with ASED. Photoemission data 
are relative to the Fermi level, values in parenthesis are relative to vacuum. Note 
that for a comparison with our results a correction due to an image charge in the 
metal has to be applied. Cao and coworkers [82], in a self consistent Hartree-Fock
Slater study of CO on Rh(llO), calculated the position of the 40' level to be 10.2 eV 
below the Fermi level. The 111' and 50' orbitals were found to have the same energy 
(-7.2 eV), while also the position of the 211'* orbitals, which is not found in UPS 
spectra, was calculated to be -3.0 eV. HFS calculations are much more suitable for 
calculation of energies of CO levels to he compared with the UPS values than the 
Extended Hiickel method. The Extended Hiickel energies listed above are energies 
of unperturbated levels. In an UPS experiment, with the valence electron ejected 
out of a CO level and a positive hole being created, screening by the negative charge 
in the metal occurs. This effect is included in Hartree-Fock Slater calculations. An 
overview of UPS results on CO adsorption on noble metals is given by Ishi [107]. 

Cao et al [82] found that 211'* back donation on a 4-fold site is much larger than 
on the top site. This is also found in a Extended Hiickel study of the organometallic 
compound Rh4(CO)i2 [108], where back donation is larger for bridge bonded CO 
than for linear bonded CO. Donation is approximately the same for linear and bridge 
CO. In our study the same trend of increasing back donation for higher coordination 
sites is found. 

In figure 5 the Extended Hiickel contribution to the total energy and the ratio of 
Eatt of CO adsorbed 2-fold an 3-fold to CO adsorbed atop are presented, calculated 
as a function of d-valence band occupation. The parameters and cluster geometry 
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of CO adsorbed 2-fold (3-fold) to CO adsorbed 1-fold on Rh(lll) as a function of the occupation 

of the metal valence electron band (solid line). The elements correspond to the total number of 

valence electrons according to the periodic system. 

used are those of Rh, the. d-valence band occupation is varied by changing the 
number of occupied energy levels (rigid band model). The distances of CO to the 
neighbouring metal atoms have been taken the same throughout the calculation. 

A very interesting trend is observed. Whereas at low to medium number of d
electrons two-fold coordination is considerably favoured, at the number of d-electrons 
corresponding to Tc, the 1-fold coordination is slightly favoured. At still higher 
number of d-electrons the 2-fold coordination is favoured again over the 1-fold co
ordination. This trend is also found for the 3-fold coordination compared with the 
1-fold coordination [109,110], but in all cases the ratio of adsorption energy of the 
3-fold to I-fold coordination is higher than that of the 2-fold to 1-fold coordination. 
For the number of d-electrons corresponding of Tc, the 3-fold coordination is slightly 
favoured over the 1-fold coordination. Experimentally, at low surface coverage CO 
prefers atop coordination on Ru [111] and Rh [112], but higher coordination sites 
on Pd and Ni [113]. On W [114] a high coordination is again preferred. 

In figure 5 the attractive or Extended Hiickel energy Eatt as a function of the d
hand occupation (relative to Rh) of the 1-fold adsorbed CO is given. The adsorption 
energy is about constant at low d-hand occupation, while for the number of d~ 
electrons corresponding to Ru and higher a sharp decrease in the adsorption energy 
is found. We will discuss this in detail in the next section. 
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1-FOLD ADSORPTION OF CO ON RH{lll) 

Trends as predicted by figure 5 can not be understood by considering only the 
changes of the LDOS of adsorbed CO. Figures 1 show how the occupation of 5o
and 211"* will change as a function of the Fermi level. Necessary is also an insight 
in changes of metal orbital densities and Bond Order Overlap populations. In this 
section we will present results of calculations of the Local Density of States of (group) 
metal orbitals, and of Bond Order Populations of these orbitals with 5o- and 271'* 
orbitals of CO. As we have to consider 9 * n metal group orbitals in case of n-fold 
coordination, we will limit ourselves to the 1-fold and 2-fold coordinations. As can 
bee seen in figure 5, the same trend for the 3-fold and 2-fold coordination is found. 

In figure 6-9 the local density of states Pii is plotted of dz2, dx2-y2, dxz, s, and 
p.,, before and after the 1-fold adsorption of CO. Results for the dyz density are not 
shown, as they are similar to those of <lxz because of symmetry reasons. In table 6a 
and 6b relevant surface atomic orbital gross populations are given. The symmetric 
5o- orbital will interact only with symmetric combinations of metal orbital fragments, 
and the antisymmetric 211"* orbitals with antisymmetric fragment metal orbitals. In 
figure 10 the relevant Bond Order Overlap Densities of CO-metal surface interactions 
are shown for both 1-fold and 2-fold adsorption. 

The LDOS of dz2 (figure 6a), s (figure 8a),and p,. (figure 9a) change significantly 
after the 1-fold adsorption of CO, the change in dxz density (figure 7a) is less pro
nounced. The d,.2, sand Pz orbitals have O" symmetry and will have interaction with 
the 5o- orbital of CO. The peak at -18.5 eV is a result of interaction of metal orbital 
with the 4o- orbital of CO. This peak is also present in the plot of LDOS of 5o- (see 
figure lb). Whereas the surface atomic orbital gross population (table 6a) of the 
d.,2 orbital is decreasing from 0.922 to 0.667, the gross population of both s ( from 
0.293 to 0.518) and Pz (from 0.113 to 0.387) orbitals are increasing. The d orbitals 
can be found at low energy, at higher energy the s orbitals are found and at still 
higher energy the p orbitals. This is already clear from the Valence State Ionization 
Potentials (VSIP)of d (-8.09 eV), s (-8.09 eV) and p (-4.57 eV). In a lattice the metal 
orbitals interact with each other and the energy levels will form a band structure. 
For Rh(lll) without adsorbed CO, the dz2 orbital is almost completely filled, the s 
orbital is partly filled and the Pz orbital is almost empty. In case of the 1-fold CO 
adsorption, the interaction with the 5o- orbital broadens the metal atomic LDOS. 
As a result, a part of the density of the dz2 orbital is pushed above the Fermi level 
and this orbital is depleted. Interaction of the CO 5o- orbital with the metal s and 
Pz orbitals results in a density gain below EF and as a result these metal orbitals 
achieve a higher electron occupation. 

Interaction of the occupied 5o- orbital with the almost completely empty metal 
s and p,, orbitals will result in an electron donation from the 5o- orbital towards the 
metal orbitals, and bonds are formed with Bond Order Overlap Population of 0.186 
(5o- - s) and 0.182 (5o- - Pz) (table 7). 
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Table 6a. Surface atomic orbital gross populations: 1-fold adsorption of CO on 
Rh(lll). 

I-fold I 
orbital 111 100 110 i 

before adsorption s 0.293 0.266 0.301 

after adsorption 0.518 0.498 0.529 

before adsorption Px 0.162 0.134 0.102 

after adsorption 0.176 0.151 0.127 

before adsorption Pz 0.113 0.111 G.096 

after adsorption 0.383 0.387 0.400 

before adsorption dx2-y2 0.802 0.825 0.854 

after adsorption 0.802 0.825 0.862 

before adsorption d .. 2 0.922 0.911 0.875 

after adsorption 0.667 0.649 0.676 

before adsorption dxz 0.891 0.843 0.923 

after adsorption 0.890 0.852 0.909 

Interaction of the 5u orbital with the almost completely filled d .. 2 orbital of Rh 
will result in a repulsion if no electrons are removed from the d .. 2 orbital. This 
is shown by the Effective core calculations of Koutecky et al (115], who found a 
repulsive interaction between the 511 orbital of CO and the du orbital of a single Rh 
atom. However, in case of a Rh surface, this repulsion can be relieved by removing 
electrons from the d"2 orbital towards other metal orbitals. In case of 5u - d .. 2 

interactions, the d .. 2 orbital is at a higher energy than the 511 orbital and it will be 
pushed up in energy. At higher energy the d .. 2 atomic orbital forms a part of an 
anti bonding orbital fragment with the CO 511 orbital. In figure lOa ( 1) the Bond 
Order Overlap density corresponding with the d .. 2 - 511 interaction is shown. The 
peak at -18.5 eV arises from mixing of the 511 with the 4a orbital. Up to the energy 
of -12.7 eV the density is positive indicating a bonding interaction, at higher energy 
it is negative and antibonding levels are occupied. Since the Fermi level is at -
11 eV, some of the antibonding levels are occupied and depletion of the antibonding 
d .. 2 - 511 bond contribution will strengthen it. As a larger part of the d .. 2 LDOS 
is pushed above the Fermi level, the d .. 2 orbital will loose electrons and the gross 
population decreases (table 6a). This is clearly seen by a comparison of the d,2 
LDOS before and after the 1-fold adsorption of CO, as shown in figure 6a. Since 
antibonding orbital fragments have lost electrons, repulsion is decreased resulting 
in a still considerable Bond Order Population of 0.122. This result is also found by 
Sung and Hoffmann for CO adsorption on Ni(IOO) [98]. In case of interaction of CO 
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Table 6b. Surface atomic orbital gross populations: 2-fold adsorption of CO on 
Rh(lll) 

2-fold 

orbital ()" 11' 

sorption s 0.327 o. 
ption 0.592 o. 

before adsorption Px 0.163 0.167 

after adsorption 0.303 0.171 

before adsorption Py 0.154 0.177 

after adsorption 0.171 0.177 

before adsorption Pz 0.115 0.113 

rption 0.249 0.1 

ore adsorption dx2-y2 0.939 0.647 

after adsorption 0.886 0.643 

before adsorption <l.2 0.940 0.885 

after adsorption 0.931 0.870 

before adsorption dxy 0.863 0.720 

after adsorption 0.854 0.717 

before adsorption dxz 0.948 0. 

after adsorption 0.787 0. 

before adsorption dyz 0.900 0.861 

after adsorption 0.889 0.857 

with a single Rh atom as studied by Koutecky et al, a release of electron to other 
metal atoms is not possible with a repulsion between 5u and d,.2 orbitals as a result. 
This is schematically presented in figure 2b. 

The dxz, dyz, Px and Py orbital fragments have the 11' symmetry and will interact 
with the 211'* orbitals of CO. As the energy difference between the dxz and 5a orbitals 
(-12.45 eV in gas phase CO, see table 5b) is larger than that between the dz2 and 
211'* orbitals (-7.71 eV in gas phase CO) the interaction will be smaller. This is 
confirmed by calculated Bond Order Overlap Populations of 0.91 10-1 for dxz - 211'"' 
and 0.122 for d.2 - 5a. The atomic gross population of the dxz orbitals is constant 
(0.891), indicating that the back donation of electrons from the dxz towards the 211'* 
orbitals is compensated by a change in electron distribution in the metal cluster. 

In figure lOb (1) is shown the Bond Order Overlap density of the dxz - 211'* 
interaction. The peak at -15.4 eV a.rises from mixing of 211'* with the 111' orbitals as 
discussed above. The CO 211'* orbitals are at a higher energy than the 5u orbital 
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Table 7. Comparison of Bond Order Overlap Population between CO and surface 
group orbitals of Rh(ll 1) for 1-fold and 2-fold adsorbed CO. CO is two-fold adsorbed 
on a site consisting of 2 Rh atoms aligned along the x-axis and perpendicular to the 
surface along the z-axis. Indicated are interactions of u type symmetry (interaction 
of (group) orbitals with the CO 5u orbital), and interactions of 7r., and 'Try type 
symmetry (interaction with the 27r* orbital of 7r., and 'Try type symmetry respectively). 

atop bridge 

symmetry symmetry 

u 1r q 'Try 'lrx 

s 0.186 0.00 0.188 0.00 0.61 io-1 

Px 0.00 0.16 10-1 0.135 0.00 0.39 10-2 

Py 0.00 0.16 10-1 0.00 0.24 10-1 0.00 

p,. 0.182 0.00 0.65 10-1 0.00 0.28 10-1 

dx2-y2 0.00 0.00 0.44 10-1 0.00 o.31 io-3 

dz2 0.122 0.00 -0.61 10-3 0.00 o.91 io-1 

dxy 0.00 0.00 0.00 0.47 10-1 0.00 

dxz 0.00 0.91 10-1 0.109 0.00 0.48 10-1 

dyz 0.00 0.91 10-1 0.00 0.57 10-1 0.00 

and Bond Order Overlap density of the dxz 27r* interaction can be found at higher 
energies than the density of d,.2 -5a interactions (compare figures lOa( 1) and 1Ob(1)). 
The dx:. - 27r* density is bonding up to an energy of -9.5 eV, at higher energy 
antibonding levels are occupied. 

The 27r* orbitals interact also with the metal Px and py orbitals, which are located 
in the xy plane. As a result, their overlap with the 2r.* orbitals is small and the 
interactions will be weak. Table 7 lists Bond Order Overlap Populations of 0.16 10-1 

for the interaction of 27r* with the Px and py orbitals. The interaction of either the 
2r.* and 5a with the dxy, and d,.2_y2 orbitals is symmetry forbidden. 

2-FOLD ADSORPTION OF CO ON RH(lll) 

When CO is adsorbed on a bridge site, it will interact with two surface metal atoms, 
and we have to consider group orbitals resulting from the combination of orbitals of 
those Rh atoms. The overlap with metal orbitals directed out of the surface along 
the z-axis (dz2, s, and p,. ) will be less important than for I-fold adsorption. The 
two 2r.* orbitals are no longer equivalent and they a.re marked r.y and r.., according 
to their symmetry related to the XZ (plane in between the 2 Rh atoms) and YZ 
mirror planes. Orbitals with 7r., symmetry are symmetric with respect to the XZ 
plane and antisymmetric with respect to the YZ plane, orbitals with 'Ky symmetry 
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Figure lOa. Bond Order Overlap Population densities of CO with surface metal orbitals on 
Rh(111). 
(1): CO 1-fold, dz2 - 5cr. 
(2): CO 2-fold, [J2 ~ 25 

(dzo(l) + d,2(2))) - 5u. 

(3): CO 2-fold, [~(dxz(l) - dxz(2))] - 5u. 

(4): CO 2-fold, [ (dx2-y2(l) + dx>-y2(2))] - 5u. 
lOh : Bond Order Population densities of CO with surface metal orbitals on Rh(I 11 ). 

(1 ); CO 1-fold, dxz - 2ir*. 
(2): CO 2-fold, [~(dxz(l) + dxz(2))l - 2ir*. 

(3): CO 2-fold, [~(dz2(l) - dz2(2))] - 2ir*. 
lOc. Bond Order Overlap Population densities of CO with surface metal orbitals on Rh(lll). 

(1): CO 1-fold, s Ser. 
(2}: CO 2-fold, [~(s(l) + s(2)] - 5u. 

(3): CO 2-fold, [~(s(l) - s(2)] - 2ir*. 
lQd. Bond Order Overlap Population densities of CO with surface metal orbitals on Rh(lll). 

(1): CO 1-fold, Pz 5u. 
(2): CO 2-fold, [~(p.(1) + p,(2)] - 5u. 

(3): CO 2-fold, [~(Pz(l) - Pz(2)] - 2ir*. 

In all plots the Fermi level is indicated by EF. 

are symmetric with respect to the YZ plane and antisymmetric with respect to the 
XZ plane. In figure 6-9 the local density of states of relevant group orbitals and in 
figure 10 the corresponding Bond Order densities are plotted. 

Because of the small spatial extension of the metal d orbitals (large coefficient 
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() is the overlap of the <I> 2f ( dz2) group orbital with a symmetry with the 5a orbital 
of CO small, and therefore their interaction will be small. The Bond Order Overlap 
density is given in figure lOb (2), and it is about 50 times smaller than the density 
in case of 1-fold adsorption. As can be seen from a comparison of figure lOa (1) 
and (2), the ratio of the integrated antibonding to bonding interaction parts at the 
Fermi level is higher for the 2-fold adsorption than for the 1-fold adsorption. For the 
2-fold adsorption this ratio results in a negative Bond Order Population (-0.6110-3 , 

see table 7), indicating a small antibonding interaction. The LDOS of the a type 
<f!21 ( tlz2) orbital (figure 6c) is hardly changed and the orbital gross population (table 
6b) too. 

The s and p surface metal orbitals are more diffuse than the d orbitals, resulting 
in a still considerable overlap with the CO orbitals. The interaction of the a s group 
orbital with the 5u orbital results in the same Bond Order Population as in case 
of the I-fold adsorption (compare figure lOc (1) and (2)). The interaction of the 
5a orbital with the O' type <I>2f(pz) orbital (figure lOd (1) and (2)) is decreased by 
a factor of about 3, and the LDOS (figure 9b) is moderately changed (the orbital 
gross population changes from 0.115 to 0.249). 

As the two Rh atoms of the 2-fold adsorption site are aligned along the x-axis, 
a considerable overlap is possible of the 5a orbital with the u type group il>2f (Px) 
orbital (combination of atomic Px orbitals with opposite sign). A large bonding 
interaction is found with a Bond Order Population of 0.135, which is about 2 times 
larger than the interaction of the O' type cf>2f(dz2) orbital with CO. As a result the 
a type il>2f(Px) orbital is more populated, from 0.163 to 0.303. The interaction of 
the 50' orbital with the O' type <I>2f ( dx2-y2) orbital ( figure lOa ( 4) for Bond Order 
density, figure 6d for LDOS) is smaller because of the small spatial extension of 
metal d orbitals. 

The 2:ir* orbitals of CO 2-fold adsorbed are not equivalent. The orbital aligned 
along the x-axis is denoted as :ir,,, the other is perpendicular to it and is denoted as 
:ir11 • The orientation of the metal group orbitals will determine whether the meta.I 
orbital interacts with the :ir,, or the 1f"y orbital. The 7r type i,l> 2f(Px) and <f!2f(dxz} 
orbitals are aligned along the x-axis with a node in between the Rh atoms, and 
therefore only interaction with the :ir"' orbital is possible. The :ir type <1!21 (Py) and 
()21 ( dyz) orbitals are aligned along the y-axis and always will interact with the 7r 11 

orbital only. This is independent of the geometry of the 2-fold adsorption site. The 
interaction of other metal group orbitals with the 211"* orbitals is dependent on our 
choice of a 2-fold site in the x-direction. Since the adsorption site is along the x-axis 
the :ir type if!21 (s), if!21(pz), <J>2f(dx2-y2) and <f!2i(d,.2) orbitals have an interaction 
with the :ir,, orbital, and the <f!21(dxy) orbital with the 1!"11 orbital. In a geometry with 
the 2-fold site along the y-axis this would be the opposite. 

In figure lOb Bond Order Overlap densities of the interaction of the :ir type 
if!2f ( dxz) and il>2f ( dz2) group orbitals with the 211"* orbital are plotted together with 
the density of dxz -2:ir* in case of 1-fold adsorption. At low values of EF the bonding 
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Figure 11. Sum of Bond Order Overlap Populations of CO adsorbed 2-fold divided by the 

sum of Bond Order Overlap Populations of 1-fold adsorbed CO of the same symmetry type as a 

function of Ep. Distinguished are u, 11',, and iry type interactions. 

contribution in atop configuration is larger than in two-fold position, while bonding 
orbitals in two-fold position become occupied at larger values of Ep. In both cases 
no antibonding orbitals become occupied up to a Fermi level of about -10 eV, but 
at higher energy more antibonding levels are found in case of I-fold adsorption than 
for 2-fold adsorption. As a result high electron occupation favours the interaction 
with the 211'* orbitals in the bridge coordination site. Since the dxz orbital overlap 
is smaller for 2-fold than for 1-fold adsorption geometry, the Bond Order Overlap 
Population is smaller for 2-fold adsorption. This is contrary to the increased overlap 
with the dz2 orbital. 

A few general remarks can be made regarding adsorption of CO: 

1. Since the 5u orbital of CO is found at lower energy than that of the 211"* level, 
bonding of surface metal orbitals with the 5<7 orbital will result in Bond Orders 
with a significant density at lower energy. This is obvious from a comparison in 
figures 10. At low Fermi levels bonding of CO will be dominated by interaction 
of the metal with the 50' orbital. 

2. Since the 5o- - metal orbital interactions are found at lower energy than the 
27r* - metal interactions, antibonding levels originating from the interaction of 
the metal with the CO 5<7 orbital will be occupied at lower energy than those 
originating from the interaction with the 27r* molecular orbitals. 
It is shown in figure 5 that for a low d-valence band occupation (low Fermi 

level) the 2-fold adsorption is favoured over 1-fold adsorption. The ratio of adsorp-
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tion energy for the 2-fold to 1-fold adsorption is decreasing for higher d-valence 
band occupation until for the number of cl-electrons corresponding of Tc, the I-fold 
adsorption is slightly favoured. At higher d-valence band occupation, the 2-fold 
adsorption is favoured again. In figure 11 a comparison of Bond Order Overlap 
Populations as a function of EF is made for the 1-fold and 2-fold adsorptions. All 
Bond Order Overlap Populations of the 2-fold coordinated CO of the same symme
try type with respect to CO, are summed as a function of energy, and this sum is 
divided by the sum of all corresponding Bond Order Overlap Populations of 1-fold 
coordinated CO as a function of EF. The u, 'lrx and 7r11 type interactions are distin
guished. Interactions of metal group orbitals with the 5a of CO orbital are denoted 
as u type interactions, interactions with the 27r* orbitals are denoted as 'lrx and 7r11 

type interactions. Interactions of metal group orbitals with the 27r* orbital of 'lrx 

(7ry) type symmetry is denoted as 'lrx (7r11 ) type interactions. 

The ratio of the Bond Order Overlap Populations of the 2-fold adsorption to those 
of the I-fold adsorption follows the trend found for the ratio of adsorption energies, 
but the 2-fold adsorption remains always favoured. This is probably because the 
repulsive interactions of occupied CO levels (3u, 4a and l7r orbitals) and surface 
atoms are ignored. This repulsion is proportional to the number of neighbours, and 
therefore larger for the 2-fold than for 1-fold adsorption. 

The ratio of the strengths of 2-fold to 1-fold O' type interactions is decreasing 
at higher cl-valence band occupations, and is constant for higher energies. This 
is also found by van Santen [26], and van Santen and Baerends [116] in a study 
of hydrogen adsorption on an s-band (model) metal [116]. Adsorption on the 1-
fold and symmetrical 3-fold sites was considered. Metal group orbitals <.t>;/ with u 
symmetry can be found at lower energy than an atomic orbitals </>s of a single metal 
atom. Therefore, more low energy levels are occupied for the 3-fold adsorbed H 
atom than for a 1-fold adsorbed hydrogen atom at low valence band filling, and H 
will be adsorbed on a 3-fold site. The maximum of LDOS of the <P~f orbitals in the 
antibonding region is at lower energy than the corresponding maximum of the <l>s 

orbitals. As a result, at high band filling more antibonding levels are occupied in 
case of 3-fold adsorption than for 1-fold adsorption and hydrogen will be adsorbed 
atop. 

The 'lry type orbitals shows the same behaviour as the u type surface metal 
orbitals, but the ratio of 7r y type orbitals decreases at higher energies. In case of 
CO chemisorption it is the combination of O' symmetry type orbitals derived from 
the 5a and 27r; orbitals, which at higher valence band filling direct CO into the 
atop position instead of in the two-fold position. The behaviour of the 'lrx symmetry 
type orbitals is completely different. At very low Fermi level the ratio of the 'lrx 

type orbitals is high, and than drops sharply. At about -12.0 eV the ratio of 'lrx 

type orbitals again increases sharply and reaches a constant level at a Fermi level 
of-11.1 eV and higher. However, we have to keep in mind that the Fermi levels 
studied here range from -12.75 eV (Zr) up to :10.51 eV (Pd). In this range the 
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ratio of a type interactions is about constant, the ratio of 1r 'Ii type interactions is 
continuously decreasing and the ratio of the 1rx type interactions is constant first, 
than increases and reaches a constant level. At low Fermi energy it is dominated by 
the 1r11 type interactions, at high Fermi energy by 1rx type interactions. 

One should remember that back donation of electrons from metal orbitals towards 
the 27r* orbitals becomes more favoured if the surface work function decreases (higher 
Fermi level), whereas donation of electrons from the 5a orbital to metal orbitals has 
the reverse behaviour. This is a result of the relative positions of CO orbitals to 
the metal Fermi level (figure 2b). Interactions between orbitals is higher when the 
energy difference of these orbitals is smaller. At low Fermi level we find a small 
energy difference with the 5a orbital (-12.45 eV in gas phase CO), at high Fermi 
level a small difference with the 2?r* orbitals (-7.71 eV). As a result, at low Fermi 
level interactions of surface metal orbitals with the 5a orbital will be larger than with 
the 2?r* orbitals, while the opposite is found at high Fermi levels. We have found 
that interaction with a and 1r11 type metal orbitals directs CO to bridge sites at low d 
valence band occupation and to atop sites at medium valence band occupation. At 
high d valence band occupation is CO directed to bridge sites again by interaction 
with 1rx type metal orbitals. 

One observes in figure 5 also a decrease in the total bond strength as the d valence 
electron band becomes filled. This can be explained with Bond Order Overlap 
densities presented in figure 10. At low Fermi level only bonding interactions are 
occupied. At higher Fermi level also antibonding interactions are filled ( a type 
interactions first, later on 1r type interactions) and the bond strength of CO to the 
surface will decrease. 

A different approach is to study the differences between the Local Density of 
States of group orbitals at the Fermi level. Elsewhere [26] it is demonstrated that 
there is a direct relation between the attractive energy Eatt and the group orbital 
LDOS p;; at the Fermi level. The LDOS of group orbitals of surface metal atoms has 
to be convoluted by a function with a width comparable to the broadening of the 
energy levels of the orbitals when they interact. The group orbital LDOS is small 
at low d valence band occupation, reaches a maximum at medium valence band 
occupation and decreases again at high valence band occupation. The attractive 
energy therefore will be small at low and high valence band occupation, and a 
maximum attractive energy is found for medium d valence band occupation. We will 
illustrate the use of this approach in the next section dealing with 1-fold adsorption 
of CO on different Rh surfaces. In the plots of LDOS shown in figures 1,4,6-10 we 
have used a small convolution parameter (0.25 eV). 

The experimental observation that CO favours bridge coordination sites on Ni 
and Pd (both have 10 valence electrons), but atop adsorption on Co, Rh and Ru 
(with 9, 9 and 8 valence electrons respectively) can be understood on the basis of 
the arguments presented. Since the (experimental) work function of Pt (10 valence 
electrons) is significantly larger than that of Pd and Ni, the relative contribution 
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Table Sa. Gross population Extended Hiickel of s, Px, Py and Pz orbitals of C in 
Rh-C and C adsorbed on Rh(lll). 

I s Px Py Pz 

I c 1.000 0.333 0.333 0.333 

Rh-C 0.989 0.416 0.416 0.747 

1-fold 0.986 0.532 0.535 0.792 

I 2-fo}d 0.976 0.660 0.505 0.578 

Table Sb. Gross population Extended Hiickel of s, p", py and .Pz orbitals of 0 in 
Rh-0 and 0 adsorbed on Rh(lll). 

s Px Py Pz 
0 1.000 0.667 0.667 0.667 

Rh-0 0.993 0.854 0.854 0.979 

1-fold 0.988 0.786 0.788 0.934 

I 2-fold 0.979 0.833 0.743 0.758 

of 211"* back donation is less and 1-fold adsorption is observed like on Ir (9 valence 
electrons). The difference between Co and Ni, and Rh and Pd corresponds well with 
the general features discussed so far. 

INTERACTIONS OF CARBON AND OXYGEN WITH RH 

A comparison of bond energies of diatomic molecules (table 1) and adsorption en
ergies on Rh( 111) (table 2a) reveal interesting differences: 
1. The bond energy Be of Rh-C (-•1.07 eV) is larger than the bond energy of Rh-0 

(-3.66 eV). 
2. The adsorption energy (both Etot and Eatt) of oxygen on Rh( 111) ( ASED energy 

-6.59 eV, extended Hiickel energy -8.21 eV) is larger than that of carbon (-4.43 eV 
and -6.49 eV). 

3. Carbon tends to adsorb on 3-fold sites, while oxygen tends to sit on low coordina
tion adsorption sites. The total energy Etot favours slightly the 1-fold adsorption, 
while exactly the same attractive energy is found for both sites. 

In order to understand these results, we have studied in detail the metal-carbon and 
metal-oxygen bonds. We will discuss changes in LDOS of carbon and oxygen (table 
8), changes in LDOS of Rh (table 9) and Bond Order Overlap Populations (table 
10). 

The Local Density of States of carbon orbitals are shown in figure 12, the resulting 
gross occupations are given in table 8. The carbon s orbital (figure 12a) is hardly 
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affected in going from gas phase C to RhC or C adsorbed on the 1-fold and 2-fold 
sites. The s peak slightly broadens and is hardly shifted. A minor density peak is 
found above the Fermi level, and the gross population is decreased from 1.0 in gas 
phase carbon to 0.989 (RhC), 0.986 (1-fold) and 0.976 (2-fold). The Px orbital (figure 
12b) splits into a bonding and a antibonding orbital. When going from RhC to 1-fold 
and 2-fold adsorption sites, the bonding peak broadens indicating that the Px orbital 
or carbon interacts with more metal orbitals. As a result the gross population of 
the bonding peak increases at the cost of the antibonding peak from 0.416 (RhC) 
to 0.532 (1-fold) and 0.660 (2-fold). The carbon Pz peak (figure 12c) also splits into 
a bonding and an antibonding peak. However, the ratio of bonding to antibonding 
peak areas is larger than for the Px orbital, resulting in higher occupancies (0.747 
for RhC and 0.792 for C 1-fold adsorbed). For 2-fold adsorbed C a broad peak is 
found, and the Pz orbital is considerably depopulated to 0.578 indicative of a smaller 
interaction with the metal surface. 

LDOS plots of oxygen orbitals are given in figure 13, gross populations in table 
Sb. We find similar results for the oxygen s orbital (figure 12a) as for the carbon s 
orbital. The density peak broadens slightly when going from gas phase 0 to RhO 
and oxygen adsorbed on 1-fold and 2-fold sites. A small shift to lower energy is 
observed, but also some density is found above the Fermi level. The gross occupation 
decreases from 1.0 (gas phase 0) to 0.979 (oxygen adsorbed 2-fold). The position of 
the density peak is at much lower energy that of the s orbital of carbon. Clearly the s 
atomic orbitals will have repulsive interactions (proportional to their coordination). 
The oxygen Px peak (figure 12b) splits into a bonding and an antibonding peak, but 
the bonding peak hardly broadens in going from RhO to oxygen adsorbed 1-fold and 
2-fold. The interaction is less than for the corresponding C orbital. As a result, the 
changes in gross occupation are small and the oxygen Px orbital remains considerably 
populated. The oxygen Pz density peak (figure 12c) splits into a large bonding peak 
and a small antibonding peak. The resulting gross populations of the oxygen Pz 
orbital in RhO (0.979) and 0 adsorbed 1-fold (0.934) are very high, dominated by 
their positions with respect to the Fermi level. The bonding peak shifts to lower 
energies for 2-fold adsorption, while also some density is pushed above the Fermi 
level. The oxygen Pz gross population decreases to 0. 758 

We will start our discussion on the items mentioned above with regard to the 
Rh-C and Rh-0 bond in diatomic molecules. Rhodium has 9 valence electrons with 
configuration (5s)1 (4d)8 • In the Extended Hiickel method orbitals at low energy 
are filled first, and since the d orbitals (-12.50 eV) are lower in energy than either 
s (-8.09 eV) or p (-4.57 eV) only the d orbitals are filled and we have a (5s)04d9 

configuration, resulting in a 0.9 occupancy of the d orbitals . Carbon has the 
configuration (2s)2 (2p) 2 , oxygen (2s)2 (2p)4 • In both atoms the s orbital is fully 
occupied, p has occupancy ~ in carbon and ~ in oxygen. Carbon and oxygen do not 
only have a different electronic configurations, but their orbitals belong to a different 
energy. Carbons (at -20.00 eV) and p (-11.26 eV) are higher in energy than oxygen 
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s (-28.48 eV) and p (at -13.62 eV). 
Symmetry rules determine which metal group orbitals can interact with carbon 

and oxygen orbitals. All calculations are done with the M-X axis (X=C, 0) along 
the z-axis. Metal orbitals of er symmetry (s, Pz, tlz2 orbitals) will interact with X 
orbitals of a symmetry (sand Pz orbitals). Metal orbitals of 1f' symmetry (px, py, 
dxz and dyz orbitals) will interact with the Px and Py orbitals of X. No carbon or 
oxygen orbital has the same symmetry as the metal dx2-y2 and dxy orbitals, and 
these metal orbitals will be non bonding. 

In general, bonding between two orbitals will be stronger when their overlap is 
larger (a geometric effect) and the difference in orbital energy is. smaller (an elec
tronic effect). A third consideration is the electron occupancy of the two interacting 
orbitals. Interaction of two orbitals results in a forming of a bonding and an anti
bonding orbital. Occupation of the bonding orbital will strengthen the bond, while 
occupation of the antibonding orbital will weaken the bond by repulsion. A fourth 
consideration is the energy change by electron transfer, occurring when the HOMO 
of one of the interacting fragments is higher than the LUMO of the other fragment. 

In case of Rh-C and Rh-0 interactions, we see that the energy difference between 
Rh orbitals and C orbitals is always smaller than the energy difference between with 
0 orbitals. The s (p) orbital of oxygen is 8.48 eV (2.36 eV) lower in energy than 
the carbons (p). Thus it can be expected that the metal-carbon interactions will 
be more bonding than the metal-oxygen interactions. Oxygen can increase bonding 
interactions by a larger orbital overlap, and therefore the metal-oxygen distance will 
be smaller than the metal-carbon distance. There is one exception where the oxygen 
orbital is closer in energy to a metal orbital than the carbon orbital, namely in case 
of p(X)-d(Rh) interaction. However, since the Rh d orbital has 0.9 occupancy, 
interaction with the oxygen p orbitals (~ occupancy) will give a large repulsion 
whereas interaction with carbon p (3 occupancy) will give less repulsion. This 
will be the case for Px(X)-dxz(Rh), py(X)-dyz(Rh), and Pz(X)-dz2(Rh) fateractions. 
The interaction of the s(X) orbital, which is fully occupied for both C and 0, and 
the metal dz2 orbital (occupancy of 0.9) is also repulsive. Because of the smaller 
energy difference between the Rh dz2 orbital and the carbon s orbital this repulsive 
interaction is larger than for the interaction with the oxygen s orbital. 

Summarizing our results, we can say that the diatomic Rh-C bond is stronger 
than the Rh-0 bond because the energy difference between Rh orbitals and carbon 
orbitals is smaller than that between Rh orbitals and oxygen orbitals. Because of 
the higher electron occupation of oxygen orbitals, interaction of p(X) orbitals with 
metal d orbitals is more repulsive for 0 than for C. Interaction between the s(X) 
and d,ARh) orbitals is the only case where interaction with oxygen is less repulsive. 
The sum of all Bond Order Populations is 1.818 for C and 1.760 for 0. 

The situation changes considerably when carbon and oxygen are adsorbed on 
Rh(lll). In a Rh atom there a.re orbitals of one single Rh atom and only d orbitals 
are occupied. In a metal cluster the orbitals have formed a band structure and 
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the s and p band are slightly occupied. A second important change is that in 
a metal cluster, orbitals of a metal atom are in touch with orbitals of other metal 
atoms. Whereas in a diatomic molecule the interaction of 2 occupied atomic orbitals 
inevitably leads to repulsion, in case of adsorption on a metal surface this repulsion 
can be relieved by pushing antibonding combinations above the Fermi level. The 
electron occupation of the metal orbitals involved in bonding with the adsorbate 
will be smaller. 

The symmetry of carbon and oxygen adsorbed 1-fold is the same as in Rh-C and 
Rh-0. Metal orbitals of u symmetry (s, Pz and d,,2 orbitals) will interact with the 
s and p,. orbitals of C and 0. Metal orbitals of ?T symmetry (p,., py, dxz and dyz 
orbitals) interact with the carbon and oxygen p,. and Py orbitals, while the d,.y and 
d,.2_y2 orbitals are non bonding. As the bonding LDOS peaks of carbon (figure 12) 
show considerably more structure than those of oxygen, the covalent interaction of 
carbon with Rh is larger than the Rh-0 interaction. Comparison of Bond Order 
densities (figure 14, 15 and tables 10) reveals that in case of oxygen the bonding 
peak is at lower energy than for carbon. This is a result of the energy difference 
between interacting orbitals of a surface Rh atom and the adsorbate. For oxygen 
this energy difference is always larger than that of carbon with exception of the 
p(x)-d(Rh) interaction. As a result bonding M-0 levels will be filled at lower Fermi 
level than bonding levels of M-C interactions. Figures 14 and 15 also show that 
the ratio of the antibonding to bonding peak heights is larger for carbon than for 
oxygen. This is clear from a comparison of e.g. Pz(X)-d,,2(Rh) (figures 14b and 15b) 
and p,.(X)-d,.z(Rh) (figures 14d and 15d). As a result more antibonding levels are 
filled for carbon than for oxygen and the M-C bond is weakened more. 

The adsorption energy of 1-fold adsorbed C (-4.43 eV) is only slightly higher 
than the M-C bond energy of the diatomic molecule(-4.07 eV). For oxygen we find 
an adsorption energy of -6.59 eV and a M-0 bond energy of the diatomic molecule 
of -3.66 eV. This is due to interactions in the Rh cluster. Also repulsive interactions 
(e.g. p(X)-d(Rh)) are decreased by pushing antibonding levels above the Fermi level. 
Table 9 shows a large decrease in atomic orbital gross population of the tlz2, d,.e and 
dyz orbitals. This decrease is not possible in a diatomic M-X molecule. Comparing 
tables 9a and 9b it can be seen that the depopulation of Rh d orbitals is larger for 
adsorption of 0 than for C. 

Finally we want to answer the question why carbon prefers 3-fold adsorption 
sites. The preference of oxygen for either 1-fold or 2-fold sites is marginal since 
the ASED total energy Etot indicates a small preference for 1-fold sites while the 
Extended Hiickel energy Eatt is similar for both sites. Using the SCF-Xa method, 
Walch and Goddard [117,118] found a preference for bonding of oxygen on the 4-fold 
sites of Ni(lOO). We have calculated LDOS of Rh and adsorbate orbitals and Bond 
Order Populations for adsorbates adsorbed I-fold and 2-fold. In case of carbon, 
trends are the same for 2-fold and 3-fold adsorption and we will discuss results of 
carbon adsorbed on 2-fold instead of 3-fold adsorption sites. 
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When carbon is adsorbed atop, its s and Pz orbitals will have a large overlap 
with the surface metals, Pz and dz2 orbitals. The same holds for interactions of the 
carbon Px and py orbitals with the surface metal Px, Py, dxz and dyz orbitals. Carbon 
adsorbed on a 2-fold site is positioned in between 2 Rh atoms, and the overlap with 
orbitals directed out of the surface will decrease. In table 10 it is shown that the 
interactions of the carbon s and Pz orbitals with the metal s, Pz and dz2 orbitals 
decrease, with exception of the interaction between the carbon and metal s orbitals. 
This interaction increases since the overlap of the carbon s orbital with the two 
spherical s orbitals of the 2-fold site is larger than with a single s orbital of the 
1-fold site. The interactions of the carbon Px and Py orbitals with the metal Px, py, 
dxz and dyz orbitals also decrease because of decreased orbital overlap. Only the 
intel'action between the carbon py and the metal py orbitals increases slightly. In 
return, in case of 2-fold adsorption interactions exist which are symmetry forbidden 
in case of 1-fold adsorption. Considerable interaction is found between the s orbital 
of carbon with the metal Px (Bond Order Overlap Population of 0.245) and dxz 
(0.146) orbitals, the carbon Px orbital with the metals (0.185), p., (0.192) and d.2 
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Table 9a. Surface atomic orbital gross populations: C in Rh-C and adsorbed on 
Rh(lll). (}' and 7r indicate symmetry and antisymmetry with respect to the YZ 
mirror plane. 

Rh-C 1-fold 2-fold 

orbital (}' 11" 

before adsorption s 0.000 0.293 0.327 0.270 

after adsorption 0.369 0.510 0.534 0.356 

before adsorption Px 0.000 0.162 0.163 0.167 

after adsorption 0.013 0.200 0.326 0.173 

before adsorption Py 0.000 0.162 0.154 0.177 

after adsorption 0.013 0.199 0.200 0.177 

before adsorption Pz 0.000 0.113 0.115 0.113 

after adsorption 0.267 0.403 0.282 0.228 

before adsorption dx2-y2 0.900 0.802 0.939 0.647 I 
after adsorption 1.000 0.797 0.866 0.645 

before adsorption dz2 0.900 0.922 0.940 0.885 

after adsorption 0.836 0.722 0.818 0.762 
1 

before adsorption dxy 0.900 0.801 0.863 0.720 

after adsorption 1.000 0.795 0.813 0.720 

before adsorption <lxz 0.900 0.891 0.948 0.804 

after adsorption 0.753 0.726 0.832 0.773 

before adsorption dyz 0.900 0.885 0.900 0.861 

after adsorption 0.753 0.726 0.822 0.861 

(0.153) orbitals, the carbon py orbital with the metal dxy (0.101) orbital, and the 
carbon Pz orbital with the metal Px (0.115), dxLy2 (0.97 10-1) and dxz (0.109) 
orbitals. This correlates .with the LDOS plots discussed above. When going from 
1-fold to 2-fold adsorption we found a broadening of both the bonding peaks of the 
carbon Px and Pz orbitals, indicating an increasing interaction with surface metal 
orbitals. 

The ASED adsorption energy Etot indicates that oxygen will adsorb 1-fold, while 
the same Extended Hiickel energy is found for adsorption on I-fold and 2-fold sites. 
The changes in bond order population between oxygen and Rh, comparing 1-fold 
and 2-fold sites are very similar. The interactions of the oxygen s orbital with the 
metal Pz and <lz2 orbitals both decrease in going from 1-fold to 2-fold sites. The 
interaction of the oxygen s orbital with the metal s orbital increases similar to the 
interaction of the carbon s orbital. The interaction of the oxygen Pz orbital with the 
metal Pz orbital decreases, but the interaction with the metal Pz orbital increases 
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Table 9b. Surface atomic orbital gross populations: 0 in Rh-0 and adsorbed on 
Rh(lll). (}' and 7r indicate symmetry and antisymmetry with respect to the YZ 
mirror plane. 

Rh-0 1-fold 2-fold I 

orbital (! 7r 

before adsorption s 0.000 0.293 0.327 0.270 

I after adsorption 0.453 0.493 0.573 0.341 

i before adsorption Px 0.000 0.162 0.163 0.167 

after adsorption 0.068 0.210 0.455 0.199 

before adsorption Py 0.000 0.162 0.154 0.177 

after adsorption 0.068 0.209 0.211 0.178 

before adsorption Pz 0.000 0.113 0.115 0.113 

after adsorption 0.363 0.450 0.241 0.176 

I before adsorption dx2-y2 0.900 0.802 0.939 0.647 

after adsorption I.OOO 0.804 0.736 0.681 

before adsorption d,.2 0.900 0.922 0.940 0.885 

after adsorption 0.938 0.599 0.724 0.866 

before adsorption dxy 0.900 0.801 0.863 0.720 

after adsorption 1.000 0.804 0.682 0.720 

before adsorption dxz 0.900 0.891 0.948 0.804 

after adsorption 0.735 0.555 0.699 0.587 

before adsorption dyz 0.900 0.885 0.900 0.861 

after adsorption 0.735 0.556 0.812 0.865 

slightly and with the metal dz2 orbital considerably. This correlates with the LDOS 
plots of the Pz orbital, (figure 13c) which showed a shift of the bonding peak of the 
p., orbital to lower energy. The interaction of the oxygen Px orbital with the metal 
Px and dxz orbitals both decrease. The interaction of the oxygen py orbital with 
the metal dyz orbital decreases considerably, but with the metal Py orbital increases 
similar to adsorption of carbon. In case of 2-fold adsorption interactions are possible 
which are symmetry forbidden in case of 1-fold adsorption. When we compare those 
interactions for adsorption of carbon and oxygen, we find that interactions of the 
oxygen s orbital are larger than interactions of the carbon s orbital. However, the 
LDOS plots of oxygen orbitals do not show large differences between 1-fold and 
2-fold adsorption, which is in agreement with the adsorption energy as calculated 
with the Extended Hiickel method. 

The reason for the preference of lower coordination for oxygen compared with 
carbon stems from the higher electron occupation of the oxygen atomic orbitals. A 
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comparison of table Sa and Sb shows that the gross population of carbon orbitals 
is lower than that of oxygen orbitals. The higher electron occupancy will result 
in more repulsive interactions in case of oxygen. As discussed extensively for the 
adsorption of CO, this Will cause low coordination sites to be preferred. This is 
also illustrated by the population of the metal dz2 orbital. Adsorption of 0 causes 
a larger depopulation than adsorption of C. (tables 9a and 9b). However, we have 
seen that the height of oxygen above the surface is very low. The order of adsorption 
energies for 1-fold and 2-fold sites might be different when the metal-oxygen distance 
is increased. 

CRYSTAL FACE DEPENDENCE 

Since the coordination possibilities of chemisorbed CO vary with the varying struc
ture of the crystal surface, it is difficult to derive general rules for changes in the 
chemisorptive bond strength with crystal face. This is better possible when one 
compares sites of the same adsorption geometry. Experimentally, I-fold adsorption 
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Table lOa. Comparison of Bond Order Overlap Population between C and surface 
group orbitals of Rh(lll) for diatomic Rh-C, and C adsorbed 1-fold and 2-fold. C 
is two-fold adsorbed on a site consisting of 2 Rh atoms aligned along the x-axis 
and perpendicular to the surface along the z-axis. u and 7r indicate symmetry and 
antisymmetry with respect to the YZ mirror plane. 

Rh-C 1-fold 2-fold 

q,M q.c 17 1r 

s s 0.307 0.287 0.371 0.00 

Px 0.00 0.00 0.00 0.185 

Pz 0.272 0.159 0.68 10-1 0.00 

Px s 0.00 0.00 0.245 0.00 

Px 0.32 10-1 0.71 10-1 0.00 0.15 10-1 

Pz 0.00 0.00 0.115 0.00 

Py Py 0.32 10-1 0.71 10-1 0.90 10-1 0.00 

Pz s 0.437 0.444 0.333 0.00 

Px 0.00 0.00 0.00 0.192 

Pz 0.148 0.106 -0.62 10-2 0.00 

dx2-y2 s 0.00 0.00 0.33 10-1 0.00 

Px 0.00 0.00 0.00 0.17 10-3 

Pz 0.00 0.00 0.97 10-1 0.00 

<lz2 s 0.110 0.128 0.18 10-1 0.00 

Px 0.00 0.00 0.00 0.153 

Pz 0.77 10-1 0.149 0.34 10-1 0.00 

dxy Py 0.00 0.00 0.101 0.00 

dxz s 0.00 0.00 0.146 0.00 

Px 0.200 0.197 0.00 0.94 10-1 

Pz 0.00 0.00 0.109 0.00 

dyz Py 0.200 0.197 0.121 0.00 

is found for CO on Rh(lll) [64-66], Rh(lOO) [64,68] and Rh(llO) [69,70J. Therefore 
we will consider below the 1-fold adsorption only. 

In order to distinguish the effects of changing the electronic structure and ad
sorption site topology in figure 16 the ratio's of the attractive contribution to the 
bond energy for CO adsorbed atop to the (111), (100) and (UO) faces of the same 
f.c.c. transition metal clusters are presented as a function of the valence band occu
pation. Only at medium to low band filling one finds the classically expected result 
that bonding in the atop position is strongest to the most open surface (llO). 
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Table lOb. Comparison of Bond Order Overlap Population between 0 and surface 
group orbitals of Rh(lll) for diatomic Rh-0, and 0 adsorbed I-fold and 2-fold. 0 
is two-fold adsorbed on a site consisting of 2 Rh atoms aligned along the x-axis 
and perpendicular to the surface along the z-axis. a and 1r indicate symmetry and 
antisymmetry with respect to the YZ mirror plane. 

Rh-0 I-fold 2-fold i 

il>M il>o O' 'If ! 
s s 0.298 0.300 0.445 0.00 

Px 0.00 0.00 0.00 0.145 

Pz 0.110 o.68 io-1 0.14 10-1 0.00 

Px s 0.00 0.00 0.565 0.00 

Px . o.86 io-1 0.87 10-1 0.00 0.69 10-1 

Pz 0.00 0.00 0.58 10-1 0.00 

Py Py 0.86 10-1 0.87 10-1 0.132 0.00 

Pz s 0.516 0.543 0.191 0.00 

Px 0.00 0.00 0.00 0.102 

Pz 0.69 10-1 0.44 10-1 0.51 10-1 o.oo 

dx2-y2 s 0.00 0.00 0.192 0.00 

Px 0.00 0.00 0.00 0.39 10-1 

Pz 0.00 0.00 0.131 0.00 

~2 s 0.192 0.235 0.12 10-1 0.00 

Px 0.00 0.00 0.00 0.12 10-1 

Pz 0.79 10-1 0.123 0.177 0.00 

dxy Py 0.00 0.00 0.265 0.00 

dxz s 0.00 0.00 0.211 0.00 

Px 0.162 0.239 0.00 0.222 

Pz 0.00 0.00 0.19 10-1 0.00 

d~ Py 0.162 0.238 0.79 10-1 0.00 

From a comparison of the attractive bond strengths Eatt one finds for a metal 
containing 9 electrons in the valence electron band that as far as the atop positions 
are concerned the (100) surface becomes most reactive and both the (lll)and (110) 
surfaces have lower reactivities. 

The results strongly depend on the d-valence band occupation. It is of interest to 
note that changes in surface reactivity as predicted by the EHMO calculations have 
been reported by Nieuwenhuys [41,42] and Banholzer [43-45] for chemisorption of 
NO. Banholzer et al explained the higher reactivity of the (100) surface found for Pt 
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Figure 16. The ratio's R of Eatt of CO adsorbed 1-fold on Rh(lOO) (solid line) and Rh(llO) 

(dashed line) to CO adsorbed 1-fold on Rh(lll) as a function of the occupation of the metal valence 

electron band. 

on the basis of the Bond surface dangling bond model [119]. It not only is a function 
of the total number of valence electrons, but also depends on the distribution of 
electrons over the s, p and d valence electron subbands. In the present case for Rh 
(9 valence electrons) the s, p band occupation is low (0.2 and 0.0 respectively with 
the particular parameters used). As will be shown the stronger interaction of the 
{110) face at low electron occupation has a direct relation to it's d valence electron 
distribution. 

Therefore the stronger interaction with the (100) face may in real systems occur 
at higher total valence band occupation, with more electrons being located in the 
s, p valence electron bands. In most metals the sum of s and p valence electrons is 
of the order of one per atom. This lowers the electron occupation of the d valence 
band.· 

Early work by Bond [119] and Weinberg [120] referred to the orientation of 
d orbitals at a surface and used Goodenough's band theory [121.] to describe the 
interaction of molecules and atoms with a surface. Such an approach can he extended 
based on more recent valence electron band models applicable to metals [122]. We 
will shortly discuss this, to illustrate the essential nature of the orbital interference 
effects accounted for by the use of group orbitals. Although highly simplified, it 
provides a strikingly good insight confirming the earlier presented Extended Hiickel 
calculations. 

In the following schematic way the bulk and surface electron distribution can be 
estimated. In the bulk the face centered cubic lattice metal atoms have 12 nearest 
neighbours (figure 17a.). The s orbital of a central metal atom will be coordinated 
with all 12 s orbitals of surrounding metal atoms. As the width of band is directly 
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Figure 17. Model of a face centered cubic crystal (f.c.e.) metal. (a): dxy orbitals in the 
f.e.c. crystal. (b ): Schematic sketch of the tight binding bulk valence electron distribution of a fee 
transition metal. 

B 

A 

z 

lLx 

Figure 18. d Valence electron distribution at the (100) plane. (a): dxz and dyz lobes at the 
(100) plane. (b ): Schematic sketch of surface electron distribution at the (100) plane. 

correlated with the number of interacting neighbours, the resulting s band will be 
broad. Usually the p orbitals have a high energy and are nearly empty. Therefore 
we will discuss only the s and d bands. 

The dxy metal atomic orbital has interaction with 4 nearest neighbours in the xy 
plane, the <lxz ( dyz) atomic orbital has similarly interaction with 4 nearest neighbour 
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Figure 19. d Valence electron distribution at the (111) plane. (a) The out of plane lobes of the 
degenerate dxy, dyz and dxz atomic orbitals. (b ): The linear combination of the out of plane lobes 
of the dxy,dy:o and dxz atomic orbitals symmetry adapted to the (111) surface. (c): Schematic 
surface d-electron density of states at the (111) surface. 
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Figure 20. d Valence electron distribution at the (110) plane. (a): (110) plane d dangling 

bonds. (b ): Schematic d valence electron density of states at the ( 110) plane. 

metal atoms in the xz (yz) planes. Therefore the dxy, dyz and dxz orbitals have 4 
nearest neighbours which are not shared. This leads to a symmetric density of 
states, three fold degenerate in the three perpendicular planes. The d,,2 orbital has 
an interaction with 2 other d,,2 next nearest neighbour orbitals, the dx2-y2 orbital has 
interaction with 4 dx2-y2 orbitals, also from next nearest neighbour metal atoms. 
Since the distance of a central a.tom to next nearest neighbours is v'2 times the 
distance to a nearest neighbour, interactions of both the d,,2 and dx2-y2 orbitals 
are weak and the d,,2, dx2-y2 orbitals will form a narrow band. The <lxy, dn and 
dyz orbitals each interact with 4 nearest neighbours and will form a band which is 
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Table 11. Changes in coordination of surface atoms. 

orbital (111) (100) (110) 
step groove 

s -3 -4 -5 -1 

dxy -1 0 -1 0 

du -1 -2 -2 0 

dyz -1 -2 -2 0 

dz2 -1 -1 0 -2 
dx2-y2 -2 0 -2 -1 

broader than the d,,2, dx2-y2 band but narrower than the s band. This is pictured 
in figure l 7b. 

We will investigate in a very schematic way what happens when we create a 
(100), (111) and a (110) surface. Surface atoms are no longer coordinated with 12 
nearest neighbour metal atoms, orbital interactions with missing atoms are lost and 
dangling orbitals are formed. Because of geometric reasons, different cl orbitals will 
be affected in different ways. 

First we will have a look on the (100) surface, which is the xy plane in figure l 7a 
and is formed by removing atoms 1-4. Surface atoms loose 4 nearest neighbours, and 
therefore the s orbital looses 4 nearest s orbitals. Since nothing is changed in the xy 
plane, the dxy orbital is still in interaction with 4 nearest neighbour dxy orbitals and 
the <lx2-y2 orbital is still in interaction with 4 next nearest neighbour dx2-y2 orbitals. 
The <lz2 orbital will loose interaction with one dz2 orbital of a next nearest neighbour 
metal atom, but this interaction is weak and we can conclude that the d,.2 orbital is 
hardly affected. However, the dxz and dyz orbitals each loose interaction with two 
dxz and dyz orbitals respectively (figure 18a). Therefore the dxy, dm dyz band which 
is degenerated in bulk fee, will split in a dxy and a dxz, dyz subband. Since the dxy 
orbital did not loose any interactions with nearest neighbours, the band width is 
constant. The dxz and dyz orbitals of surface atoms both lost two nearest neighbours 
out of four, and this band will be substantially narrowed (figure 18b). The changes 
in coordination are summarized in table 11. 

A Rh(lll) surface is formed by removing atoms 1, 4 and 5 (figure 19a). Surface 
atoms are coordinated by 9 nearest neighbours, therefore the s orbital of a surface 
Rh atom looses 3 interactions with surrounding s orbitals. The dz2 orbital will loose 
interaction with 1 d,2 orbital, and the dx2-y2 orbital with 2 other dxLyz orbitals 
of next nearest neighbours. Again, as a result of the large internuclear distance, 
these lost interactions are weak and the d22, dx2-y2 band will be slightly narrowed. 
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The dxy, dxz, dyz orbitals will loose each interaction with one neighbour atom (the 
dxy orbital of atom 5, the dxz orbital of atom 1 and the dyz orbital of atom 4). The 
three degenerated dangling orbitals will rehybridize according to the local symmetry 
(figure 19b) and a symmetric orbital perpendicular to the surface ( d,.) and two 
degenerated antisymmetric orbitals ( d") are formed. Because of the antisymmetric 
character, the d" orbitals have a higher energy than the d,, orbital (figure 19c). 

Rh(llO) has two different surface atoms. An edge metal atom (e.g. no. 4) will 
loose 5 nearest neighbours whereas a groove metal atom (e.g. no. 5) looses only one 
nearest neighbour atom. Edge and groove atoms are no longer equivalent, which 
is reflected in a broader s band for groove atoms (interaction with 11 neighbour s 
orbitals) than for edge atoms (interaction with 7 s orbitals). 

Edge atoms loose 5 out of 12 nearest neighbour atoms. The dxy orbital looses 
interaction with 1 dxy orbital, but both the dxz and dyz orbitals loose interaction with 
2 dxy and 2 dyz orbitals respectively. The dz2 orbital keeps its interaction with 2 other 
next nearest neighbour d,.2 orbitals, while the dx2-y2 orbital looses interaction with 
2 of 4 next nearest neighbours. The dxy orbital (loss of one neighbour) rehybridizes 
into a dangling orbital with u symmetry. The dxz and dyz orbitals rehybridizes into 
2 dangling orbitals with 1r symmetry (antisymmetric orbitals). Since the dx2-y2 
orbital only looses a weak interaction with next nearest neighbours, its band width 
hardly changes. 

For groove atoms this situation is quite different. The dxy orbital looses interac
tion with 1 dxy orbital, but the dxz and dyz orbitals stay in interaction with all four 
dxz ( dyz) orbitals. As in the case of edge atoms, the <lx2-y2 orbital looses interaction 
with 2 next nearest neighbours. The d,.,. and dyz orbitals are completely coordinated 
by surrounding metal atoms, but the dangling dxy orbital results in au type orbital. 

Edge atoms result in one a and two 11' symmetry type dangling orbitals, groove 
atoms result only in a u type dangling orbital. This result is sketched in figure 
20a. Since the a orbitals only loose interaction with 1 neighbour and keeps inter
action with 3 neighbours, its band width is broader than the 7r orbitals which loose 
interaction with 2 out of 4 orbitals (figure 20b). 

For group VIII metals to a good approximation 1 electron per atom is present 
in the s-valence electron band and the other valence electrons are located in the 
cl-valence electron band, with varying electron occupancy. So for metals Ni, Pd and 
Pt with 9 d-valence electrons one expects the holes in the cl-valence electron band 
to have considerable dxy, dyz and dxz character and little dz2 and dx2-y2 character. 

Let us first discuss the consequences of this orbital schema for the interaction 
with an orbital of a symmetry ( H atom, a orbital of CO etc. ). The metal surface 
model deduced above results in broad u type orbitals (derived from bulk dxy, dyz 
and dxz orbitals) directed in the normal direction of the surface at the (111) and 
(110) surface. On the (100) surface there is a narrow a type orbital derived from 
the bulk <lz2 orbitals. 

If the cl valence electron band is nearly completely filled, the broad a surface 
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Table 12. Comparison of Bond Order Overlap Population between CO and surface 
group orbitals for 1-fold adsorption on different Rh single crystal surfaces. 

atop 

111 100 110 

dz2 - 50" 1.22 10-1 1.24 10-1 1.17 10-1 

dxz - 2-ir* 0.91 10-1 0.85 10-1 0.93 10-1 

s - 50" 1.86 10-1 1.81 10-1 1.87 10-1 

Pz - 50" 1.82 10-1 1.82 io-1 1.90 10-1 

orbital at the (111) and (110) will be nearly completely filled, as will be the case for 
the u orbital at the (100) surface. When the d valence electron number decreases, 
first the broad u orbitals at the (111) and (110) surfaces will deplete and later the 
narrow O" orbital at the (100) surface. 

One expects a higher O" symmetry local density of states at the Fermi level at the 
(111) and (110) surface than for the (100) surface for high valence band occupation. 
On the basis of expression (3.7) one predicts a stronger bonding interaction with 
the (111) and (110) surfaces than with (100) for the noble metals. If the number 
of d valence electrons decreases the interaction of the CO 5u orbital with the (100) 
surface becomes largest, because of the more narrow band width and higher local 
density of states in the center of the d valence electron subband. 

We will next consider the interaction with an adsorbate orbital of 1r symmetry. 
All surfaces considered contain dangling bond orbitals of x-symmetry. At the (lll) 
faces these orbitals are broader than at the {llO} and (100) face. Therefore, at high 
d valence band occupation one expects the 1f symmetry LDOS at the Fermi level to 
be largest at the (111) surface and lower at the (100) and (110) surfaces. So for CO 
and NO on Pt 1f back donation into the empty adsorbate -ir symmetry orbitals is 
larger at the (111) face than at the (110) and (100) surfaces. As the d valence band 
occupation decreases this will invert and the LDOS will be largest for the (100) and 
(110) surfaces. 

Since for the noble metal the 50" orbital interacts least favourably with the (100) 
surface, but favourably with the (110) and (111) surfaces and the 21f* orbital inter
action favours interaction with the (111) surface, one predicts favoured bonding of 
CO in the order (111) > (110) > (100). If the d valence band occupation decreases, 
the 211"* interaction with the (llO) and (100) surfaces will start to dominate, because 
the surfaces with the narrowest d subvalence band have the highest density in the 
center of the band. The interaction with the CO 5u orbital will become stronger 
at the (100) surface, since this surface has the narrowest O" typed valence electron 
band width. 
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This prediction explains the relative energy values found in figure 16 and their 
inversion at high valence band occupation. Also the relative bond order of the d 
orbital interactions (table 12) follow the latter trend. If the valence band occupation 
decreases further, the classical result (110) > (100) > (111) is found, which agrees 
with the bond order found for the orbital overlap population of the 5a orbital with 
s and p,. valence electrons. 

On the metal surface differences in surface dipole layer may change details in 
these comparisons. For instance the lower work function of the (110) surface will 
favour 211'* backdonation versus the (100) surface. 

In figure 21-24 a comparison of LDOS curves of respectively the dz2, dx,,, sand 
Pz orbitals before and after adsorption of (I-fold) CO is· made for the three dense 
surfaces studied. The corresponding Bond Order Overlap densities of dz2 - 5a, dxz -
211'*, s - 5a and Pz - 5a are given in figures 21c, 22c, 23c and 24c. Numerical values 
of atomic gross population are in table 6a, and of Bond Order Overlap Populations 
in table 12 (values are for a valence band occupation of Rh). 

A comparison of d,.2 interactions is presented in figure 21. Before adsorption of 
CO (fig. 2la) the gross populations of the d,.2 orbitals of Rh(lll) and Rh(lOO) are 
almost equal, the population of the dz2 orbital of Rh(llO) is lower. After adsorption 
of CO (figure 2lb) the gross population of the d,.2 orbitals is decreased because 
antibonding orbital fragments become depleted as discussed earlier. The change in 
the dz2 orbital population of the (110) surface is small and the dz2 orbital of Rh(llO) 
has now the highest atomic gross population indicating that the interaction w_ith the 
5a orbital will be less than in case of the dz2 orbitals of Rh(lll) and (100). This 
is confirmed by the Bond Order Overlap Populations (table 12), which is lowest for 
(110). 

The dxz orbital interactions are given in figure 22. Before adsorption of CO the 
atomic gross population is highest for (110) and lowest for (100). At adsorption the 
gross population of (111) is not changed, the population of (100) is slightly increased 
( +0.09) and the population of {110) slightly decreased (-0.012). The back donation 
of electrons from the dxz orbital towards the 211'* orbitals is highest for (110) and 
lowest for (100). The order of Bond Order Population for dxz 27r* therefore is 
(110) > (111) > (100). 

The gross population of the s orbital (figure 23) is highest for (110) and lowest 
for (100). After interaction with CO the same order is found, even while the change 
in population is highest for (100). The Bond Order Population is highest for (HO) 
and lowest for (100). 

The gross population of the Pz orbitals of (111) and (100) (figure 24) are almost 
the same, the value of {110) is lower. Since for (110) the largest increase is found, 
the gross population of the (110) Pz orbital is higher than the population of the (111) 
and (100) Pz orbitals after CO adsorption. The Bond Order Population is therefore 
highest for (110) and the same for (111) and (100). 

Calculated d.,2 LDOS convoluted with a = 1.0 eV instead of 0.25 eV, in order 
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Figure 21. Comparison of the interaction 

of CO with surface metal orbitals on Rh(lll), 

Rh(lOO) and Rh(llO) faces. EF indicates the 

Fermi level. (a): LDOS of Rh .:i.,. orbitals on 

Rh surfaces before CO adsorption. (b): LDOS 

of Rh d,. orbitals on Rh surfaces after adsorp

tion of CO on 1-fold sites. (c): Bond Order 

Overlap Densities of dz> - 5u of CO adsorbed 

1-fold. 



108 

A 

Rh (111) 

Pu(E) 

Rh (100) 

Rh (110) 

-2<1 -10 

Energy (eV) 

"•;(E) 

Chapter 3 

Pi;(E) 

Rh (110) 

-30 -20 ~10 

Energy (eV) 

Figure 22. Comparison of the interaction 

of CO with surface metal orbitals on Rh(lll), 

Rh(lOO) and Rh(UO) faces. Ep indicates the 

Fermi level. (a): LDOS of Rh dxz orbitals on 

Rh surfaces before CO adsorption. (b ): LDOS 

of Rh dxz orbitals on Rh surfaces after adsorp

tion of CO on 1-fold sites. (c): Bond Order 

Overlap Densities of <lxz - 2ir* of CO adsorbed 

I-fold. 
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of CO with surface meta.I orbitals on Rh(lll), 

Rh(lOO) and Rh(llO) faces. EF indicates the 

Fermi level. (a.): LDOS of Rh s orbitals on Rh 

surfaces before CO adsorption. (b): LDOS of 

Rh s orbitals on Rh surfaces after adsorption 

of CO on I-fold sites. (c): Bond Order Over
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Table 13. Local Density of States of surface metal orbitals at the Fermi level 
P•i(EF) for Rh(lll ), (100) and (110). 

Pi;(EF) 

</> Rh(lll) Rh(lOO) Rh(llO) 

s 0.130 0.112 0.104 

Px 0.036 0.041 0.036 

Py 0.039 0.041 0.046 

Pz 0.020 0.024 ·0.024 

dx2-y2 0.154 0.138 0.145 

dz2 0.166 0.179 0.148 

dxy 0.153 0.174 0.142 

dxz 0.172 0.169 0.153 

dyz 0.171 0.169 0.159 

to account for broadening upon chemisorption of CO, are shown in figure 25. The 
LOOS Pu(EF) can be found in table 13. The values of pn(EF) correlate well with the 
5a - dz2 bond orders computed for Rh (table 12). 

The LDOS values of all 9 surface metal orbitals a.re summed as a function of 
energy for the (111), (100) and (110) surface. In figure 26 are shown the ratios R 
of the summed values of LDOS at EF of the (100) and (110) surfaces relative to the 
summation of values at the (111) surface. In figure 26a is shown the summation 
of surface orbitals with a symmetry (s, p,. and dz2 orbitals), in figure 26b that of 
surface orbitals with 7r symmetry (px, py, dxz and dyz orbitals). We will denote these 
ratios as R..(100) (R,.(100) ) and R.,(110) (R,.(110)) for surface orbitals with a and 
1f type orbitals respectively. The Fermi levels of Nb, Tc and Rh are indicated by 
arrows. 

We have seen before that for !-fold adsorption u type interacts dominate. At low 
valence band occupation we find that R..(110) is larger than R..(100), while both 
ratios are larger than one. R,,.(110) is larger than one as well at low d valence band 
occupations. R,.(100) is almost constant and equal to one independent of electron 
occupation. This indicates that the adsorption energy of CO on Rh(llO) is higher 
than that of Rh(lOO) and the lowest adsorption energy will be found for CO on 
Rh(Ill). This is completely in line with the results of the Extended Hiickel calcu
lations (figure 16). The adsorption energy as calculated with Extended Hiickel is 
highest for CO on (110) and lowest for CO on (111) at low valence band occupation. 

We find a decrease of both R.,(110) and R..(100) at higher valence band occu
pation. Whereas R..(100) remains close to unity, is R.,(110) considerably decreased 
at high electron occupation. R,.(100) is almost independent of d valence band occu
pation while R,.(110) decreases considerably at high electron occupation. In figure 
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Figure 25. LDOS of Rh dz• orbitals of the Rh(lll), Rh(lOO) and Rh(llO) surfaces convoluted 

with u = 1.0. EF indicates the Fermi level. 

16 is shown that at higher valence band occupation the Extended Hiickel adsorp
tion energy of CO on the (100) surface is about equal to that of (111). The ratio 
of the Extended Hiickel adsorption energy of (110) to that of (111) decreases at 
higher electron valence occupation and the adsorption energy of CO on the (111) 
surface is higher than that of CO on (110). Therefore we can conclude that there 
is considerable agreement between the order of adsorption energies calculated by 
Extended Hiickel and reactivities as estimated by the summation of surface group 
orbital LDOS at the Fermi level. 

PROMOTOR EFFECTS 

Clearly, changes in work function will affect the balance of the high coordination 
directing bonding contribution due to the back donation of electrons. In case of 
a low work function the energy difference between Fermi level and LUMO of CO 
(the 2r* orbitals) will decrease while the energy difference with the HOMO of CO 
(the 50' orbital) will increase and back donation of electrons from metal into the 211"* 
orbitals will become more important. The I-fold adsorption of CO is only favoured 
at medium valence band occupation (figure 5), while both by the low and high 
valence band occupation the 2-fold adsorption is favoured. The first effect is due to 
q type interactions, the latter to 211"* back donation. 
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Figure 26. Ratios R of the summed values of LDOS at EF of the (100) and (110) surfaces 

relative to the sum of values at the ( 111) surface. (a): Ratio R,, in case of surface orbitals with q 

symmetry (s, Pz and dz• ). (b): Ratio R.- in case of surface orbitals with 11' symmetry (Px, py, dxz 

and dyz). 

This phenomenon is nicely illustrated by the effect of potassium coadsorption 
on the coordination of CO [123-127,37] on the (lll) face of Pt. The experiments 
of Garfunkel and Somorjai [128] show elegantly that CO shifts from the atop to 
bridge coordination site under the influence of the work function lowering effect of 
potassium. 

This effect is also observed for the CO-K/Rh(lll) system [129]. Even small 
amounts of K shift CO from the atop to the bridge position. A minimum amount of 
0.08 potassium atoms per surface Rh is found to be necessary to induce CO disso
ciation [130]. Potassium lowers the work function and as a consequence adsorbate 
orbital energies come nearer to the Fermi level. Adsorption of Na on Rh(lll) is 
reported to lower the work function up to -4.2 eV [131]. The lower work function 
facilitates electron donation from the metal into the 211'* orbitals of CO. As the 211'* 
orbitals have more interaction with metal the metal d band when CO is adsorbed 
on bridge positions, CO shifts from I-fold to 2-fold position. Occupation of the 211'* 
orbitals, which is antibonding for the C-0 bond, will facilitate dissociation of CO. 

The change in position of CO molecular orbitals relative to the metal Fermi 
level is clearly shown by first principle calculations of Freeman et al [126]. The 
energy difference between Fermi level and the CO 211'* orbitals becomes smaller, 
whereas the energy difference with the 5o- orbital increases. Donation from the 
CO 5o- orbital becomes more difficult. Van Santen (37] has found that addition 
of potassium to Pt( 111) changes the potential of adsorbate levels and Pt atoms 
surrounding K. The interaction with the donating 5a orbital decreases and with 

~~,,~i 

-10 
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the electron accepting 211"* orbitals increases resulting in a shift from top to bridge 
adsorption sites. This agrees with our results presented above (see figure 1 b and le). 
The influence of coadsorbed potassium on CO is studied experimentally by several 
groups. Potassium lowers the work function, which allows larger electron spillover 
into the 211"* orbitals of CO. Bridge sites permit more extensive dM - 211"* CO orbital 
overlap [37,132]. Even small amounts of K are found to shift CO from atop to bridge 
positions [133]. Theoretical work of N~rskov [123-125] has shown that a long range 
electrostatic interaction of alkali meta.ls affects the adsorption properties of CO. 

Similar changes may be expected comparing dense planes with more open planes 
and chemisorption close to steps. According to Smoluchowski [83], the electron 
distribution tends to smear itself out and positive charge tends to accumulate at 
edges, a dipole moment with the positive charge directed into the outward direction 
tends to develop. As a result the work function is lower on the more open planes 
and edges, favouring electron back donation into the CO 211"* orbitals. This effect 
tends thus to favour high coordination and subsequent dissociation [63]. 

Feibelman et al [134-136) as well as Joyner [137] have shown that S adsorption to 
a transition metal surface ea.uses changes in the local density of states extended over 
several a.tom distances measured from the sulphur adsorption site. At neighbouring 
a.toms significant decreases in the LDOS a.re computed. Since the density of states 
at the Fermi }eve} is directly related to the bond energy [26], a. decrease in LDOS 
results in a decrease of the CO bond strength on such a site. This will lead to a. 
decrease in surface coverage of CO with S much faster than expected on the basis of 
site blocking. Such enhanced effects have experimentally been observed [138-140]. 

INTERMOLECULAR CO INTERACTIONS 

In our studies so far only CO adsorption has been studied at low surface coverage. 
Here we will shortly discuss some results of calculations simulating high coverage 
of CO. A surface is covered with more adsorbate molecules, which under suitable 
conditions (coverage, temperature, interaction adsorbate - substrate) can form or
dered layers observable with Low Energy Electron Diffraction (LEED). Neumann et 
al [141,142] have published tight binding calculations of the band structure of CO 
levels when CO molecules a.re ordered in a. two dimensional layer both in the gas 
phase and in the adsorbed phase on a metal surface. 

In figure 27 are plotted the Local Density of States of the 211"*, 5u and 111" orbitals 
of a. central CO molecule surrounded by O, 1 and 6 other CO molecules adsorbed 1-
fold. At full coverage this would result in a lxl LEED pattern. The intermolecular 
CO interactions have a. large influence on the LDOS of the 11" type orbitals, and 
almost no influence on the u type orbitals. 

When a central carbon monoxide molecule is surrounded by an increasing number 
of other CO molecules, the LDOS of the 5a orbital does not change significantly. In 
contrast with this, the 211"* and b orbitals show a completely different behaviour: the 
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addition of one CO molecule (at a distance of 2.687 A) results in a slight broadening 
of the l7r density peak and a larger broadening of the 2tr* peak. Six neighbours 
result in a further broadening and a splitting of the 211"* peak. The same splitting 
can (to a. lesser extent) be observed for the 111" peak which is an indication of a 
repulsive interaction. This splitting is observed for the 211"* orbital of both 11":i: and 
7r11 symmetry and is therefore not a result of the disappearance of the degeneracy of 
the 211"* levels. 

As the number of neighbour CO atoms increases, the orbitals of the central 
CO molecule will overlap with more orbitals of the neighbour CO molecules. This 
overlap results in bonding and antibonding interactions and the 27r* peak will split. 
Since this split peak is found above the Fermi level, the meta.I-CO bond is hardly 
affected. At the same time the l 7r orbitals broaden and is split as well. The l7r 
orbitals are found below the Fermi level and almost completely filled. The splitting 
is an indication of a repulsive CO-CO interaction, which results in a destabilization 
of CO. This destabilization of CO at high coverages explains the experimental result 
that a monolayer adsorption of CO on Rh ( 0 1) is never observed experimentally 
and adsorption stops at I) = 0.75. 

Increasing coverages of CO on Rh(lll) result in a p(2x2), (0 = 1), and finally a 
(2x2)LEED(v'3xv'3)R30degpattern(O = 0.75)(65,77,78,143]. Themaximum 
coverage of 0 = 0.75 results in a CO-CO spacing of 3.11 A. Extended Hiickel 
calculations of Ruckenstein and Ha.lachev [80] indicate for the ( y'3 x y'3 ) R 30 deg 
a strong nearest neighbour repulsion of 0.2 eV. On Rh(lOO) a c(2x2) (at 0 = 0.5), 
a split(2x2) and finally at saturation a p (4v'2xv'2 ) R45deg pattern (0 0.75) 
are observed (64,79] and on the more open Rh(llO) LEED indicates a c(2x2) and 
a (2xl)plgl pattern [69]. It seems to be a general trend that CO coverages on Rh 
surfaces do not exceed 0.75 of a monola.yer. 

The LDOS of a gas phase CO molecule surrounded by 0, 1 and 6 other gas phase 
CO molecules in the same arrangement as on the Rh(lll) surface, is plotted in 
figure 28. It can be seen that the behaviour for the 27r* and l7r orbitals is similar 
to that in the case where the CO molecules are adsorbed: the LDOS first broadens 
and then splits. However, without the Rh surface also the peak of the LDOS of 5u · 
broadens. This amplifies our conclusion that the 5u orbital of CO is stabilized by 
the Rh surface. 

SUMMARY AND CONCLUSIONS 

The adsorption of carbon, oxygen and carbon monoxide on the (111), (100) and 
(110) surface of Rh a.re studied with the Atom Superposition and Electron delo
calization (ASED) and Extended Hiickel molecular orbital methods. Calculated 
adsorption energies and bonding geometries are compared with experimental data 
from literature. Full geometry optimalization with ASED is questionable because of 
the parameter dependency and the use of an approximated repulsion energy term. 



118 Chapter 3 

The adsorption of CO on the 1-fold and 2-fold sites on Rh(lll) is analyzed. A 
Blyholder mechanism, a donation of electrons from the 50' orbital to metal surface 
and a back donation towards the 211"* orbitals is found. Carbon monoxide on the 
I-fold sites is bonded mainly with the a type interactions of the 5u orbital with the 
s, Pz and <lz2 orbitals. The 11" type interactions of the 211"* orbitals with the metal dxz 
-and dyz orbitals are smaller. In comparing the adsorption on the 1-fold and 2-fold 
sites we find that the u type interactions force CO to the bridge positions at low 
valence band occupation and to the atop positions at high valence band occupation. 
The 11" type interactions direct CO to the atop positions at medium and to the bridge 
positions at high vale..1.ce band occupation. As a result, CO shifts from the bridge 
position to atop and a.gain to bridge positions at increasing valence band occupation. 

The bond strength of diatomic Rh-C and Rh-0 is compared with the adsorption 
energy of C and 0 adsorbed 1-fold and 2-fold on Rh(lll). The Rh-C bond strength 
is higher than the Rh-0 bond strength in diatomic molecules, while the adsorption 
energy of oxygen on Rh( 111) is higher than that of carbon. This is due to the higher 
electron occupation of oxygen orbitals compared with carbon orbitals. 

The 1-fold adsorption of CO on (111), (100) and (110) planes is analyzed. Differ
ences in atomic gross population of surface metal atoms and Bond Order Populations 
are small. A correlation is found between the local densities of states at the Fermi 
level of surface metal atomic orbitals and relative differences in reactivity of metal 
surfaces as a function of number of valence electrons. A simple intuitive chemical 
bonding model is able to rationalize the computed changes. 

The influence of CO molecules surrounding adsorbed CO, as well as the effect of 
promotors on CO adsorption are shortly discussed. 

Appendix 1. Atomic parameters: principal quantum number (n), Valence State 
Ionization Potential (V.S.I.P.), orbital exponents(() and respective coefficients (C;) 
- d only- used. 

s p 

Atom n VSIP ( n VSIP ( 

c 2 20.00 1.658 2 11.26 1.618 

0 2 28.48 2.246 2 13.62 2.227 

Rh 5 8.09 2.135 5 4.57 2.100 

Ni 4 7.63 1.800 4 4.45 1.500 

d 

n VSIP (1 C1 (2 

Rh 4 12.50 4.290 0.5807 1.97 

Ni 3 10. 5.750 0.5681 2.00 



Adsorption of C, 0 and CO 119 

REFERENCES 

1. P. Biloen, W.M.H. Sachtler, Adv.Catal., 30, (1981), 165 
2. A. Takeuchi, J.R. Katzer, J.Phys.Chem., 85, (1981), 937 
3. J.M. Driessen, E.K. Poels,J.P. Hindermann,V. Ponec, J.Cata.l., 82 (1983) ,26 
4. E.K. Poels, E.H. van Broekhoven, W.A.A. van Barneveld, V. Ponec, 

Rea.ct.Kinet.Ca.ta.l.Lett., 18, (1982), 223 
5. E.K. Poels, Far.Disc.Chem.Soc., 72, (1981), 194 
6. M. Ichikawa., Bull.Chem.Soc.Ja.p., 51, (1978), 2268; ibid, 2273 
7. M. Ichikawa., J.Chem.Soc., Chem.Commun., (1978), 566 
8. W.M.H. Sa.chtler,M. Ichikawa., J.Phys.Chem., 90, (1986), 4752 
9. J.R. Katzer, A.W. Sleight, P. Gajardo, J.B. Michel, E.F. Gleason, S. McMillan, 

Farada.y.Disc.Chem.Soc., 72, (1981 ), 121 
10. S. Sung, R. Hoffmann, J.Am.Chem.Soc., 107, (1984), 2006 
11. C. Zheng, R. Hoffmann, J.Am.Chem.Soc., 108, (1986), 3078 
12. N.K. Ray, A.B. Anderson, Surf.Sci., 119, (1982), 35 
13. W. Andreoni, C.M. Varma, Phys.Rev., B25, (1981), 437 
14. G. Doyen, G. Ertl, Surf.Sci., 69, (1977), 157 
15. S.P. Meha.ndru, A.B. Anderson, Surf.Sci., 201, (1988), 345 
16. A. de Koster, R.A. van Santen, J.Vac.Sci.Techn., A6, (1988), 1128 
17. D. Post, E.J. Ba.erends, J.Chem.Phys., 78, (1983), 5663 
18. F. Raatz, D.R. Sala.hub, Surf.Sci., 176, (1986), 219 
19. K. Hermann, P.S. Ba.gus, C. Nelin, Phys.Rev., B35, (1987), 9467; 

K. Hermann, P.S. Bagus, C.W. Ba.uschlicher, Phys.Rev., B31, (1985), 6371 
20. J.N. Allison, W.A. Goddard III, Surf.Sci., 110, (1981), 1615 
21. G. Pa.cchioni, J. Koutecky, J.Phys.Chem., 91, (1987), 2658 
22. M.R.A. Blomberg, C.B. Rebrilla, P.M. Siegba.hn, Chem.Phys.Lett., 150, (1988), 

522 
23. K. Brownfield, R.M. Lambert, Surf.Sci., 195, (1988), 1156 
24. R.V. Kasowski, T. Rhodin, M.-H. Tsai, Appl.Phys., A41, (1986), 61 S. McMillan, 

Far.Disc.Chem.Soc., 72, (1981 ), 121 
25. G. Blyholder, J.Phys.Chem., 68, (1964), 2772 
26. R.A. van Santen, J.Chem.Soc.Far.Trans.I, 83, (1987), 1915 
27. J.J. Weimer, E. Umbach, Phys.Rev. B30, (1984), 4686 
28. N.D. Shinn, T.E. Madey, Phys.Rev.Lett, 53, (1984), 2481 
29. N.D. Shinn, T.E. Madey, J.Chem.Phys., 83, (1985), 5928 
30. S.P. Meha.ndru, A.B. Anderson, Surf.Sci., 169, (1986), 1281 
31. E.M. Shustorovich, Surf.Sci.Rep., 6, (1980), 1 
32. R. Hoffmann, J.Chem.Phys., 39, (1963), 1397 
33. R. Hoffmann, W.N. Lipscomb, J.Chem.Phys., 36, (1962), 2179; ibid, 37, (1962), 

2872 
34. A.B. Anderson, R.W. Grimes, S.Y. Hong, J.Phys.Chem., 91, (1987), 4245 



120 Chapter 3 

35. A.B. Anderson, J.Chem.Phys., 62, (1975), 1187 
36. R.A. van Santen, J.Mol.Struct., 173, (1988), 157 
37. R.A. van Santen, Proc.8th Intern.Congress on Catal., Volume IV, Springer-

Verlag, Berlin, (1984), p 97 
38. R.A. van Santen, Progress in Surf.Sci., 25, (1987), 253 
39. R. Hughbanks, R. Hoffmann, J.Am.Chem.Soc., 105, (1983), 3528 
40. R. Hoffmann, in "Solids and Surfaces, a chemist's view of bonding in Extended 

Structures", VCH Publishers, New York, (1988) 
41. H.A.C.M. Hendricks, A.P.J.M. Jongenelis, B.E. Nieuwenhuys, Surf.Sci., 154, 

(1985), 503 
42. H.A.C.M. Hendricks, B.E. Nieuwenhuys, Surf.Sci., 175, (1986), 185 
43. W.F. Banholzer, Y.O. Park, K.M. Mak, R.I. Masel, Surf.Sci., 128, (1983), 176 
44. Y.O. Park, W.F. Banholzer, R.I. Masel, Apl.Surf.Sci., 19, (1983), 145 
45. Y.O. Park, W.F. Banholzer, R.I. Masel, Surf.Sci., 155, (1985), 341; ibid, 653 
46. J-Y Saillard, R. Hoffmann, J.Am.Chem.Soc., 106, (1984), 2006 
47. A.B. Anderson, J.A. Nichols, J.Am.Chem.Soc., 108, (1986), 1385 
48. A.B. Anderson, Inorg.Chem., 15, (1976), 2598 
49. International Tables for X-Ray Crystallography, C.H. MacGillavry, G.D.Rieck 

(ed.), Volume 3, (1962), Kynoch, Birmingham, England, page 282 
50. M.L. McKee, S.D. Worley, J.Phys.Chem., 92, (1982), 3699 
51. J.M.C. Coey, Acta Cryst., B26, (1970), 1876 
52. A. Gavezzotti, E. Ortoleva, M. Simonetta, J.Chem.Soc, Faraday Trans. I, 78, 

(1982), 425 
53. E.M. Shustorovich, Ace.Chem.Res., 21, (1988), 183 
54. K.P. Huber, G. Herzberg, in" Molecular J'l,pectra and Molecular Structure", Vol

ume IV "Constants of diatomic molecules", Van Nostrand Reinhold, New York, 
(1979), page 559 

55. J.W. Niemantsverdriet, A.D. van Langeveld, Fuel, 65, (1986), 1396 
56. A. Takeuchi, J.R. Katzer, J. of Catal., 82, (1983), 351 
57. A. Erdohelyi, F. Solymosi, J. of Cata.I., 84, (1983), 446 
58. P.C. Wong, K.C. Hui, M.Y. Zhou, K.A.R. Mitchell, Surf.Sci., 165., (1986), L21 
59. W. Oed, B. Dotsch, L. Hammer, K. Heinz, K. Muller, Surf.Sci., 207, (1988), 55 
60. P.A. Thiel, J.T. Yates Jr, W.H. Weinberg, Surf.Sci., 82, (1979), 22 
61. T.W. Root, L.D. Schmidt, G.B. Fisher, Surf.Sci., 134, (1983), 30 
62. G.B. Fisher, S.J. Schmieg, J.Vac.Sci.Technol., Al, (1983), 1064 
63. A. de Koster, R.A. van Santen, manuscript in preparation (Chapter 4 of this 

thesis). 
64. D.G. Castner, B.A. Sexton, G.A. Somorjai, Surf.Sci., 71, (1978), 519 
65. P.A. Thiel, E.D. Williams, J.T. Yates Jr, W.H. Weinberg, Surf.Sci., 84, (1979), 

54 
66. E.G. Seeba.uer, A.C.F. Kong, L.D. Schmidt, Appl.Surf.Sci., 31, (1988), 163 
67. D.G. Castner, G.A. Somorjai, Surf.Sci., 83, (1979), 60 



Adsorption of C, 0 and CO 121 

68. Y. Kim, H.C. Peebles, J.M. White, Surf.Sci., 114, (1982), 363 
69. R.A. Marbrow, R.M. Lambert, Surf.Sci., 67, (1977), 489 
70. R.J. Baird, R.C. Ku, P. Wynblatt, Surf.Sci., 97, (1980), 346 
71. B.A. Sexton, G.A. Somorjai, J.of Catal., 46, (1977), 167 
72. R.W. McCabe, L.D. Schmidt, Surf.Sci., 66, (1977), 101 
73. E.G. Seebauer, A.C.F. Kong, L.D. Schmidt, J.Chem.Phys., 88, (1988), 6597 
74. L.H. Dubois, G.A. Somorjai, Surf.Sci., 91, (1980), 514 
75. B.A. Gurney, L.J. Richter, J.S. Villarrubia, W. Ho, J.Chem.Phys., 87, (1987), 

6710 
76. D. Lalage, S. Brown, J.A. Connor, H.A. Skinner, J.Chem.Soc., Faraday Trans I, 

71, (1975), 699 
77. M.A. van Hove, R.J. Koestner, J.C. Frost, G.A. Somorjai, Surf.Sci., 129, (1983), 

482 
78. R.J. Koestner, M.A. van Hove, G.A. Somorjai, Surf.Sci., 107, {1981), 439 
79. M.A. van Hove, R.J. Koestner, G.A. Somorjai, Phys.Rev.Lett., 50, {1983), 903 
80. E. Ruckenstein and T. Halachev, Surf.Sci., 122, (1982), 422 
81. X. Yin·Sheng, H. Xiao· Le, J. of Mol.Catal., 33, (1985), 179 
82. P.·L. Cao, Y. Wu, Y.-Q. Chen, D.-J. Zheng, Appl. of Surf.Sci., 22/23, (1985), 

452 
83. R. Smoluchowski, Phys.Rev., 60, (1941), 661 
84. A.B. Anderson, J.Chem.Phys., 60, (1974), 2477 
85. A.B. Anderson, R. Hoffmann, J.Chem.Phys., 60, (1974), 4271 
86. E.J. Baerends, D.E. Ellis, P. Ros, Chem.Phys., 2, (1973), 41 
87. E.J. Baerends, P. Ros, Chem.Phys. , 2, (1973), 52 
88. E.J. Baerends, P. Ros, Chem.Phys. , 8, (1975), 412 
89. W. Erley, H. Wagner, Surf.Sci., 74, (1978), 333 
90. D.G. Castner, G.A. Somorjai, Surf.Sci., 83, (1979), 60 

91. P.W. Davis, R.M. Lambert, Surf.Sci., 111, (1981), L671 
92. B.E. Nieuwenhuys, Surf.Sci., 126, (1983), 307 
93. F. Fukui, Science, 218, (1982), 747 
94. R.B. Woodward, R. Hoffmann, Ang.Chem.(Int.Ed.), 8, (1969), 781 
95. Chapter 2 of this thesis 
96. H. Hopster, H. Ibach, Surf.Sci., 77, (1978), 109 
97. W. Erley, H. Ibach, S. Lehwald, H. Wagner, Surf.Sci., 83, (1979), 585 
98. S.-S. Sung, R. Hoffmann, J.Am.Chem.Soc., 107, (1985), 587 
99. J.L. Franklin, J.G. Dillard, H.M. Rosenstick, J.T. Herron, K. Draxl, F.H. Field, 

"Ionization potentials, Appearance potentials and Heats of formation of gaseous 
ions", NSRDS-NBS 26 (US Govt. Printing Office, Washington DC, 1969) 

100. D.W. Turner, C. Baker, A.D. Baker, C.R. Brundle, "Molecular Photoelectron 
Spectroscop'Jl', Wiley-lnterscience, London, (1970) 



122 Chapter 3 

101. K. Siegbahn, C. Nordling, G. Johansson, J. Hedman, P.F. Heden, K. Hamrin, 
U. Gelius, T. Bergmark, 1.0. Werme, R. Manne, Y. Baer," ESCA applied to free 
moleculei', North Holland Publishing Company, Amsterdam, (1969), page 76 

102. H. Conrad, G. Ertl, H. Knozinger, J. Kiippers, E.E. Latta, Chem.Phys.Lett, 42, 
(1976), 115 

103. W. Braun, M. Neumann, M. Iwan, E.E. Koch, Phys.Stat.Sol., B90, (1978), 525; 
Sol.Stat.Commun, 27, (1978), 155 

104. F.P. Netzer, J.U. Mack, E. Bertel, J.A.D. Matthew, Surf.Sci., 160, (1985), 1509 
105. D.E. Peebles, H.C. Peebles, J.M. White, Surf.Sci., 136, (1984), 463 
106. R.J. Baird, J.of Electron Spectrosc.Relat.Phenom., 24, (1981),55 
107. S.-I. Ishi, Y. Ohno, B. Viswanathan, Surf.Sci., 161, (1985), 349 
108. H. Miessner, Z.anorg.allg.Chem., 505, (1983), 187 
109. R.A. van Santen, A. de Koster, to be published in" New trends in CO activation", 

L. Guczi (ed.) 
110. A. de Koster, A.P.J. Jansen, R.A. van Santen, J,J.C. Geerlings, Faraday Dis-

cuss.Chem.Soc., 87, (1989), paper 221 
111. H. Papp, Surf.Sci., 129, (1983), 205 
112. L.H. Dubois, G.A. Somorjai, Surf.Sci., 91, (1980), 514 
113. J.C. Bertolini, B. Tardy, Surf.Sci., 102, (1981), 131 
114. C. Benndorf, B. Kruger, F. Thieme, Surf.Sci., 163, (1985), L675 
115. J. Koutecky, G. Pacchioni, P. Fantucci, Chem.Phys., 99, (1985), 87 
116. R.A. van Santen, E.J. Baerends, in Theoretical Models of Chemical Bonding part 

4, Ed. Z.B. Maksic, Springer-Verlag, to appear 
117. S.P. Walch, W.A. Goddard III, Sol.Stat.Commun., 23, (1977), 907 
118. S.P. Walch, W.A. Goddard III, Surf.Sci., 75, (1978), 609 
119. G.C. Bond, Disc.Far.Soc., 41, (1966), 200 
120. W.H. Weinberg, R.P. Merril, J.Catal., 40, (1975), 268 
121. J.B. Goodenough, in Magnetism and the Chemical Bond, Krieger Publishing Co., 

Huntington, New York, (1976) 
122. R.A. van Santen, Rec.Trav.Chim.Pays-Bas, 101, (1982), 121 
123. J.K. N16rskov, S. Holloway, N.D. Lang, Surf.Sci., 137, (1984), 65 
124. J.K. N16rskov, Physica, 127B, (1984), 193 
125. N.D. Lang, S. Holloway, J.K. Ns;Srskov, Surf.Sci., 150, (1985), 24 
126. E. Wimmer, C.L. Fu, A.J. Freeman, Phys.Rev.Lett., 55, (1985), 2618 
127. M.Y. Chou, J.R. Chelikowski, Phys.Rev.Lett., 59, (1987), 1737 
128. E.L. Garfunkel, M.H. Farias, G.A. Somorjai, J.Am.Chem.Soc., 107, (1985), 349 
129. J.E. Crowell, G.A. Somorjai, Appl.of Surf.Sci., 19, (1984), 73 
130. J.E. Crowell, W.T. Tysoe, G.A. Somorjai, J.Phys.Chem., 89, (1985), 1598 
131. H. Hochst, E. Colavita, J.Vac.Sci.Technol., A4, (1986), 1442 
132. N.K. Ray, A.B. Anderson, Surf.Sci. , 125, (1983), 803 
133. J.E. Crowell, G.A. Somorjai, Appl.Surf.Sci. , 19, (1984), 73 
134. P.J. Feibelman, D.R. Hamann, Phys.Rev.Lett., 52, (1984), 61 



Adsorption of C, 0 and CO 123 

135. P.J. Feibelman, Phys.Rev.Lett., 24, (1985), 2627 
136. P.J. Feibelman, D.R. Hamann, Surf.Sci., 149, (1986), 84 
137 R.W. Joyner, J.B. Pendry, D.K. Saldrin, S.R. Tennism, Surf.Sci., 138, (1984), 84 

138. D.W. Goodman, M. Riskinova, Surf.Sci., 105, (1981), L265 
139. R.J. Madix, S.B. Lee, M. Thornburg, Surf.Sci., 133, (1983), L441 
140. J. Benziger, R.J. Madix, Surf.Sci., 94, (1980), 119 
141. F. Greuter, D. Heskett, E.W. Plummer, H.-J. Freund, Phys.Rev., B27, (1983), 

7117 
142. H. Kuhlenbeck, M. Neumann, H.-J. Freund, Surf.Sci., 173, (1986), 194 
143. L.A. de Louise, E.J. White, N: Winograd, Surf.Sci., 147, (1984), 252 
144. D.L. Cocke, K.A. Gingerich, J.Chem.Phys., 57, (1972), 3654 
145. I. Shim, K.A. Gingerich, J.Chem.Phys., 81, (1984), 5937 
146. Gmelin Handbuch der Anorganische Chemie, Rhodium supplement Volume Bl, 

W.P. Griffith, K. Swars (ed.), Springer-Verlag, Berlin, (1982), pages 2-6 and 
181-183 

147. L. Brewer, G.M. Rosenblatt, in "Advances in high temperature chemistry" Vol
ume 2, L. Eyring (ed.), Academic Press, New York, (1962), page 1-83 



124 Chapter 4 

Dissociation of CO on Rh surfaces 

ABSTRACT 

The dissociation of CO on the (111), stepped (111), (100) and (110) surfaces 
of Rh have been studied with the Atom Superposition and Electron Delocal
ization (ASED) Molecular Orbital method. For each surface several possible 
reaction paths are proposed, of which the activation energy is calculated. Re
action paths with the lowest activation energy found have in common that 
in the first stage the oxygen atom bends to the metal surface, while in the 
second stage the oxygen atom is moving away from the carbon over a surface 
Rh atom. This results in a transition state where both carbon and oxygen 
atoms are bonded to this surface Rh atom. Calculations of the LDOS of CO 
show considerable occupation of the 211"* orbital of CO in the transition state. 
Large metal ensembles are necessary for CO dissociation, since after dissoci
ation carbon and oxygen are adsorbed on sites sharing a minimum number 
of surface metal atoms. 

INTRODUCTION 

Using heterogeneous catalysis synthesis gas can be converted to methane (Ni cata
lyst), hydrocarbons (Fe,Ru), methanol (Cu, Pd) and Ct oxygenates (Rh). Catalytic 
studies show that Rh containing catalysts are good for the synthesis of hydrocarbons 
and oxygenated compounds and that particular promotors enhance the selectivity 
to oxygenated compounds (1-8). There is now a considerable support for the idea 
that hydrocarbons are produced by dissociative adsorption of CO and subsequent 
hydrogenation of Cad [9]. The synthesis of methanol is believed to be catalyzed by 
a mechanism involving nondissociative adsorption of CO [10-13]. For the formation 
of higher oxygenates, dissociative as well as molecular adsorption of CO is of im
portance (14-17]. In this respect rhodium has proven to be a very versatile catalyst, 
since it can adsorb CO dissociatively as well as associatively. 

Marbrow and Lambert [18] reported slow thermal dissociation which occurs when 
Rh{llO) is heated in an ambient atmosphere of CO (2 10-7 Torr, 570 K, 5 minutes). 
However, they also found traces of foreign atoms on the surface of Rh using Auger 
Electron Spectroscopy. Baird [19] studied CO adsorption on a Rh(llO) surface, 
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where he did not find any boron by AES. On this surface, CO is chemisorbed and 
desorbs molecularly at all coverages. This suggests that the slow thermal dissociation 
reported by Mar brow and Lambert might have been caused by those reported foreign 
atoms and not by the Rh(llO) surface itself. 

There has been a considerable debate in literature if CO dissociation occurs on 
Rh(lll). Somorjai [20] reported results on CO adsorbed on a polycrystalline foil. 
On this surface, CO partly dissociates by heating in the presence of gaseous CO, 
resulting in a high temperature peak (973 K) in Thermal Desorption Spectra. This 
peak is attributed to a recombination of adsorbed C and 0 from dissociated CO. 
This peak shows up after heating for 10 minutes in 10-6 Torr CO at 573 K. The high 
temperature peak is also observed in TDS spectra of CO adsorbed on Rh(755) ( a 
Rh(lll) surface with 17 % step density) and CO adsorbed on Rh(331) (step density 
40 % ) [21 ]. Both surfaces show a carbon peak in AES spectra after CO desorption. 

These conclusions were debated by Weinberg et al [22]. They found that the 
reactive sticking coefficient for CO isotopic mixing was smaller than 10-3 , resulting 
in a probability of dissociated chemisorption of CO much less than 10-4 per CO col
lision in the temperature range of 300-870 K. They found no high temperature TDS 
peak. After desorption however, the Rh(lll) surface contains 1/3 of a monolayer 
of carbon according to AES, attributed to contamination of the UHV system with 
traces of hydrocarbons and not to C from dissociated CO. 

According to Somorjai et al. [23] CO never dissociates on Rh at room temper
ature. However, heating results in both desorption and dissociation. The oxygen 
produced during CO dissociation will preferentially diffuse into the Rh bulk and 
therefore the high temperature peak, which is the recombination of adsorbed C and 
0, can not be detected. Only high concentrations of oxygen in the near surface 
region will lead to the appearance of the high temperature TDS peak. The authors 
express their belief that CO dissociates mainly on defect sites, which is the main 
reason that CO dissociation on Rh( 111) (which contains a small percentage of defect 
sites) can hardly be detected. 

The Weinberg group [24] believes that the CO dissociation originates from AES 
electron beam damage, and not from the intrinsic properties of the Rh surface. Their 
conclusion that Rh single crystal surfaces do not dissociate CO, are confirmed by 
a Field Emission Microscopy (FEM) and Thermal Desorption Spectroscopy (TDS) 
study of CO adsorption on a multifaced Rh tip by Gorodetskii and Nieuwenhuys 
[25). They report that thermal dissociation of CO can not be detected on clean Rh 
surfaces at pressures up to io-1 Torr and temperatures up to 1273 Kand state that 
the maximum probability of dissociation per collision with the Rh surface is about 
10-s. It is possible to dissociate CO by means of an electron beam or in a high 
electrical field. When these are applied, the Rh(llO) surface is very active in the 
growth of carbon crystallites. 

de Louise and Winograd [26] report XPS and SIMS studies of CO on Rh(Ul) 
and Rh(331 ). They observe only molecular CO at 573 K. Bulk dissolution of pos-
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sibly formed C or 0 species is shown to be insignificant at temperatures below CO 
desorption temperature. Liu et al (27] have observed dissociation of CO on Rh sur
faces at low gas pressure (10-8 ) and low temperatures (150 K) on field ion emitter 
surfaces under the high electric field and also under pulsed-laser stimulation. Their 
conclusion is that dissociation on the high index planes is easier to detect than on 
the flat planes. Solymosi [28] found with the isotopic mixing reaction an evidence for 
CO dissociation on Rh/ Ah03 at temperatures above 473 K and atmospheric pres
sure. Reaction with of C formed by dissociation of CO H2 resulted in the formation 
of CH4. 

Analysis of these papers shows that CO does not dissociate on Rh(lll) under 
UHV conditions (low pressure). Little is known experimentally of other single crystal 
surfaces. CO is found to dissociate at atmospheric and higher pressures on Rh 
catalysts [29-33], and promotors can accelerate the CO dissociation considerably. 

Recently, the influence of coadsorbed K has been studied by several groups. 
Somorjai [34] found that even small amounts of K shift CO from atop to bridge 
positions. At higher loadings of potassium (10-36 % of a monolayer of K) TDS 
spectra show high temperature peaks indicating dissociated CO at 630 K and 700 K, 
and there is a simultaneous strengthening of the M-C bond and a weakening of 
the C-0 bond. Potassium lowers the work function, which allows greater electron 
spillover into the 21r* orbital of CO. Bridge sites permit more extensive dM 21r* 
CO orbital overlap [35,36]. In a subsequent study [37] Somorjai found isotopic 
mixing 13C160 + 12C180 1----+13 C180 in the high temperature TDS peaks. A 
minimum coverage E>K of 0.08 K per surface Rh atom is necessary to induce any 
CO dissociation, while at E>K = 0.1 a maximum of 3 CO molecules are observed to 
dissociate per potassium atom. 

Yates and coworkers studied by IR Absorption Reflection Spectroscopy (!RAS), 
TPD and LEED the adsorption of CO on Ni(lll) precovered by K [38,39]. Even at 
low potassium coverages about 25 CO molecules are affected by one K atom. Results 
indicate both a long range effect (through space electrostatic interaction) and a short 
range effect ea.used by the formation of potassium-CO complex (K~+(CO)~-). 

Ba.stein [40] has shown with TPSR (Temperature Programmed Surface Reaction) 
measurements that a Vanadium promoter accelerates CO dissociation on Rh/Si02 

catalysts. From a work function measurement and photoemission spectroscopy 
study, Hochst and Colavita [41] conclude that adsorption of sodium lowers the work 
function of Rh(lOO) up to -4.2 eV. Natrium has a. strong promoter effect and en
hances the dissociative adsorption of NO and 0 2 considerably, while at 300K it 
promotes the partial dissociation of CO. 

Sachtler and Ichikawa [17] have studied the influence of oxidic promotors on the 
synthesis gas conversion catalyzed by Rh. Oxophilic ions (Mn, Ti, Zr) enhance CO 
dissociation, which is possibly due to a direct interaction of the oxygen atom of 
tilted CO with the promotor. On the other hand, basic ions (Fe, Zn) are found 
to suppress CO dissociation. This can be explained by a site blocking mechanism: 
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metal sites occupied by the promotor a.re not available for the dissociation reaction. 
Erley and Wagner [42} found that Ni steps enhance CO dissociation. Li and 

Vanselow [43] in a work function measurement study with Field Electron Microscopy 
(FEM) of CO on Pt crystals found that dissociation of adsorbed CO occurs predom
inantly on kinked edges. The extent of dissociation on a straight edge a.rea with the 
highest possible step atom density (llO) is smaller than that of a kinked edge area 
with the smallest measured kink atom density (11 9 5) investigated in their study. 
Even this low activity can be the result of incidental kinks. 

Empirically, the activation energy for dissociation does not appear to be related 
to the heat of adsorption of carbon monoxide. For instance the strength of the 
chemisorptive bond of CO on Pt is larger than that with Ni, but CO dissociation 
occurs much more readily on Ni than on Pt [44]. The property to dissociate CO 
is also not related to the tendency to be chemisorbed preferentially in the a.top or 
bridge position. 

Early UPS data [45] enabled the conclusion that the activation energy for dis
sociation is related to the degree of population of the antibonding CO 211"* orbital. 
Inverse photoemission studies seem to confirm this [46]. The higher work function 
of Pt compared with Ni then explains the ease of dissociation on Ni. Chernisorbed 
CO is a stable intermediate, if there is an activation energy between chemisorbed 
CO and dissociated CO. 

Shustorovich [47-49] introduced recently the Bond Order Conservation (BOC) 
method to calculate the activation energy of dissociation of adsorbates on (metal) 
surfaces. This method makes use of empirical parameters as adsorption energies 
of fragments after dissociation (carbon and oxygen atoms in case of CO) and the 
gas phase dissociation energy. Its ma.in shortcomings are that predicted activation 
energies are usually too high, and secondly it cannot be applied to a particular 
dissociation path. 

We will study in detail CO dissociation on Rh single crystal surfaces with the 
Atom Superposition and Electron Delocalization ( ASED) Molecular Orbital method. 
In the Atom Superposition and Electron Delocalization (ASED) MO theory [50-53], 
the total energy Etot is found by a summation of an attractive energy term Eatt and 
a repulsive energy term Erep: 

Etot == L Er(a, b) + Ea.tt 
a>b 

The attractive energy is calculated with: 

Eatt = L\. Emo = E nierb - E nier - E nief 
i i i 

( 4.1) 

(4.2) 

where ni is orbital occupation number (0,1, or 2). Numerical values of ionization 
energies (- VSIP) are used for the atomic orbital energies ej and et. tjb are molecular 
orbital energies and are found by solving the Hamiltonian with the Extended Hiickel 
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method [54,55]. Parameters used in this study are listed in Appendix 1 and they 
are taken from the work of Hoffmann [56] for Rh and the work of Anderson [57,58] 
for C and 0. 

In the ASED MO theory, besides this attractive energy, also a repulsive energy 
due to electron delocalization is derived by using the Hellmann-Feynman force the
orem [52,53]: 

(4.3) 

The ASED MO method can be used to optimise geometries, and is therefore useful 
to study CO dissociation. 

The advantage of using a simple semi-empirical method to study chemical bond
ing is that it enables the computation of many different reaction paths. Based on 
the insights generated in such a way a few selected paths can be chosen for further 
evaluation by more sophisticated techniques. The advantage of the ASED method 
over the BOC method is that in principle with ASED 

- an analysis of electronic factors involved is possible 
- geometry of the C and 0 atoms in the transition state can be optimized 

while the BOC method only contains the bonding energy of the Cad and Oad atoms 
formed by dissociation. 

The transition state of CO is analyzed using LDOS and Bond Order Overlap 
Densities. The Local Density Of States (LDOS) is calculated with: 

p;.(E) = E 1(~1lwk)l 2 o(E- Ek) 
k 

with ~; the fragment orbital and 1J! k the calculated Molecular Orbital. 
Bond Order Overlap densities are calculated with: 

7r;;(E) = E Re cik cf Sij o(E - Ek) 
k 

(4.4) 

(4.5) 

and are equivalent to the Crystal Orbital Overlap Populations (COOP) of Hoffmann 
[59,60]. The coefficient cf is of fragment orbital i in Molecular Orbital k and S;j 
is the overlap between the fragment orbitals. A positive value indicates bonding, a 
negative value antibonding. The integral of the Bond Order Overlap density curve 
up to the Fermi level is the total Bond Order Overlap Population of the specified 
bond. In all plots, calculated p;;(E) and 7r;j(E) are presented after convolution with 
a Gaussian distribution (er 0.25 eV). 

Rh surfaces studied are represented by cluster models. Since Rh surfaces show no 
surface reconstruction [61-64] the bulk value of 2.687 A is used as Rh-Rh internuclear 
distance. We have found in a previous study [65] that adsorption on central sites is 
favoured with 0.5 eV over edge sites. In order to minimize effects of cluster size, we 
have chosen cluster models with central atoms fully coordinated to nearest neighbour 
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metal atoms. Large metal clusters will be necessary for CO dissociation. A detailed 
description of the clusters can be found elsewhere [66] 

A Rh( 111) surface is modeled by a cluster of 29 Rh atoms in two layers of 18 and 
11 Rh atoms respectively. The central atoms in this cluster are coordinated to 6 
nearest neighbours in the same layer and 3 nearest neighbours an the second layer. 
A stepped Rh(lll) is modeled by adding a third layer of 6 Rh atoms on top of the 
first layer, resulting in a (6,18,11) 3 layer cluster. 

A Rh(IOO) surface is less densely packed than Rh(lll). A surface atom has 4 
nearest neighbours in the same layer and 4 nearest neighbours in the second layer. In 
our calculations, a (25,16) 2 layer cluster is used. The most open surface considered 
in this study is the (110) surface, which consists of alternative edges and grooves in 
the ITO direction. A 4 layer cluster is needed since metal atoms in the grooves have 
one nearest neighbour in the fourth layer. Therefore, the (110) surface is represented 
by the (19,14,9,8) 4 layer cluster. 

THEORETICAL MODELS OF CO DISSOCIATION 

During the process of CO dissociation, a stable CO adsorbed on the surface changes 
into a configuration where the carbon atom and the oxygen atom are coadsorbed 
on the surface. According to this, a quantum chemical study of CO dissociation 
should have the position of both atoms as free input parameters, starting with the 
condition of adsorbed, intact CO molecule and ending in positions which are more 
or less independent of each other. 

However, even the exploration of the energy in a situation where one atom (C) is 
fixed, and the position of the other (0) is free, would lead to am enormous amount 
of calculations. Therefore to start we need to make some preliminary assumptions: 

1. The position of the carbon atom is fixed on the site of the initial CO adsorption. 
We start every possible reaction path with adsorbed CO. 

2. We perform a number of calculations of coadsorbed C and 0. Both atoms are 
placed on fixed adsorption sites, with only the possibility of moving in the z 
direction (normal to the surface). This will give us a direct insight in favourable 
situations after CO dissociation. 

3. As we now have a general idea of favourable starting positions (that is, favourable 
adsorption sites) and of favourable end configurations, we can choose ways of 
moving the oxygen atom away from the carbon atom. The oxygen atom is moved 
according to a possible reaction path, while at several intermediate positions (8-
12) the adsorption energy is found by optimizing the height of the oxygen atom. 
This general method results in an energy profile as a function of r, the position 

of the oxygen atom on the surface relative to that of carbon (r = .j{(xo - xc)2 + 
(yo - yc)2 ) ); r can be considered as a reaction coordinate. 

The energy of adsorbed CO is the "start" energy, while the energy of coadsorbed 
C and 0 is the "end" energy of each possible reaction path. The activation energy 
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Figure la. Reactions paths or co dissociation on Rh(lll). 

can be found by calculating the difference of the maximum of the energy profile (the 
lowest adsorption energy) and the "start" energy. 

However the height of a single carbon atom on a particular site as optimized with 
ASED is usually lower than the height of the carbon atom in adsorbed CO on the 
same site [67], and therefore a completely fixed carbon atom is an oversimplification. 
During the dissociation reaction, the height of the C will change from the value of 
adsorbed CO to the value of adsorbed C. In orde1· to imitate this in a limited number 
of calculations, for a few reaction paths (which were found to have low activation 
energies and which are therefore probable) the energy profile is calculated with the 
carbon atom fixed on one of the two limiting values (the height of adsorbed C, and 
the height of adsorbed CO). At low r values (beginning of CO dissociation) the 
energy profile of C fixed at the height of CO, is lower than that of C fixed at the 
height of a carbon atom, while at high r values the latter one wins (figure 2a). As 
the two energy profiles always cross before the maximum energy, the value of Emax 
of the profile with the carbon atom fixed at the height of adsorbed C has to be used 
to establish the value for the activation energy. 

RH(lll) 

On smooth Rh( 111 ), the following reaction paths have been investigated with ASED 
(figure la): 

l CO is adsorbed on a I-fold (linear) site. The oxygen atom is moving over a 2-fold 
(bridge) site to a second 1-fold site. 

II. CO is adsorbed on a 3-fold hep site. The oxygen atom is moving in a straight 
line towards a. second 3-fold hep site. This second 3-fold site shares only 1 Rh 
atom with the original adsorption site of CO. 
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Figure lb. Reactions paths of CO dissociation on stepped Rh(111). 

III. CO is adsorbed on a 3-fold fee site, the oxygen is moving to a second 3-fold fee 
site over the Rh atom both 3-fold sites share. 

IV. CO is adsorbed on a 3-fold hep site, the oxygen atom is moving to a second 3-fold 
hep site over a 2-fold (bridge) site. Both adsorption site of CO and adsorption 
sites of C and 0 after dissociation are the same as in reaction path II. 

V. CO is adsorbed on a 3-fold hep site, the oxygen atom is moving to a 3-fold fee 
site in a straight line over the Rh atom both 3-fold sites share 

VI. CO is adsorbed on a 3-fold hep site, the oxygen atom is moving first to a one 
1-fold fold site and thereafter towards a second I-fold site over a 2-fold (bridge) 
site. · 
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STEPPED RH(lll) 

On stepped Rh(lll), the 3-fold hep sites are close to the edge (distance: 1.551 A), 
while the fee sites are further away (distance: 2.326 A from the edge). 

S-I. CO is adsorbed on a 3-fold fee site, the oxygen atom is moving in a straight line 
to a second 3-fold fee site. 

S-II. CO is adsorbed on a 3-fold fee site, the oxygen atom is moving to a second 3-fold 
fee site over the Rh atom both 3-fold sites share. 

S-III. CO is adsorbed on a 3-fold hep site (dose to the edge), the oxygen is moving in 
a straight line to a second 3-fold hep site. 

S-IV. CO is adsorbed on a 3-fold hep site, the oxygen atoin is moving to a second 
3-fold hep site over a 2-fold site. 

S-V. CO is adsorbed on a 3-fold fee site, the oxygen atom is moving to a 2-fold site 
(in the direction of a step Rh atom), and subsequently to a second 3-fold fee site. 

S-VI. CO is adsorbed on a 3-fold fee site, the oxygen a.tom is moving in a straight line 
to a 3-fold fee site on the step. 

S-VII. CO is adsorbed on a 3-fold hep site, the oxygen atom is moving to a second 
3-fold hep site over the Rh atom both 3-fold sites share. 

Reaction paths investigated are shown in figure lb. Table 1 lists comparable reaction 
paths of stepped and unstepped Rh(lll). 

Table 1. Similar reaction paths on Rh(lll) and stepped Rh(lll). Reaction paths 
are indicated "identical" when the reaction paths exactly match, and "similar" when 
the adsorption site is not a 3-fold hep site but a 3-fold fee site, or vice versa. 

Rh{lll) stepped Rh{lll) 
identical similar 

I 
II S-III S-1 
III S-II S-VII 
IV S-IV S-V 
v S-VI 
VI 
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I. CO is adsorbed on a 4-fold site, the oxygen atom is moving to a second 4 fold 
site over the only Rh atom both 4-fold sites share. 

II. CO is adsorbed on a 2-fold site ; the oxygen atom is moving over a Rh atom 
(I-fold site) to a second 2-fold site. 

III. CO is adsorbed on a 1-fold site; the oxygen atom is moving over a 2-fold site to 
a second 1-fold site. 

IV. CO is adsorbed on a 4-fold site, the oxygen atom is moving to a 1-fold site, and 
subsequently to a second 4-fold site. The 4-fold sites share 2 Rh atoms. 

V. CO is adsorbed on a 4-fold site, the oxygen atom is moving in a straight line to 
a second 4-fold site over a 2-fol<l site. The 4-fol<l sites share 2 Rh atoms. 

Reaction paths are shown in figure le. 

RH(llO) 

A Rh(llO) surface has ridges and grooves of atoms in the [lIO] direction. Atoms in 
the throughs are denoted as 4-fold sites (of the first layer) while they also can be 
considered as I-fold sites of the second layer. Figure ld shows the reaction paths. 

I. CO is adsorbed on a 2-fold ridge site, the oxygen atom is moving in the [001] 
direction to a 4-fold through site, and subsequently in the [lIO] direction to a 
second 4-fold through site. 

II. CO is adsorbed on a 2-fold ridge site, the oxygen atom is moving in the [lIO] 
direction over a 1-fold ridge site to a second 2-fold ridge site and subsequently 
in the [001] direction to a 4-fold through site. 
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Figure ld. Reactions paths of CO dissociation on Rh(l 10). 

III. CO is adsorbed on a 1-fold ridge site, the oxygen a.tom is moving in the [001] 
direction to a 2-fold through site, and subsequently over a 4-fold through site in 
the [ITO] direction to a second 4-fold through site. 

IV. CO is adsorbed on a 2-fold through site, the oxygen atom is moving in the (001] 
direction over a 1-fold ridge site to a second 2-fold through site. 

V. CO is adsorbed on a 2-fold through site, the oxygen a.tom is moving in the [lIOJ 
direction over two 4-fold through sites to a second 2-fold through site. 

VI. CO is adsorbed on a 4-fold through site; the oxygen atom is moving in a straight 
line to a second 4-fold through site over a ridge Rh atom (I-fold site) both 4-fold 
sites share. 
A 4 layer (19,14,9,8) Rh atom cluster is necessary to model a Rh{l 10) surface 

large enough for doing dissociation studies without having problems with the finite 
cluster dimensions. As computer time increases progressively with cluster size, we 
have performed preliminary calculations with all six reaction paths mentioned above, 
with a two layer (20,12) Rh(llO) cluster. The more promising reaction paths IV -
VI are investigated by a second calculation using the 4 layer model. 

RESULTS 

We started our study of CO dissociation by investigating Cad and Oad coadsorbed 
on Rh(lll). Results for a number of configurations are listed in table 2. A careful 
examination of this table rules out a number of reaction paths. Configurations 
with Cac1 and Oad positioned at a short distance (1.55 A ) of each other results 
in a. repulsive interaction a.nd a low adsorption energy. Reaction paths in which 
CO dissociates into carbon and oxygen atoms adsorbed on proximate positions can 
be ruled out. Configurations of Ca0. and O,.d with a. larger internuclear distance 
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Table 2. Energy of coadsorbed Cad and Oad. 

carbon h(C)<1l oxygen h(0)<2> d(C-0)<3> E(4) 
tot 

E(s) 
att 

site (A) site (A) (A) (eV) (eV) 

I-fold 1.8 1-fold 1.4 2.687 -1.58 -2.83 

2-fold 1.4 2-fold 0.6 2.687 -1.60 -3.66 

3-fold hep 1.2 3-fold fee -0.2 1.550 -0.93 -3.00 

3-fold fee 1.2 3-fold hep -0.6 1.550 -0.78 -2.31 
1 

3-fold hep 1.2 3-fold hep 0.5 2.687 -2.25 -3.49 

(1 ): height of carbon atom above the metal surface; (2): height of oxygen atom above 
the metal surface; (3): the distance in between carbon and oxygen adsorption sites; 
(4): the total energy as calculated with ASED; (5): the bond energy contribution 
excluding the two-body repulsion term. 

of 2.687 A (equal to the Rh-Rh internuclear distance) are clearly favoured. The 
I-Fold or 2-fold coadsorbed Cad and Oad are less favoured than 3-fold coadsorbed 
carbon and oxygen. Therefore, it can be concluded that a reaction path for CO 
dissociation which results in a conformation of cad and oad adsorbed on 3-fold sites 
with a internuclear distance of 2.687 A or more, is likely to result in a low activation 
energy. Calculations of the activation energy for a number of selected reaction paths 
will confirm this. 

We have calculated the energy profiles of a large number of possible reaction paths 
of CO on Rh(lll), stepped Rh(lll), Rh(lOO) and Rh(llO). All results are listed in 
Table 3, and the reaction paths with the lowest activation energy are summarized 
in Table 4. For all mechanisms, the results of the ASED method ( Etot) and the 
Extended Hiickel method (Ea.tt) are listed seperately. 

It can be seen that on Rh(lll) and Rh(UO) the most probable reaction path 
(that is, the reaction path with the lowest activation energy) is the same according 
to both methods. Only on stepped Rh(lll) and Rh(lOO) there is a disagreement. 
On stepped Rh(lll), ASED favours reaction path S-IV, Extended Hiickel favours 
reaction path S-11. Figure 1 shows clearly that those reaction paths are quite similar 
and only differ in details: in both mechanisms CO is adsorbed on a. three fold site, 
in stage 1 the oxygen atom is moving away from the edge from a 3-fold site, and 
then returns towards a similar site in the direction of the edge in stage 2. Different 
are the adsorption site, and the site where the oxygen atom changes its direction. 

On Rh(lOO) ASED clearly favours reaction path I and Extended Hiickel favours 
V. In both reaction paths the oxygen is moving from a 4 fold site to a second 4 fold 
site, in reaction path I over a 1-fold site, in reaction path V over a 2-fold site. 

In figure 2b is shown the energy profile of reaction path V of Rh(lll). It can 
be seen that, when the oxygen atom is moving away from C, there is an increase in 



136 

Table 3a. Results of CO dissociation on Rh(lll) 

Etot Ea.tt 

reaction path startl1) end<2l E~ startl1l endl2l 

I -2.20 -1.58 2.99 -3.40 -2.83 

II -2.39 -2.17 3.01 -3.69 -3.62 

III -2.45 -1.98 2.30 -3.75 -3.52 

IV -2.39 -2.17 3.25 -3.69 -3.85 

v -2.39 -2.17 1.98 -3.69 -3.70 

VI -2.39 -2.52 2.01 -3.69 -4.80 

Table 3b. Results of CO dissociation on stepped Rh(lll) 

Etot 

reaction path start<1> end<2l E(3J 
act 

S-I -2.24 -1.68 3.46 

S-11 -2.24 -1.68 2.44 

S-III -0.92 -1.47 2.37 

S-IV -0.92 -1.47 2.02 

S-V -2.24 -1.68 3.17 

S-VI -2.24 -1.33 2.26 

S-VII -0.92 -1.47 2.40 

1: energy of adsorbed CO before dissociation 
2: energy of atomic C and 0 after dissociation 
3: calculated activation energy 

Ea.tt 

start<1l endC2l 

-3.56 -3.77 

-3.56 -3.23 

-4.57 -4.68 

-4.57 -5.45 

-3.56 -3.32 

-3.56 -3.80 

-4.57 -4.68 
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E~ 
4.85 

3.39 

2.14 

3.07 

1.98 

2.00 

E(3J 
act 

3.54 

2.03 

3.23 

2.55 

2.88 

2.48 

2.54 

energy, while at r=0.6 A up to r=0.9 A there is a region with a constant energy 
indicating that a stable intermediate position is reached. Figure 2c shows the height 
of the oxygen atom ( h(O] ) and the C-0 distance as a function of the reaction 
coordinate r. Up to r=l.2 A, there is a steady decrease in the height h while the 
C-0 distance is constant up to 0.9 A. This is an indication that the first stage of 
CO dissociation is a bending of CO to the surface, until the CO molecule makes an 
angle of approximately 70° with the surface normal. In the second stage (r=0.9 A to 
r=l.7 A) there is a sharp increase in energy until the transition state is reached at 
r=l.7 A, which is followed by an energy gain when the oxygen atom is moving to 
its final position. Figure 2c shows that h[O] is about constant from r=l.2 A to 
r=l.7 A (stage 2) accompanying a steady increase in C-0 distance, indicating that 
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Table 3c. Results of CO dissociation on Rh(UO), simulated by a (20,12) 2 layer 
cluster 

Etot Eatt 

reaction path start{ll end(2) E(a) 
act start(t) end<2> E~ 

I -1.98 -0.43 3.05 -3.28 -3.05 2.53 

II -1.98 -2.43 3.00 -3.28 -5.35 2.57 

III -2.05 0.30 2.87 -3.25 -1.15 3.22 

IV -1.89 -2.44 1.64 -2.54 -4.62 

v -1.89 -0.87 2.95 -2.54 -4.32 1.95 

Table 3d. Results of CO dissociation on Rh(UO), simulated by a (19,14,9,8) 4 
layer cluster 

Etot Ea.it 

reaction path start Cl) end<2> E~ start<1J 

IV -1.95 -2.46 1.90 -2.80 

v -1.95 -1.10 2.94 -2.80 

VI -2.04 -1.08 2.41 -2.86 

Table 3e. Results of CO dissociation on Rh(lOO) 

Etot Eatt 

reaction path start Cl) end(2l E(a) 
act start<1J 

I -2.23 -2.21 1.48 

II -2.34 -2.51 3.06 

III -2.31 -1.35 2.66 

IV -2.23 . -1.43 1.48 

v I -2.23 i -1.01 1.80 

1: energy of adsorbed CO before dissociation 
2: energy of atomic C and 0 after dissociation 
3: calculated activation energy 

-3.19 

-3.64 

-3.51 

-3.19 

-3.19 

end<2J E~ 
-4.64 1.53 

-3.04 2.13 

-1.74 3.27 

end(2J E{a) 
act 

-3.57 1.43 

-4.68 3.06 

-3.08 3.64 

-2.91 1.43 

-2.32 1.12 
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Table 4. Summary of lowest dissociation energies of CO on Rh single crystal planes 

surface Reaction path Eact Eact 2:ir* 

(Etot) (Eatt) population<1l 

Rh(lll) v 1.98 1.98 0.55 

s-Rh(lll) S-IV2 2.02 2.55 0.58 

S-113 2.44 2.03 0.57 

Rh(100) 12 1.48 1.43 0.65 
ya 1.80 1.12 0.53 

Rh(llO) IV 1.90 1.53 0.56 

1. 2:ir* orbital gross population at transition state 
2. Reaction path favoured by Etot 
3. Reaction path favoured by Ea.1.t 

stage 2 is a stretching of the CO bond after the bending in phase 1. During this 
stretching the oxygen atom interacts with a Rh atom of the surface. Figure 3 gives 
a schematic model of it. 

DISCUSSION 

Table 5 presents a list of the most favourable energies after CO dissociation, regard
less of the height of the activation barrier. The most stable end configuration gives 
a.n energy of approximately -2.5 eV (Etot) and -4.6 eV up to -4.8 eV {Batt)· The 
only exception is for a stepped Rh(lll) surface. In a previous study (67] we have 
seen that dose to the edge both Batt and E,.ep increase. As the increase in E,.ep is 
larger than in Eatt, Etot decreases and we see a smaller end value according tot Etot 
(-1.68 eV) and a larger end value according to Eatt (-5.45 eV) relative to an step 
free surface. 

A thermodynamical analysis of CO adsorption has been published by Benziger 
[68]. He compared the measured heat of adsorption of CO on Rh with that of 
dissociative adsorption which in it's turn was estimated from heats of formation 
of transition metal carbides and oxides. Since the heat of molecular adsorption 
(-32 kcal/mol) is much larger than the (estimated) heat of dissociative adsorption 
(>4.5 kcalfmol), adsorption will be molecular. In his approach adsorption on differ
ent metal surfaces can not be discriminated, and the heat of dissociative adsorption 
has to be estimated. 

Strictly, dissociation of CO is only thermodynamically allowed if the free energy 
of the chemisorbed fragments cad and oa.d is smaller than that of gas phase co. 
The relevant energies are 
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Figure 2. Results of reaction path V on 
Rh{lll} 
a. Bond energy of CO as a function of CO 

distance projected on the surface (reaction 
coordinate). The energy profiles shown 
are calculated with the height of the car
bon atom fixed at 1.2 A and 1.4 A. 

b. Energy profile with lowest energy found 
by vadation of carbon height of 1.4 A to 
1.2 A. 

c. CO bond length (solid line) and snrface
oxygen distance (dashed line) as a func
tion of CO distance projected on the sur
face (reaction coordinate). 
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Figure 3. Genera.I meehanism of CO dissociation. Indicated are tilting of CO to the metal 

surface (stage 1) and stretching of the C-0 bond (stage 2). 

Table 5. Values of Etot and E .. u after dissociation. 

surface reaction path end1 end2 

(eV) (eV) 

Rh(lll) VI -2.52 -4.80 
s Rh(lll) S-I, S-II, S-V -1.68 -3.77 
s Rh(lll) S-IV -1.47 -5.45 
Rh(lOO) II -2.51 -4.68 
Rh(llO) IV -2.46 -4.64 

1. ASED energy Etot after dissociation reaction 
2. Extended Hiickel energy Eatt after dissociation reaction 

and 

..1.E<2> = Ed.iss,s = -E~0 + Ediss,ga• + E~ + E~ = -E~0 + ..1.E<1> 

..1.E(1) is the energy change of dissociative adsorption from the gas phase, ..1.E(2) is the 
energy change for dissociation of the chemisorbed molecule. Results for the {111), 
{100) and (110) single crystal surfaces of Rh are summarized in table 6. Values for 
E~,p, E~d and E~ are ASED results from adsorption studies [67]. The dissociation 
energy of gas phase CO is calculated to be -9.55 eV (67]. 

From table 6 it is clear that the energy change for both dissociative adsorption 
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Table 6. Thermodynamics of CO dissociation on Rh surfaces. Values listed are 

total energies E!!i . 

plane Eco 
ad E~ Eo 

ad AE<1> AE<2> 

n.c.<2l c.l3) n.c. c. n.c. c. 

(111) -2.45 -'-5.58 -6.59 -4.42 -2.62 -0.45 -0.17 2.00 

(100) -2.34 -5.68 -6.82 -4.65 -2.95 -0.78 -0.61 1.56 

(110) -2.11 -5.63 -6.29 -4.12 -2.37 -0.20 -0.26 1.91 

(I): All energies are in eV, (2): uncorrected value, (3): corrected value 

AE(l) and dissociation on the surface AE(2) are negative, indicating that thermody
namically dissociation of CO, both from gas phase and from an adsorbed state, is 
favourable and exothermic on all three surfaces. 

However, the adsorption energy of oxygen as calculated with ASED is too high 
[67]. Shustorovich [4 7-49] lists a value of -102 kcal/mol (-4.42 eV) for the adsorption 
energy of oxygen. Therefore, we have changed the adsorption energy of oxygen on 
Rh(ll l) arbitrarily from -6.59 eV to -4.42 eV and changed the values for Rh(IOO) and 
Rh(llO) by the same amount. Table 6 gives the corrected values for E~d as well as the 
corrected values for AE(l) and AE(2l. Whereas AE(l) is slightly negative, positive 
values for AE(2) are found. Dissociative adsorption from the gas phase is hardly 
favourable while dissociation of CO adsorbed on the metal surface is prohibited. 

We can compare this with results found for the best dissociation paths. According 
to reaction paths proposed by us, the carbon and oxygen atoms become adsorbed 
on neighbouring sites after CO dissociation. 

CO dissociation on Rh(llll) and Rh(llO) result in comparable values for (uncor
rected) AE(2) and AE(3) (table 6). On these surfaces, there is a small repulsion 

(Rh(lll)) or even a small attraction (Rh(llO)) between carbon and oxygen. For 
Rh(lOO) a large difference is found. This gives an indication that after CO dissoci
ation along the most favourable reaction path, there might be a rearrangement of 
the C and 0 atom on the surface to a more stable configuration. 

Predicted activation energies are listed in table 4. Comparing the values of Eact 
for all surfaces, we see that: 

(100) ~ (110):::; (111):::; s (lll) 

AE<3> 

-0.07 

-0.17 

-0.35 
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• 

Figure 4. Most favourable dissociation reaction paths for CO on Rh(lll), stepped Rh(lll), 

Rh(lOO) a.nd Rh(llO). 

( 100) < ( 110) < ( 111) :::; s ( 111) 

The activation energy as calculated by ASED is too low. This low activation energy 
is due to the adsorption energy of oxygen, which is in ASED too high [67]. Using 
Shustorovich's expressions [47-49], the activation energy should be increased with 
~.6.E~d [66], .6.E~ being the energy difference between computed and experimental 
oxygen adsorption energy. When we consider the calculated adsorption energy and 
the experimental value as discussed above, .6.E~d 1.6 eV. If one applies this cor
rection, we find that the activation energy for dissociation is ~ 1 e V higher than the 
heat of adsorption of CO. Few experimental results are available that allow compar
ison. Gorodetskii and Nieuwenhuys [25] have studied in detail CO dissociation on a 
Rh FEM tip. Upon heating of adsorbed CO, only desorption was observed. Since 
the emission of a FEM tip is dominated by contributions of rough surfaces which are 
thought to have higher activity for CO dissociation than the dense surfaces, it can 
be concluded that CO does not dissociate on Rh surfaces under UHV conditions. 
However, CO dissociation could be induced artificially by an electric discharge. The 
(110) and (311) surfaces are found to be most active in formation and growth of 
carbon crystallites. Liu et al. [27] have reported CO dissociation at low tempera
ture (150 K), low pressure (10-s Torr) combined with high electric fields or under 
pulsed-laser stimulation. 

The reaction paths found most favourable according to table 3 are shown in 
figure 4. From many reaction paths considered we have found a clear pattern for 
the lowest activation energy dissociation 
1. The oxygen atom of CO tilts to the metal surface followed by a C-0 bond stretch 
2. During this stretch, crossing of the CO bond over a surface metal atom is favoured 
3. The carbon and oxygen atom share the least number of surface metal atoms after 

dissociation. 
The first stage in CO dissociation is a tilt of the oxygen atom towards the metal 
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surface. In literature, experimental evidence as well as calculations concerning the 
existence of tilted CO on metal surfaces can be found. Moon et al. [69] studied CO 
adsorption on Fe(lOO) with Near Edge X-Ray Absorption Fine Structure (NEXAFS). 
In the o:3 state of CO, which is believed to be the precursor state to dissociation, 
the CO molecule is tilted by 45 ± 10° with respect to the surface normal, and the 
C-0 bond is elongated by 0.07 ± 0.02 A. This a 3 state has a very low IR frequency 
of 1210 cm-1• The authors suggest that the reaction coordinate may be across 
the saddle point separating adjacent fourfold hollow sites, which agrees with our 
calculations. 

Recently, angle resolved ultra violet photoemission spectra (ARUPS) of CO on 
Pt(lll) [70,71] and electron stimulated desorption ion angular distribution (ES
DIAD) measurements of CO on Ni(llO) [72,73] have shown that at high coverages 
CO molecules are tilted at 17-20° with respect to the surface normal due to exces
sively close packing. This is confirmed by EHMO calculation of Ban et al. [74]. High 
coverages of 8 = 0.75 of CO on Rh(lll) do not lead to any tilting of CO molecules 
[75]. It it possible that tilting only occurs at fee (110) surfaces of 10 valence electron 
metals like Ni and Pt. 

Several studies of CO dissociation with help of the ASED method already exist. 
van Langeveld et al. [76] studied with the ASED MO method the adsorption and 
dissociation behaviour of CO on Ni(lll). On the step free surface CO is adsorbed 
preferentially on 3-fold hep sites with an adsorption energy of -1.80 eV and on fee 
sites with an adsorption energy of -1.58 eV. The most favourable reaction path is 
from a 3-fold fee site with an activation energy of 1.69 eV. Since Ead approximately 
equals Ea.et it was concluded that adsorption and dissociation are equally probable. 

The authors also studied the influence of a step with (110) configuration. They 
found that CO close to the step could form 3 relaxed structures. For CO in a relaxed 
hep site chemisorbed configuration a slightly lower adsorption energy ( -1.48 e V) was 
found, while no reaction path for CO dissociation led to a lower activation energy. 
CO on a fee site close to the step could relax to 2 different configurations. In the first 
configuration (Ead = -1.4,1 eV), the C is adsorbed on the terrace but displaced 
0.1 A away from the step while the height is increased with 0.1 A. The CO axis 
is bend 13° with respect of the normal of the surface in a way that the oxygen 
bends away from the edge and is nearly equally coordinated by four neighbour Ni 
atoms. In the most favourable reaction path CO tilts to adjacent Ni step atoms 
followed by C-0 stretch, resulting in an activation energy of 1.40 eV. Also for this 
mechanism the adsorption and dissociation energy are nearly equal. In the second 
fee configuration, the carbon atom is positioned in a distorted fee site in the step 
with an adsorption energy of -1.46 eV. CO is found to dissociate by tilting over 
to adjacent terrace Ni atoms followed by a C-0 stretch. This reaction path yields 
an activation energy of 1.11 eV, which is substantially lower than the desorption 
energy found for this site. The same reaction path on Ni(llO) results in an even 
lower activation energy of 0.88 eV. This is in agreement with our results that CO 
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dissociation on the open (110) face of Rh has a lower activation energy than either 
smooth or stepped Rh(lll). 

Mehandru [77] found that CO on Cr(llO) is lying side on, which resulted in a 
large decrease in vibrational frequency and a reduced dissociation barrier of about 
0.4 eV. On PtsTi CO adsorbs with the carbon end attached to the slightly negatively 
charged Pt and the oxygen is bonded to Tio+ [78]. Calculated activation energies 
are 0.7 eV for the (lll) and 0.9 eV for the (100) surface of Pt3Ti. Anderson and 
Dowd [79] studied the influence of dopants (TiO, FeO, ZnO, Fe and Pt) on the 
adsorption of CO on Pt(lll). Carbon monoxide o was found to be attracted by Fe 
adatoms, Ti in TiO and Fe in FeO, resulting in a tilt of CO towards these atoms 
of 55°-65°. Tilting of CO to Zn in ZnO or to a Pt adatom resulted in a repulsion. 
These results can be rationalized when we take into account the d band filling of the 
metals involved. Ti (in TiO) and Fe (both in FeO and Fe adatoms) have partially 
filled d orbitals which can accept electrons from the (completely filled) l7r levels 
of CO. When CO tilts to the dopant, increased overlap with the CO 27r* orbitals 
leads to increased backdonation, a decrease in CO vibrational frequencies and a 
lower activation energy for CO dissociation. In case of dopants like Pt or Zn in 
ZnO with a completely or nearly completely filled d band, tilting of CO towards 
the dopant result in a closed-shell repulsion and CO is repelled. As Rh also has 
an almost completely filled d band (Rh is 4d85s) this confirms our result of CO 
dissociation on stepped Rh(lll) where an activation energy lowering effect of the 
Rh step was not observed. Reaction path S-VL where the CO molecule is tilted to 
the Rh step followed by C-0 stretch, results in higher activation energies compared 
with the similar reaction path V. on unstepped Rh(lll). This is also in line with 
experiments of Sachtler and Ichikawa [17], who found that positive ions of Mn, 
Ti and Zr accelerate CO dissociation possibly through direct interaction with the 
oxygen atom of tilted CO. 

An Extended Huckel MO study of CO on supported Rh and Ni is reported by 
Yin-Sheng and Xiao-Le [80]. In their method the authors combine the extended 
Hiickel attractive energy with an empirical correction term for the repulsion energy 
introduced by Anders [81,82]. Dissociation is studied in 2 possible reaction paths. 
CO is thought to be adsorbed on the bridge position in all cases followed by a tilting 
of the CO molecule to a horizontal position which is found to be the transition 
state. The first possible reaction path investigated is an in plane bending process: 
the carbon atom is moving to one of the metal atoms, the oxygen atom towards the 
other. Both carbon, oxygen and metal atoms are in the same plane. The second 
possible dissociation mechanism investigated is an out-of-plane bending process, in 
which the carbon and oxygen atoms move in opposite direction out of the the same 
plane. In-plane bending is favoured for Si02 and Al20 3 support, while out-of-plane 
bending is favoured on Ti02 support. Clearly, CO dissociation on supported Ni has 
a lower activation energy than dissociation on supported Rh. 

A second general aspect of favoured dissociation paths as found with ASED is the 
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Figure 5. LDOS a.nd Bond Overlap Population Densities of CO a.t the transition state. 
a. Bond Overlap Population Densities of 211'* of CO and dxz of meta.I a.tom interacting with CO 

at point of highest energy (transition state) during CO dissociation on Rh(lll) (reaction pa.th 
V), Rh(lOO) (reaction pa.th I) and Rh(IlO) (reaction path IV) respectively. 

b. LDOS of 2;r* of CO at transition state during CO dissociation on Rh(lll), Rh(lOO) and 
Rh(llO) respectively. 

bonding of the carbon and oxygen atom to a surface Rh atom in the transition state. 
This is found for reaction paths V (Rh(lll)), S-II (stepped (111)), I (Rh(lOO)) and 
IV (Rh(llO)). 

Figure 5a plots the bond order o\·crlap densities between the initially unoccupied 
CO 27r* orbital and the dxz orbital of the surface Rh atom to which CO is bonded in 
the transition state. A consiclera ble bonding interaction between the 211"* orbital of 
CO and the dxz orbital of this surfa(e Rh atom is found, stressing the importance of 
stabilization of the stretched CO bond by interaction with the surface du orbitals. 

Figure 5b shows the local density of states of the antibonding 211"* orbital of CO 
in the transition state when the oxygen atom of CO is tilted to the surface followed 
by a C-0 stretch. The density peak of the 21r• orbital is split into a bonding and an 
antibonding maximum with many features. We have shown elsewhere [67] that the 
ratio of bonding and antibondiug peaks is low for J-fold adsorbed CO but increases 
for adsorption on 2-fold and 3-fold sites. Adsorpliou of CO close to the edge resulted 
in a ratio of about 1. Since the bouding 111axinmrn is shifted below the Fermi level, 
this increased ratio results in an increased population of the CO 21r· level, which is 
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antibonding in the C-0 bond and therefore weakens the C-0 bond strength. The 
higher this occupation becomes, the more the activation energy for CO dissociation 
becomes lowered. This is summarized in table 4, where the 27r* population and 
calculated activation energies a.re listed. 

As discussed in ref.[67], the bond energy of CO in the atop position is to some 
extent correlated with the 2:ir* occupation. A plot of the bond order overlap pop
ulation between 211"* of I-fold adsorbed CO and dxz of the surface Rh atom shows 
a bonding interaction up to a relatively high Fermi level (-10 eV). A higher Fermi 
level results both in a higher adsorption energy and an increased backdonation of 
electrons to the 211"* level. This observation may explain why it is experimentally 
found that the activation energy for CO dissociation varies parallel to the bond 
energy of CO in the atop position [83-87]. 

Erley and Wagner [42] studied the behaviour of adsorbed CO on Ni surfaces 
in detail. On Ni(lll) they found hardly any CO dissociation up to the desorp
tion temperature, but on Ni(7 9 11) (Ni[5(111 )x(lTO)]) TDS spectra showed a high 
temperature peak attributed to the recombination of Cad and Oad [76]. This was 
confirmed in a later EELS study [88] of this system. CO adsorbs first on step 
sites and 2-fold sites close to the step, which results in exceptionally low losses of 
1520 cm-1 and 1900 cm-1• The adsorption energy of these sites was estimated to be 
0.5-LO kcal/mole higher than on the 3-fold site on the terrace. A possible explana
tion for the low losses is, that adjacent terrace regions of the positively charged step 
must exhibit a more negative charge which facilitates electron donation into the 211"• 
orbital of CO. This increased backdonation weakens the C-0 binding energy and 
therefore leads to a lowering of the C-0 stretch vibration. 

A third important result of our calculations is the minimal surface ensemble nec
essary for CO dissociation. As is already clear from table 2, a repulsive interaction 
is found when C and 0 are adsorbed in close proximity of each other. Favoured 
reaction paths of CO dissociation result in a configuration where C and 0 share the 
lowest number of metal neighbours. From the thermodynamical analysis presented 
above, a further increase of the adsorption energy is possible when the interatomic 
distance of carbon and oxygen is increased. 

Promotors can influence CO dissociation by electronic or geometrical effects. 
Experimentally it is found that promotors like alkali metals [89] or oxides [80,90,91] 
lower the work function (increase of the Fermi level) and enhance CO dissociation. 
This increased filling of the metal d band facilitates backdonation of electrons to 
the CO 27r* orbital, while the increased population of the 211"* orbital lowers the 
activation energy for CO dissociation. 

The effect of preadsorption of electronegative atoms (Cl, S and P) on CO adsorp
tion on Ni(lOO) has been studied by Goodman et al. [92,93], who found a correlation 
of poisoning effect with increasing electronegativity. A simple site blocking model 
could not explain the observed effects, and it is assumed that the 3d density of 
Ni atoms in vicinity of the preadsorbed atoms is reduced because of long range 
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electronic interaction. 
On the other hand, relatively large ensembles consisting of at least 5 or 7 Rh 

atoms are required to dissociate a a CO molecule. When by coadsorption of non
reactive coadsorbates the ensemble size is diminished or the sites favourable for 
dissociation (high coordination sites) are occupied by the coadsorbates, dissociation 
of CO will be suppressed for geometric reasons (site blocking). This is observed 
by Sachtler and Ichikawa [17], who found that CO dissociation is suppressed and 
bridging carbonyl sites are blocked by Fe and Zn ions. 

CONCLUSIONS 

With the ASED molecular orbital method dissociation of CO on Rh(lll), stepped 
Rh(lll), Rh(lOO) and Rh(llO) is studied. Calculated activation energies are lowest 
for Rh(lOO), and higher for Rh(llO) and Rh(lll). Introduction of a step on Rh(lll) 
slightly increases the activation energy. 

A general reaction path for CO dissociation can be derived for all surfaces: the 
CO molecule tilts to the surface followed by a C-0 bond stretch. During this stretch 
the oxygen atom is stabilized by a surface Rh atom, resulting in a transition state 
of carbon and oxygen bonded to this Rh atom. Dissociation of CO results in an 
configuration of adsorbed carbon and oxygen atoms which share a minimum number 
of metal atoms. In this transition state the population of the antibonding 211'* orbital 
of CO is increased by backdonation of electrons from the metal. Stabilization of the 
tilted CO molecule, or enhanced backdonation by a higher Fermi level (e.g. due to 
coadsorbed promoters) decrease the activation energy for CO dissociation. 

Appendix 1. Atomic parameters: principal quantum number (n), ionization po
tential (V.S.l.P.), orbital exponents (() and respective coefficients (Ci) - d only
used. 

Atom 

c 
0 
Rh 

Ni 

Rh 

Ni 

n 

4 

3 

28.48 2.246 

8.09 2.135 

7.63 1.800 

VSIP (1 

12.50 4.290 

10.00 5.750 

p 

VSIP ( 

11.26 1.618 

2 13.62 2.227 

5 4.57 2.100 

4 4.45 1.500 

<l 

C1 C2 (2 

0.5807 0.5685 1.97 

0.5681 0.6293 2.00 
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Adsorption of CHx (x=0-3) on Rh(lll) and Ni(lll) 

ABSTRACT 

The adsorption of methyl (CH3), methylene (CH2 ) and methyne (CH) is 
studied on Rh(lll) and Ni(lll) with the Atom Superposition and Electron 
Delocalization (ASED) and Extended Hiickel molecular orbital methods. Re
sults are analyzed by calculating the Local Density of States (LDOS) and 
Bond Order Overlap Populations. 

On Rh(lll) CH is adsorbed on 3-fold sites, CH2 on 2-fold sites and CH3 
on 1-fold sites in order to restore missing C-H bonds. The height of CHx to 
the metal surface decreases with decreasing hydrogen content x, while the 
adsorption energy increases. 

Adsorption of CH3 on Rh( 111) is studied in detail. CH3 bonds on the 
metal surface mainly via IY type interactions of then CH3 orbital with surface 
metal atoms of the same symmetry. In case of the I-fold adsorption, the 
Highest Occupied Molecular Orbital (n CH3 ) has a large interaction with 
metal s, p,, and dz2 orbitals. For the 2-fold adsorption it interacts mainly 
with the symmetric s, Px and dxz metal group orbitals. Interactions of surface 
metal orbitals with the ir and ir* orbitals are weak. 

Preliminary results are presented for the coupling reaction of coadsorbed 
CH2 and CH3. A strong repulsion due to steric interaction of the hydrogen 
atoms is found when the carbon-carbon distance is decreased. As a result 
the direct coupling reaction of CH3 and CH2 does not seem to be a suitable 
reaction path for the C-C coupling reaction. 

In a final section we have analyzed CH3 adsorption on Ni(lll). CH3 is 
found to adsorb on I-fold sites. This is the result of parameters implying 
a large spatial extension of the d orbitals. Decreasing the spatial exten
sion of the Ni d orbitals causes a shift to multiply bonding adsorption sites. 
This illustrates the subtle balance between the interaction with the s valence 
electrons that favour high coordination sites and the interaction with the 
d valence electrons favouring low coordination sites. 
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INTRODUCTION 

In the Fischer-Tropsch process, synthesis gas is converted into hydrocarbons. Suit
able catalysts are Ni, Co, Rh, Ru and Fe. Several different mechanisms have been 
proposed to describe the formation of hydrocarbons. We want to mention the carbide 
mechanism [1,2], dehydro condensation model [2,3], the carbon monoxide insertion 
model [4,5] and CHx insertion model [6-12]. 

In the carbide model [1,2], adsorbed CO dissociates into Cad and Oad and the 
oxygen atom reacts with hydrogen or CO to give a surface carbide, which is hy
drogenated into alkanes. According to the dehydro condensation mechanism [2,3], 
adsorbed CO is first partially hydrogenated into HCOH. Two adsorbed HCOH or 
RCOH species recombine (chain growth) by splitting of the C-0 bond under elimi
nation of water. In the CO insertion model [4,5] CO inserts into a metal-hydrogen 
or metal-alkyl bond (chain growth) followed by hydrogenolysis. The ncHx model" 
[8,10,13-19] is generally accepted now as the main mechanism. The hydrocarbon 
synthesis consists of initiation, propagation and termination elementary steps. 

According to the CHx insertion model, the first step in the Fischer-Tropsch 
process (initiation step) is the dissociation of hydrogen and carbon monoxide, and 
the formation of CHx groups: 

H2 + • 1-+ 2H* 

CO + • 1-+ CO* 

co· I-+ c· + o· 

C* + xH* 1-+ CH~ + x • x=l-3 

Longer chain products are formed by insertion of CH: (propagation step): 

Reaction is ended (termination step) by hydrogenation 

CnH2n+1 + H* I-+ CnH2n+2 

leading to paraffins, by Ji-hydrogen abstraction (leading to olefins): 

CnH~n+l I-+ CnH2n + H* 

or the formation of oxygenates by CO insertion: 
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The adsorption of CO on transition metal surfaces has been extensively studied 
with quantum chemical methods. Both Extended Hiickel [20-29] and ab initio meth
ods [30-34J were used. Theoretical studies of CO dissociation on metal surfaces are 
rather scarce. Yin-Sheng and Xiao-Le have studied CO dissociation on supported 
Rh and Ni with the Extended Hiickel method (35]. In our laboratory we studied ad
sorption (36] and dissociation of CO on the (111), (100) and (110) surfaces of Rh [37] 
and Ni(l 11) [38]. Here we report studies on the chemisorption of CHx fragments. 

Only a limited number of studies of adsorption and reaction of hydrocarbon 
fragments on metal surfaces are reported in literature. Acetylene (C2H2) has at
tracted attention because experiments suggested rearrangement to either ethylidyne 
(CCH3 ) or vinylidene (CCH2). LEED intensity analysis data have been published 
of Ni(lll) P(2x2) C2H2 [39], Pt(lll) P(2x2) C2H3 [40], and Rh(lll) (2x2) C2 H3 

[41]. Other techniques used are High Resolution Electron Energy Loss Spectroscopy 
(HREELS) and Thermal Desorption Spectrometry (TDS) [42]. 

Stewart and Ehrlich [43] have studied the activated adsorption of methane on 
Rh with field emission and molecular beam techniques. Dissociative adsorption is 
activated by about 7 kcal/mol. 

Silvestre and Hoffmann [44] studied in detail C2 H,. on Pt(lll ). Anderson et 
al. have studied the adsorption and dissociation of acetylene (45-4 7], adsorption 
and a-hydrogen abstraction of propylene (C3H6) on Pt(l 11) [48], and the selective 
oxidation of methane on Mo03 (49]. Gavezzotti [50,51] has studied the adsorption of 
acetylene and fragments ( CH, C-C, C-C-H, H2CC, H3CC and H3CCH) on Pt(lll) 
with Extended Hiickel methods. The Extended Hiickel studies have been proven to 
be useful to predict adsorption geometries in agreement with LEED measurements 
[47,51] and reactivity of metal surfaces to acetylene [45]. 

Ab initio studies are few. Geurts and van der Avoird (52] have used Hartree-Fock
Slater-LCAO to study the interaction of C2H2 with Ni(lll ). Different adsorption 
sites and adsorption geometry of C2H2 and surface specific dissociation on (small) 
Ni dusters have been investigated, and theoretical results (shift in UPS ionization 
energy, C-C stretch frequency) have been related to experimental ones. Nakatsuji 
et al. (53] studied the hydrogenation of acetylene using ah initio methods. The 
adsorption of CHx (x=l,2,3) fragments on metal surfaces has been studied by several 
groups. Minot et al [54] have studied CH,. and C-CH,. adsorption on Pt(l 11 ), Zheng 
and Hoffmann (55] report a detailed study of CH., adsorption on Ti, Cr and Co 
surfaces. CH3 adsorption on Ni(lOO} [56] and on Ni(lll) (57] is studied with ab 
initio methods. 

Hoffmann and coworkers have studied the reaction path of methyl migration in 
CH3Mn(CO)s as a model of the carbonylation reaction (58], a comparison of H-H 
and C-H bond activation in transition metal complexes and on surfaces [59], and 
migration of CH, CH2 and CH3 on metal surfaces [55J. In the same paper calcula
tions are reported on combination reactions of hydrocarbon fragments. Calculations 
are presented for the combination of two CH3 fragments (termination reaction), 
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CH3 + CH2 (chain propagation to ethene) and CH2 + CH2 (chain propagation to 
ethylene). Baetzold [60] has published results of a kinetic model of hydrocarbon for· 
mation from H2 and CO. A completely different approach is followed by Shustorovich 
and Bell [61,62], who use the Bond Order Conservation model. 

The adsorption site of CHx is still controversial. Minot (54] found with the 
Extended Hiickel method that on Pt(lll) CH is adsorbed on 3-fold sites, CH2 on 
2-fold sites and CH3 on I-fold sites. Similar results are reported by Zheng and 
Hoffmann [55] for CHx adsorption on Ti, Cr and Co. In contrast with this are 
calculations of CH3 on Ni(lll). Extended Hiickel calculations of Gavin et al [63] 
and ah initio results of Siegbahn and coworkers [57] indicate a preference of CH3 for 
the 3-fold hollow site. 

The preferential adsorption site of CH3 on different metals might be found by 
establishing the differences in electronic structure. In particular, the relative impor
tance of the metal s and d electrons is likely to play an role. We have studied the 
adsorption of CH,. (n=l,2,3) on Rh(lll) and Ni(lll) with the Atom Superposition 
and Electron Delocalization (ASED) method. In this method, the total energy is 
found by a summation of the attractive energy as calculated with the Extended 
Hiickel method, and a repulsive energy term. This gives us the advantages of the 
Extended Hiickel method, and we can analyze bonding in a straightforward way 
by using the concepts of Local Density of States (LDOS) and Bond Order Overlap. 
Populations and densities. We will apply these concepts to analyze 1-fold and 2-fold 
adsorption of CH3. 

One of the disadvantages of the Extended Hiickel method is that a reliable ge
ometry optimization is not possible, and experimental data have to be used for 
bond lengths and bond distances if available. In case of adsorption of hydrocarbons, 
these values are not known except in case of C2H2 adsorption [39-41]. In the ASED 
method geometry optimization is possible to some extent and we have optimized 
the heights of adsorbing hydrocarbon fragments. It also gives us an opportunity 
to calculate the energy of intermediate steps of reactions, and determine the most 
probable reaction path as we have done for CO dissociation in a previous study [37]. 

The Extended Hiickel method is parameter dependent in contrast to the ah initio 
methods. However, this can be used as an advantage and one can study the trends 
occuring upon variation of parameters. In our study of CH3 adsorption on Ni(l 11) 
we have used this approach to study the influence of the spatial extension of Ni d 
orbitals on the adsorption of CH3 . 

THEORETICAL METHOD AND CLUSTER MODELS USED 

In the A tom Superposition and Electron Delocalization ( ASED) Molecular Orbital 
method [64,65], the total energy Etot is calculated by a summation of an attractive 
and a repulsive energy (1): 

(5.1) 
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The repulsive energy Erep is an approximate expression derived from an analysis 
of corrections due to the electron-electron interactions [65]. The attractive energy 
E,.u is found by applying Extended Hiickel Molecular Orbital techniques [66,67]. 
Parameters used are listed in Appendix 1. In the tables Etot and E,.tt are separately 
listed. 

Local Density of States (LDOS) and Bond Order Overlap densities have been 
used in analyzing changes in electronic structure. The Local Density Of States 
(LDOS) is calculated with (2): 

pu(E) = L l{ct>1jllfk)l2 8(E - ~) (5.2) 
k 

with 4'>1 the fragment orbital and W1c the calculated Molecular Orbital. 
Bond Order Overlap densities are calculated with equation (3): 

7r;;(E) = L Re cjk et Su 8(E - Ek) (5.3) 
k 

cf is the coefficient of fragment orbital i in Molecular Orbital k and S1; is the overlap 
between the fragment orbitals. The integral of the Bond Order Overlap curve up 
to the Fermi level is the total overlap population of the specified bond. The Fermi 
level is indicated relative to the vacuum level. In all plots, calculated p;1(E) and 
7ru(E) are presented after convolution with a Gaussian distribution (a = 0.25 eV). 

The Rh(lll) surface is modeled by an (18,11) two layer model as described earlier 
[36]. Atoms in the center of this cluster are fully coordinated by 6 Rh atoms in the 
same layer and 3 Rh atoms in the second layer. All adsorption and reaction studies 
involve those central atoms. The Rh-Rh internuclear distance is taken equal to the 
bulk value of 2.687 A [68]. A Ni( 111) surface is modeled by the same cluster model 
with a Ni-Ni distance of 2.4916 A [68]. Studies involving 2 adsorbates (e.g.the 
coadsorption of CH3 and CH2) are performed with a (24,16) 2 layer cluster. 

The C-H bond distance is optimized for gas phase CH4 in steps of 0.001 A to be 
1.192 A, while the H-C-H bond angle is kept fixed in the sp3 hybridization (10go28'). 
This optimal C-H bond distance is kept constant in all studies of (adsorbed) CHx. 
The metal surface is in the XY plane, adsorption takes place in the (positive) z 
direction. 

Removing one hydrogen atom of CH4 and leaving the rest of the molecule intact 
produces CH3 • The C-H bond of the removed hydrogen is aligned along the z-axis, 
the remaining three hydrogen atoms are pointing away from the surface as their C-H 
bond make an angle of 109° with the negative z-axis. 

In the adsorbed CH2 an sp2 geometry with the H-C-H bond angle of 120 ° is used. 
Both hydrogen atoms and carbon are in a plane perpendicular to the metal surface. 
The hydrogen atom of CH is pointing away from the surface in the z-direction. 

The adsorption geometry of CHx (x=0-3) and H is found by a general optimiza
tion procedure. In a first step the adsorption height is optimized in steps of 0.1 A by 
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Table 1. Adsorption of CHx on a Rh(18,11) cluster modeling a (111) surface. 

species site p I E(1) zj!i h(3) 
att x 

( eV) I (eV) (eV) (A) 
H I-fold -4.06 -4.91 1.6 

2-fold -3.79 -4.72 1.1 

3-fold fee( 4) -3.76 -4.58 1.0 
3-fold hcp(5) -3.69 -4.51 1.0 

c 1-fold -4.43 -6.49 1.8 

2-fold -4.88 -6.85 1.4 

3-fold fccC4) -5.48 -8.08 1.2 
3-fold hcp(s) -5.58 -8.19 1.2 

CH I-fold -4.52 -6.58 1.8 

2-fold -4.96 -6.92 1.4 

3-fold fcc<4> -5.53 -7.39 1.3 

3-fold hcp<5> -5.53 -7.39 1.3 

CH2 1-fold -3.40 -4.61 0.05 1.9 

2-fold -3.78 -4.68 1.43 1.6 
3-fold fcc(4) -3.22 -4.19 0.11 1.5 
3-fold hcp(S) -3.21 -4.18 0.11 1.5 

CH a 1-fold -2.54 -2.95 0.01 2.1 

2-fold -1.85 -2.14 0.02 1.9 
3-fold fcc(4) -1.72 -1.92 0.14 1.9 

3-fold hcp(5) -1.72 -1.92 0.10 1.9 

( 1 ): bond energy contribution excluding the two-body repulsion term; ( 2): difference 
in maximum and minimum total energy during rotation; (3): height of adsorbing 
species (X=C, Hor CHx) above the surface; ( 4): no Rh present in second layer; (5): 
Rh present in second layer. 

looking for a minimum of the ASED ~otal energy Etot· In a subsequent step the ad
sorbed molecule is rotated along the surface - carbon axis in steps of 10°. By taking 
the energy difference of the highest and lowest adsorption energy during rotation, 
the activation energy for rotation Erot is found. At the optimum rotation angle the 
adsorption height is varied again as a check that the optimum adsorption height is 
not changed by rotation. 
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ADSORPTION OF CHx ON RH(lll) 

Results of adsorption of CHx and Hare presented in table 1. Both the (ASED) 
total energy Etot as well as the (Extended Hiickel) energy Eatt are given. Also 
included in table 1 are the optimized adsorption height hx and, for CH2 and CH3 , 

the rotation energy barrier. 
The number of hydrogen atoms x of CHx has a marked influence on the adsorp

tion energy and geometry. Adsorption energies are lowest for CH3 and highest for 
CH. The adsorption energy of C is comparable with that of CH on the same site, 
measured by Etot· The Extended Hiickel method predicts comparable adsorption 
energies for the I-fold and 2-fold sites, hut it gives higher values for adsorption on 
the 3-fold sites of C than for adsorption of CH. Calculated adsorption energies ob
tained here are comparable with those in other theoretical studies. Schiile et al. 
[57] have found with ah initio methods values of 1.86-2.08 eV ( 43-48 kcal/mol) and 
1.99-2.15 eV (46-50 kcal/mol) for CH3 on the 1-fold and 3-fold adsorption sites of 
Ni(lll). Shustorovich and Bell [62] have calculated heats of adsorption with the 
Bond Order Conservation model, and find values of 38-62 kcal/mol (1.65-2.69 eV) 
for CH3 , 68-104 kcal/mol (2.95-4.51 eV) for CH2 and 97-142 (4.20-6.15 eV) for CH. 

Table 2. Preferred adsorption sites on Rh(lll) 

Atom site Etot Eatt 

H 1-fold -4.06 -4.91 
c 3-fold hep -5.58 -8.19 
CH 3-fold {l) -5.53 -7.39 
CH2 2-fold -3.78 -4.68 
CHa I-fold -2.54 -2.95 

(l) same adsorption energy found for 3-fold fee and hep sites. 

Table 2 compiles preferred adsorption sites and adsorption energies (Etot and 
Eatt) for these sites. Whereas C and CH prefer 3-fold sites, CH2 is adsorbed on 
a 2-fold and CH3 on a 1-fold site. The height of adsorption hx decreases with de
creasing hydrogen content x. Again, in case of adsorption of C and CH, comparable 
adsorption heights are found. 

Summarizing the results, we see that the adsorption energy is highest for CH 
and decreases with increasing hydrogen content x. This is related to a shift from 
the 3-fold to a lower coordination sites and to an increase in the height h of the 
adsorbed CHx. These trends are also found by Zheng and Hoffmann [55] and Minot 
et al [54]. Zheng et al. have used a fixed M-C distance of 2.1 A, resulting in 
adsorption heights hx of 2.1 A (I-fold), 1.61 A (2-fold) and 1.42 A (3-fold). Since 
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Figure 1. Adsorption energy (Ean) and ratio of adsorption energy on a x-fold site to that of 
the preferred y-fold site (E(rl/yf)) of CHx (x=l,3) on Rh(lll). 
a. Eatt of CH adsorbed 1-fold, 2-fold, 3-fold fee and 3-fold hep on Rh(lll) 
b. The ratio of the adsorption energy of CH adsorbed on 1-fold and 2-fold sites relative to that 

of CH adsorbed on 3-fold sites. 
e. Eatt of CH2 adsorbed 1-fold, 2-fold, 3-fold fee and 3-fold hep on Rh(lll) 
d. The ratio of the adsorption energy of CH2 adsorbed on 1-fold and 3-fold sites relative to that 

of CR2 adsorbed on 2-fold sites. 
e. Eatt of CB3 adsorbed 1-fold, 2-fold, 3-fold fee and 3-fold hep on Rh(lll) 
f. The ratio of the adsorption energy of CH3 adsorbed on 2-fold and 3-fold sites relative to that 

of CHa adsorbed on 1-fold sites. 

the meta.1-ca.rbon bonds are stronger than carbon-hydrogen bonds, adsorption on 
a higher coordination site results in a higher adsorption energy. Carbon tends to 
achieve a maximum coordination of 4. In the adsorbed CHx, there are (4-x) carbon
hydrogen bonds missing and carbon will restore these missing bonds by bonding 
with an appropriate number of metal atoms. CHx is therefore adsorbed on a ( 4-x)
fold site. Since the metal-carbon bonds are stronger than carbon-hydrogen bonds, 
adsorption on a higher coordination site results in a higher adsorption energy and 
a shorter bond distance. 

In figure 1 the adsorption energy (Eatt) is shown as a function of the number of 
valence electrons. This correlation is found by variation of the number of valence 
electrons of the metal atoms (the number of valence electrons of Rh is 9) and as
suming a "rigid band". Parameters and surface geometry are from Rh, only the 
number of valence electrons is varied. Both adsorption energy (figure 1 a, 1 c and 1 e) 
and the ratio of adsorption energy to that of the preferred site on Rh(lll) (figure 
lb, ld and lf) are shown. The ratio of adsorption energy of site x relative to the 
preferred site y will be denoted as E (xf/yf). In case of CH (figures la and lb) 
3-fold adsorption sites a.re favoured regardless of the position of the Fermi level. 
The adsorption energy for the I-fold and 2-fold sites is always lower than that for 
the 3-fold sites, but E (2f/3f) is slowly decreasing and E (lf/3£) is slowly increasing. 
The difference in adsorption energy of the 3-fold fee and hep sites is negligible. 

CH2 favours adsorption on 3-fold sites when the Fermi level is low (figure le). 
The adsorption energy of 3-fold sites decreases at higher energy, while that of 1-
fold and 2-fold sites increases. At a valence electron occupation of Ru 2-fold sites 
a.re preferred. At high Fermi levels all adsorption energies a.re decreased but 2-fold 
adsorption is still preferred but the energy difference with 1-fold sites becomes small. 
This is reflected in the ratios of adsorption energies (figure ld). E (3f/2f) both for 
3-fold fee and hep sites a.re steadily decreasing from about 1.1 to 0.8. E (lf/2f) 
increases to almost unity. 

In case of adsorption of CH3 the 1-fold sites a.re clearly favoured, except for 
very low Fermi levels (figure le). The adsorption energy for 1-fold sites increases at 
higher EF energy, the adsorption energy of the 2-fold and 3-fold sites decreases. The 
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Figure 2. The optimum geometry of CH2 adsorbed on a 2-fold site on Rh(lll). 

adsorption energy ratios (figure lf) of the 2-fold and 3-fold sites relative to 1-fold 
sites are steadily decreasing. 

The energy barriers of CH3 rotation are negligible for adsorption on the I-fold and 
2-fold sites, and they are very small for the 3-fold sites. Since CH3 is preferentially 
adsorbed on the 1-fold sites, rotation is little hindered by an energy barrier and 
CH3 can be adsorbed in any conformation with respect to the surface metal atoms. 
In case of CH2 very small rotation barriers are found for adsorption on the I-fold 
and 3-fold sites, but rotation on the preferred 2-fold site has a considerable energy 
barrier of 1.43 eV. The optimum geometry is found for hydrogen atoms staggered 
with respect to the surface Rh atoms the CH2 fragment is bonded with (figure 2). 
The plane through C and both hydrogen atoms is standing perpendicularly to the 
plane through carbon and both surface Rh atoms. The maximum of the rotation 
barrier is found when the hydrogen atoms, carbon and both Rh atoms are in one 
plane and the hydrogen atoms are pointing towards the surface atoms (staggered). 
The hydrogen atoms form with C an YZ plane which is perpendicular to a XZ plane 
formed by the 2 surface Rh a.toms and carbon. Considering the high rotation energy 
barrier there is a strong preference for this rectangular geometry. 

ADSORPTION OF CH3 ON RH(lll): ELECTRONIC EFFECTS 

The molecular orbital diagram of CH3 is shown in figure 3. According to the Fron
tier orbital concept (69-72] bonding is a result of interactions involving the Highest 
Occupied Molecular Orbital (HOMO) and Lowest Unoccupied Molecular Orbital 
(LUMO). The HOMO of CH3 is the n CH3 orbital at -11.65 eV, the LUMO is a 
degenerated 71'* orbital and found at 4.88 eV. It is expected that the 7r orbitals at 
-16.08 eV and the u* orbital at 21.50 eV are not involved in bonding. 

The u orbital is a bonding combination of the s orbital of C with the s orbitals 
of the three hydrogen atoms. The degenerated 7r orbitals are a combination of the 
carbon Px orbital with 2 hydrogen s orbitals, and of the py orbital with 3 hydrogen 
s orbitals respectively. The Highest Occupied Molecular Orbital (H 0 M 0) is the 
n CH3 orbital, which is mainly a combination of the carbons and p,. orbitals. Since 
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Figure 3. Molecular orbital schema. of CH3. 
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the hydrogen orbitals hardly contribute to the n CH3 orbital, this orbital is non 
bonding in CH3 . The n CH3 orbital is symmetric with respect to the metal surface. 
The two a.ntibonding 'lr* orbitals are the Lowest Unoccupied Molecular Orbital or 
LUMO. One of them is a combination of the carbon Px with 2 hydrogen s orbitals, 
the other a combination of the p1 orbital with three hydrogen s orbitals. Since the 
two degenerated 7r* orbitals are a combination of a carbon p orbital with a different 
number of hydrogen s orbitals they have a different symmetry with respect to the 
XZ and YZ mirror planes. The er* orbital is an antibonding combination of the s 
and p., orbitals of carbon and the s orb.itals of all three hydrogen a.toms. 

In figure 4 contour plots of the wave functions are given for the 7r" and n CH3 

orbitals. The coordinates of CH3 adsorbed 1-fold are used, and the contour plots on 
the metal surface ( xy plane) are given. The contour plots therefore reflect the wave 
functions of CH3 on the metal surface. In the XY plane then CH3 orbital (figure 4a) 
has a three-fold rotation symmetry with respect to the z-axis (C3,,). This is a result 
of the small contribution of the hydrogen s orbitals and is therefore dependent on the 
relative positions of the 3 hydrogen atoms. These positions are quite arbitrary since 
the rotation of CH3 has an almost zero energy barrier. According to the coordinates 
of hydrogen atoms used in this study n CH3 is perfectly symmetric with respect 
to the YZ plane but slightly asymmetric with respect to the XZ plane. The atom 
positions are indicated in figure 4. 
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Figure 4. Contour plots of molecular or
bitals of CH3. Indicated are the position of 
the carbon and hydrogen atoms of CH3, and 
of the Rh atoms of the 2-fold site. 
a. n CH3 orl:>ital, plotted in the XY plane 
b. ?r* orbital which is antisymmetric with re

spect to the YZ mirror plane, plotted in 
the XY plane 

c. T* orbital which is symmetric with respect 
to the YZ mirror plane, plotted in the XY 
plane 

Figure 4b shows the contour plot of the Jr* orbital, which is a combination of Px 
and two hydrogen s orbitals. This orbital is perfectly antisymmetric with respect to 
the YZ plane. There is a considerable asymmetry with respect to the YZ plane. The 
second 11'* orbital is plotted in figure 4c. This orbital is a combination of the carbon 
py orbital with all three hydrogen s orbitals. As a result it is perfectly symmetric 
with respect to the YZ plane. 

When CH3 is adsorbed on a metal surface, orbitals of CH3 will interact with 
orbitals of the metal surface. Important in this process are the symmetry, relative 
energies and atomic gross populations of orbitals of adsorbate and surface. The 
Fermi level of Rh is calculated to be -10.99 eV. As a results, the d band will be filled 
considerably, while the s and p band will be nearly empty. This is confirmed by 
calculations of atomic orbital gross populations of metal orbitals before interaction 
with an adsorbate (table 3a). 

Surface metal orbitals will interact with adsorbate orbitals when interacting or
bitals have the same symmetry and the difference in energy is small. Therefore we 
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Table 3a. Surface atomic orbital gross populations: CH3 on Rh(lll). In case 
of 2-fold adsorption, CH3 is adsorbed on a site consisting of 2 Rh atoms aligned 
along the x-axis and perpendicular to the surface along the z-axis. u and 7r indicate 
symmetry and antisymmetry with respect to YZ mirror plane. 

orbital I-fold 2-fold I 
(j 7r 

before adsorption s 0.293 0.327 0.270 
I 

after adsorption 0.460 0.485 0.285 

~ore adsorption Px 0.162 0.163 0.167 I 
I after adsorption 0.168 0.232 0.168 

before adsorption P:r 0.162 0.154 0.177 
I 

after adsorption 0.167 0.156 0.177 

before adsorption Pz 0.113 0.115 0.113 I 
after adsorption 0.304 0.207 0.174 

before adsorption dx2-:y2 0.802 'o~.647 
after adsorption 0.802 0.90 .640 

' before adsorption d.,2 0.922 0.940 0.885 

after adsorption 0.710 0.915 0.745 

before adsorption dx:y 0.801 0.863 0.720 

after adsorption 0.801 0.856 0.715 

before adsorption dxr. 0.891 0.948 0.804 

after adsorption 0.869 0.815 0.787 

before adsorption d:y,. 0.885 0.900 0.861 

after adsorption 0.863 0.880 0.853 

Table 3b. Gross population Extended Hiickel of CH3 adsorbed on Rh(lll) and 
Ni(lll). 

Rh(lll) Ni(lll) Ni(11 l)C1> 

orbital free atop bridge atop atop 

7r* 0.0 0.011 0.012 0.014 0.009 

n 0.5 0.744 0.703 0.915 0.916 

7r 1.0 0.998 0.994 0.996 0.996 

(l) d orbital parameter changed 
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expect that metal orbitals will mainly interact with the half filled n CH3 orbital 
at -11.65 eV. As discussed above, then CH3 orbital is symmetric and will interact 
with metal orbitals which also are symmetric (the s, p71 and d.2 orbitals in case of 
1-fold adsorption). Interaction of the completely filled 7r orbitals (at -16.08 eV) and 
the completely empty 7r* orbitals (at +4.88 eV) with surface metal orbitals will be 
small. Since the 7r CH3 orbitals are completely filled in gas phase CH3 , interaction 
with (partially) filled metal orbitals will result in repulsion. Interaction with metal 
orbitals is only possible in cases where electrons can be donated to the surface. The 
interaction of the 7r* orbitals with metal orbitals will be smaH because of the large 
energy difference between interacting orbitals. The 7r and 7r"' orbitals of CH3 will 
interact with metal surface orbitals which are antisymmetric (the Px, py, dn and 
dyz orbitals in case of 1-fold adsorption). Changes in occupation of metal orbitals 
(table 3a) will be discussed in a later section. 

The LDOS of the 11', n CH3 and 7r* CH3 orbitals for gas phase CH3 and CH3 

adsorbed 1-fold and 2-fold is presented in figure 5, the gross populations are given 
in table 3b. The density peak of the 7r CH3 orbitals hardly broadens upon adsorption 
and it is found at constant position, indicating that the 7r orbitals hardly interacts 
with the metal surface. The gross population is hardly changed from 1.0 to 0.998 
for 1-fold adsorption and 0.994 for 2-fold adsorption. These changes are in the 
same order of magnitude as changes in the density of the 7r orbitals of CO upon 
adsorption, and justify our approach to study only processes involving HOMO (the 
n CH3 orbital) and LUMO (the 7r* orbitals). 

The LDOS density of the n CH3 orbital (figure 5b) is split in two peaks. One 
peak is shifted to lower energy as part of a bonding interaction, the other is shifted 
to higher energy and part of an antibonding interaction. As can be seen in figure 
5b, more density is found in the bonding peak and the gross population of the 
n CH3 orbital is increased from 0.5 to 0.744 for 1-fold adsorption. This increase 
in population of the n CH3 orbital is also found by Zheng et al. [55] for CH3 

adsorption on Co(OOOl ), Cr(llO) and Ti(OOOl ). In going from the 1-fold to the 
two fold adsorption sites both the bonding and antibonding peak broaden and the 
n CH3 orbital is slightly depopulated relative to 1-fold adsorption (gross population 
of 0.703). 

The LDOS density of the 7r* orbitals is shifted to higher energy (figure 5c). This 
shift is larger for the 2-fold than for the 1-fold adsorption. Because of the broadening 
some density is below Fermi level, and these levels are therefore occupied. However, 
the increase in population of the 7r* orbitals is small (0.011 and 0.012 for the 1-fold 
and 2-fold adsorption respectively). This increase in population is much smaller 
than the increase in of the 27r* orbitals of CO upon adsorption [36], which is easily 
explained by the energy difference of the Fermi level of the Rh surface (at -10.99 eV) 
and the LUMO of the adsorbate. Whereas the density peak of the 211"* orbitals of 
gas phase CO is found at -7.71 eV (energy difference with the metal Fermi level of 
3.28 e V), the density of the 7r* orbitals of CH3 is found at 4.88 e V (energy difference: 
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Table 4. Bond Order Overlap Population between CH3 and surface group orbitals 
of Rh(l 11 ). In case of 2-fold adsorption, CH3 is adsorbed on a site consisting of 2 
Rh atoms aligned along the x-axis and perpendicular to the surface along the z-axis. 
u and 7r indicate symmetry and antisymmetry with respect to the YZ mirror plane. 

Rh(lll) 

atop bridge 

symmetry 

(j 11' 

s - 7r*CH3 0.00 0.66 10-3 0.39 10-3 

s-n CHs 0.194 0.162 0.00 

Px -7r*CHs 0.84 10-3 0.77 10-4 0.59 10-3 

Px -n CH3 0.00 0.108 0.00 

p7 -7r*CHs 0.75 10-3 0.90 10-3 0.85 10-3 

p7 -n CHs 0.00 0.30 10-4 0.00 

p,. 7r*CH3 0.00 -0.65 10-4 -0.19 10-2 

p9 -n CHs 0.203 0.81 10-1 0.00 

dx2-y2 - 7r*CH3 o.54 io-3 0.35 10-6 0.73 10-s 

dx2-y2 - n CH3 0.00 0.31 10-1 0.00 

d .. 2 - 7r*CH3 0.00 0.35 10-2 0.26 10-2 

d..2 n CHs 0.169 0.11 10-1 0.00 

dxy - ?i*CHs 0.58 10-3 o.39 io-2 0.13 10-4 

dxy -n CHs 0.00 0.14 io-5 0.00 

dxr. - 7r*CHs 0.11 10-1 0.41 10-3 0.81 10-2 

dxs - n CHs 0.00 0.136 0.00 

d7 .. - 7r*CH3 0.11 10-1 0.23 10-2 0.48 10-2 

d7• -n CHs 0.00 0.47 10-4 0.00 

15.87 eV). The larger the energy difference between two interacting orbitals, the 
smaller this interaction will be [70]. 

As the energy difference between Fermi level of the metal and the 7r orbitals is 
large,· their interaction will be small and bonding of CH3 is mainly due to <T type 
interactions of then CH3 orbital with metal surface orbitals. Calculated Bond Order 
Overlap Populations for 1-fold and 2-fold adsorption of CH3 are given in table 4. 
We will explain 1-fold adsorption first and rationalize results on basis of symmetry. 
The symmetry of the (metal) atomic orbitals is well known, the symmetry of the 
the 11'* and n orbitals of CH3 is given above. 

The n CH3 orbital is perfectly symmetric with respect to the YZ plane. In-
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teraction with surface metal orbitals which are antisymmetric with respect to the 
YZ plane (the Px, du, and dxy orbitals) will be zero. Then CHa orbital is almost 
perfectly symmetric with respect to the XZ plane. As the s, Pz and d,.2 orbitals are 
perfectly symmetric with respect to the XZ plane (and are symmetric with respect 
to the YZ plane) they will have a strong interaction with then CH3 orbital. The 
metal p1 and d>"' orbitals are antisymmetric with respect to the XZ plane, and their 
interaction with the n CH3 orbital will be small. Since the n CH3 orbital is not 
perfectly symmetric these interactions are small and not zero. The dx2-y2 orbital is 
a special case since it is symmetric with respect to both the YZ and the XZ plane. 
However, two lobes are positive and two are negative while the n CH3 orbital is 
completely positive and their interaction will be zero. 

These geometric considerations are completely in line with calculated Bond Order 
Overlap Populations. A large population is found for interaction of then CH3 orbital 
with the metals (0.194), Pz (0.203) and d..2 (0.169) orbitals. Zero interaction is found 
for interaction with the metal Px, dxLy2, dxy and dx• orbitals while interactions with 
the p7 and d>"' orbitals is about 1 10-6 • 

In figure 6a calculated Bond Order densities are plotted of then CH3 orbital with 
the s, p,, and d .. 2 orbitals of the bonding surface Rh atom in case of 1-fold adsorption. 
All three interactions are strongly bonding (see table 4 ), but also large differences are 
found. For the interaction of the n CH3 orbital with the metal s orbital we see that 
up to -9.4 eV bonding interactions are found, for higher energies also antibinding 
levels become filled. Since the Fermi level of the Rh cluster is at -10.99 eV, only 
bonding levels are filled. In case of interaction of the n CH3 orbital with the metal 
Pz orbital bonding levels are found up to -4.9 eV. In both cases an increase of the 
valence electron occupation would strengthen the metal-CH3 interaction. This is in 
contrast with the interaction of then CH3 orbital with the metal d.., orbital, which 
has antibonding levels from -12.4 eV and higher. This means that some antibonding 
levels are occupied, and increasing the Rh valence electron occupation would weaken 
this bonding interaction. In all three plots a small density peak is found at about 
-24.33 eV, originating from interaction with the (J' orbital of CH3 (energy in gas 
phase: -24.08 eV). 

Since the two degenerated 1!"* orbitals have a different symmetry with respect 
to the Rh-Rh axis, we will discuss them separately. It must be noted beforehand 
that interactions of the 71"* orbitals with Rh orbitals will be much smaller than 
interactions of the n CH3 orbital. In the LDOS results of CH3 a small population of 
the 71"* orbitals is seen in comparison with a considerable population of the n CH3 

orbital. First we will look at interactions involving the 1!"* orbital formed out of the 
carbon Px and two hydrogen s orbitals (figure 4b ). Since this orbital is perfectly 
antisymmetric with respect to the YZ plane, the interaction with symmetric metal 
orbitals (the s, p1 , p., dx2_72, d,.2 and d1,. orbitals) will be zero. The 71"* orbital is 
not perfect symmetric with respect to the XZ plane. Both the metal Px and d,.,. 
orbitals are (perfectly) symmetric with respect to the XZ plane (and antisymmetric 
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Figure 6. Bond Order Overlap Population 
densities of CH3 with surface metal orbitals 
on Rh(lll). 
a. CH3 adsorbed 1-fold on Rh(lll) 

(1): n CH3 - s 
(2): n CH3 - p,, 
(3): n CH3 - d,,2 

b. CH3 adsorbed 1-fold on Rh(lll) 
(1): ?r* -dxz 
(2): 'II'* -dya 
(3): 11'* - dx•-y• 

c. CH3 adsorbed 2-fold on Rh(lll) 
(1): n CH3 - [y12 ~ 28 (s(l) + s(2))] 
(2): n CH3 - [y12 ~ 25 (Px(l) - Px(2))] 

(3): n CH3 - [~(dxz(l) dxa(2))] 



Adsorption of CHx 169 

with respect to the YZ plane), and will have a strong interaction with the 11"* CH3 

orbital. The dxy orbital is antisymmetric with respect to the XZ plane, and will 
hardly interact with the 11"* CH3 orbital. 

The other 'If'* orbital is formed from a combination of the carbon Py orbital with 
three hydrogen s orbitals, and is perfectly symmetric with respect to the YZ plane. 
Interaction with metal orbitals which are antisymmetric relative to the YZ plane (the 
Px, dxz and dxy orbitals) will be zero. This 7r* CH3 orbital is locally not perfectly 
antisymmetric with respect to the XZ plane. As the metal s, p., d.,, and dx•-y• 
orbitals are symmetric relative to the XZ plane, their interaction with the 7r* CH3 

orbital will be small. The metal py and dye orbitals are perfectly antisymmetric with 
respect to the XZ plane (and symmetric with respect to the YZ plane) and will have 
a strong interaction with the 7r* CH3 orbital. 

Calculated Bond Order Overlap Populations can be found in table 4. In case of 
interaction of the 7r* CH3 orbitals with surface metal orbitals, only interaction with 
one of the two 7r* orbitals is possible and the other interaction will be zero. Table 
4 lists only the non zero value. The 7r* orbitals mainly bond with the dxz and dy., 
orbitals. As mentioned before, their Bond Order Overlap Populations (0.11 10-1 ) 

are considerably smaller than Bond Order Populations of surface metal orbitals with 
the n CH3 orbital. 

Figure 6b gives Bond Order Overlap densities of interaction of metal orbitals 
with the 7r* orbitals of CH3 . The calculated densities of the dxz and df'I' orbitals 
interacting with the 7r* orbitals are quite similar, as can be expected from geometric 
reasons and calculated Bond Order Populations (table 4). The Bond Order Overlap 
density of the interaction of the dx•-y• orbital with the 7r"' orbitals is much smaller. 
Both the 7r* CH3 (figure 4c) and dx•-y• orbitals are symmetric with respect to the YZ 
plane. Differences in symmetry with respect to the XZ plane result in an interaction 
which is small but not zero. The small density peak at about -16.14 eV originates 
from interaction with the 7r CH3 orbitals (gas phase energy: -16.08 eV). 

Local Density of States (LDOS) plots of relevant surface metal orbitals (the s, 
Pz, dz2 and dxs orbitals) before and after 1-fold adsorption of CHa are given in figure 
7. Atomic orbital gross populations are given in table 3a. The metals, p,. and d.,2 
orbitals have interaction with then CH3 orbital. The density at -24.33 eV originates 
from interaction with the a CH3 orbital. The metal dxr. orbital interacts with the 
7r* CH3 orbital. Interaction with the 7r CH3 orbitals results in a density peak at 
-16.14 eV. 

Both the s (0.293) and p., (0.113) orbitals are hardly populated before adsorption, 
while the d,.2 (0.922) and dxz (0.891) orbitals are almost completely occupied. The 
atomic gross populations of the s and p,. orbitals are increased considerably after 
adsorption to 0.460 and 0.304 respectively. Density is pushed below the Fermi level 
(figure 7a and 7b) due to interaction with the n CH3 orbital. In case of the d,.2 
orbital, density is pushed above the Fermi level (figure 7c) and the gross population 
decreases to 0.710. As a result repulsion between the highly occupied d,.2 orbital 
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and the half occupied n CH3 orbital is decreased. This corresponds to the Bond 
Order Overlap density results discussed above. In case of interaction of the n CH3 

orbital with the s and p,, orbitals only bonding .levels are occupied, while in case of 
interaction with the d,,2 orbital antibonding levels a.re occupied from -12.36 eV up 
to higher energies. This also explains that the LOOS density of the n CH3 orbital 
is split in a bonding and an antibonding peak (figure 5b). 

The atomic orbital gross population of the dx.. orbital is slightly decreased from 
0.891 to 0.869. This corresponds to a small electron donation to the r* orbitals of 
CH3 • We have seen in the LDOS of the r* orbitals that the atomic gross population 
of the r* CH3 orbitals is increased from 0.0 to 0.011 upon 1-fold adsorption of CH3 • 

In the next section we will consider adsorption of CH3 on a two-fold site. Arbi
trarily we have chosen this site to be along the x-axis. Group orbitals are constructed 
by taking the combination of two metal atomic orbitals. In this way we can construct 
group orbitals which are symmetric and group orbitals which are antisymmetric with 
respect to an YZ plane through the C atom of CH3 • For example, 

is symmetric and 

is antisymmetric. But also 

is antisymmetric. S is the orbital overlap. 
Again some general rules can be derived. While for 1-fold adsorption of CH3 

the position of metal and CH3 orbitals are the same in the XY plane, CH3 is in 
between 2 metal atoms on the x axis for 2-fold coordination. This results in less 
strict symmetry conditions relative to the XZ plane for interaction of metal (group) 
orbitals with the 7r* CH3 orbitals. We will discuss interaction with the n CH3 and 
both 'lr* orbitals separately. 

Group orbitals which are antisymmetric with respect to the YZ plane will have 
no interaction with then CH3 orbital since this orbital is perfectly symmetric. Sym
metric group orbitals will have a strong interaction with then CH3 orbital only when 
they also are symmetric with respect to the XZ plane. The u type group orbitals of 
the s, Px, p,., dxLy2, d,.2 and dx,. orbitals fulfill this condition. The symmetric group 
orbitals which are antisymmetric with respect to the XZ plane (the P:v, dxy and dy,. 
orbitals) will have a small interaction with the n CH3 orbital. Since the n CH3 

orbital is not perfectly symmetric with respect to the XZ plane these interactions 
are small and not zero. This is confirmed by table 4, where we see large Bond Order 
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Overlap Populations in case of interaction of the n CH3 orbital with the symmetric s 
(0.162), Px (0.108) and du (0.136) orbitals. These Bond Order Overlap Populations 
are plotted in figure 6c. The electron occupancy of the symmetric s orbital (table 
3a) increases from 0.327 to 0.485, that of the Px orbital from 0.163 to 0.232. The 
interaction of the n CH3 orbital with the symmetric dXl!i orbital results in a repul
sion as the symmetric du orbital is almost completely occupied. The; occupation 
is decreased from 0.948 to 0.815 in order to decrease repulsion by pushing density 
above the Fermi level. The Bond Order Populations ofthe symmetric Pz, dx2-y2 and 
d,.2 orbitals are small, while interactions of antisymmetric group orbitals are zero. 
Changes in metal atomic gross orbital population (table 3a) are small. 

We will discuss now interaction of metal group orbitals with the 7r* orbital of 
CH3 which is a combination of the carbon Px and two.hydrogen s orbitals (see figure 
4b). This 11"* orbital is antisymmetric relative to the YZ plane. Interaction with 
surface metal group orbitals which are symmetric will be zero, interaction of group 
orbitals which are antisymmetric is possible. 

The second 11"* CH3 orbital is a combination of three hydrogen s orbitals with 
the carbon P:r orbital, and is symmetric with respect to the YZ plane (figure 4c). 
Interaction with u type metal group orbitals is possible, interaction with 7r type 
metal group orbitals will be zero. 

Metal group orbitals will always have interaction with one of the 11"* orbitals and 
calculated Bond Order Overlap Populations will never be zero. This is confirmed 
by table 4. Since the overall interaction of the 7r* CH3 orbitals with the metal 
surface is small (because of the large energy difference), Bond Order Populations 
are considerably smaller than interactions of the surface with the n CH3 orbital. 

1-fold adsorption of CH3 is dominated by interactions of then CH3 orbital with 
the metal s, p. and dz2 orbitals, while interactions of the n CH3 orbital with the 
symmetric s, Px and dxs orbitals are important in case, of 2-fold adsorption. Inter
action with the 11'* orbitals is small in both cases. When we compare relevant Bond 
Order Overlap Populations of I-fold (figure 6a) and 2-fold (figure 6c) adsorbed CH3 , 

we see that at high energy the ratio of antibonding to bonding interactions is higher 
in case of 2-fold adsorption. Therefore, at high valence electron occupation, more 
antibonding levels are occupied for 2-fold adsorption and CH3 will adsorb on I-fold 
sites. This is in agreement with the ASED results presented in figure le and lf. 

COMBINATION REACTION OF CH1 AND CH2 ON RH(lll) 

Methane and hydrocarbons can be produced out of synthesis gas by Fischer-Tropsch 
catalysts like Fe, Ni, Co and Ru [4,73]. Under reaction conditions, a reactive CHx 
species is formed on the metal surface, which is involved in a number of processes 
as insertion (resulting in longer hydrocarbon chains) and termination reactions (hy
drogenation or hydrogen abstraction). 

For each step of the Fischer-Tropsch synthesis a specific reaction can be studied 
with quantum chemical methods as an example. Because of the large number of 
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parameters (choice of adsorption sites, length of carbon cha.in of interacting hydro
carbon fragments, intramolecular and intermolecular carbon-hydrogen and carbon
carbon distances) even a thorough study of one single reaction is a enormous task. 
The ASED molecular orbital method can be used since it allows a large number 
of calculations and geometry optimization. Zheng and Hoffmann [55] have studied 
coupling of C1 fragments with the Extended Hiickel method. In their approach 
specific reaction paths for propagation and termination reactions are assumed. 

When the distance between adsorbed molecules is reduced they begin to influence 
ea.eh other, resulting in repulsive and attractive forces. When the attractive forces 
prevail, a reaction will take place, but when they are exceeded by repulsive ones, 
will the result he a repulsion between both molecules. We have started our study 
of the combination reaction of CH3 and CH2 ) (a propagation reaction) with the 
coadsorption of CH3 and CH2 • 

CH3 and CH2 are coadsorbed on Rh(lll) in six different geometries, which are 
plotted in figure 8. One of the molecules is fixed at a certain site at the optimized 
height when adsorbed alone on the surface (see table 1). The height of the other 
molecule is optimized in steps of 0.1 A. This calculation is repeated by fixing the 
height of the second molecule and optimizing the height of the first one. Results 
are given in table 5. In a number of cases there is a (local) minimum in energy at a 
small distance to the surface, while increasing the height to very large distances still 
results in a lowering of the energy (an increasing of the adsorption energy). In these 
cases table 5 also gives the adsorption energy for the largest distance the adsorption 
energy is calculated. This is indicated by listing the value of the optimized height 
by a '>' mark. 

A very small intermolecular distance of CH3 and CH2 (conformations I-IV) result 
in a strong repulsion, which can be attributed to steric repulsion. As can be seen in 
figure 8, these conformations result in very small intermolecular hydrogen distances. 
When the height of CH2 is optimized, we find heights considerably smaller than for 
adsorption of CH2 alone. For conformation I the optimized height of coadsorbed 
CH2 on a 2-fold site is 1.2 A, which is a decrease of 0.4 A. We find an ASED energy 
Etot of 3.95 eV and an Extended Hiickel energy E .. tt of -2.66 eV. Since the ASED 
energy is a summation of the Extended Hiickel energy Eatt and a repulsive energy 
Erep' a high value of Eatt and a small (or even positive) value of Etot is a strong 
indication that the repulsive energy is considerable. 

For conformations III and IV the decrease of CH2 adsorption height is 0.5 A (from 
1.5 A to 1.0 A) and 0.4 A (from 1.5 A to 1.1 A) respectively. In both cases we 
find a combination of high value of E .. u and a small value of Etoh indicating strong 
repulsion as discussed for conformation I. Conformation III and IV only differ in 
the choice of adsorption sites. In III both CH3 and CH2 are adsorbed on 3-fold 
sites, in IV CH3 is adsorbed 1-fold (the preferred site) and CH2 on a 3-fold site. 
Conformation IV is more stable than conformation III. In case of conformations 
III and IV the adsorption energy is calculated up to CH2 heights of 2.4 A and 
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Figure 8. Adsorption geometries of CH3 and CH2 coadsorbed on Rh{lll). 

2.5 A. Increasing the height still further (which is a desorption process) results in a 
continuously decreasing repulsion, indicating that CH2 is not stable and is forced to 
desorb. 

This conclusion also holds when the height of CH3 is optimized. For conformation 
I both Etot and E .. tt are positive at a height of 2.5 A, indicating that adsorption is not 
favourable even at this height. For the conformation II, III and IV we find bonding 
interactions (Etot and Eatt are negative) but only at heights of 4.0 A( conformation 
II), 3.0 A (III) and 3.2 A (IV) or higher, which are not realistic adsorption values. 

At a distance of 2.687 A stable geometries (conformations V and VI) are found. 
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Table 5. Coadsorption of CH3 and CH2 on Rh(lll). 

Confor- site site d(l) molecule h(X)<2> Etot E .. tt 

mation CHs CH2 (A) varied (A) ( eV) (eV) 

I 1-fold 2-fold 1.343 CH2 1.2 3.95 -2.66 

I 1-fold 2-fold 1.343 CHs >2.5 3.08 0.20 

II 1-fold 2-fold 1.343 CHs >4.0 -2.87 -3.87 

III 3-fold hep 3-fold fee 1.550 CH2 1.0 3.42 -3.16 

>2.4 4.11 1.98 

III 3-fold hep 3-fold fee 1.550 CHa 1.3 4.63 -1.96 

>3.0 -2.08 -3.17 

IV I-fold 3-fold hep 1.550 CH2 1.1 -0.02 -5.07 

>2.5 4.46 1.93 

IV 1-fold 3-fold hep 1.550 CHs >3.2 -2.71 -3.73 

v 3-fold hep 3-fold hep 2.687 CH2 1.5 -4.14 -5.39 

v 3-fold hep 3-fold hep 2.687 CHs 2.0 -4.14 -5.30 

VI 3-fold hep 3-fold hep 2.687 CH2 1.5 -3.61 -5.00 

VI 3-fold hep 3-fold hep 2.687 CHs 2.1 -3.68 -4.88 

(1): distance between the adsorption sites; (2): optimized height after variation of 
indicated molecule. The other molecule is kept immobile at optimized height when 
adsorbed alone. 

Both ASED energy Etot and Extended Hiickel energy E .. tt indicate bonding and 
optimized adsorption heights are (nearly) identical to adsorption of CH3 and CH2 

alone. The same adsorption energies are found irrespective optimization of the 
height of CH3 or of CH2. 

Zheng and Hoffmann [55j indicate 3 stages in the reaction of two hydrocarbon 
molecules. The first one is a surface migration of the molecules, stage three is the 
actual reaction for which specific reaction paths are assumed. In the intermediate 
step the reacting fragments have to come to neighbouring sites. The energy involved 
in this step is called Proximity Energy (PE), which can be defined as the energy 
of fragments on two adjacent sites minus the sum of adsorption energies of the two 
fragments. Adsorbed fragments on adjacent sites are found in our calculations in 
conformations V and VI, when CH2 and CH3 are separated by the Rh-Rh internu
clear distance of 2.687 A. Conformation Vis clearly favoured over conformation VI, 
which is another indication that the repulsion of CH2 and CH3 originates mainly 
from steric interactions of the hydrogen atoms. Conformation V results in adsorp
tion energies of -4.14 eV (Etot) and -5.39 (E .. tt)· The sum of adsorption energies 
of 3-fold hep CHs and CH2 is -4.93 eV (Etot) and -6.10 eV (E .. tt)· Thus for Rh we 
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find Proximity Energies of +0.79 eV and +0.80 eV. Zheng and Hoffmann give PE 
values of -0.2 eV for Ti (internuclear distance of 2.95 A), +0.8 eV for Cr (2.88 A) 
and +1.2 eV for Co (2.51 A), which agree well with our +0.80 eV for Rh (2.687 A). 

Decreasing the distance between CH3 and CH2 results in an increasing repulsion 
(table 5), and the recombination reaction into adsorbed C2Hs is not favourable. 
However, since this repulsion is mainly due to hydrogen steric interactions, a cou
pling reaction might be possible when during the reaction hydrogen atoms bend 
away from each other in order to relieve repulsion. A second possibility is that 
hydrocarbon fragments with less hydrogen atoms combine, followed by a hydro
genation step to give adsorbed C2H5• More calculations are necessary to evaluate 
these reactions. 

ADSORPTION OF CHx ON NI(lll) 

Several theoretical studies of CHn (n=l-3) on metal surface exist. Zheng and Hoff
mann [55] studied extensively the adsorption of CH, CH2 and CH3 on Ti(OOOl), 
Cr(llO} and Co(OOOl) and found that CHx is adsorbed on a (4-x)-fold site in order 
to restore missing C~H bonds. Therefore CH is adsorbed on 3-fold sites, CH2 on 
2-fold sites and CH3 on 3-fold sites. Minot et al. (54] found similar results for ad
sorption of CHx on Pt(lll ). Gavezzotti (50] made an elaborate study of acetylene 
adsorption on Pt(lll), and found a preference of CH for the 3-fold site. Later on 
they found the same preference for CH on Rh (51]. All these results are completely 
in line with our results as discussed above. In contrast with this, are studies of 
Gavin et al [63] and Schiile et al [57]. Gavin et al [63] studied adsorption on Ni( 111) 
and found that both CH and CH3 are adsorbed on 3-fold sites, and CH2 is adsorbed 
on 2-fold sites. In all studies mentioned so far [50,54,55,63,this study] Extended 
Hiickel methods are applied. Schiile [57] used ab initio methods with Configuration 
Interaction. Calculated adsorption energies of CH3 on Ni( 111) showed a slight pref
erence for adsorption on the three-fold hollow site. However, the energy difference 
for different adsorption sites was smaller than the accuracy in the calculations and 
a definite assignment for the 3-fold site was made only after calculations of C-H 
frequencies and comparison with experimental results. 

In order to study the origin of the differences between ab initio and Extended 
Hiickel calculations, we have studied adsorption of CHx (x=l-3) on Ni(lll ). Exactly 
the same cluster geometry is used as for calculations involving Rh(lll). A Ni-Ni 
internuclear distance of 2.4916 A is used. ASED adsorption energies Etot and 
Extended Hiickel energies Eau are listed in table 6a. ASED calculations of the 
adsorption energy of CH3 on Ni(lll) are considerably higher (from -4.22 eV for 
3-fold adsorption up to -4.49 eV for 1-fold adsorption) than results of ab initio 
calculations by Schiile [57]. In general hydrogen and CHx are adsorbed on the same 
sites as on Rh(lll). Atomic hydrogen prefers 1-fold sites, C prefers 3-fold hep sites 
and CHx is found at (4-x)-fold sites. When we compare the difference between 
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Table 6a. Adsorption of CHx on a Ni(18,11) cluster modeling a Ni(lll) surface. 

species site Etot 
E(1) 

au 
E(2) 

rot h~) 

( eV) (eV) (eV) (A) 

H 1-fold -4.83 -5.66 1.6 

2-fold -4.53 -5.46 1.2 

3-fold fcc<4) -4.41 -5.34 1.1 

3-fold hcp<5) -4.43 -5.36 1.1 

c 1-fold -8.38 -8.53 2.2 

2-fold -8.38 -9.55 1.5 

3-fold fcc(4) -8.59 -9.85 1.4 

3-fold hcp<0> -8.74 -9.99 1.4 

CH 1-fold -6.61 -7.05 2.0 

2-fold -7.20 -8.96 1.4 

3-fold fcc<4) -7.56 -9.38 1.3 

3-fold hcp<5) -7.72 -9.54 1.3 

CH2 1-fold -5.55 -6.00 0.01 2.0 

2-fold -6.27 -7.51 1.46 1.5 

3-fold fcc(4) -5.66 -6.61 0.03 1.5 

3-fold hcp<5) -5.73 -6.69 0.00 1.5 

CHa 1-fold -4.47 -5.27 0.01 1.9 

2-fold -4.24 -4.90 0.01 1.7 

3-fold fee( 4) -4.22 -4.94 0.24 1.6 

3-fold hcp(5) -4.23 -4.95 0.23 1.6 

(1 ): bond energy contribution excluding the two-body repulsion term; (2): difference 
in maximum and minimum total energy during rotation; (3): height of adsorbing 
species (X=C, Hor CHx) above the surface; ( 4 ): no Ni present in second layer; (5): 
Ni present in second layer. 

highest and lowest adsorption energy on Rh( 111) and on Ni( 111), we see that for 
adsorption of CH2 this difference is larger on Ni, for H and CH it is slightly larger 
for Ni and for CH3 and C it is larger on Rh. 

One of the characteristics of the Extended Ruckel method is the parameter de
pendency of the results. This can be a disadvantage, but it can also be used to 
study various properties by varying a single parameter. In our studies we use a 
double ( basis for the d orbitals of metal atoms. In order to study the relevance of 
the interaction with the d valence electron band, we have changed (2 of Ni from 2.0 
(see appendix 1) to slightly lower (1.9) and higher (2.2) values. Increasing (2 results 
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Table 6b. Influence of Ni d orbital exponent ( 2 on adsorption site of CH3. 

(2 site Etot 
E(1) 

att h~) 

( eV) (eV) (A) 
1.9 I-fold -4.4I -4.88 2.0 

2-fold -4.0I -4.67 1.7 

3-fold fcc(3) -3.96 -4.44 1.7 

3-fold hcp(4} -3.95 -4.43 1.7 

2.0 I-fold -4.47 -5.27 1.9 

2-fold -4.24 -4.90 1.7 
3-fold fcc(3) -4.22 -4.94 1.6 
3-fold hcp(4) -4.23 -4.95 1.6 

2.I 1-fold -4.49 -5.29 1.9 

2-fold -4.41 -5.06 1.7 

3-fold fcc(3) -4.43 -5.I5 1.6 

3-fold hcp(4) -4.47 -5.19 1.6 

2.2 I-fold -4.49 -5.29 1.9 

2-fold -4.52 -5.18 1.7 
3-fold fcc(3) 1-4.58 -5.30 1.6 
3-fold hcp(4) -4.64 -5.36 1.6 

(1 ): bond energy contribution excluding the two-body repulsion term; (2): height of 
adsorbing species (X=C, Hor CHx) above the surface; (3): no Ni present in second 
layer; (4): Ni present in second layer. 

in a shift from 1-fold site to higher adsorption sites (table 6b). (2 = 2.2 results 
in a clear preference for the 3-fold site over lower coordination sites. In order to 
investigate this we have calculated Bond Order Overlap Populations for 1-fold and 
2-fold adsorption for (2 values of 2.0 and 2.2. Results are given in tables 7a and 7b. 

What exactly will happen when we increase the orbital exponent (2? In the 
ASED method Slater type orbitals are used, and the dependence of the wave function 
on the distance r from the nucleus is given by exp(-(r]. Increasing (2 results in a 
decrease of the spatial extension of d orbitals, and their overlap with neighbours will 
also decrease. Less overlap means less interaction, the metal d band will be smaller 
and interaction with adsorbing molecules will decrease. 

In figure 9a the adsorption energy of CH3 on 1-fold, 2-fold and 3-fold sites is 
plotted as a function of the number of valence electrons relative to Ni ((2 = 2.2) 
with the rigid band model. At low valence electron occupation the 3-fold sites (both 
fee and hep) are clearly favoured over 2-fold and 1-fold sites. At higher electron 
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Figure 9. Adsorption energy (Eau) and ratio of adsorption energy on a x-fold site to that of 

the 1-fold site (E(xf/lf)) of CH3 on Ni(lll) ((2 2.2). (a): Eatt of CH3 adsorbed 1-fold, 2-fold, 

3-fold fee and 3-fold hep. (b): The ratio of the adsorption energy of CH3 adsorbed on 2-fold and 

3-fold sites relative to that of CH3 adsorbed on 1-fold sites. 

occupation the adsorption energy of 1-fold CH3 increases while the adsorption energy 
on other sites decreases. The ratio of adsorption energy of site x (2-fold and 3-fold) 
relative to the 1-fold site (denoted as E (xf/lf)) is given in figure 9b. All ratios are 
continuously decreasing for higher valence electron occupation. The same trends are 
found for CH3 adsorption on Rh(lll) (see figures le and If), with exception that 
on Rh(lll) the 1-fold site is favoured. 

In tables 7 a and 7b the Bond Order Overlap Populations are given in case of 
( 2 = 2.0 and 2.2 respectively. Relevant Bond Order Overlap Populations in case 
of (2 2.2 are plotted in figure 10. Clearly, the weaker interaction with the 
metal d band is confirmed. CH3 adsorption on 2-fold and 3-fold sites show the same 
trends in adsorption energy (table 6b ). We have discussed in a previous section that 
adsorption of CH3 is mainly a result of a type interactions of surface metal orbitals 
with the n CH3 orbital. 

This orbital is considerably more populated after adsorption on Ni(lll) (gross 
population of 0.915) than adsorbed on Rh(lll) (0.703). Figure 11 shows the LDOS 
of CH3 1-fold adsorbed on Ni(ll 1) with ( 2 2.2. We find that an increase of 
( 2 results in a small increase of gross population of the n CH3 orbital and a small 
decrease of gross population of the 7r* orbitals (table 3b). From a comparison of 
tables 7a and 7b we find an increase of Overlap Populations of metal s orbitals 
(and to a lower extend p orbitals), and a decrease in Overlap Populations of metal 
d orbitals. Due to the smaller spatial extension of the d orbitals the overlap with 
the n orbital of CH3 will be smaller and interaction will be less. This is also clear 
from a comparison of the interaction of the n CH3 orbital with the metal s and d.2 
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Figure 10. Bond Order Overlap Popula
tion densities of CH3 with surface metal or
bitals on Ni(lll) ((2 = 2.2). 
a. CH3 adsorbed 1-fold. 

(1): n CH3 - s 

(2): n CH3 - Pz 
(3): n CH3 - d •• 

b. CH3 adsorbed 1-fold. 
(1): ?r* - d,.. 
(2): ?r* - dyz 
(3): ?r* - dx•-1• 

c. CH3 adsorbed 2-fold. 
(1): n CH3 - [~(s(l) + s(2))] 
(2): n CH3 - [~(Px(l) - Px(2))] 

(3): n CH3 - [J2 :. 25 (dxz(l} - dxz{2))] 
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Table Ta. Bond Order Overlap Population between CH3 and surface group orbitals 
of Ni(l 11 ). In case of 2-fold adsorption, CH3 is adsorbed on a site consisting of 2 Ni 
atoms aligned along the x-axis and perpendicular to the surface along the z-axis. u 
and 7r indicate symmetry and antisymmetry with respect to the YZ mirror plane. 

Ni(lll) 

atop bridge 

symmetry 

(}' 7r 

s - 7r*CH3 0.00 0.76 10-3 -0.26 10-3 

s - n CH3 0.265 0.220 0.00 

Px - 7r*CH3 0.29 10-4 0.49 10-3 0.17 10-2 

Px - n CH3 0.00 0.211 0.00 

Py - 7r*CH3 -0.30 10-3 0.12 10-3 0.36 10-2 

Py -n CH3 0.00 0.3110-4 0.00 

Pz - 7r*CH3 0.00 -0.92 10-4 -0.12 10-2 

Pz - n CHa 0.213 0.84 10-1 0.00 

dx2-y2 - 7r*CHa 0.59 10-3 0.11 10-4 0.25 10-4 

dx2-y2 - n CHa 0.00 0.21 10-1 0.00 

dz2 - 7r*CHa 0.00 0.3110-2 0.46 10-2 

d,.2 - n CH3 0.98 10-1 0.40 10-2 0.00 

dxy - 7r*CH3 0.60 10-3 0.53 10-2 -0.55 10-5 

dxy - n CHa 0.00 0.32 10-5 0.00 

dxz - 7r*CHa 0.13 10-1 0.38 10-3 0.1110-1 

dxz - n CH3 0.00 0.82 10-1 0.00 

dyz - 7r*CHa 0.13 10-1 0.30 10-2 0.45 10-2 

dyz - n CH3 0.00 -0.89 10-5 0.00 

orbitals in case of 1-fold adsorption (figure lOa (1) and (2)), and for 2-fold adsorption 
interaction of the n CH3 orbital with the symmetric s and dxz orbitals (figure lOc 
(1) and (3)). 

Increasing (2 results in more s and less d character of the bond between the 
metal surface and CH3. The strength of the M-C bond is found by a summation of 
all relevant Bond Order Populations (values higher than 0.1 10-1 ) of table 7 a and 
7b. For ( 2 = 2.0 we find total values of 0.602 and 0.629 for 1-fold and 2-fold sites 
respectively, and a ratio of (2f/lf) of 1.04. For ( 2 = 2.2 values are 0.563 (sum 
of 1-fold), 0.599 (sum of 2-fold) and 1.06 (ratio). For both cases the M-C bond is 
stronger in case of 2-fold adsorption than in case of 1-fold adsorption, but the ratio 
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Table Tb. Bond Order Overlap Population between CH3 and surface group orbitals 
of adapted Ni(lll) (cl orbital exponent (2 = 2.2). In case of 2-fold adsorption, 
CH3 is adsorbed on a site consisting of 2 Ni atoms aligned along the x-axis and 
perpendicular to the surface along the z-axis. u and 7r indicate symmetry and 
antisymmetry with respect to the YZ mirror plane. 

adapted Ni(lll) 

atop bridge 

symmetry 

(]' 7r 

s - 7r*CHa 0.00 0.63 10-3 -0.13 10-3 

s-n CH3 0.272 0.226 0.00 

Px - 7r*CHa -0.32 10-3 0.17 10-3 0.11 10-2 

Px -n CH3 0.00 0.213 0.00 

p1 -1r*CH3 -0.77 10-3 -0.36 10-3 0.22 10-2 

p1 -n CH3 0.00 0.27 10-4 0.00 

p .. - 7r*CH3 0.00 -0.13 10-3 -0.92 10-3 

p,. -n CH3 0.211 0.84 10-1 0.00 

dx2-1 2 - 7r*CHa 0.32 10-3 0.42 10-5 0.45 io-4 

dx2-1 2 - n CHs 0.00 0.15 10-1 0.00 

d112 - 7r*CH3 0.00 0.18 10-2 0.36 10-2 

d,.2 -n CH3 o.so 10-1 0.37 10-2 0.00 

dx1 - 7r"CH3 0.33 10-3 0.34 10-2 -0.62 10-5 

dxy n CHs 0.00 0.15 10-s 0.00 

d0 - 7r*CHs 0.90 10-2 0.16 10-3 0.80 10-2 

du n CH3 0.00 0.61 io-1 0.00 

d,.... - 7r*CH3 0.88 10-2 0.20 10-2 0.25 10-2 

d,.. - n CHa 0.00 -0.29 10-5 0.00 

of bond strengths of 2-fold to 1-fold sites is increased for higher (2• This increased 
(2f/1f) ratio for (2 = 2.2 agrees with the ASED results of table 6b, which indicates 
a shift from 1-fold to higher adsorption sites for increased values of (2 . 

The (2f/1f) ratio of (2 = 2.0 is slightly higher than one, indicating that also 
in this case 2-fold adsorption is favoured, while the total energy as calculated with 
ASED (table 6b) indicates I-fold adsorption. A similar case is found in a previous 
study of 1-fold and 2-fold adsorption of CO on Rh(lll) [36], and is due to the fact 
that the sum of the Bond Order Overlap Populations indicates the strength of the 
M-CH3 bond only. The total ASED energy is a result of all bonds in a cluster, and 
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Figure 11. LDOS of the 11' CH3 (a), n CH3 (b) and 11'• CH3 (c) molecular orbitals of CH3 1-fold 

adsorbed on Ni(lll} ((2 = 2.2. The Fermi level is indicated by Ep . 

includes besides the M-CH3 bond also metal-metal bonds. In an Extended Hiickel 
study of CH3 adsorption on metal surfaces, Zheng and Hoffmann [55] found that 
the M-C bond strength of the 2-fold site is larger than that of the I-fold site, while 
in case of 2-fold adsorption smaller M-M bond strengths were found. The overall 
adsorption energy favoured 1-fold sites. The explanation was given by the d - n CH3 

(repulsive) interactions. In case of 1-fold adsorption both bonding and antibonding 
M-M levels were pushed above the Fermi level, resulting in a small change in M
M bond. In case of :2-fold adsorption only bonding levels were pushed above EF 
resulting in a weakening of the M-M bond. 

SUMMARY AND CONCLUSIONS 

Atom Superposition and Electron Delocalization (ASED) and Extended Hiickel MO 
studies are presented of adsorption of CH, CH2 and CH3 on Rh(lll). CHx is ad
sorbed on ( 4-x) fold adsorption sites in order to restore the missing ( 4-x) C-H bonds. 
Since M-C bonds are stronger than C-H bonds, the adsorption energy of CH is higher 
than that of CH2 and the adsorption energy of CH3 the lowest. The higher adsorp· 
tion energy also results in smaller adsorption heights of CH. Rigid band model 
calculations are presented. CH favours 3-fold sites regardless of Fermi level. CH2 

favours 2-fold sites, but at high Fermi level are 1-fold sites about equally favoured. 
CH3 favours 1-fold sites, but shifts at low Fermi level to higher coordination sites. 
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The adsorption of CH3 on Rh(ll 1) is analyzed in detail. Local Density of States 
plots of CH3 indicate that the 7r and 7r* orbitals are hardly involved in bonding. 
The n CH3 orbital, which is half filled in gas phase CH3 , is considerably populated. 
Bond Order Overlap densities confirm that bonding is mainly a result of CY type 
interactions of the n CH3 orbital with metal surface. In case of 1-fold adsorption 
large Overlap Populations are found for the interaction of the s, p,. and dz2 orbitals 
with the n CH3 orbital. An increase in valence electron occupation would weaken 
the interaction of the d,,2 orbital and strengthen the interaction of the s and p., 
orbitals with the n CH3 orbital. 

Preliminary results of the interaction of coadsorbed CHa and CH2 are presented. 
Coadsorption at an internuclear distance of 2.687 A gives a Proximity Energy of 
+0.80 e V. Smaller distances give a considerably stronger repulsive interaction, which 
can be attributed to hydrogen steric repulsion. 

Adsorption of CH3 on Ni( 111) is studied as a function of the d atomic orbital di
mension. A decrease in spatial extension of the Ni d orbitals resulted in a shift from 
1-fold to higher coordination sites. Calculated Bond Order Overlap Populations in
dicated that interactions with surface metal d orbitals decrease and interactions with 
the s orbital increase. The M-C bond strength (found by a summation of relevant 
Bond Order Overlap Populations) of 2-fold adsorbed CH3 relative to that of CH3 

adsorbed on 1-fold sites increases for smaller Ni d orbitals indicating a preference for 
higher coordination sites. These results indicate that the delicate balance of s and d 
metal valence electron interactions with the n CH3 orbital determines the topology 
of the adsorption site of CH3 . 

Appendix 1. Atomic parameters: principal quantum number (n), ionization po-
tential (V.S.I.P.), orbital exponents (() and respective coefficients (C;) - d only-
used. 

s p 

Atom n VSIP ( n VSIP ( 

c 2 20.00 1.658 2 11.26 1.618 

0 2 28.48 2.246 2 13.62 2.227 

Rh 5 8.09 2.135 5 4.57 2.100 

Ni 4 7.63 1.800 4 4.45 1.500 

d 

n VSIP (1 (2 

Rh 4 12.50 4.290 1.97 

Ni 3 10.00 5.750 2.00 
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Summary 

In this thesis a quantum chemical investigation of elementary steps of synthesis 
gas reactions is presented. Steps investigated are adsorption and dissociation of 
carbon monoxide, and adsorption of CH" (x=l,3} hydrocarbon fragments. Results 
are rationalized in terms of electronic interactions of adsorbate and (metal) surface. 

Chapter 2 gives an introduction of the theoretical methods used. All calculations 
are performed with the semi empirical Atom Superposition and Electron Delocal
ization (ASED) molecular orbital method, which is an adapted Extended Hiickel 
method. The attractive energy as calculated with Extended Hii.ckel is combined 
with a repulsive energy derived using the Hellmann-Feynman theorem. The ASED 
method can be parametrized to predict bond energies as well as molecular geome
tries reasonably accurately, which is useful when experimental geometries are not 
available. The electronic factors involved in bonding have been analyzed in terms of 
the Local Density of States (LDOS) and Bond Order Overlap Populations of bond
ing fragments. Group orbitals, which are combinations of relevant atomic orbitals 
are extensively used. Results are parameter dependent, which is used as an advan
tage since it allows to study trends by variation of a single parameter. The ASED 
method is useful for doing a large number of calculations, and allows for the use 
of large metal clusters. Adsorption and reaction steps have been studied on metal 
cluster models consisting of 30 up to 50 metal atoms. 

In chapter 3 ASED and Extended Hiickel studies of the adsorption of carbon, 
oxygen and carbon monoxide on Rh(lll), stepped Rh(lll), Rh(lOO) and Rh(llO) 
are presented. The bond length of relevant diatomic molecules, as well as the adsorp
tion geometry of C, 0 and CO on Rh surfaces are optimized with ASED. However, a 
rather poor agreement with experimental data is found and the use of experimental 
bond distances (if available) is recommended. 

The electronic effects involved in adsorption of C, 0 and CO on Rh are analyzed 
using LDOS and Bond Order Overlap Populations within the group orbital concept. 
Adsorption of CO on the 1-fold and 2-fold sites on Rh(lll) is studied as a function of 
valence band occupation. a type interactions direct CO to 2-fold (bridge) positions 
at low valence band occupation and to 1-fold (linear) positions at high valence band 
occupation. CO is directed to 1-fold sites at medium valence band occupation, and 
to bridge sites at high valence band occupation by 7r type interactions. As a result, 
CO shifts from 2-fold to I-fold sites at increasing valence band occupation, while at 
high valence band occupation CO is adsorbed on 2-fold sites. 

When diatomic molecules are compared, a higher bond strength is found for Rh
C than for Rh-0 while the adsorption energy of carbon on Rh(lll) is lower than 
that of oxygen. This is due to the higher electron occupation of oxygen orbitals 
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compared with carbon orbitals. 
1-fold adsorption of CO on Rh(lll), (100) and (110) is studied as a function of 

valence band occupation. At low valence band occupation adsorption on the (110) 
surface is favoured over adsorption on the (100) and (111) surfaces, while at high 
valence band occupation the highest adsorption is found for (100) and the lowest 
adsorption energy for (110). Relative differences in reactivity of metal surfaces 
correlate with the Local Density of States at the Fermi level of surface metal atomic 
orbitals . The computed changes can be rationalized with a simple chemical bonding 
model. 

The influence of promotors and higher CO coverage on adsorbed CO are discussed 
shortly. Promotors which lower the work function will shift CO from 1-fold to higher 
coordination sites. At higher coverages of CO a type orbitals of CO are hardly 
affected while a large influence of CO 11: orbitals is found. 

The dissociation of CO on Rh is studied in chapter 4. Since no experimental data 
are available for the geometry of the activated process, the ASED method has to be 
used. A serie of possible reaction paths is proposed for CO dissociation on Rh(lOO), 
Rh(llO), unstepped and stepped Rh(lll). The position of carbon is fixed while the 
geometry of the oxygen atom is optimized at 10-15 intermediate points along the 
dissociation reaction path. The difference between highest energy and adsorption 
energy results in an calculated activation energy. A general dissociation path can 
be selected. First, the oxygen atom of CO tilts to the metal surface, followed by 
a C-0 bond stretch. In the transition state both the carbon and oxygen atom are 
stabilized by a surface Rh atom. The population of the CO 211:* is considerably 
increased in this transition state. Carbon and oxygen share a minimum number of 
metal atoms after CO dissociation, and therefore large metal ensembles are required 
for dissociation. 

In chapter 5 ASED results of the adsorption of CH, CH2 and CH3 on Rh(lll) 
and Ni(lll)are presented. On Rh(lll) CH is found to adsorb on 3 fold sites, CH2 

on 2-fold sites and CH3 on I-fold sites in order to restore missing C-H bonds. An 
analysis of electronic effects involved in bonding of CH3 on Rh(lll) shows that the 11: 

and 11:* orbitals of CH3 are hardly involved in bonding, and that bonding is mainly a 
result of a type interactions of then CH3 orbital with the metal surface. Preliminary 
calculations show that the combination reaction of coadsorbed CH3 and CH2 results 
in a strong repulsive interaction due to steric interaction of hydrogen atoms. 

CH3 adsorption on Ni(lll) is studied as a function of the d atomic orbital di
mension. A decrease in spatial dimension of the Ni d orbitals results in a shift of 
CH3 from 1-fold to higher coordination sites, which illustrates the balance between 
the interactions with metal s valence electrons that favour high coordination sites 
and interactions with metal d valence electrons favouring low coordination sites. 
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Samenvatting 

In <lit proefschrift wordt quantum chemisch onderzoek beschreven naar elemen
taire reactie stappen van synthese gas reacties. Onderzocht zijn de adsorptie en 
dissociatie van CO, en de adsorptie van CHx koolwaterstof fragmenten. De resul
taten zijn verklaard in termen van electronische interacties tussen het adsorbaat en 
(metaal) oppervlak. 

Hoofdstuk 2 geeft een introductie van de gebruikte theoretische methoden. Alle 
berekeningen zijn uitgevoerd met de Atom Superposition and Electron Delocaliza
tion ( ASED) Molecular Orbital methode. Dit is een aangepaste versie van de semi 
empirische Extended Hiickel methode. Een bindende energie wordt berekend vol
gens de Extended Hiickel methode, welke vervolgens wordt gecombineerd met een 
repulsieve energie berekend met een vergelijking die is afgeleid met behulp van het 
Hellmann-Feynman theorema. De parameters die gebruikt worden in de ASED 
methode kunnen zo worden gekozen, dat zowel de bindings energie als de molecu
laire geometrie redelijk nauwkeurig kunnen worden bepaald, wat vooral een voordeel 
is wanneer geen experimentele gegevens over de moleculaire geometrie beschikbaar 
zijn. Details van interacties kunnen worden geanalyseerd met behulp van berekenin
gen van de Local Density of States (LDOS) en Bond Order Overlap Population van 
bindende groepen. In deze berekeningen is gebruik gemaakt van group orbitals, wat 
combinaties zijn van atomaire orbitals van de relevante atomen. De resultaten zijn 
parameter afhankelijk, wat als een voordeel is benut door trends te bestuderen door 
middel van variatie van een geschikte parameter. Met de ASED methode is het 
mogelijk een groot aantal berekeningen uit te voeren aan grote systemen. Adsorptie 
en reacties van adsorbaten op metalen zijn bestudeerd waarbij het metaal wordt 
voorgesteld door clusters, die in grootte varieren van 30 to 50 metaal atomen. 

Hoofdstuk 3 beschrijft ASED en Extended Hiickel berekeningen aan de adsorptie 
van koolstof, zuurstof en koolmonoxide op Rh(lll), gestapt Rh(lll), Rh(lOO) en 
Rh(llO). De bindings lengte van relevante twee atomige moleculen en de adsorptie 
geometrie van koolstof, zuurstof en koolmonoxide op Rh oppervlakken zijn geop
timaliseerd met ASED. De overeenkomst tussen de experimentele structuur en die 
gevonden door optimalisatie met ASED is in sommige gevallen matig, en het verdient 
daarom aanbeveling altijd experimentele data te gebruiken als deze beschikbaar zijn. 

De electronische effecten die een rol spelen in de adsorptie van C, 0 en CO zijn 
geanalyseerd met behulp van LDOS en Bond Order Overlap Population berekenin
gen in combinatie met het group orbital concept. Adsorptie van CO op lineaire 
en bruggende plaatsen op het oppervlak zijn bestudeerd als functie van de valentie 
band bezetting. a type interacties bevoordelen CO adsorptie op tweevoudige (brug) 
posities bij lage valentie band bezetting en op lineare posities bij hoge valentie band 
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bezetting. CO adsorptie op lineaire posities is bevoordeeld bij middelbare valentie 
band bezetting en op tweevoudige posities bij hoge valentie band bezetting door 'lf 

type interact.ies. Als gevolg schuift CO van bruggende naar lineaire posities wan
neer de valentie band bezetting wordt verhoogd. Bij hoge valentie band bezetting 
adsorbeert CO op tweevoudige posities. 

vVanneer de twee atomige moleculen worden vergeleken, wordt er een hogere 
bindings sterkte gevonden voor Rh-C clan voor Rh-0, terwijl de adsorptie energie 
van koolstof op Rh(ll 1) lager is clan die van zuurstof. Dit is het gevolg van de hogere 
valentie band bezetting van zuurstof orbitals in vergelijking met koolstof orbitals. 

Lineaire adsorptie van CO op Rh(lll), (100) en (110) is bestudeerd als functie 
van de electronen bezetting. Bij lage valentie band bezetting is de adsorptie energie 
op het (110) vlak hoger clan op de (100) en (111) vlakken, terwijl bij hoge valentie 
band bezetting de hoogste adsorptie energie wordt gevonden voor CO op (100) en de 
laagste op (110). Een goede overeenkomst is gevonden tussen de relatieve verschillen 
in reactiviteit van metaal oppervlakken en de Local Density of States aan het Fermi 
niveau van oppervlakte metaal orbitals. 

De invloed van promotors en hogere CO bedekking op geadsorbeerd CO is kort 
besproken. Promotoren die de uittree arbeid verlagen zullen zorgen voor een ver
schuiving van CO van lineaire naar hogere coordinatie plaatsen. Bij hogere be
dekkingen van CO worden a type orbitals van CO nauwelijks beinvloed, terwijl een 
grote invloed op CO 7r orbitals is gevonden. 

De dissociatie van CO is bestudeerd in hoofdstuk 4. Omdat van de geometrie van 
het geactiveerd complex geen experimentele gegevens beschikbaar zijn, is de ASED 
methode gebruikt. Voor CO dissociatie op Rh(lOO), (110) en ongestapt en gestapt 
Rh(lll) zijn een aantal mogelijke reactie paden voorgesteld. Het koolstof atoom 
wordt vastgehouden op de adsorptie plaats en de positie van het zuurstof atoom 
wordt geoptimaliseerd op 10 tot 15 tussenliggende plaatsen van het reactiepad. Het 
verschil tussen de hoogste energie en de adsorptie energie is de berekende acti
veringsenergie. Met deze methode kan een algemeen geldend reactiepad worden on
derscheiden. Het zuurstof atoom buigt eerst naar het metaal oppervlak gevolgd door 
een strekken van de C-0 binding. Zowel het koolstof als het zuurstof atoom worden 
door een oppervlakte Rh atoom gestabiliseerd in de overgangstoestand. In deze over
gangstoestand is de bezetting van de 2x* orbital van CO aanzienlijk toegenomen. 
Na dissociatie bezetten C en 0 adsorptie plaatsen die zo min mogelijk Rh atomen 
delen. Een gevolg hiervan is, dat voor CO dissociatie grote metaal ensembles vereist 
zijn. 

De adsorptie van CH, CH2 en CH3 op Rh(lll) en Ni(lll) wordt bescheven in 
hoofdstuk 5. Op Rh(lll) adsorbeert CH op drievoudige adsorptie·plaatsen, CH2 

op brug posities en CH3 lineair. De adsorptie plaats wordt bepaald door het aantal 
verdwenen C-H bindingen. Een analyse van de binding van CH3 op Rh(lll) laat 
zien dat deze binding vooral een gevolg is van interactie van de n CH3 orbital met 
het metaal oppervlak en dat de 1f en x* orbitals van CH3 nauwelijks bijdragen tot 
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de binding. Enige voorlopige resultaten van de combinatie reactie van geadsorbeerd 
CH3 en CH2 laten een sterke repulsieve interactie zien die een gevolg is van een 
sterische interactie van de waterstof atomen. 

CH3 adsorptie op Ni(ll 1) is bestudeerd als functie van de ruimtelijke afmetingen 
van de metaal d orbitals. Wanneer de Ni d orbitals in grootte worden verkleind 
verschuift CH3 van lineaire naar hogere coordinatie plaatsen. Dit illustreert bet 
evenwkht tussen de interacties van metaal s valentie electronen die hoge coordi
natie plaatsen bevoordelen en interacties met metaal d valentie electronen die lage 
coordinatie plaatsen bevoordelen. 
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1. Het is een misconceptie dat ionisatiekamers bedreven met een spanning over 
de platen in het plateau gebied van de signaa.l/spannings karakteristiek, minder 
hoge eisen stellen aan de stabiliteit en het ruisniveau van de spanningsbron. 

E.A. Stern, in "Laboratory EXAFS Facilities, AIP Conference Proceedings 
No.6.4", E.A. Stern (ed.), American Institute of Physics, New York, (1980) 
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2. Door Kimura et al. wordt een model voorgesteld waarin CO geadsorbeerd op 
lr4Fe/Si02 zowel aan Ir als aan Fe3+ is gebonden. Dit model echter wordt 
niet ondersteund door een gemeten verschuiving van 10 cm-1 in het Infra-Rood 
spectrum van CO geadsorbeerd op Ir4Fe/Si02 ten opzichte van dat van CO op 
Ir/Si02. 
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3. Bij de beoordeling van de kwaliteit van de simulatie van Toomre en Toomre 
van de ondelinge getijdenwerking in het sterrenstelselpaar NGC 4038/39, moet 
rekening gehouden worden met de problemen die optreden bij de simulatie van 
rotatiekrommes van enkelvoudige sterrenstelsels die samenhangen met de zo
genaamde donkere materie. 
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K. Begeman, proefscbrift, Rijks Universiteit Groningen, (1987) 

4. Craievich et al. verkla.ren ten onrechte hun SAXS (Kleine Hoek Verstrooiing van 
Rontgenstraling) resultaten door aan te nemen dat de verstrooiing veroorzaakt 
wordt door de porien van een silica.gel. Gezien de gebruikte lage dichtheid van de 
aerogelen, mag worden verondersteld dat scattering een gevolg is van de primaire 
silicadeeltjes die de porien omsluiten. 
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5. Erdohely en Solymosi meten de activeringsenergie van CO dissociatie op gedragen 
Rh katalysatoren ten onrecht in de steady state in plaats van aan een schoon 
katalysator oppervlak. Tevens verdient het aanbeveling met C180 na te gaan 
in hoeverre deze metingen beinvloed kunnen worden door het optreden van de 
watergasshift reactie. 
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6. De tweede hoofdwet van de thermodynamica, die stelt dat iedere handeling die 
niet oneindig langzaam wordt uitgevoerd onverrnijdelijk leidt tot vergroting van 
de wanorde, is een zwak excuus voor luie mensen. 

P.W. Atkins," The second laul', Freeman, New York, (1984) 

7. De meestal filosofisch getinte citaten in het begin van een proefschrift doen vaak 
ten onrechte veronderstellen dat de auteur van het proefschrift de boeken waaruit 
de citaten afkomstig zijn, ook werkelijk heeft gelezen. 


