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1 
1.1 CATALYSIS 

General introduction 
and methodology 

This thesis is a collection of studies into fundamental aspects of some catalytic reactions. 

Catalysis involves the creation of a reaction path with a lower activation energy, thus 

increasing the rate of a reaction. There exists three different types of catalysis: enzymatic, 

homogeneous and heterogeneous catalysis. While in enzymatic and homogeneous catalysis 

the reactant(s) and catalyst are in the same phase in heterogeneous catalysis both are in a 

different phase. Nowadays catalysis is an essential part of many chemical industrial processes, 

which can minimize raw material and energy usage or reduce pollution. I~portant examples 

of catalytic reactions are hydrocarbon cracking, oxidation, synthesis gas co.nversion and NO 

reduction. This explains the large number of experimental and theoretical studies in various 

aspects of catalysis. Some studies focus on the catalyzed reaction, while others deal with the 

catalyst preparation or characterization, thus giving insight in catalysis at a microscopic, 

mesoscopic and macroscopic level [ l ]. 

This thesis focuses especially on heterogeneous catalysis at the microscopic level. Using 

theoretical chemical techniques, discussed in the next section, (parts of) catalytic reactions 

were modeled and characterized. The principle of a heterogeneous catalysis reaction is shown 

in fig. 1.1. In this figure the gas phase atoms or molecules A and B form products C and D, 

also gas phase atoms or molecules, over a solid catalyst surface M. The gas phase reaction has 

an activation energy Ea which is much higher than the catalyzed reaction. The overall 

catalytic reaction breaks down into a number of elementary reaction steps. Every step 

indicates which bonds between catalyst surface atoms and substrate atoms or molecules are 

formed or broken. Fig. 1.1 shows first the adsorption of the reactants A and B on the surface 

M followed by the reaction of A and B to produce C and D. Finally, the products C and D 

desorb from the surface. This leaves empty sites on the surface where the following reactant 

molecules can adsorb. The regeneration of the catalyst is an essential property of catalysis. 

6 Quantum Chemical Studies in Catalysis general 



General introduction and methodology 

However, in practice the catalysts may deteriorate for various reasons and the catalytic 

activity then declines. An example of this is the poisoning of rhodium in the three-way 

catalyst controlling automotive pollution by lead. Another feature of a catalytic reaction is 

that the overall change in free energy (.Ml) for the reaction shown in fig. Ll is the same for 

the uncatalyzed and the catalyzed reaction. This means that catalysis changes reaction 

kinetics, but has no effects on the thermodynamics. 
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The principle of catalysis; gas phase molecules (A and B) over a metal catalyst (M). 

An important step in most heterogeneous catalytic reactions is the chemisorption of 

reactants to the catalyst, e.g., a transition metal surface. Chemisorption is a strong adsorption 

process (greater than about 40 kJ/mol) in which bonding occurs by 'ordinary' chemical bonds 

(of ionic and covalent character). The adsorption process may involve an activation energy. 

Although many adsorption geometries are possible, usually only one particular configuration 

is preferred. This is known as the catalytic active site. The idea of chemisorption as a function 

of atom arrangement implies a relation between substrate reactivity and catalytic site 

arrangement. One example of this is that surfaces containing atoms of an increasing 

unsaturated coordination usually appear more reactive. Chemical reactivity also depends on 

particle size. An increasing particle size may first result in a decrease in reactivity, but slowly 

increases for larger particle sizes [2]. The differences relate to changes in electronic structures 

as well as changes in exposed surface geometry. Related to particle size is shape selectivity, 

only molecules small enough to enter will be converted. Long-range interactions are changes 

in the environment of the catalytic reactive site that are due to alterations in composition or 

geometry of atoms in the second coordination shell with respect to the chemisorbed molecule. 
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An example is the shift of an adsorbate to higher coordination sites due to the presence of a 

cation [3]. Catalysis studies need to relate to the surface composition rather than the bulk 

composition. Surface and bulk composition of a material may significantly differ. Due to the 

phenomenon of the minimization of surface energy the surface composition may change. This 

may favor enrichment of surface atoms with the lowest sublimation energy. Consequently 

small metal particles will have particular shapes that may depend on gas-phase composition. 

One of the early ideas about heterogeneous catalysis was that the catalytic activity relates 

to the number of d-valence electron holes, the 'electronic factor'. The behavior of metals with 

a filled d-valence electron band is different from the ones who have partially filled d-valence 

electron band. Of the metal catalysts the group VIII and IB metals are the most important. A 

reason for this is that the bonding between reacting molecules and metal surface is such that 

the interaction is strong enough for reactant molecules to adsorb (and rearrange) and weak 

enough for the product molecules to desorb. 
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Fig. 1.2 Distribution of valence electrons over the d- ands, p-electron bands. Schematic view 

for (a) group VIII and {b) group 18 metals, and (c) PDOS from s- and cl-electrons for bulk Cu and Rh. 

This thesis presents studies involving the transition metals copper, rhodium and iridium. 

Rhodium and iridium are group VIII metals. This group of metals all have their d-valence 

electrons distributed over a narrow nearly filled d-valence electron band and a broader s-, p

valence electron band (fig. 1.2a). Rhodium has a low electrical resistance and is highly 

resistant to corrosion. Iridium is very hard, brittle and the most corrosion-resistant metal. Both 

rhodium and iridium are used as an alloying or hardening agent for platinum. Copper is a 

group IB metal. These metals have a completely filled d-valence electron-band (fig. l.2b). 

Copper is a good conductor of heat and electricity, and widely used in the electrical industry. 

Fig. l.2(c) shows the calculated density due to valence d- ands-electrons for bulk rhodium 

and copper. Some properties of all three elements are given in table 1.1. 
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Table 1.1 Properties of the elements copper, rhodium and iridium. 

Element (symbol) Copper (Cu) Rhodium (Rh) 

(l=latin ; gagreek) cuprum (I) from Cyprus rhodon (g) rose 

atomic number 29 45 

atomic weight 63.546(3) 102.90550(3) 

melting point (°C) 1083.4 1966 

boiling point (°C) 2567 3727 

density (kg dm·3) 8.96 (20°C) 12.41 {20°C) 

bond length (A) 2.5560 (200) 2.6901 {20°) 

electron configuration [Ar] 3d10 4s1 (Kr] 4ds ss1 

ionization potential (eV) 7.726 7.46 

1.2 THEORETICAL METHODS 

Iridium (Ir) 

iris (I) rainbow 

77 

192.22(3) 

2410 

4130 

22.42 (17°C) 

2.714 (room temp.) 

[Xe] 4f14 5d7 6s2 

9.1 

Theoretical studies can provide information that can not or hardly be obtained 

experimentally and/or provide a better understanding of experimental results. Thus a better 

understanding of catalysis at the microscopic level can be achieved by employing theoretical 

models. Due to the enormous advancements in computational resources, more and better 

theoretical studies appear. Faster computers with more memory allow larger problems and 

more realistic models. Theoretical treatments of adsorbate-surface interactions have thus 

rapidly advanced to a stage where detailed qualitative understandings of structural and 

electronic features are available. In many cases, even reliable quantitative predictions of 

structures and energies can be made. First we will give a short survey of some of the 

theoretical methods that are used in studies in the field of catalysis. 

1.2.1 Empirical methods 

The Bond Order Conservation method (BOC), with atomic adsorption energies and bond 

strengths of molecules in the gas phase as parameters, is a very successful empirical treatment 

of catalysis. Pioneered by Shustorovich [4], it provides simple analytical expressions to 

estimate adsorption and interaction energies. It can even estimate activation barriers and yield 

important chemical insights. Others have proposed extensions to the method to treat real 

catalytic systems [5]. Despite some severe limitations we will use some of the basic BOC 

rules to express some concepts. More details about BOC can be found elsewhere [1]. 

general Quantum Chemical Studies in Catalysis 9 
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1.2.2 Semi-empirical methods 

The most elementary of the semi-empirical methods is the tight-binding or Hilckel 

method. This approach, originally introduced to treat electronic structure problems in organic 

chemistry, can be useful to study clusters or slabs [6]. The absence of ndn-orthogonality of 

atomic orbitals is a major limitation of the simple HUckel method. Extended Hi.ickel tries to 

treat this non-orthogonality, and is thus a more realistic approach for modeling transition 

metal systems. With this model relevant systems can be studied, and .it has been applied 

successfully to small metal clusters and elementary surface reactions [6, 7]. However, due to 

the level of approximation in this one-particle theory only qualitative iiod no quantitative 

results can be obtained. More advanced semi-empirical methods are generally not 

parametrized for transition metal systems, making them useless for thel treatment of most 

catalytic problems. The complete neglect of differential overlap (CNDO) and intermediate 

neglect of differential overlap (INDO) offer little more than just qualitative insight and are 

hard to justify over the simple EHT method. The ZINDO package [8], bakd upon the INDO 

method, is an exception to this, and was successfully applied in a number of catalytic studies. 

More recent, and maybe also more promising, methods to study larger problems are the 

effective medium (EM) theory [9] and the embedded atom method (EAM) [10]. Both these 

techniques have been developed for the analysis of extended metal systcrms. The basic idea 

behind it is very simple. The change in the electron density within an atom is determined 

upon embedding it in the surrounding atoms. A difference is made between contributions to 

bonding by highly delocalized electrons, the s- and p-valence electtpns, and the more 

localized and lower density d-valence electrons (see fig. l.2). The contributions of the s- and 

p-valence electrons are computed by assuming the density to behave as la free electron gas. 

The contributions of the d-valence electrons are computed within 1 the tight binding 

approximations using the Anderson-Newns approach [11] to solve the surface problem. 

The EM approach is based upon embedding techniques, in which the suntoundings of the site 

of interest are not considered directly but via an embedding potential and local density theory. 

It employs a number of additional approximations in the embedding techpique. With the EM 

method it becomes possible for example to compute sticking coefficients at surfaces or to 

study diffusion processes at surfaces. EAM is a many-atom potential for computing the total 

energy of a metallic system. It is especially useful for systems with large unit cells, and is 

appropriate for metals with empty of filled d bands. With EAM many problems have been 

investigated: point defects, melting, alloying, dislocations, segregation, surface structure, and 

epitaxial growth. For simple metals and early and late transition metals (e.g., Al and Cu) the 

EM method is mathematically equivalent to the EAM. 

10 Quantum Chemical Studies in Catalysis general 
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1.2.3 First principle methods 

Computational quantum chemistry has reached a level of sophistication that currently 

provides quantitatively reliable predictions of interaction energies, geometric structure, and 

electronic properties. Both ab initio molecular orbital methods as well as density functional 

methods, which are derived from first principles, have been successful in the prediction of 

electronic and energetic properties of systems containing transition metals. The inherent 

difficulty is in the treatment of electron correlation. First principle methods give not always 

better results than (semi)empirical methods. Especially for systems involving transition 

metals simple first principle methods may fail to yield accurate quantitative descriptions, 

mainly because electron correlation effects are lacking from some first principle methods. 

Ab initio molecular orbital methods 

The most basic ab initio molecular orbital approach is the Hartree-Fock self-consistent 

field method (HF-SCF). It is known to yield poor geometries and energetics for transition 

metal systems due to the improper treatment of electron correlation. Additional configuration 

interaction (Cl) is, even with today's large and efficient computer power, difficult to perform 

on a routine basis for catalytic systems of interest. Furthermore, the interpretation of CI 

results in terms of simple concepts is also difficult since the one-electron MO picture is lost. 

A more recent and promising method to study larger problems is the Car and Parrinello 

method [12]. This approach is based upon the idea of combining simulated annealing [13] 

with energy density functional theory [14]. It is a mix between quantum chemistry for the 

electrons and classical mechanics for the atoms in a system. This method allows, for example, 

for a time dependent description of atomic adsorption or to determine reaction mechanisms at 

surfaces. However, additional approximations.are used, making it less ab initio. 

Density functional methods 

Some very successful methods to study larger problems or systems are based upon the 

density functional theory (DPT) [15, 16], mainly the local density approximation (LDA). This 

is the method used throughout this thesis. The DPT approach combines the capacity to 

incorporate exchange-correlation effects of electrons with reasonable computational costs and 

high accuracy. In DPT the electron density is the basic variable, instead of the wave function. 

This reduces the computational burden of treating electron-electron interaction terms, which 

are treated explicitly as a functional of the density. For larger systems DPT methods may well 

prove superior to conventional methods. Calculations based upon this model successfully 

predict molecular and transition-state structures, frequencies, and activation barriers. 

general Quantum Chemical Studies in Catalysis 11 
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1.3 DENSITY FUNCTIONAL THEORY 

In principle, all properties of a many electron system can be derived from solving the 

time-independent SchrMinger equation 

H 'l'(r1, ... ,JN) = E 'l'(q, ... ,JN) (l.1) 

Here 'I' is the wave-function which depends on the coordinate positions r of the N electrons. 

DF theory is an exact reformulation of eq. (l.1) based on the Hohenberg-Kohn theorem [17]. 

According to this theorem the ground state energy is uniquely determined by the electronic 

density p(r). Using the Kohn-Sham method [18] the energy can be expressed as 

E[p] = Ts[P] + EN[P J + Ec[p J + Exc[p J (1.2) 

Here, the first term represents the kinetic energy of N non interacting electrons. The second 

term accounts for the electron nucleus attraction. The third term is the Coulomb attraction 

between two charge distributions. The last term is the exchange-correlation energy. The exact 

dependence on the density is not known, and thus has to be approximated. 

DFT offers a practical computational scheme. By solving the Kohn-Sham orbital equation 

heffllli = (-.!. V2 + VN +Ve+ Vxdq>i = £iq>i (1.3) 
2 

it is possible to determine the optimal density p(r) for which the total energy has a minimum. 

In principle DFT is restricted to ground states. 

1.3.1 The Local Density Approximation 

The search for an accurate exchange-correlation potential has encountered tremendous 

difficulty and continues to be one of the great challenges in DF theory. The simplest and most 

widely employed approximation is known as the local density approximation (LDA) [15). In 

this approximation, electronic properties are determined as functionals of the electron density 

by applying locally relations appropriate for a homogeneous electronic system. The LDA for 

exchange and correlation energy is given by 

E~PA[p] = J p(r)£xc(P)dr (1.4) 

Here £xcCP) is the exchange and correlation energy per particle of a uniform electron gas of 

density p. From this a corresponding exchange-correlation potential can be derived which can 

be used in the KS orbital equation, eq. (1.3). The self-consistent solution of this is usually 

called the LDA method. 

£xc(p) = £x(P) + £c(p) (1.5) 

The exchange energy, £x(P ), is the stabilization energy resulting from the interaction of 

each electron with N-1 other electrons. The correlation energy, ec(p), is the stabilizing energy 

12 Quantum Chemical Studies in Catalysis general 
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due to the Coulomb repulsion between electrons of different spin. One of the first OFT-based 

schemes used for many atoms studies is the Hartree-Fock-Slater or Xa method. This method 

(17, 19] retains only the exchange part of the total expression for the exchange-correlation 

energy given in eq. (1.5) and adopts usually values for the exchange scaling factor around 2/3. 

LDA results for molecular properties such as bond energies and equilibrium geometries 

are in good agreement with experiment (20]. Bonding energies are usually overestimated. 

Bond lengths and angles are predicted to within 0.05 A and 1-2v accuracy, respectively. The 

precision for vibrational frequencies is about 75 cm·l. Transition metal systems are typically 

predicted with somewhat less accuracy than all organic systems. 

All calculation described in this thesis are based on the LDA, as implemented in program 

packages developed in the group of Baerends at the Vrije Universiteit Amsterdam (21, 22]. 

The program package for electronic structure calculations on molecules and clusters is called 

ADF (see l.4.1). Except in chapter 2, were we used the LDA in its simplest, exchange-only 

Hartree-Fock-Slater (Xa) form, the parameterization of Yosko, Wilk and Nussair [23] was 

used for the exchange correlation potential. The program package for electronic structure 

calculations on periodic systems is (ADF-)BAND (see 1.4.2). It is quite similar to ADF. 

1.3.2 Extensions 

Spin restricted or spin unrestricted 
The aufbau or building-up principle states that, starting from the lowest, all electronic 

levels are filled with alpha(= spin up) and beta(= spin down) electrons, until all electrons are 

distributed. However, sometimes this principle does not hold. For example rhodium has a 

ground state occupation of 4d8 5sl (table 1.1), whereas simple aufbau would suggest 4d9. 

Density functional theory can, just like Hartree-Fock, cover spin. Separate equations for alpha 

and beta electrons can be derived. These equations are coupled through terms which contain 

the total electron density. The total exchange terms are split into an alpha and a beta part. 

Alpha and beta electrons will thus experience a different effective potential. This is taken care 

of by enabling alpha and beta space orbitals to differ. This is called (spin) unrestricted LDA. 

Since the wave function can exploit more degrees of freedom, an unrestricted calculation will 

lower the energy. However, for closed shell systems restricted calculations are usually 

sufficient. The resulting N-electron wave function from an unrestricted calculation is in 

general not an eigenfunction of s2. Consequently, unrestricted calculations do not describe 

correct multiplets. The obtained one determinant wave functions may be mixtures of several 

states e.g., a singlet with a triplet. 
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Non-local or Gradient co"ections 

An obvious way to improve LDA is by taking into account small fluctuations in the 

density, instead of assuming a locally constant density: non-local or gradient corrections. 

With these corrections the density functional potential is evaluated not only from the local 

value of the charge density, but also from the gradient of the charge density. The best known 

non-local or gradient corrections are due to Becke [24] for the exchange and due to Perdew 

for the correlation [25]. Calculating gradient corrections during the SCF procedure increases 

the computational effort, however, the incorporation after SCF convergence usually suffices. 

It is known that LDA overestimates the correlation energies by 100%. The major part of 

this error comes from correlation between electrons of the same spin. Same-spin correlation is 

much smaller in finite systems than in the homogeneous electron gas. A correction to remove 

the same spin correlation was formulated by Stoll et. al. (26, 27]. The Stoll correction is 

considered to be a correction to the correlation of LDA. It is not correct to use the Stoll 

correction together with non-local gradient corrections to the correlation. 

The optimal density functional is still a subject of extensive research. Applying 

corrections usually gives better results in comparison with experimental data. Especially 

bonding energies improve significant. Geometries are also reproduced better, but here the 

difference is less pronounced. It has become clear that for chemisorption calculations 

reasonably accurate results can be obtained so long as non-local corrections to the exchange

correlation potential, along with the proper adsorbate-surface geometry, are included. 

Non-relativistic, scalar-relativistic or quasi-relativistic 

An important effect in chemistry involving heavy atoms, like transition metal atoms, is 

relativity. Quite a few methods have been developed to deal with relativistic effects. The 

implementation of relativity in quantum mechanical programs is less straightforward than the 

implementation of spin, but not impossible. However, for most systems full inclusion of 

relativity is computationally too expensive. An alternative is to include relativity as a 

perturbation. The first approach is the quasi-relativistic approach. The Foldy-Wouthuysen 

transformation (28] gives the first order relativistic perturbation in the hamiltonian. So-called 

scalar relativistic Darwin and mass-velocity can thus be incorporated. T~e treatment is not 

strictly first-order. The first-order scalar relativistic corrections, the Pauli Hamiltonian, is 

diagonalized in the space of the non-relativistic solutions, i.e. in the non-relativistic basis set. 

The quasi-relativistic approach considerably improves the results over a first-order treatment. 

Another possibility is the use of the zeroth-order regular approximate relativistic hamiltonian 

(ZORA) [29]. Valence energy levels from the ZORA formalism are almost indistinguishable 

from fully relativistic levels, however, it requires adapted basis sets to show this advantage. 
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1.4 DENSITY FUNCTIONAL IMPLEMENTATIONS 

One of the earliest practical implementations of self-consistent (SCF) DF theory employed 
scattered-plane waves, the SW-Xcx method [30]. In addition a muffin-tin approximation [31] 

was used. It is computationally more favorable than standard ab initio techniques and has 

been used with considerable success to elucidate the electronic structure in complexes and 

clusters of transition metals. This approach is well suited for solids, but less appropriate in 

molecules. Moreover, the use of the muffin-tin approximation makes accurate calculations of 

total energies almost impossible. The method has for this reason not been successful in 

studies involving molecular structures and bond energies. The first implementations without 

the muffin-tin approximation were due to Ellis and Painter [32], Baerends et al. [21], Sambe 

and Felton [33], and Dunlap [34]. The first two are both based on Slater-type basis functions, 

while the last two are based on Gaussians. The linear combination of atomic orbitals (LCAO) 

methods opened the possibility of geometry optimizations, vibrational analysis, etc. 

Furthermore the LCAO approach involves numerical approximations that could, at least for 

small systems, be expanded to reasonably converged limits. Building on these pioneering 

works, several practical DF software packages were developed. Some of the nowadays more 

common used codes are ADF [35], deMon [36], DGauss [37], DMol [38]. More recent 

implementations are of Becke [39], who developed the fully numerical NUMOL program, 

and of Pople et al. [40], which is part of the well known GAUSSIAN92 quantum chemistry 

software package [41]. The availability of these codes results in a rapid growth in the number 

of people using density functional methods in chemistry. 

1.4.1 ADF • the Amsterdam density t'unctional package 

The program ADF emerged from HFS (later also known as AMOL), a suite of various 

FORTRAN programs {FRAGMN, HFS/SCF/AMOL, ETS and PAIRPOT). These programs 

were combined into one single program: the Amsterdam density functional package or ADF. 

The ADF program is characterized by extensive use of symmetry, relativistic extensions, 

geometry optimizations, pseudo potentials, embedding procedures and an accurate energy 

decomposition scheme. Recently the ADF code has undergone major revisions [42]. 

Implementation of geometry optimizations, frequency computations, search of transition state, 

and tracing reaction paths were improved or added. Also user friendliness has undergone 

major improvements. While the code was already well vectorized, work on parallelization is 

in progress. 
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In ADF the molecular orbitals are represented as a linear combinations of atomic Slater 

type orbitals, LCA(ST)O: 

'1'ntm
1 
(r,0,ljl) = r 0

-
1e-arY1m

1 
(0,ljl). (l.6) 

The integrals that thus appear can not be solved analytically, so they are computed by an 

accurate numerical technique [ 43]. The level of precision in the integration is chosen such that 

the calculated bonding energies are stable within S k:J/mol. ADF is equipped with a database 

containing several basissets for all elements of the periodic table. 

ADF has a fragment oriented approach. A fragment may be a single atom or a larger 

molecule or cluster. The polyatomic system is built up from one or more fragments. The 

molecular one-electron orbitals are calculated as linear combinations of fragment orbitals, and 

the bonding energy is in terms of fragment properties. The bonding energy is thus defined 

relative to the sum of fragments. Bond energies are computed with what is known as the 

Ziegler transition state (or field) method [44]. The energy difference between the sum of the 

separate fragments and the polyatomic system is determined from the corresponding initial 

and final charge densities. Total energies are not so easily obtained by ADF. 

Bond energy analysis 

An important feature of ADF is the way in which the bond energy, LIBb. is evaluated. ADF 

uses the fragment picture, the building up of more complicated molecules from simpler ones. 

This method allows the interpretation of quantitative results in conceptually useful terms as 

for example Pauli repulsion, pair bonding and the donor/acceptor interaction between 

physically meaningful fragments (fig. 1.3) [45]. 
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Fig. 1.3 (a) Pauli repulsion, (b) pair bonding and (c) donor/acceptor interaction. 

For the adsorption process, where two fragments, the adsorbent A and the metal surface M, 

combine to form the overall system MA, the bond energy is defined as the difference between 

the fragments and the overall system M-A. 

Lllib = E(M-A) - E(M) - E(A), (1.7) 
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The adsorption energy can be decomposed in two main contributions: 

~b = ~steric +~int• (1.8) 

Here ~steric is the energy change due to superposition of M and A without changing their 

molecular orbitals. This can be considered the contribution due to steric repulsion. ~int 

represents the energy change upon the formation of the molecular orbitals of A-B. It includes 

charge transfer, polarization and relief of steric repulsion. According to the irreducible 

representations of the point group of M-A, ~int can be symmetry decomposed. The steric 

interaction can be split as 

~steric = ~lstat + ~xrep- (1.9) 

Where ~!stat is the classical electrostatic interaction of the unperturbed interpenetrating 

charge distributions of A and M, and ~xrep is the exchange repulsion as a consequence of the 

anti-symmetry requirement. This is also known as overlap or Pauli repulsion. 

1.4.2 ADF-BAND • DF program for periodic systems 

Then-dimensional (n=l,2,3) crystal calculations were performed using the band structure 

program ADF-BAND or BAND, byte Velde and Baerends [46, 47]. This program is very 

similar in set up to the molecule program ADF. It also employs the same, highly optimized, 

numerical Gaussian integration scheme (43] for the Hamilton matrix elements, together with a 

quadratic tetrahedron method for the k-space integration [48]. A relevant difference between 

the two density functional programs involves the basis sets. The band structure program 

contains a Hermann-Skillman type subprogram [49], which solves the DF equations for the 

free atoms of the system. The numerical atomic orbitals (NAOs) can be used in the crystal 

valence set, together with, or instead of Slater-type exponential functions. ADF does not 

include this option, but it has the possibility to employ specific linear combinations of STOs 

as basis functions. Another difference is that ADF-BAND does not include the Stoll and the 

(scalar) relativistic corrections that we used in some of our studies with the molecule program. 

This makes direct comparison of results from both programs sometimes difficult. 

Computational resources required for the ADF-BAND program makes that this program 

up till now has not been applied so much as ADF. Studies of CO chemisorption on copper are 

promising for the field of surface-molecule intei:actions (50, 51]. In contrast with the poor 

convergence of cluster calculations, slab calculations show a reasonable convergence for the 

bonding energy, showing that some erroneous results are due to finite cluster effects, rather 

than the underlying density functional approximation. Slab calculations offer the prospect of 

quantitative first principle theoretical determination of the surface-molecule interaction. 
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1.5 SCOPE OF THIS THESIS 

Advances in heterogeneous catalysis and catalyst design are directly tied to a detailed 

understanding of the mechanism of the elementary steps which make up the overall catalytic 

cycle. Progress in this area depends upon the ability to determine the rate constants and 

overall equilibria of reaction intermediates for a complex series of adsorption, desorption, and 

surface reactions steps. Direct experimental informatiol) on intermediate surface species 

which take part in the mechanism of the catalytic reaction cycle is difficult to obtain due to 

their low surface concentrations and short residence times. In this thesis the DF-LDA method 

described in the previous sections will be applied to some heterogeneous catalytic systems, 

obtaining information about adsorption, activation and desorption, of stable surface 

intermediates and transient precursors which control the catalytic mechanism. 

1.5.1 Iridium 

The first part (chapters 2 and 3) focuses on heterogeneous catalysis involving iridium. In 

particular the influence of a coadsorbed Mg2+ cation on atomic hydrogen and atomic sulphur 

adsorption on small iridium particles was studied. Fig. 1.4 shows the influence of a Mg2+ 

cation on a tetrahedral iridium cluster. Model studies for the adsorption on small metal 

clusters deposited in the pores of a zeolite in which part of the silicon has been replaced by 

aluminum. Charge compensation cations are present in the pores close to the metal particles. 

(c) 

Fig. 1.4 Contour plots of the electron density difference p(lr4-Mg2+) - p(lr4) - p(Mg2+). 

Shown are (a) onefold Mg2+, (b) twofold Mg2+, and (c) threefold Mg2+ on a tetrahedral lr4 cluster. 

Dashed lines are a decrease, solid lines an increase, and dashed-dotted lines depict nodal surfaces. 

Subsequent contours correspond to o.oo, ::t0.01. ::t0.02, ±0.04, ::t0.08, ±0.16, ±0.32, and ::t0.64 etA3. 
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• Chapter 2 Catalytic activity can be modified due to alteration of the electron density 

of transition metal cluster atoms because of charge transfer or polarization at the interface 

between a very small cluster and a support. Previous calculations of the adsorption of a 

hydrogen molecule on a tetrahedral lr4 cluster showed an increased interaction in the presence 

of a Mg2+ cation [52]. In order to estimate the effect of the cation on the dissociation of the 

hydrogen molecule, we studied the bonding of hydrogen atoms to the same Ir4 cluster. It is 

predicted that the overall activation energy for dissociative molecular hydrogen adsorption, 

with respect to the gas phase, decreases in the presence of the Mg2+ cation. 

• Chapter 3 A related problem to changed catalyst activity is the poisoning of a catalyst 

by sulphur when converting reactants containing traces of sulphur. Not only the catalytic 

activity but also the resistance against poisoning depends on the charge of coadsorbed cations. 

In order to estimate the effect of the cation on sulphur poisoning, we studied the bonding of 

sulphur to the same tetrahedral lr4 cluster. Results seem to indicate a larger sulphur sensitivity 

for metal particles in close contact with cations. 

1.S.2 Rhodium 

The second part (chapters 4-6) focuses on heterogeneous catalysis involving rhodium and 

carbon monoxide. The chemical bonding of CO with rhodium is presented in fig. 1.5, that of 

carbon with oxygen within a CO molecule in fig. 1.6. It is known that CO molecules adsorb 

on group VIII metals with the carbon oriented towards the metal and the oxygen into the 

vacuum, and that CO almost always adsorbs perpendicular to the surface. This is because of 

the higher energy of the 50' orbital located on carbon, compared to the lower energy of the 40' 

orbital. 

(a) (b) 

Fig. 1.5 The Blyholder mechanism of CO adsorption on metal surfaces. (a) Donation of 

electrons from CO 5CJ to empty metal levels. (b) Backdonation of electrons from the metal to CO 21'*. 

According to the Blyholder mechanism [53], the adsorption of carbon monoxide to the 

metal surface is due to two electrons flows, shown in fig. 1.5. In the first flow (see fig. 1.5a) 
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the occupied 50' 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 are withdrawn from 

the 50' orbital which is bonding in C-0. This will lead to a weakening of the C-0 bond. In the 

second flow (see fig. 1.5b) the metal will donate electrons into the empty 2rc* orbital of 

carbon monoxide. This so called back donation also results in a stronger M-C bond and, as the 

2rc* MO is an antibonding orbital of carbon monoxide, also in a weakening of the C-0 bond. 

The net effect of donation and back donation is the formation of a metal-CO bond and a 

weakening of the C-0 bond. 

selected orbitals of CO 

Fig. 1.6 MO scheme of CO, and contour plots of molecular orbitals of carbon monoxide. 

Dashed lines are negative and solid lines positive, the dashed-dotted lines depict nodal surfaces. 

Subsequent contours correspond to 0.00, ±0.01, ±0.02, ±0.04, ±0.08, ±0.16, ±0.32, and ±0.64 e1.A3. 

• Chapter 4 We started this series of studies by developing PESs for the interaction of 

carbon monoxide with a rhodium atom for two electronic states of Rh-CO .. The construction 

of a reasonable accurate atom-atom potential for Rh-CO was not possible.' More successful 

was the construction of the potential energy surfaces by representing the potential as a 

spherical expansion. The expansion coefficients, which are functions of the distance between 

the rhodium atom and the carbon monoxide center-of-mass, can be represented by different 

functions, with a reasonable error of the fit (± 10 kJ/mol). The potential energy surfaces, using 
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Morse functions, predict that the electronic ground state of Rh-CO is a doublet, which has a 

linear geometry. Further this PES predict that the first-excited state is a quartet, which has a 

bent geometry. The predictions are in good agreement with actual calculations. 

• Chapter 5 In this study we are mainly interested in applying density-functional theory 

to small rhodium clusters. One of the objectives is to deten;nine how large a cluster is needed 

to realistically simulate a rhodium surface, in order to permit the investigation of 

chemisorption and catalytic processes. Knowledge of the electronic structure of bare 

transition metal clusters is important for the understanding of heterogeneous catalysis. After 

all, we need to understand the chemistry and the physics of bare clusters before we can 

understand their interaction with atoms and molecules. Quantities like the binding energy per 

atom (or cohesive energy of the metal), bond strength and the ionization potential can be used 

to determine the convergence of finite clusters to an infinite bulk metal. Once the cluster 

requirements are known, one is able to investigate electronic properties and to study the 

kinetics and thermodynamics of adsorption processes. 

• Chapter 6 We herein present an investigation of the interaction of a carbon monoxide 

molecule with small and medium sized rhodium clusters. The simplest approach is assuming 

that the interaction of carbon monoxide with a rhodium cluster can be approximated by a sum 

of interactions of the carbon monoxide molecule with each one rhodium atom. These so called 

PES results are compared with calculations on the actual small clusters systems. The 

agreement between PES predictions and actual calculations is rather poor. It seems that our 

PES for Rh-CO is not anisotropic enough. The n-fold adsorption of carbon monoxide on 

rhodium calculated with the PES is roughly about n times the onefold adsorption energy. 

Rh10 and Rh13 cluster models gave use reasonable reliable results for the rhodium-CO 

interaction. Calculations of CO adsorption on much larger rhodium cluster were difficult to 

the large computational requirements, and the very slow convergence. 

1.5.3 Copper 

The third and last part of this thesis (chapters 7-10) focuses on heterogeneous catalysis 

involving copper. Especially the adsorption, dissociation and oxidation of ammonia on/over a 

copper surface. The chemical bonding within an ammonia molecule is shown in fig. 1. 7. The 

highest occupied orbital of ammonia is the lone pair orbital. The lowest unoccupied molecular 

orbitals are high energy antibonding orbitals between nitrogen and hydrogen. The 

chemisorptive bond is therefore dominated by the interaction with the ammonia lone pair 

orbital with little activation of the N-H bond. Lone pair orbital energies are lower in energy 

than the highest occupied metal surface orbitals and contribute to binding. 
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Fig. 1.7 MO scheme of ammonia, and contour plots of some molecular orbitals of ammonia. 

Dashed lines are negative and solid lines positive, the dashed-dotted lines depict nodal surlaces. 

Subsequent contours correspond to 0.00, ±0.01, ±0.02, ±0.04, ±0.08, ±0.16, ±0.32, and ±0.64 etA3. 

Ammonia is thought to interact with copper through electrostatic and weak covalent 

binding. Ammonia is bound to surface through the nitrogen atom with the hydrogens directed 

away from the surface. The interaction between ammonia and copper is rather weak, therefore 

it is a reasonable approximation to fix the Cu-Cu distance in the cluster to the bulk value, 

while allowing the geometry of ammonia on the surface to be optimized. 

•Chapter 7 We started this series of studies by examining the chemisorption of 

ammonia on copper. Copper clusters of different sizes modeling the {100) and (111) surface. 

Using for some of the copper atoms only one instead of eleven electrons explicitly in the 

calculation, did not always work satisfactorily. Comparison of adsorption energies for clusters 

of related geometry indicates a preference for onefold adsorption. This is due to the Pauli 

repulsion of the lone-pair orbital of ammonia with the copper 3d electrons, which is minimal 

for onefold adsorption, as well as an interaction with 4s electrons, which is most attractive in 

the onefold position. The predicted bond lengths, adsorption energies and frequencies were 

sensitive to the smaller cluster sizes. At least the adsorption site and complete nearest 

neighbor is required to mimic the electronic properties of the adsorbate-surface 
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• Chapter 8 The next step in this series of studies was to determine the role of 

preadsorbed oxygen. Fig. 1.8 shows the influence of an oxygen atom adsorbed on an eleven 

atom model cluster of Cu( 111 ), eight atoms in the first layer and three in the second: Cu(8, 3). 

A rather small polarization of the copper atom on which ammonia will adsorb can be seen. 

Second layer copper atoms are almost not influenced by the threefold adsorbed oxygen atom. 

The adsorption and initial dissociation pathways of ammonia on this model cluster of the 

copper ( 111) surface, and the effects of preadsorbed oxygen were analyzed. 

""'-- .. -....... 
,l 

(a) // (b) 

""-~>~~~ / 

Fig. 1.8 Contour plots of the electron density difference p(Cu(8,3)·0) • p(Cu(8,3)) • p(O). 

Shown are (a) cross-section, and (b) first layer. The second layer is almost not influenced by oxygen. 

Dashed lines are a decrease, solid lines an increase, and dashed-dotted lines depict nodal surfaces. 

Subsequent contours correspond to 0.000, ±0.001, ±0.002, ±0.004, ±0.008, ±0.016. ±0.032, ±0.064, 

±0.128, ±0.256, 0.512, and 1.024 e1A3. A "X" denotes a projection of a copper atom on the plane. 

The presence of preadsorbed oxygen increases the adsorption energy and promotes the 

dissociation of ammonia over copper. All examined dissociation reactions of ammonia to 

NH2 were endothermic. Dissociation in the absence of oxygen has the highest activation 

barrier of all steps analyzed and is the most endothermic. In presence of oxygen, however, the 

energy needed for the dissociation of ammonia is considerably lower. The dissociation of 

ammonia in the presence of oxygen has the same overall reaction energy regardless of 

whether the ammonia was initially adsorbed onefold or threefold. The activation energies 

demonstrate that system favors the pathway where ammonia is initially onefold. It is 

concluded that ammonia dissociation proceeds via the intermediate formation of adsorbed 

hydroxyl. 

general Quantum Chemical Studies in Catalysis 23 



Chapter I 

• Chapter 9 Herein a short study into the ammonia oxidation over copper is presented. 

It builds on the previous adsorption and dissociation studies of ammonia on Cu(8, 3) as a 

model of the Cu(l 11) surface. Preadsorbed oxygen increases the adsorption energy of 

ammonia. and promotes the dissociation of ammonia. All examined dissociation reactions in 

the absence of oxygen are endothermic. Dissociation of ammonia to NH2 with oxygen is also 

found to be endothermic, but less than for systems without oxygen. Subsequent dissociation 

to NH is thermally neutral, whereas NH dissociation to nitrogen is exothermic. The most 

endothermic steps in the catalytic reaction cycle of the ammonia oxidation reaction appears to 

be the dissociation of ammonia and the desorption of water. 

•Chapter 10 We conclude this series of studies with a complete theoretical analysis of 

the structure and energetics of transient chemical precursors for the oxidation of ammonia. 

Different reaction mechanisms and catalytic cycles for the oxidation reaction catalyzed by 

copper are compared, and the role of 0 and D2 precursors in the overall catalytic cycle for 

NH3 dissociation is analyzed. Attractive and repulsive lateral interactions were important in 

accessing accurate adsorption energies. 0 enhances N-H bond activation, however, it also acts 

to poison active surface sites and inhibit NH3 dissociation kinetics. Transient 02 adsorbs 

weakly in parallel (precursor for 02 dissociation) and perpendicular (precursor for NH3 

dissociation) orientation. The mechanism in which H atoms are abstracted sequentially to 

form an OOH* intermediate is favored over that in which two H atoms are simultaneously 

transferred to form water directly. The non-activated transient molecular path in which H is 

abstracted sequentially is the most favored of all of the four paths studied. In light of the 

experimental D2 dissociation energy over Cu(l 11), transient D2 is more likely than "hot" 0 as 

the dominant chemical precursor for NH3 dissociation. Subsequent dissociation of the NHx 

fragments lead to N*. While enthalpy considerations favor recombinative desorption of N2. at 

reaction conditions the most abundant reaction intermediate is 0, making the recombinative 

desorption of NO a more likely reaction path. 
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2 
Bonding of hydrogen atoms 

to lr4 clusters: 
the effect of Mg2+ ions 

ABSTRACT 

In this chapter we* present local density approximation calculations of 

atomic hydrogen adsorption on a tetrahedral lr4 cluster. The hydrogen 

atom prefers twofold or threefold coordination. The effect of the 

presence of a Mg2+ cation next to the lr4 cluster on the adsorption ofa 

hydrogen atom is studied. It changes the calculated adsorption energy by 

less than 10%, but the Ir-H stretch frequencies may change as much as 

25%. A comparison with earlier results of molecular hydrogen 

adsorption on the same tetrahedral lr4 cluster supports the hypothesis 

that polarization of the metal particle by a Mg2+ cation in zeolites 

promotes molecular hydrogen dissociation. 

* W. Biemolt, A.P.J. Jansen and R.A. van Santen. 

Chem. Phys. Lett. 180 (1991) 95. 
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2.1 INTRODUCTION 

The chemical reactivity of small metal clusters in zeolites is of practical and fundamental 

interest [I]. They are active hydrocarbon-conversion catalysts. Zeolites are alumino-silicates 

having a large internal surface. The negative charge of the zeolite-lattice is compensated for 

by positively charged ions in the zeolite micropore. The catalytic activity of metal particles 

embedded in zeolite cavities has been reported to be a strong function of cation charge [2]. If 
cations of low charge are replaced by cations of high charge, the rate of hydrocarbon 

conversion may increase by an order of magnitude. This has been found especially for the 

zeolites X and Y [3, 4]. 

In order to explore a possible explanation,· we have initiated a quantum-chemical study of 

carbon monoxide, molecular and atomic hydrogen adsorption on a tetrahedral Iq particle in 

the presence and absence of a Mg2+ cation. Earlier, we reported the results of local density 

approximation calculations on the effect of Mg2+ on CO and H2 adsorption [5-7]. For a 

configuration with the carbon monoxide adsorbed to the Ir4 cluster opposite of the Mg2+ 

cation, we found significant changes in the CO stretch frequencies .but no change in the 

carbon monoxide adsorption energy. Different from carbon monoxide, the adsorption energy 

of molecular hydrogen was found to be significantly affected by the presence of a Mg2+ 

cation. 

For the particular adsorption geometry chosen, changes in adsorption energy are due to 

polarization of the metal particle by the cation. The Mg2+ cation polarizes the Ir4 particle 

such that a negative charge develops on the cluster atoms close to the Mg2+ cation screening 

the Mg2+ cation. The resulting electron-density reduction between metal particle and 

adsorbate decreases repulsion between doubly occupied adsorbate and cluster orbitals. This is 

the dominating effect in the case of molecular hydrogen adsorption and results in an increase 

of the adsorption energy. For chemisorbed carbon monoxide, this effect is counteracted by a 

reduced interaction with the 2x* orbital. In order to estimate the effect of a Mg2+ cation on 

the dissociation of the hydrogen molecule, the molecular hydrogen adsorption calculation will 

be compared with results for the atomic hydrogen adsorption. 

2.2 METHOD 

We have done non-relativistic, restricted local density approximation (LDA) calculations 

with the Xa exchange-correlation potential (a=0.7) using the implementation developed in 
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the group of Baerends (HFS-LCAO) [8]. Molecular orbitals are represented as linear 

combinations of atomic Slater-type orbitals (STO's). Integrals are computed numerically [9], 

and adsorption energies are computed with the Ziegler transition state method [10]. 

Table2.1 E~nents 'of the STO's for irldiumi mag,nesium and h~dro(l,en. 

!m!! ~ !l'.ee ~ !l'.ee ~ 
Jr 1s 26.55 core 4d 10.65 core 2s 4.35 valence 

2s 26.55 core 4f 7.59 core 2p 2.35 valence 

3s 22.40 core 5d 1.55 valence 2p 3.90 valence 

46 8.85 core 5d 2.75 valence 2p 7.10 valence 

5s 6.95 core 5d 4.75 valence 3s 0.75 valence 

2p 35.24 core 6S 1.30 valence · 3s 1.10 valence 

3p 18.47 core 6s 2.35 valence 3s 1.75 valence 

4p 9.99 core 6p 1.81 valence .l:::L 1s 1.28 valence 

Sp 4.57 core Mg 1s 10.00 core 1s 0.76 valence 

3d 22.15 core 2s 2.70 valence 2~ 1.00 valence 

For magnesium the ls core is kept frozen. For iridium electrons up to 4f are kept frozen. 

The exponents of the STO basis sets we used in our calculations can be found in table 2.1. 

They are the same basis sets that were used for the molecular hydrogen calculations [6]. 

Single-~ functions are used for core orthogonalization. The valence functions are of double-~ 

quality with a triple-~ d for iridium and triple-~ p as well as. triple-~ s for magnesium. 

Polarization functions have been added for iridium and hydrogen. 

0 (a) 0 (b) 0 (c) 

• • • Fig. 2.1 The structures of (a) onefold, (b) twofold, and (c) threefold H on Mg2+./r4- The 

structures of Hon Ir 4 are the same except that the Mg2+ is absent. • =Ir, • = Mg2+ and 0 "'H. 
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Fig. 2.1 shows the three Mg2+-Ir4-H clusters studied. The distance between two iridium 

atoms is taken equal to the nearest-neighbour distance in the bulk, 2.714 A [11]. For this Ir-Ir 

distance the calculated heat of formation of an Ir4 cluster is -2771 kJ/mol. The calculated 

cluster equilibrium distance from a quadratic fit is 2.695 A with a calculated heat of formation 

of -2773 kJ/mol, indicating that the cluster equilibrium Ir-Ir distance is in good agreement 

with the nearest-neighbour distance in the bulk. The distance between the iridium atoms and 

the Mg2+ cation is taken to be equal to 2.02 A, which is the ionic radius (0.66 A) of 

magnesium [12) plus half the Ir-Ir distance ( 1.36 A). The distance between the hydrogen atom 

and nearest neighbour iridium atom(s) of the Ir4 cluster has been optimized. The Mg2+ cation 

is located on the opposite side of the metal particle that is accessible to the adsorbing atom. 

An estimate of the numerical error in the calculated adsorption energies one gets from 

calculating the adsorption energy of a hydrogen atom and a Mg2+ cation on the lr4 cluster in 

two different ways. In one case the Mg2+ cation is first adsorbed on Ir4 and then the hydrogen 

atom on Mg2+-Ir4. In the other case the hydrogen atom is first adsorbed on Ir4 and then the 

Mg2+ cation on Ir4-H. The sum of the two adsorption energies thus obtained should be the 

same in both cases. We found that the maximum difference between the two adsorption 

energies is 10 kJ/mol, and thus estimate the error in our calculation at about 10 kJ/mol. 

2.3 RESULTS AND DISCUSSION 

The results of the atomic hydrogen adsorption in the geometries of minimal energy are 

shown in tables 2.2 (without the Mg2+ cation) and 2.3 (with the Mg2+ cation). The adsorption 

energy is defined as 

AEads = E(Ir4-H) - E(Ir4) - E(H), (2.1) 

for the calculations without the Mg2+ cation, and as 

AEads = E(Mg2+-Ir4-H) - E(Mg2+.Ir4) - E(H), (2.2) 

for the calculations with the Mg2+ cation. When comparing the three adsorption geometries, 

we see that the hydrogen atom has a strong preference for the twofold or threefold adsorption 

site over the onefold adsorption site. The adsorption energy for the twofold and the threefold 

sites are very close. The adsorption energy does not depend much on the presence of a Mg2+ 

cation. For the onefold adsorption geometry this dependence 1s the largest, and is shown in 

fig. 2.2(a). For the threefold adsorption geometry this dependence is much smaller, as is 

shown in fig. 2.2(b). The contribution of the zero-point energy to the adsorption energy is of 

the same order as the error in our calculations (-10 kJ/mol), and is ignored in this discussion. 
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The Xcx. method generally suffers from overestimating adsorption energies. Together with the 

fact that the surface is modeled by a small cluster, the agreement bet~een the calculated 

adsorption energies and the experimental values is expected to he poor. 

The adsorption energy can be decomposed in two main contributions: i 

~ads = ~steric + ~int· (2.3) 

Here ~teric is the energy change due to superposition of lr4 and the hydrogen atom without 

changing their molecular orbitals. This can be considered the contribution due to steric 

repulsion. The steric repulsion is much larger for twofold and threefold adsorption than for 

the onefold, simply because the hydrogen atom in .the twofold and threefold position is in 

contact with more iridium atoms than in the onefold position. 

The other term ~int is the interaction energy, which can be split into various symmetries: 

~int= ~a+ i1Eit + aEo (2.4) 

The changes in the orbital interaction energies shown in tables 2.2 and 2.3 are partly due to 

the fact that the number of electrons in an orbital with a certain symmetry changes with 

respect to Ir4 and atomic hydrogen or Mg2+-Ir4 and atomic hydrogen a~ infinite separation. 

We can estimate the various symmetry contributions by transferring the electrons back to 

their original orbital [5]. The resulting values are the ones in parentheses in tables 2.2 and 2.3. 

We see that the O' orbitals are stabilized the most, the 1t orbitals are stabilized very little and 

the a orbitals not at all. The latter orbitals do not participate actively in the bond formation. 

Table2.2 Calculated properties of lr4·H for three geometries. Values in perentheses obtained by 

transferrini, electrons to the orlg/nal configuration of lr4 and Hat infinite see:;,_ration. 

lr~-H onefold twofold threefold 

Electronic configuration a10a2e25· 
1 2 

a14a6b9b8 
1 2 1 2 

, a 10a2.57 924.43 
1 2 

d(lr·H) (A) [height (A)J 1.64 [1.64] 1.82 [1.211 1.91 [1.08) 

AEstaric (kJ/mol) 195 380 499 

AEa (kJ/mol) ·123 (-460) -430 (·742) ·548 (-842) 

AE11: (kJ/mol) ·347 (·11) ·335 (·23) ·151 (·23) 

8E0 (kJ/mol) 0 (0) ·1 (·1) ·176 (-9) 

AEint (kJ/mol) -471 -765 -874 

AEads (kJ/mol) -276 -388 -377 

Gross population H(1s) 0.93 0.81 0.84 
roof H (cm-1) 2337 1975 2538 
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Table 2.3 Calculated properties of Mg2+-1r4H for three geometries. Values in parentheses 

obtained bit; transferrini, electrons to the original configuration of Mt!,.+-lr4 and Hat infinite separation. 

M22+.1r4-H onefold twofold threefold 

Electronic configuration 814a2e29 
1 2 8 1a8 sb10.14t,10.86 

1 2 1 2 8 14.958 2e2a.os 
1 2 

d(lr-H) (A) [height (A)] 1.64 (1.64] 1.81 (1.20] 1.91 [1.08] 

aEsteric (kJ/mol) 182 298 322 

aE0 (kJ/mol) 927 (-406) 628 {-661) -617 (-685) 

4Eit (kJ/mol) ·1359 (-26) -1320 (·31) ·84 (-16) 

aE11 (kJ/mol) 0 (0) 0 (O) 0 (0) 

aE1nt (kJ/mol) -432 ·692 -701 

4Eads (kJ/mol) ·251 ·397 ·380 

Gross population H(1s) 0.75 0.79 0.86 

m of H (cm-1) 1733 2002 2384 

In contrast to the adsorption energy, both the steric repulsion and the orbital interaction 

show a strong dependence on the presence of the Mg2+. In the presence of the cation the 

steric repulsion as well as the (attractive) orbital interaction decreases. These changes cannot 

be explained from a change in the adsorption geometry, the Ir-H distance is not found to 

change. The reduction of the steric repulsion is caused by the polarization of the cluster by the 

cation, which moves electrons away from the adsorption site. This polarization also makes it 

harder for the iridium cluster orbitals to interact with the hydrogen ls orbital, as the formation 

of a chemical bond has to shift the electron density in the cluster to a less favorable one for 

the interaction with the cation. The cancellation of the two effects is accidental. 

·200 +--.--1----11----1---.--1--...+ 

lr,·H 
.275 

-300+----t-_,_--ll---+----I--""--+ 
1.5 1.6 1.7 1.8 1.9 2.0 

lr·H (A) 

·200 ----------.....--....... ---\ 
\ 

\ 
\ 

(b) 
........ , .. ,., ............... ., ............... ., ...............•............. _ 

i ' . ' 
' 'i 

·····-········t·····-·-····---·l·:<.V""<·········•}-«••·········+··•·«•·•···-

\Mg2+.1r LH"' -
i 41 

-400 -----------------1.5 1.6 1.7 1.8 2.0 

lr·H (A) 

Ffg.2.2 Adsorption energy as a function of lr-H for (a) onefold and (b) threefold Hon [Mg2+]/r+ 
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The calculated hydrogen stretch frequency for the onefold and threefold hydrogen 

adsorption shows also a strong dependence when a Mg2+ .cation is present. For carbon 

monoxide adsorption we showed that the polarization of the cluster leads to a flatter well for 

the metal-carbon bond. The same mechanism is working here. The effect is however subtle, 

and for twofold adsorption hardly any change in stretch frequency is found. For hydrogen 

adsorption on iridium there exists no known experimental value for the stretch frequency. The 

calculated stretch frequencies for the twofold en threefold geometries seems to be rather large 

when compared to adsorption on other transition metals, for example the frequencies obtained 

with inelastic neutron scattering spectroscopy for the hydrogen adsorption on nickel [13], on 

palladium [14], and on platinum [15]. 

Fig. 2.3 presents the local density of states of the hydrogen ls orbital for the three 

different adsorption geometries. Of interest is the upward shift in average peak position for 

occupied levels when the coordination of the hydrogen atom decreases. This agrees with the 

trend predicted based on the concept of group orbitals [16]. The hydrogen ls orbital interacts 

with cluster orbitals, a symmetric with respect to the hydrogen-metal particle symmetry axis. 

In high coordination this constraints the interaction to low energy-orbitals, whereas in lower 

coordination also higher energy orbitals contribute [17]. 

-en -·c: 
:::J 

~ 0 
e -:e co -Cl) 0 0 
0 
..J 

Flg.2.3 

' / 

-6 

-i-

-4 -2 
Energy (eV) 

/' \ 
(a) 

\ 

\ 

(b) 

/'.' 
.............. S .. 

(c) 

2 

LDOS of H(1s) for (a) onefold, (b) twofold, and (c) threefold Hon lr4 without(--) 

and with (- - -) Mg2+. For threefold H, the calculated LOOS without and with Mg2+ almost coincide. 
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The shift, show in fig. 2.3, in average local density for onefold adsorption to higher 

energies when a Mg2+ cation is present, agrees with the observed bond weakening. It is due to 

the increased energy difference between cluster and adatom orbitals that weakens the covalent 

interaction. For the twofold and threefold adsorption this energy difference increases much 

less, as the distance between hydrogen and Mg2+, and between Mg2+ and the iridium atoms 

that interact with hydrogen is almost the same. Hence the small change in the LDOS for these 

adsorption geometries. 

Additional information on the bonding of hydrogen on iridium, and the influence of the 

Mg2+ cation is given by electron-density difference plots. These plots show the change in 

electron density of the system (e.g. Ir4-H) and its separate fragments (e.g. Ir4 and H). 

Electron-density difference maps of all the geometries studied, without and with the Mg2+ 

cation, are shown in figs. 2.4 (hydrogen adsorbed onefold), 2.5 (hydrogen adsorbed twofold) 

and 2.6 (hydrogen adsorbed threefold). Some polarization of the hydrogen metal bond density 

towards the lr4 cluster by the Mg2+ cation can be seen from these figures. However, these 

effects are small, in accord with the LDOS figures (fig. 2.3). The substantial polarization 

caused by the Mg2+ cation can be seen by comparing the figure in the absence of the Mg2+ 

(on the left) with the figure in the presence of the Mg2+ (on the right). 

I 
\ 

\ ., . i\:11.r;. 
, .. U\f; 

Fig. 2.4 . Contour plot of the electron density difference p(lr4·H) - p(lr4) - p(H) (on the left) and 

p(Mg2+-lr4-H) - p(Mg2+-1r4) • p(H) (on the right) for onefold H. Dashed lines show a decrease and 

solid lines an Increase of the electron density, the dashed-dotted /Ines depict nodal surfaces. 

Subsequent contours correspond to 0.00, ±0.01, ±.0.02, ±0.04, ±0.08, ±.0.16, ±0.32, and ±0.64 e1A3 

(electrons per cubic Angstrom). 
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Fig. 2.5 Contour plot of the electron density difference p(lr4·H) • p(lr4) • p(H) (on the left) and 

p(Mg2+.1r4·H) -p(Mg2+-lr4) - p(H) (on the right) for twofold H. Values at the contours as In fig. 2.4. 

The polarization of the lr4 particle by the Mg2+ cation such that a negative charge 

develops on the cluster atoms close to the Mg2+ cation can also be seen from table 2.4. This 

table shows the Mulliken population analysis by atomic orbitals. Although the Mulliken 

population analysis is somewhat arbitrary in the way it divides electrons between bonded 

atoms, electrons clearly move from the iridium atom(s) to which hydrogen adsorbs to the 

iridium atom(s) to which the Mg2+ cation adsorbs. The charge of the cation decreases from 

2.00 to 1.78, l.64, and 1.32 for onefold, twofold, and threefold hydrogen, respectively . 

.......... __ _ 

; 
/ 

Fig. 2.6 

_,,. ..... -
-· ·-· ........-._. --·--·- ..... 

\ 

""'·-·-·- -·-·-·-·-·-·-
,·' \ 

Contour plot of the electron density difference p(lr4·H) - p(lr4) • p(H) (on the left) and 

p(Mg2+./r4·H) • p(Mg2+./r4) • p(H) (on the right) for threefold H. Values at the contours as in fig. 2.4. 
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Table2.4 Mulliken population analysis by atomic orbitals for h'droQ_en adsorbed on [Mt_+-]Jr4 

onefold twofold threefold 

Atom without with A without with A without with A 

1rt s 0.90 0.48 -0.42 0.72 0.53 -0.19 0.65 0.54 -0.11 

p -0.17 -0.18 -O.Q1 0.07 0.04 -0.03 0.08 0.08 0.00 

d 8.13 8.09 ·0.04 8.25 7.94 -0.31 8.31 7.96 -0.35 

total 8.86 8.39 ·0.47 9.04 8.51 -0.53 9.04 8.58 -0.46 

1rtt s 0.66 0.81 0.15 0.67 0.84 0.17 0.61 1.06 0.45 

p 0.07 0.15 0.08 0.08 0.18 0.10 0.07 0.09 0.02 

d 8.34 8.26 ·0.08 8.32 8.39 0.07 8.35 8.59 0.24 

total 9.07 9.22 0.15 9.07 9.41 0.34 9.03 9.74 0.71 

H s 0.91 0.76 -0.15 0.75 0.75 0.00 0.78 0.81 0.03 

p 0.00 ·0.01 ·0.01 0.04 0.04 o.oo 0.06 0.06 0.00 

total 0.91 0.75 ·0.16 0.79 0.79 0.00 0.84 0.87 0.03 

Mg s 2.15 2.31 2.65 

p 6.07 6.05 6.03 

total 8.22 8.36 8.68 

t Iridium atom(s) to which hydrogen adsorbs 

tt Iridium atom(s) to which the Mg2+ cation adsorbs. 

In a previous paper we found that the adsorption energy of molecular hydrogen on the 

tetrahedral lr4 cluster increases (in absolute sense) when the Mg2+ cation is present [6]. 

Together with the results for the hydrogen atom presented here we find, that the overall 

activation energy for molecular hydrogen adsorption and dissociation with respect to the gas 

phase should decreases, as predicted by the relation of Polanyi [2]. This agrees with the 

observed activation of saturated hydrocarbons, which contain H2 type bonds, .in zeolites 

containing metal particles and highly charged cations [2, 3]. 

2.4 CONCLUSIONS 

The local density approximation studies of hydrogen adsorbed to lr4 clusters show a small 

decrease in hydrogen bond strength in the presence of a Mg2+ cation. The maximum decrease 

is 25 k:J/mol for onefold adsorbed hydrogen. For stronger bounded hydrogen atoms adsorbed 

in high coordination sites only very small changes in bond strength are found. 

iridium Quantum Chemical Studies in Catalysis 37 



Chapter2 

As a result the heat of dissociative adsorption for the particular clusters studied of 

hydrogen to lr4 particles will not change. For the particular cluster studied the overall 

activation energy with respect to the gasphase is predicted to decrease: due to the increased 

heat of adsorption of the hydrogen molecule. 
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3 
Cation-induced changes in 
the adsorption of sulphur 

on Ir 4 clusters 

ABSTRACT 

In this chapter we* present the results of density functional calculations, 

including relativistic effects, for the adsorption of a sulphur atom on a 

tetrahedral lr4 cluster. We used the formulas of Vosko-Wilk-Nussair for 

the exchange-correlation potential, including the Stoll correction 

(to improve the correlation part) and the gradient correction according 

Becke (to improve the exchange part). The sulphur atom is found to 

prefer a twofold coordination. Introducing a Mg2+ cation at the opposite 

side of the lr4 cluster lowers the adsorption energy for the onefold 

geometry, but increases it for the threefold geometry. The twofold 

geometry is influenced only slightly. We analyze the results in terms of 

the steric repulsion and orbital interactions, as a function of the 

electronic configuration and the distance between sulphur and the 

cluster. 

*M.A. van Daelen, A.P.J. Jansen, W. Biemolt and R.A. van Santen 

Chem'. Phys. Lett. 190 (1992) 190. 
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3.1 INTRODUCTION 

The chemical reactivity of small metal clusters is of considerable fundamental as well as 

practical interest. When dispersed in the micro cavities of zeolites, they form active 

hydrocarbon conversion catalysts. A common problem in these processes is the rapid 

poisoning of the catalyst when converting reactants containing traces of sulphur. The 

resistance against this poisoning, as well as the catalytic activity of the catalyst has been 

reported to be a strong function of the cation charge [1-3]. Quantum chemical methods have 

reached a stage that the basis of this phenomenon caa be studied using chemically relevant 

model systems. Earlier we reported the results of local density approximation (LDA) 

calculations using the Xa. potential, on the adsorption of carbon monoxide, molecular and 

atomic hydrogen, on iridium clusters [4-7]. When introducing a cation we found changes in 

the geometry (optimized distance between the adsorbate and the cluster), the adsorption 

energy and the stretch-frequencies. 

The Xa. method has been shown to give reasonably accurate results for diatomic 

molecules. But in general, it is found to overestimate the bond energy for carbonyl 

complexes, whereas bond lengths are predicted somewhat too short. Various improvements 

have been suggested, mainly concerning a better description of the exchange-correlation 

potential. In the calculations we are reporting, we have incorporated some of these. 

We studied the adsorption of sulphur on a cluster in three different adsorption geometries 

and in the absence or presence of the Mg2+ cation on the opposite side of the cluster. That the 

Mg2+ cation will influence the adsorption of sulphur is due to the fact that it will polarize the 

cluster [5]. Negative charge will develop on the iridium atoms close to the cation, and a 

reduction of the electron density between the cluster and the adsorbate will result. The way 

this influences the strength of the bond between adsorbate and the cluster, depends on the 

extend in which repulsive and interactive forces are. affected by the cation. LDA gives us a 

powerful tool to analyze these often competing changes. 

3.2 METHOD 

We have performed restricted calculations using the local density approximation (LOA). 

We used the Amsterdam density-functional (ADF) program suite developed by Baerends and 

coworkers, which is an implementation of the Kohn-Sham equations [8-1 O]. For the 

adsorption of sulphur, we followed an approach that differed slightly from our first LDA 
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calculations. We used the Vosko-Wilk-Nussair (VWN) potential [11 ], based on homogeneous 

electron gas calculations, to describe the exchange-correlation energy. Since VWN is known 

to underestimate the exchange energy and to overestimate the correlation energy, we used the 

correction as proposed by Stoll (12], to repair the correlation error, and a correction due to 

Becke [13] to repair the exchange error .. Another point where our calculations differ from the 

fonner ones is that relativistic effects have been included [14, 15]. We used a relativistic 

frozen core, obtained by Dirac-Slater calculations, and included relativistic effects on the 

valence electrons as a first order perturbation. 

The molecular orbitals are represented as linear. combinations of atomic Slater-type 

orbitals (STO's). Integrals are computed numerically, using the Te Velde integration [16]. 

Adsorption energies are computed with the Ziegler transition-state method (17]. For 

magnesium the ls orbital is kept frozen, for sulphur the ls, 2s, and 2p ol"bitals, and for iridium 

electrons up to the 4f. The exponents of the STO basis set for sulphur are shown in table 3. L 

The basis sets for iridium and magnesium can be found in earlier reports [4., 5). The basis sets 

we used are of double ~ quality with a triple ~ Sd for iridium. Polarization functions have 

been added for iridium and sulphur. 

Tsble3.1 Exponents C of the STO's for sulphur. 

type ~ type ~ 

s 1s 13.25 core 3s 1.60 valence 3p 2.15 valence 

2S 5.35 core 3s 2.60 valence 3d 2.20 valence 

2p 6.25 core 3p 1.15 valence 

Fig. 3.1 shows the three Mg2+.1r4-S clusters studied. The distance between two iridium 

atoms is taken equal to the nearest neighbour distance in the bulk; 2.714 A. We found that 

this is very close to the distance for the geometry optimized cluster. The distance between the 

iridium atoms and the Mg2+ cation is taken to be equal to the ionic radius (0.66 A) plus half 

the Ir-Ir distance (1.36 A), 2.02 A. With this distance we tried to compromise between a 

maximum influence on the sulphur adsorption and still retaining the ionic character of Mg2+. 

The distance between the sulphur atom and the cluster has been optimized. The Mg2+ cation 

is located on the opposite side of the cluster where the sulphur is adsorbed (see fig. 3.1 ). 

Earlier we reported that we had to reckon with a numerical error in the calculations of the 

adsorption energy of about 10 kJ/mol. We expect that this estimate is alsQ valid for the results 

presented here. 
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(a) (b) (c) 

• • • Fig. 3.1 The structures of (a) onefold, (b) twofold, and (c) threefold S on Mg2+-lr+ The 

structures of S on lr4 are the same except that the Mg2+ is absent. Cl =Ir, • = Mg2+ and• - S. 

3.3 RESULTS AND DISCUSSION 

Before discussing the Ir4-S results we will briefly address the results of calculations on a 

single iridium atom to show the changes related with the new potentials and the relativistic 

co1Tections. We found that a non-relativistic calculation, just like the Xa calculation [5], gave 

d9 as ground state whereas the calculations with the relativistic corrections show a preference 

for d8sl (which was 68 kJ/mol lower in energy then d7s2, the true ground state). When doing 

an unrestricted calculation for iridium we found that the energies of d7s2 and d8sl are very 

close. LDA with non-local and relativistic corrections seems to give a better description of a 

single iridium atom than calculations with the Xa potential. An unrestricted calculation for 

the sulphur atom shows an energy of -69 kJ/mol with respect to the restricted state. We 

observed no significant changes in unrestricted calculations for the closed shell fragments Ir4 

and Mg2+. We found that relativistic corrections for Sand Mg are much smaller than for Ir, as 

expected. Nevertheless, we incorporated relativistic corrections for all atoms. 

Table 3.2 summarizes the results of sulphur adsorption for the optimized geometries with 

the electronic configuration of the ground state. The adsorption energies are defined as: 

Llliads = E(Ir4-S) - E(Ir4) - E(S), (3.1) 

for the calculations without the Mg2+ cation, and for the calculations with the Mg2+ cation as: 

LIBads = E(Mg2+-Ir4-S) - E(Mg2+-Ir4)- E(S). (3.2) 

The difference between restricted and unrestricted sulphur has been included in the tables in 

Llliads. but not in its decomposition, which is with respect to the restricted state. We see that 

the sulphur atom has a preference for the twofold adsorption site. The adsorption energies for 

the onefold and the threefold position are very close, however. 
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Table3.2 Calculated properties for lr4·S and Mg2+./r4·S: electronic configuration of the ground 

state, geometrical parameters, adsorption energies (including Becke, Stoll and relativistic corrections, 
' and difference between restricted and unrestricted sulphur [69 kJ!mol}) and Ir 4-S stretch frequencies. 

geometry onefold twofold threefold 

S)t!Stem lr4·S Mg2+.1r4·S lr4·S Mg2+-lr4·S lr!·S Mg2+.1r4·S 

elec. conflg. a13a1e28 
1 2 

a17a2e31 
1 2 8 16a6b1ob10 

1 2 1 2 8 20a6b12b12 
1 2 1 2 a~2a~e28 8 1a8 2e30 

1 2 

d(lr-S) (A) 2.15 2.12 2.37 2.25 2154 2.42 

D.Eads (kJ/mol) •296 ·251 ·335 ·335 ·284 .374 

ro (cm-1) 550 480 710 310 ~55 305 

' 

We see for the onefold geometry that the cation is destabilizing the bond. For the twofold 

geometry there is no change in adsorption energy, whereas for the threefold geometry the 

Mg2+ is stabilizing the bond. We also see that for the twofold and the threefold geometry the 

distance between the cluster and the sulphur atom is decreased by approximately 0.12 A. For 

the onefold geometry the adsorption distance is changed only slightly. 

We also calculated lr4-S stretch frequencies. For all geometries we found that the stretch 

frequency decreases upon introduction of the Mg2+ cation, as was also found for CO and H1. 

We did not find experimental values for these vibrations. However, our values are of 

comparable magnitude as calculated sulphur stretch frequencies on nickel clusters [20]. 

In order to understand the site dependence and the effect of Mg2+ we have decomposed 

the adsorption energy into two main contributions [21]: 

A'Eads = A'Esleric + A'Eint· (3.3) 

Here AEsteric is defined as the energy change due to superposition of lr4 and sulphur without 

changing their molecular orbitals. It can be split in an electrostatic and an exchange repulsion: 

A'Esleric = A'Eelstat + A'Exrep + 6Erest· (3.4) 

The term A'Erest contains the non-local Becke correction, which the ADF program does not 

incorporate in the decomposition of A'Esleric· For the systems studied this term is almost 

constant. The second term in the decomposition of A'Eads is the interaction energy, which 

gives the energy change due to orbital relaxation. It can be split into varioqs symmetries 

A'Eint = A'Ea + AEn + ~+ 6Erest· (3.5) 

The point group symmetry is C Jv for the onefold and the threefold geolllf try, and is C 2v for 

the twofold geometry. With a we mean aJ, and with S we mean a1 for both point group 

symmetries. With 1t we mean e symmetry in C3v and b1 and b1 in C2v (in that case we will 

refer to it as 1tt and 1t2 respectively). Again 6Erest contains the non-local Becke correction, 

that is not incorporated in the decomposition of A'Eint. and again it is almost constant. 
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The decomposition of the adsorption energy is ()resented in tables 3.3, 3.4 and 3.5. The 

electronic configurations in column I and III are due to the ground state of the separate 

fragments at infinity, and in column II, IV and V due to the ground state of the overall 

system. The iridium-sulphur distance is only optimized in the case of columns II and V. 

Table 3.3 Onefold geometry: Energies (in kJ/mol) include Stoll and relativistic corrections. 

ilEsteric• ilE;nt• and ilEads also include Becke correction and the difference between restricted and 

unrestricted sulphur. Decomposition of ilEfl,,r.ric and ilE1nt. as defined in the text. 

Without Mg 2+ WithMg2+ 

II Ill IV v 
elec. config. 

a 13.3a29 26.7 
1 2 

a13a1e28 
1 2 

a 17.38 29 30.7 
1 2 

a178 28 31 
1 2 

a17a29 31 
1 2 

d(lr-S) (A) 2.15 2.15 2.15 2.15 2.12 

AEe1stat -623 -623 -477 -477 -524 

AExrep 945 945 755 755 837 

AEsterlc 428 428 379 379 418 

AEo -389 ·239 ·329 143 132 

AEn -481 ·969 -425 -692 -919 

AE3 0 362 0 0 0 

AE1nt ·815 .794 -704 -696 -738 

AEad§ -317 ·296 ·257 -250 ·251 

Table3.4 Twofold geometfJ:F Ener;g/es (Jn kJ/mol~ I decome.osltion as in table 3.3. 

Without Mg2+ With Mg2+ 

II Ill IV v 
alee. config. 

a 17.386b9.3b9.3 
1 2 1 2 

a16a6b1ob10 
1 2 1 2 82t386btt3b11.3 

1 2 1 2 82oaab12b12 
1 2 1 2 

a20a6b12b12 
1 2 1 2 

d(lr-S) CA) 2.37 2.37 2.37 2.37 2.25 

AEe1stat -1007 ·1007 -806 -806 -1137 

AExrep 1595 1595 1331 1331 1907 

AEsteric 721 721 655 655 919 

AEo -519 -73 ·506 1213 1066 

AEnt -347 -604 -339 -1217 -1309 

AEnz -218 -480 -198 -1093 ·1142 

AE3 -19 -20 ·14 -14 ·25 

AE1nt ·1051 -1125 ·998 -1048 -1324 

AEads -261 -335 -273 -323 -335 
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Table3.5 Threefold geometry: Enerqies (in kJ/mol) I decomqosition as in table 3.3. 

Without Mg2+ With Mg2+ 

II Ill IV v 
elec. config. 

a 13.38 2e26.7 
1 2 

a 128 2e2a 
1 2 

a 1as8 2e29.7 
1 2 8 1a8 2eso 

1 2 8 1a8 2e30 
1 2 

d(lr·S) (A) 2.54 2.54 2.54 2.54 2.42 

.6.Eelstat -890 ·890 ·780 -780 -1116 

.6.Exrep 1427 1427 1369 1369 1967 

.6.Esteric 677 677 724 724 1008 

.6.Ea ·416 20 -522 ·149 ·266 

.6.E11: -606 ·1112 ·621 ·1059 ·1240 

.6.E3 -3 -3 ·2 ·2 -5 

.6.Eint ·959 -1030 -1092 -1155 ·1452 

.6.Eads -212 -284 ·299 ·362 -374 

The decomposition of the adsorption energy for the ground state of the geometry 

optimized systems is shown in columns II and V of tables 3.3, 3.4 and 3.5. Apart from the 

steric repulsion and the orbital relaxation these columns also contain the effect of a change in 

the electronic configuration when the sulphur atom is brought close to the lr4 cluster. This 

leads to .!\Ea = 382 kJ/mol for the onefold adsorption without the Mg2+, ion, even though no 

orbitals of o symmetry form chemical bonds. Moreover, when comparing systems with and 

without the Mg2+ ion we have an effect of the change in the Ir-S distance. 

In order to split off these effects we performed calculations on intermediately configurated 

systems. Column I shows the results for the system without the cation, that differs from the 

optimized system only in that it has the electronic configuration of the ground state of the 

separate fragments at infinity. E.g., for the onefold geometry we did a calculation with the, 

configuration a113.33a22e26.67, being the combined configuration of lr4(a110a22e24, which is 

derived from a14eBt16t2l8 in Td symmetry by reducing the representations) and sulphur 

(a13.33a20e2.67, which is derived from s2p4). Although it does not comply with the basic idea 

of Kohn and Sham, it can be very instructive to work with fractional occ4pation numbers. We 

have separated now the effects of the shifts of the molecular orbital levels on the one hand 

(column I), and the effect of electron transfer on the other (column I to II). The decomposition 

shows clearly the various symmetry contributions to the interactions. We see in column I that 

for the lr4-S system the interactions are, as expected, predominantly with the CJ and 1t orbitals 

for all geometries; with the 1t interactions somewhat stronger. The change in electronic 

configuration lowers .!\Eads only substantially for high coordination sites. For the onefold 
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adsorption the configuration with fractional occupation numbers is slightly more stable. This 

is a consequence of the fact that we use an approximation for the exchange-correlation 

potential [22]. We conclude that the optimization of the electronic configuration for onefold 

adsorption has little effect. The steric repulsion in columns I and II are necessarily the same 

as they relate only to the orbitals of the Ir4 and the sulphur atom, and not to the final orbitals. 

For the systems with Mg2+ we did comparable calculations. Column III show results of 

calculations that differ from the ones in column IV only in electronic configuration. For the 

onefold geometry we did a calculation with the configuration a117.33az2e30.67, being the 

combined configuration of the ground state of the Mg2+-Ir4 fragment (a114az2e28) and the 

sulphur atom (a13.33azOe2.67). The lr-S distance in column III and IV is the same as in the 

systems without Mg2+. Again we see (column III) that the interaction is with then: orbitals, 

and to a somewhat lesser extent with the o orbitals. The effect of the change of the electronic 

configuration is the same as without the Mg2+ cation. 

The difference between columns IV and V is the relaxation of the Ir-S bond, which lowers 

the adsorption energy for the twofold and threefold geometry by approximately lO kJ/mol, 

involving a decrease of the bond length of about 0.12 A. Such an reduction in adsorbate-metal 

distance has also been found before for molecular hydrogen resulting from the reduction in 

electron-density between adsorbate and metal atom [4]. For onefold geometry these changes 

are almost negligible. The contribution to the adsorption energy from the optimization of the 

Ir-S bond length is rather small; the decomposition, however, changes a lot. As expected the 

steric repulsion increases, but this is compensated by a more favorable interaction of 

especially the n: orbitals. 

Fig. 3.2 shows sulphur s, p0 and P7t local density of states (LOOS) for the threefold 

geometries. We see that ttiere is only one large peak for sulphurs orbitals, whereas the p0 and 

P7t orbitals show a broad band. These plots are characteristic for all geometries. They indicate 

that the bonding is mainly a result of interaction with the sulphur p0 in combination with the 

sulphur P7t orbitals. For twofold adsorption the plots for the two Pa orbitals differ. This is 

because the Px• which points in the direction of the two closest Iridium atoms, interacts 

strongly. The Py orbital on the other hand, perpendicular to the line connecting the two closest 

iridium atoms, interacts less. 

As the change in Ir-S distance when Mg2+ cation is added has only a small effect on the 

adsorption energy we look at the effect of Mg2+ by comparing columns II and IV. For 

onefold and twofold adsorption we see the same trend as we found in previous studies (4-7]. 

The cation polarizes the lr4 cluster, thus decreasing the electron density at the site where the 

sulphur atom adsorbs. This reduces the steric repulsion, but also the interaction between the 

lr4 cluster and the sulphur atom. The two effects, reduced interaction and steric repulsion, 
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tend to cancel. This is indeed the case for the twofold adsorption. For onefold adsorption the 

interaction energy is reduced more than the steric repulsion so that the net effect is a smaller 

adsorption energy. The relative importance of the cs and 1t interaction does not change. 

en o 
8 
..J 

0 

-15 

Fig. 3.2 

-10 -5 
Energy (eV) 

(b) 

(c) 

5 

The local density of states for threefold sulphur without {--) s,nd with {- - -) Mg2+. 

LOOS of the sulphur (a) s, (b) Pa. and {c) Px orbital. Energies are with respect td the Fermi level {EF). 

The threefold adsorption is different. The steric repulsion increases. As for the other sites 

it changes, because the exchange repulsion and the electrostatic interaction both decrease in 

absolute value. Usually the effect in the exchange repulsion dominates, but for threefold 

adsorption the electrostatic change is more important. At the same time the interaction energy 

increases; primarily via the cs orbitals. The net effect is an increased ads4rption energy. Such 

an increase we have found before for H2 adsorption [4]. However, there this increase was 

accompanied by a large change in geometry. Apparently, the effect of the Mg2+ cation on the 

threefold adsorption of a sulphur atom is not just electrostatic, but the cation also changes the 

chemical bond between the lr4 cluster and the sulphur atom in a qualitative way. 

Additional infonnation on the nature of the bonding is given by density difference plots. 

The plots for the twofold geometry without and with the Mg2+ cation are shown in fig. 3.3. 
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We see, in the absence of Mg2+, an increase of the electron density in the region the sulphur 

Pn: orbitals, and a decrease just below the sulphur atom. The increase in the Pit region 

indicates the formation of bonding orbitals of the Px orbital. The decrease just below the 

sulphur atom points to a reduction of the steric repulsion between the partially filled Pa 

orbital and filled cluster orbitals. Such an effect we found previously for carbon monoxide 

adsorption [5, 7]. In the presence of Mg2+ we do not see the decrease just below the sulphur 

atom because the Mg2+ cation polarizes the lr4 cluster, thus decreasing the electron density 

and the steric repulsion at the site where the sulphur atom adsorbs. The interaction with the 

metal d orbitals is also very clear from the cloverleaf structure in this figure. The polarization 

due to the cation is substantial, as can be seen by comparing the two figures. 

-·-·- ...... 

/ '· / 

/ ' 
Fig. 3.3 Contour plot of the electron density difference p(lr4-S} - p(lr4} - p(S} (on the left} and 

p(Mg2+-lr4-S} - p(Mg2+-1r4} - p(SJ (on the right} for twofold S. Dashed lines show a decrease and 

solid lines an increase of the electron density, the dashed-dotted lines depict nodal surfaces. 

Subsequent contours correspond to 0.00, :t:O.O 1, :t:O. 02, :t:0.04, :t:O. 08, :t:O. 16, :t:0.32, and :t:0.64 eJA3. 

Another way to analyze the adsorption is to promote fragments so that electrons already 

occupy orbitals of the same symmetry as the final system. The main advantage of this 

analysis is that the decomposition of the interaction energy directly reflects the orbitals that 

form chemical bonds. Misleading results as AEs = 382 k:J/mol for onefold lr4-S are not found. 

The results for the threefold geometry for the systems without and with the Mg2+ cation are 

given in table 3.6. We promoted the fragments by primarily rearranging the sulphur p 

electrons, thus keeping the promotion energy minimal. For the system without the Mg2+ 

cation we promoted the sulphur atom from a13.33a20e2.67 to a12a20e4, which combines with 

the lr4 cluster (a1 l0a22e24) to the ground state configuration of lr4-S (a112a22e28). The 
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corresponding energy cost was 69 kJ/mol. For the system with the Mg2+ cation, the sulphur 

was promoted to a 13a20e3, which costed only 4 kJ/mol. We see that the steric repulsion and 

its decomposition change, because of the different fragment electron configuration. The steric 

repulsion of the system with the Mg2+ ion is much larger than for the system without the 

Mg2+ ion, because the p0 orbital of the sulphur atom is (partially) occupied. The system with 
the Mg2+ cation shows also a much larger 1t interaction. As Iq-S has one more 1t electron, the 

smaller 1t interaction indicates that this electron occupies an arl.ti-bonding orbital. 

Consequently, the interaction must be with filled Ir4 1t orbitals. This re~ult is less important 

for the onefold and twofold adsorption, because of the smaller overlap of the 1t orbitals. This 

may explain the difference between the onefold and twofold adsorption on the one, and the 

threefold adsorption on the other hand. 

Table 3.6 Threefold geometry: Energies in kJlmol. Decomposition of ii!Esteric and ilE;nf• for 

optimized systems from table 3.5, built from promoted fragments. Results for systems from columns II 

and IV from table 3.5'. which are built from ground state fragments, are given for comparison. 

Without Mg2+ With Mg2+ 

fragments promoted with ground state promoted with ground state 

S(a12a20e4) S(a13a20e3) • 

elec. config. 
a12a2e28 a128262a 81a82630 8 1aa2630 

1 2 1 2 1 2 1 2 

d(lr-S) (A) 2.54 2.54 2.54 2.54 

AEeistat -708 -890 -728 -780 

AExrep 963 1427 -1307 1369 

AEsteric 399 677 713 724 

A Ea -659 20 ·642 -149 

AEit -235 -1112 -562 -1059 

A~ -5 ·3 ·3 -2 

AEint -817 -1030 -1147 -1155 

AEads ·347 ·284 ·365 -362 

We finally want to make some comparisons between our results and experimental results. 

Chan and Weinberg [23] found with LEED spectroscopy an Ir-S bond length of 2.28 A for a 

threefold coordinated position. McCarty and Wise [24] published heats of adsorption from 

equilibrium measurements and found for sulphur adsorption on alumina-supported iridium 

LiHP = -219 to -149 kJ/mol. In view of the probable differences between the experimentally 

studied system and ours we think that our results are in good agreement with these results. 
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3.4 CONCLUSIONS 

We have performed density functional calculations using the Vosko-Wilk-Nussair 

exchange-correlation potential, including relativistic and non-local corrections, on the 

adsorption of sulphur on a tetrahedral Iq cluster. LDA with non-local and relativistic 

corrections seems to give a better description than the Xa. method we used in earlier studies. 

We have studied the influence of a Mg2+ cation at the opposite end of the cluster with the 

sulphur atom adsorbed in three different geometries. We analyzed the results in terms of the 

steric repulsion and orbital interactions, as a function of the electronic configuration and the 

distance between the sulphur atom and the lr4 cluster. This gave us a tool to obtain from the 

decomposition of the interaction energy the contributions of the various symmetries. 

We have found adsorption energies for the cluster without the cation between -289 kJ/mol 

for onefold and threefold geometries and -338 kJ/mol for the twofold geometry. These values 

are in good agreement with values found from equilibrium measurements (24]. The bonding 

between the metal cluster and the sulphur atom is found to be mainly caused by interaction 

with the p orbitals of sulphur; the interaction of Pit is slightly stronger than Po'· The s orbitals 

do not play a role in the bond formation. The effect of introducing the Mg2+ ion is geometry 

dependent. The bond strength of the onefold geometry is weakened, whereas that of the 

threefold geometry is strengthened. The effect on the adsorption energy of the twofold 

geometry is small. For the twofold and threefold geometries the distance between the sulphur 

atom and the metal is decreased by approximately 0.12 A. For the onefold geometry the bond 

length remains almost unchanged. 

In previous papers, studying the adsorption of carbon monoxide, molecular and atomic 

hydrogen, we have explained the changes in the adsorption due to the Mg2+ cation, with a 

relatively simple electrostatic model. We could do this because the Mg2+ electrostatic field 

was dominating the changes. In the present study of sulphur the influence of the cation 

appears to be very similar for the onefold and the twofold geometry. For the threefold 

geometry however, chemical bonding effects are of more importance, which forced us to a 

more extensive analysis. The changes for threefold adsorption can be explained using a 

promoted sulphur atom which has for this geometry a more favorable 1t interaction with lr4 

when Mg2+ is present. The overall finding that the sulphur bond strength increases when a 

cation is added. This is compatible with the observed larger sulphur sensitivity for metal 

particles in close contact with Ba2+ ions. 
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4 Potential energy surfaces for 
Rh-CO from DFT calculations 

ABSTRACT 

In this chapter we* present potential energy surfaces for Rb-CO obtained 

from density functional theory for two electronic states of Rb-CO. We 

have performed local spin-density calculations including relativistic as 

well as gradient corrections. The construction of a reasonable accurate 

atom-atom potential for Rh-CO is not possible. We were more successful 

in constructing the potential energy surfaces by representing the potential 

as a spherical expansion. The expansion coefficients, which are functions 

of the distance between the rhodium atom and the CO center of mass, 

can be represented by Lennard-Jones, Buckingham or Morse functions, 

with an error of the fit within 10 kJ/mol. The Morse potential energy 

surfaces predict that the electronic ground state of Rh-CO is 22,+ or 2.6,. 

This is a linear structure with an equilibrium distance of rhodium to the 

CO center of mass of 0.253 nm. The bonding energy is -184 kJ/mol. 

Further, they predict that the first-excited state is 4A'. This is a bent 

structure (L Rb-CO= 14°) with an equilibrium distance of rhodium to 

the CO center of mass of 0.298 nm. The bonding energy of this state is 

-60 kJ/mol. Both these predictions are in good agreement with actual 

calculations. We found 0.250 nm with -205 kJ/mol for 22,+ and 0.253 nm 

with -199 kJ/mol for 2.6,. For 4A' we found 0.271 nm, L R~-CO = 30° 

with -63 kJ/mol. The larger deviation for 4A' than for 22,+ or 2.6, is a 

consequence of the fact that the minimum for 4 A' is a very shallow well. 

* W. Biemolt and A.P.J. Jansen. 

J. Comp. Chem. 15 (1994) 1053. 
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4.1 INTRODUCTION 

The interaction of carbon monoxide with a transition metal surface is of enormous 

technological importance and of great catalytic interest. Examples where this interaction plays 

a crucial role are the Fischer-Tropsch synthesis of hydrocarbons [ 1 ], the catalytic production 

of methane [2], and automobile exhaust catalysis [3]. Because of this, the interaction between 

carbon monoxide and transition metals is both experimentally and theoretically intensively 

studied [4]. It is generally described by the Blyholder model [5]. In this model the bonding is 

the result of the (repulsive) donation of the 5cr orbital of carbon monoxide to empty metal 

levels and the (attractive) back donation from the metal to the empty 2n• orbital of CO. 

In theoretical studies, the chemisorption processes (assuming that the interaction of carbon 

monoxide with the surface is mainly of a local nature) has been investigated using various 

transition metal clusters to model the surface. The most commonly studied transition metals 

are nickel, copper and platinum [6]. When one is interested in quantitative correct properties 

the cluster model shows its limitations and care must be taken when comparing the results to 

experiments involving real surfaces. The calculated results will depend largely on cluster size, 

and the convergence as a function of cluster size is usually slow. Although the shortcomings 

of the cluster model are apparent, the model proves to be useful when one is interested in a 

qualitative description rather than quantitative accuracy. Also, the results of cluster 

calculations can often directly be compared with molecular beam experiments [7]. Because 

we only performed calculations with one transition metal atom, the calculated properties are 

quantitatively not correct for the carbon monoxide chemisorption on a surface. Nevertheless, 

it is possible to draw interesting conclusions from such model calculations, as has been shown 

in previous calculations using various ab initio methods [8, 9]. We will focus on the 

interaction of carbon monoxide with rhodium using density functional theory (DFf) [10]. 

Within DFf it is possible to obtain molecular properties which compare well with measured 

properties. Rhodium has a partial filled 3d shell, which is nearly degenerate with the 4s shell. 

This partially filled d shell gives rise to interesting catalytic properties. Carbon monoxide 

adsorbs molecularly on rhodium at room temperature, but dissociative adsorption occurs at 

reaction temperatures [ 11 ]. Because of this, rhodium is a catalyst for the synthesis of 

oxygenated compounds and hydrocarbons. Particular promoters, like Th02, Mo03, and 

V205, enhance the selectivity to oxygenated compounds [12] Rhodium is also used in 

catalysts for motor cars for the total oxidation of carbon monoxide by incomplete oxidation of 

hydrocarbons. These facts motivates experimental [13) and theoretical [8, 14-17] studies of 

the rhodium-carbon monoxide system. 
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The structures of carbon monoxide adsorbed on surfaces can be probed by infrared 

spectroscopy. The vibrational frequencies of carbon monoxide can provide significant insight 

on the nature of the adsorbed carbon monoxide on the surface. The vibrational properties of 

CO on the surface reflect the strength of the metal-CO bonding at different sites. On rhodium. 

carbon monoxide adsorbs onefold, resulting in the formation of gem-dicarbonyl species. 

We will present an analytic potential energy surface (PES) for Rh-CO [18, 19]. The 

concept of a PES, which is based on the assumption that in a molecule, electronic motion and 

nuclear motion are separable, is one of the important ideas in chemical physics. Much 

research effort is directed both to determining PES from spectroscopic data and by the 

methods of quantum chemistry, and to using such surfaces for dynamical calculations and the 

simul;;1.tion of spectra. In our understanding of the dynamics of chemical reactions, at the most 

qualitative level the activation barrier can be understood in terms of the yariation of potential 

energy along the reaction coordinate. At a more detailed and quantitative level, the dynamics 

of a chemical reaction can be understood fully in terms of motion of the nuclei on a potential 

energy surface. Although methods are being developed which do not use the Born

Oppenheimer surface [20], most theoretical treatment of the dynamics, whether classical, 

semi-classical, or quantum, still uses some form of PES. These potentials are used extensively 

in molecular dynamics (MD) studies. With MD methods we will be able to study, for 

example, the kinetics of carbon monoxide dissociation on a rhodium surface. These kinds of 

studies would be much more difficult, if not impossible, with the conventional cluster 

approach. An example of investigating the dynamics of chemisorptive processes is a 

trajectory study of carbon monoxide on a small copper cluster [21]. 

The PESs we will present here are only the first step in our attempt to describe the 

interaction of carbon monoxide with a rhodium surface. The interaction of carbon monoxide 

with only one rhodium atom is most likely not able to describe quantitatively the interaction 

of the substrate with the surface. We find, for example, that our PESs are not very anisotropic. 

For rhodium, however (like for most elements from the middle of the transition series), 

directional bonding is important. Preliminary calculations of carbon monoxide adsorption on 

some rhodium clusters indeed show larger anisotropy. We will try to aiyhieve an improved 
' 

PES by including results of the interaction of carbon monoxide with smail and large rhodium 

clusters [22]. There are already some schemes available to incorporate ~ approximation to 

the many-atom interactions that are currently neglected by our PESs [Z3]. We expect that 

employing such a scheme to the PESs presented here will enable us to obtain a more 

quantitative PES for the interaction of carbon monoxide with a rhodium surface. 
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4.2 THEORY 

4.2.1 Computational details 

We performed, within the density functional formalism, spin-unrestricted calculations 

using the Vosko-Wilk-Nusair (VWN) local spin-density functional [24] as implemented in 

the Amsterdam density-functional (ADF) program system developed by Baerends et al. [25]. 

ADF represents the molecular orbitals as linear combinations of atomic Slater- type orbitals 

{STOs), computes the integrals numerically [26], and computes the bonding energies with the 

Ziegler transition state method [27]. The bonding energy AEb is defined as the energy 

difference between the fragments {A and B) and the overall molecule {AB) 

AEb = E{AB) - E(A) -E(B). (4.1) 

It can be separated into two different contributions 

(4.2) 

Here AEsteric• referred to as the Sterle repulsion, is the energy change due to superposition of 

the fragments A and B without changing their molecular orbitals. AEintt the interaction 

energy, represents the energy change upon the formation of the molecular orbitals of A-B. 

The sterlc interaction can be split as 

AEsteric = AExrep + AEerstat. (4.3) 

which are the exchange repulsion and the electrostatic interactions, respectively. This 

decomposition of the bonding energy can be useful for analyzing a chemical bond [28]. 

Tablf14.1 E!!I2!2.nents ' of the STO's for modium1 carbon and O!Y!J.en. 

!Yee ~ ~ee ~ ~ ~ 
Bh 18 29.2S core 40 1.30 valence· 2P 0.96 valence 

28 19.00 core 40 2.SO valence 2P 2.20 valence 

3S 7.8S core 40 4.40 valence 30 2.50 valence 

4S 6.0S core 5S 1.0S valence Q 18 7.36 core 

2P 19.47 core SS 1.95 valence 28 1.70 valence 

3P 9.09 core SP 1.45 valence 28 2.82 valence 

4P 4.07 core c 18 S.40 core 2P 1.30 valence 

30 11.00 core 28 1.24 valence 2P 3.06 valence 

28 1.98 valence 30 2.00 valence 
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To go beyond the local spin-density approximation (LSDA), we used gradient corrections 

(or non-local corrections) to the bonding energy by Becke [29, 30] for the exchange and by 

Perdew [31) for correlation, or we used the correlation self-interaction correction due to 

Stoll et al. [32, 33) Relativistic corrections were included by using a relativistic core, 

including relativistic effects on the valence electrons as perturbation to first order [34). 

For rhodium we tested two different basis sets. In the first set, the1 electrons up to and 

including the 4p core were frozen, leaving nine valence electrons. The valence functions were 

of double-' quality with a triple-' d. In the second set, the electrons up to and including the 

3d core were frozen, leaving 17 valence electrons. In this set, the valen~ functions were of 

triple-' quality with a double-' s function. The basis sets show only srball differences. We 

thus decided to use the first one for all the further calculations because it is smaller. For 

carbon and oxygen the ls core was frozen. Here the valence functions are again of double-~ 

quality. For all three atoms, a polarization function was added to th~ basis set. Single-' 

functions were used for core orthogonalization. Table 4.1 shows the exponents of the STO 

basis sets for rhodium, carbon, and oxygen we used. 

4.2.2 The representation of the pot.ential 

There are a number of methods for constructing analytical potential energy surfaces 

(PESs) for triatomic systems [35]. The simplest is the construction of an atom-atom potential 

[see fig. 4.l(a) for the coordinates] . 

.:llib = VabdRruic) + VahoCR.RhO) + c. (4.4) 
We have added a parameter C in eq. (4.4) to describe excited states . 

• CO center of mass CO center of mass 

RRh~ iC\ r 
©. . .(!) 

r= 0.1128 nm 
(a) (b) c ..... mllllla_ .. 

r = 0.1' 128 nm 

Fig. 4.1 The Rh-CO system with the definition of (s) RRhC and RRhO ss used in the 

development of an atom-atom potential and (b) Rand e as used in a spherical expansion. 
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The second method is the spherical expansion. Fixing the carbon monoxide bond length, 

we can specify the Rh-CO system by a distance Rand an angle 0 [fig. 4.l(b)]. In general, an 

energy V(R, 0) [e.g., bonding energy, exchange repulsion, electrostatic or orbital interaction, 

eqs. (4.1)-(4.3)] can then be expanded in an infinite sum of Legendre polynomials, 

V(R,0) = I, at(R) Pt(cos0). 
t=O 

(4.5) 

Using a Gauss-Legendre (GL) quadrature [36, 37] of order n, we can compute all expansion 

·coefficients exactly for l = 0, l, 2, ... , n-1. We use n = 10. This is slightly larger than 

necessary. Within the accuracy of our OFT calculations, an "exact" representation is obtained 

by restriction on the summation in eq. (4.5) to terms l S 8. The R dependence of the 

expansion coefficients is determined in a least-squares fit with weights. For the bonding 

energy, we tried three different functions: a Lennard-Jones form, 
At Bt 

at(R)=12-6+Coob 
R R 

a Buckingham form, 

at(R)=Ate-«tR _~+Coob 
R 

and a Morse form 
at(R);::: At e-2«tR _Bt e-atR+Coot· 

(4.6a) 

(4.6b) 

(4.6c) 

In our case, the least-squares fit with weights to obtain the parameters in these functions was 
done on the coefficients al calculated for ten distances (R = 0.150, 0.175, 0.200, 0.225, 

0.250, 0.275, 0.300, 0.325, 0.350 and 0.375 nm). The term C5ot in these functions originates 

from the fact that for R ~ co the excited state PES should converge to the excitation energy 

of rhodium from the ground state 4F ( 4d8 5s l) to the first excited state 2o ( 4d9). 

4.3 RESULTS AND DISCUSSION 

4.3.1 The rhodium atom and the carbon monoxide molecule 

Before starting with OFT calculations on Rh-CO, some variations of OFT were tested on 

rhodium and carbon monoxide. We concentrated on the electronic ground state and excitation 

energies of the rhodium atom, and bonding energy, equilibrium distance, vibration frequency, 

and dipole moment of the carbon monoxide molecule. All these properties are experimentally 

well known. Results for a number of excitation energies and the ionization potential of 

rhodium are listed in table 4.2. The results for carbon monoxide are shown in table 4.3. 
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Table4.2 Rh e.xcitation energies (in kJ/mol) calculated at the. local and non-local level. 

atom/ion conflg. State local level Perdew+ Becke Stoll+Becke Exp.a 

Rh s1 da 4j= 0 0 0 0 

s0d9 2D 3 12 7 34 

s2 d7 4F 190 187 177 163 

sO d8 3F 0 0 b 0 

s1 d7 5F 209 207 199 206 

IP 789 780 743 720 

a Experimental values are averaged over J -states. 

From table 4.2 we can see that our unrestricted calculations, including relativistic 

corrections, are able to yield the correct ground state for the rhodium atom: Rh(d8sl; 4f), 

whereas LSDA usually gives a 4d9 configuration as ground state [38]. This would lead to 

underestimates of the metal-carbon monoxide bonding energy [39]. The first-Order relativistic 

approach used here is adequate for the calculation of bond energies in compounds containing 

elements as heavy as gold (Z = 79) (40], so we expect that the use ofi more sophisticated 

relativistic methods would not greatly alter our results. The result obtained without iltiy 

gradient corrections shows little difference between the two states. When gradient corrections 

for the exchange (Becke) and correlation (Perdew) are included, the excitation energy 

improves. Replacing the Perdew correction with the Stoll correction loi"'ers the calculated 

excitation energy somewhat. Table 4.2 also shows the excitation energy froni the ground state 

to Rh(d7s2; 4f), and from the ionic ground state Rb+(d8; 3f) to Rb+(d7sl; 5f) and the 
i . 

ionization potential. In general, the best agreement is obtained when we use VWN with Stoll 

and Becke correction. 

Table 4.3 Equilibrium distance (Re), dissociation energy (De). dipole moment(µ) and 

stretch frequency (We) for CO calculated at the local and non-local level .. 

LSD & corrections Re (nm) De ~kJ/mol! l! (Debz:e} tDe (cm-1) 

VWN 0.1130 -1247 0.05 2209 

VWN+Perdew+Becke 0.1138 -1148 0.02 2146 

VWN+Stoll+Becke 0.1144 -1151 0.04 2096 

Ex12eriment [42] a 0.1128 -1077 0.11 2143b-211oc 

a D.R. Lide, Handbook of Chemistry and Physics, 71st ed. (CRC Press, Boca Raton, 1990). 

b Measured; c Harmonic: K.P. Huber and G. Herzberg, Molecular Spectra and Molecular Structure. 

Constants of Diatomic Molecules (Van Nostrand-Reinhold, New York, 1979). 
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Table 4.3 shows the calculated equilibrium distance, dissociation energy, dipole moment 

and stretch frequency for carbon monoxide. Except for the dissociation energy, these 

properties do not vary much with the various methods or corrections we used. The influence 

of relativistic corrections for light atoms such as carbon and oxygen is negligible. Spin-orbit 

effects do occur, but as our implementation only includes relativistic effects as a first-order 

perturbation on the core electrons, spin-orbit effect are neglected. The basis set effects in 

carbon monoxide were already studied in detail [41]. This demonstrated the need of adding a 

single 3d-polarization to get close to converged basis results. Using a triple-t (TZ) or 

quadruple-t (QZ) basis for carbon monoxide did not have as much effect as adding a single 

3d polarization function. Only for the dipole moment TZ or QZ bases are necessary. For the 

remaining calculations on Rh-CO, we have used VWN with Stoll and Becke correction. 

4.3.2 The rhodium-carbon monoxide system 

For ten different distances, and for ten different angles e. the cosines of which are the 

roots of the tenth-order Legendre polynomial [36], we calculated for both electronic 

configurations the exchange repulsion [eq. (4.3)], the electrostatic interaction [eq. (4.3)], the 

orbital interaction [eq. (4.2)], and the bonding energy [eq. (4.1)]. The smallest distance 

(R = 0.150 nm) was chosen so that the interaction of carbon monoxide with the rhodium at 

each of the ten angles e was repulsive. For small Rh-CO distances the ground state is a 

doublet (2}:+ or 2a for the linear geometry, 2A' otherwise), corresponding to the 4d9 

configuration of rhodium. For larger Rh-CO distances the quartet (4A for linear geometries, 

4A' otherwise), corresponding to the 4d8 5sl configuration of rhodium, is the lowest. This is 

in agreement with the ground states of the rhodium atom and the carbon monoxide molecule 

separated at infinity. In contrast to earlier calculations by Koutecky et al., who found that the 

4a state was repulsive at every distance [8], we find the 4A' state to be slightly bonding. 

Mains and White [15] have found an optimized linear geometry for the quartet, which they 

call 4X, but they only report on the total energy. 

The C-0 distance (r) was fixed at 0.1128 nm [42] in all of our calculations on the 

rhodium-carbon monoxide system. Neglecting different r's for carbon monoxide might be a 

source of error to the PES that we want to develop because the carbon monoxide bond is 

expected to relax upon the bond fonnation of carbon monoxide with the rhodium (because of 

the electron donation from rhodium into the 21t* orbitals of carbon monoxide). Therefore, we 

tested the approximation of fixing r by calculating near the equilibrium geometry of the 2}:+ 

ground state of Rh-CO (the 2a state lies 7 kJ/mol higher near the equilibrium geometry) the 

fonnation energy of Rh-CO from the separate atoms for several C-0 distances. We found that 
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the carbon oxygen bond indeed relaxes significantly, from 0.1128 nm to approximately 

0.117-0.118 nm. However, the change in bonding energy is relatively small. For geometries 

further away from the equilibrium geometry of the 2I,+ ground state(~ of the 2a state) of 

Rh-CO, we expect that the influence of CO relaxation is even smaller, concluding that we do 

not introduce a large error when we neglect this degree of freedom in our PES development. 

Also, at this moment we are not interested in the dissociation of carbon mpnoxide. 

4.3.3 The rhodium-carbon monoxide potential energy surfaces 

We tried to obtain an atom-atom potential [eq. (4.4), where both VRhC and VRhO are 

Lennard-Jones form functions, eq. (4.6a)] because they are widely used and more easy to 

apply in molecular dynamics (MD) calculations. The development of such an atom-atom 

potential was less successful than the results we obtained by representing the potential as a 

spherical expansion. The parameters for the atom-atom potential we obtained are shown in 

table 4.4, and those for. the spherical expansion in tables 4.5 and 4.6. These results are 

obtained by a least-squares fit with weights. The weights are proportional to e-Ele, where 

£ = 81 kJ/mol. The weights were ne.cessary because, especially for R :::i 0. i50 nm and small or 

large 0, the rhodium atom is close to the carbon or the oxygen atom. This yields a strong 

repulsion, which would completely determine a fit without the weights. While using weights, 

the fit is only incorrect at the irrelevant geometries where there is an extremely strong 

repulsion. The value of£ is somewhat arbitrary. The initial value we used was 324 kJ/mol, 

but we also tried 243 kJ/mol, 162 kJ/mol and 81 kJ/mol. We tried to find the best value fore 

that gives a good fit around the minima and for large R, whereas all essential characteristics 

of the repulsive part of the PESs are retained. In the weighted fit of our atom-atom potential, 

£ = 81 kJ/mol seems to be the best value. For larger values of£, we get a very bad fit, whereas 

for smaller values of e the repulsive part of the PESs vanishes completely. Despite the use of 

weights, the root-mean-square (rms) deviation of this Lennard-Jones type of fit was around 

35 kJ/mol for the doublet and 9 kJ/mol for the quartet. For the doublet this is too large. 

Moreover, the equilibrium geometry for the doublet and the quartet is inaccurate. This can be 

seen from table 4.7, which shows a poor comparison between the PpSs and the actual 

calculated minima. Other analytical forms do not really yield a better result. It is possible to 

derive expressions, using variational calculus, for the optimal atom-atom potentials VRhC and 

VRho in terms of the bonding energy AEb by minimization of 

I dRRhC dRRhO w(RRhC•RRhO) x 

[AEb(RRhC•RRhO)-VRhC(RRhc)-VRho(RRhO)f (4.7) 
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where w(RRhC· RRhO) is some weight function. The integral is over all realizable 

combinations of RRhC and RRhO· The resulting expressions can be evaluated numerically, 

yielding numerical representations for VRhC and VRhO (43]. We found that this procedure 

gave only potentials that were marginally better than the atom-atom Lennard-Jones, thus 

proving that an atom-atom potential is not suited for Rh-CO. 

Table 4.4 Atom-atom potential parameters for the LJ expansion functions. C Is o for 4A• and 

10 kJ!mol for2A'. Therms errors are 35 and 9 kJ/mol for the doublet and quartet, respectively. 

Parameter 2A' state 4A' state 

ARhC (kJ/mol-nm 12) 1.302· 10·7 8.502· 1 o-B 
BRhC {kJ/mol·nm6) 

ARhO {kJ/mol·nm 12) 

BRhO {kJ/mol·nm6) 

8.986·10·3 

-4.553·10-S 

-1.21a.1 o-3 

1.571·10·3 

-4.505· 10-8 

-1.039.10-3 

We tried with the functional forms of eqs. (4.6a)-(4.6c) to fit our data with a global rms 

error lower than 10 kJ/mol. The results for the separate contributions to the bonding energy 

[eqs. (4.2) and (4.3)] are not presented here because our attempts to fit these were not 

satisfactory. The exchange repulsion could be fitted to a high degree of accuracy using 

ae(R)=Aee-atR. (4.8) 

However, fits of the two other contributions to the bonding energy, the electrostatic 

interaction [eq. (4.3)] and the orbital interaction [eq. (4.2)], were less successful because we 

could not find a suitable functional form. The best nns error of both of these fits was well 

above 10 kJ/mol. There are functional forms that are derived for these interactions between 

systems at large distances [44], but these need not be appropriate when the orbitals of 

rhodium and carbon monoxide overlap. Damping functions have been suggested to improve 

the description for small R [45]. However, we find that, at least for the electrostatic 

interaction, the interaction increases rather than decreases for decreasing distances. Because 

the knowledge of the separate contributions to the bonding of carbon monoxide on rhodium is 

not essential for our further study, we will focus only on the bonding energy. 

The results of the fit of the total bonding energy with Buckingham [eq. (4.6b)] and Morse 

[eq. (4.6c)] are shown in tables 4.5 and 4.6, respectively. These results are obtained by a least

squares fit with weights. The weights are proportional to e·Ele, where e = 162 kJ/mol for the 

Buckingham and e = 243 kJ/mol for the Morse fit. Also in these cases we tried to use the 

largest value of e that gives a good fit around the minima and for large R, whereas all 

essential characteristics of the repulsive part of the PESs are retained. 
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Table4.5 Parameters for the Buckingham spherical expansion functions. C is O for 4 A• and set to 

33. 77 kJ/mol for 2 A' £46l. rms errors are 13 and 10 kJ/mol for the doublet and !l!J,artet, rese,ectivel't: 

2A• state 4A' state 

.t A (kJ/mol} B (kJ/mol} ex (nm·1) A (kJ/mol} B (kJ/mol} ex (nm·1) 

0 4.495·106 2.081.10-2 4.663·101 9.525·105 ·7.161·10-4 4.097·101 

9.439·105 3.653·10·2 3.788·101 6.291·105 2.211.10·2 3.846·101 

2 7.198·1<>6 2.857·10·2 4.626·101 1.214.107 6.097·10·3 5.109.101 

3 4.274·1o5 1.347·10"2 3.728·101 2.244·105 5.912·10"3 3.582·101 

4 6.889·105 8.120.10·3 4.069·101 6.762·105 ·5.125·10-4 4.351·101 

5 9.060·1o5 ·1.219·10"3 5.978·101 3.981-104 0 3.602·101 

6 3.080-105 • 1.424· 1 o·5 4.933-101 4.631-104 0 3.851-101 

7 1.566·106 -1.193.10-4 6.701 ·101 6.452·105 0 6.068-101 

8 1.755·106 -2.010.10·4 7.359·101 1.005.105 .1.209.1 o-4 5.341·101 

Table 4.6 Parameters for the Morse spherical expansion functions. C Is O for 4 A' and set to 

33. 77 kJ/mol for 2 A'. £46, rms errors are 11 and 10 kJ/mol for the doublet and <J,uartet1 rese.ectivel~. 

2A' state 4A• state 

.t A (kJ/mol) B (kJ/mol) ex (nm-1) A (kJ/mol} B (kJ/mol} ex (nm·1) 

0 1.865·106 1.880.104 2.166·101 7.129·107 -6.036·105 3.873·101 

1.522·104 2.236·103 1.236·101 1.868·104 2.Q27·103 1.404·101 

2 2.713·106 2.338·104 2.114.101 4.296·106 1.093.104 2.292·101 

3 7.290·104 2.250·1o3 1.575·101 7.951-104 1.099.fo3 1.613·101 

4 3.077·1o5 3.456·1o3 1.903·101 4.298·105 3.657·102 2.028·101 

5 2.275·1<>6 ·1.515·1o4 3.298·101 2.649·105 ·3.93Mo3 2.606·101 

6 1.659·107 ·2.448·1o5 4.808·101 2.604·105 ·3.695·1o3 2.582·101 

7 3.056·107 -3.482·104 4.525·101 5.016·106 ·6.778·1o3 3.836·101 

8 7.684·105 ·2.016·103 3.355·101 1.132·106 ·5.700-1o3 3.648·101 

We also determined a fit of Lennard-Jones type [eq. (4.6a)], with£= 81 kJ/mol, but the 

results for the doublet and quartet states of Rh-CO are rather poor. The rms error in bonding 

energy was 65 kJ/mol for the doublet state, and 18 kJ/mol for the quartet state. The results 

using Buckingham or Morse functions are much better. For the doublet state we find rms 

errors of 13 and 11 kJ/mol, and for the quartet state we find rms errors of 10 and IO kJ/mol, 

respectively for Buckingham (table 4.5) and Morse (table 4.6). Note that for all potential 

forms the usual attractive part of the potential is sometimes used to fit repulsion. For the fit 
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involving Buckingham functions, we were in some case unable to use both terms to fit 

repulsion; in such cases the R-6 was removed from the fit (fixed to zero). Contour plots of the 

two potential energy surfaces which we obtained with the Morse fit [eq. (4.6c)] are shown in 

fig. 4.2. The difference between the two surfaces at infinite separation of the rhodium atom 

from the carbon monoxide molecule is set to exactly 33.77 kJ/mol. This is the experimental 

difference, averaged over J states, of Rh(d8sl ;4F) and Rh(d9; 2D), and we fitted with this 

constraint [46]. The rms deviation for the Morse fit was the smallest, around I 0 kJ/mol. 

<!-----=> 
0.1nm 

c 

' ·, 
i 

doublet 

* 0 

quartet 

Fig. 4.2 Contour plot of the PESs for Rh-CO. Solid lines are positive, and dashed lines 

negative energies. The '"' is the CO center of mass. a •x• is the position of a minimum. The energy 

difference between two neighboring contours is 15 kJ/mol for the doublet, and 5 kJ/mol for the quartet. 

The doublet (top) goes to 33.77 kJ/mol at infinite Rh-CO separation, the quartet (bottom) to O kJ/mol. 

rhodium Quantum Chemical Studies in Catalysis 65 



CllJJpter4 

For the remaining part of this discussion, we will concentrate on the PES which we 

obtained by fitting to the Morse function (table 4.6 and fig. 4.2) because this gave the best fit. 

We will compare our results with quantum-chemical calculations (table 4.7). This PES 

predicts that the ground state of Rh-CO is 22,+ or 2a, the linear geometry, with a bonding 

energy of -184 kJ/mol and with an equilibrium distance of rhodium to the CO center of mass 

of 0.253 nm. The first excited state is predicted to be 4 A', this is a bent sljmcture (L Rh-CO = 

14') with a bonding energy of -66 kJ/mol and with an equilibrium distance of rhodium to the 

carbon monoxide center of mass of 0.298 nm. Additional OFT calculations around the PES 

minima show that the fit is reasonable (compare the last two rows of table 4.7). The geometry 

of the quartet minimum is shallow, and larger deviations between OFT and the PES than for 

the doublet are to be expected. 

Table4.7 

Method 

SCF-CI 

HF 

MP2 

MP3 

INDO 

OFT 

PES 

PES 

PES 

PES 

DFT 

DFT 

Geometries and binding energies for Rh-CO; from previous studies and this study. 

Remarks C-0 

(nm) 

Ref. [8) 0.116 

Ref. [14) 0.1141 b 

Ref. [14) 0.1141b 

Ref. (14] o.1141b 

Ref. [16) 0.1190 

Ref. [17) 0.1169 

Atom-Atom o.1120c 

Lennard-Jones o.1120c 

Buckingham o.1120c 

Morse o.1120c 

ADF o.112ac 

ADF 6 o.1120c 

21;+ or 2A state a 4 A' state 

(0= 0°) 

Rh-C AEb 

(nm) (kJ/mol) 

0.205 -17 

0.1865b -18 

0.1865b ·231 

0.1865b -174 

0.1898 -153 

0.1758 ·257 

0.233 -153 

0.180 -91 

0.185 ·188 

0.188 -184 

0.185 ·205 

0.182 -199 

Rh-C 

(nm) 

all 

0.277 

0.231 

0.236 

0.218 

: 

0 

-
oo 

_d 

10° 

14° 

30° 

A Eb 

(kJ/mol) 

repulsive 

·15 

-34 

-58 

-60 

-63 

a Ref. (14) report that the ground state of Rh-CO is 2A, all other studies predict 2:I;+ as ground state. 

b Geometry is optimized at the Hartree-Fock level only. 

c The C-0 distance was kept fixed, the optimized C-0 distance is approximately 0.117 nm. 

d The equilibrium geometry is at a very large R value. As this is clearly not correct, we did not try to 

determine it accurately. As the minimum in the PES is very shallow the depth could be determined. 

e Results tor the 2A state, we found that this state is slightly higher in energy than the 2:I;+ state. 
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The values for the bonding energy of carbon monoxide to rhodium seem to be somewhat 

too large compared with experimental values for CO adsorption on single crystals of 

rhodium. On the Rh-CO molecule itself, only a few theoretical investigations have been 

carried out, and it has not been observed yet experimentally. The initial heat of chemisorption 

of carbon monoxide was measured to be approximately -180 kJ/mol [47). However, various 

studies indicate that this value might be too high. More recent measurements for the 

desorption energy of carbon monoxide from an onefold site yielded a bonding energy of 

about -120 kJ/mol for the Rh(lOO) surface and about -130 kJ/mol for the Rh(l 11) surface [48-

50). Preliminary calculations of carbon monoxide adsorption on large rhodium clusters give a 

lower adsorption energy, in agreement with experimental results. Hence, we feel confident 

that our results for one rhodium atom are fair. 

It seems that there are no reliable ab initio results available for comparison with our DFf 

results (51). Former ab initio calculations give puzzling results. The calculations by Koutecky 

et al. [8] as well as by McKee and Worley [14] (who report the 2A state as the ground state) 

show also a much smaller value for the carbon monoxide bonding energy on rhodium. The 

first study, a non-empirical valence-only self-consistent field (SCF) configuration interaction 

(Cl) procedure with inclusion of electron correlation effects according to the multireference 

double excitations (MRD) CI procedure, showed a bonding energy of only -17 kJ/mol. This is 

almost the same result as the second study, which showed that at the Hartree-Fock (HF) level, 

while using a relativistic effective core potential (RECP) for rhodium, the bonding energy of 

carbon monoxide on rhodium is -18 kJ/mol. Adding electron correlation via M~ller-Plesset 

perturbation treatment increases the bonding energy to -231 kJ/mol (MP2) and -174 kJ/mol 

(MP3). All electron and RECP HF studies for the 2I;+ and 4A states of Rh-CO have also been 

presented by Mains and White (15], but no correlation effects were included in their 

calculations. Their unrestricted Hartree-Fock (UHF) dissociation energy into CO and the 20 

atom is only 7 kJ/mol. Unlike the other theoretical studies we know of, they also report on a 

quartet state, which they labeled 4X. Their optimum geometry is, however, linear. The 

intermediate neglect of differential overlap (INDO) calculations of Estiu and Zemer [16] 

yield a bonding energy of -153 kJ/mol, after they corrected the result by 240 kJ/mol to 

account for the overestimation of bonding energies by the INDO method. Finally, the DFf 

calculation of Papai et al. (17] resulted in a bonding energy of -257 kJ/mol. Their method, 

implemented in the deMon program (52), uses Gaussian-type orbitals (GTOs). The results· 

they find for Rh, Rh+, and Rh-CO compare reasonable with ours. In general, DFf results 

show somewhat larger bonding energies than the other calculations. At the optimized 

geometries for Rh-CO, we found for the doublet (2:E+) a steric repulsion of 604 kJ/mol and an 

orbital interaction of -809 kJ/mol [eq. (4.2)) resulting in a total bonding energy of 
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-205 kJ/mol. For the quartet (4 A') we calculated 246 kJ/mol for the steric repulsion and 

-310 kJ/mol for the orbital interaction, yielding a total bonding energy of -64 kJ/mol. Both 

these bonding energy decompositions are relative to the unrestricted fragments in their ground 

state. For the rhodium atom, this is the 4F state and for the carbon monoxide molecule it is the 
II;+ state. 

Table 4.7 also gives the Rh-C and the C-0 bond lengths. The C-0 bond length indicates to 

some extent the amount of rhodium to carbon monoxide backbonding. Typical Rh-C bond 

lengths are in the range 0.178-0.201 nm [53). This is in good agreement with the Rh-C bond 

length of 0.185 nm that we found for the 2L+ ground state and the 0.188 ttm that we found for 

the 2,:i state. The ab initio study by McKee and Worley [14] found the 2A state as ground state 

with an optimum Rh-C bond length of 0.1865 nm, but there the C-0 bond length had 

increased to only 0.1142 nm. The INDO calculations of Estiu and Zemer [16) yield a Rh-C 

distance of 0.1898 nm together with a C-0 distance of 0.1190 nm. The DFf calculation of 

Papai et al. [17) resulted in an optimized Rh-C distance of 0.1758 nm with a C-0 separation 

of0.117 nm. In our calculations the C-0 bond length increases to 0.117-0.118 ·nm. 

4.4 CONCLUSIONS 

We have calculated two PESs for the interaction of carbon monoxide with a rhodium atom 

using DFf. The PESs correspond to the electronic ground state at short and large Rh-CO 

distances, respectively. At short distances the system is a doublet, and at large distances it is a 

quartet. It was necessary to do unrestricted calculations, which include gradient as well as 
relativistic corrections. It could be proven that atom-atom potentials were not appropriate to 

describe this system. The PESs could be fitted best with a spherical expansion and Morse 

forms for the expansion coefficients. 

It seems that no reliable ab initio result for Rh-CO are available for comparison and for 

judging the performance of our DFf results. The two previous ab initio studies [8, 14) give 

puzzling results. We found somewhat larger bonding energies than most previous 

calculations. This may be due to the common overestimation of bonding energies in DFf, 

even though we have included gradient corrections. Our results agree r~asonably well with 

previous DFf calculations on Rh-CO[l7]. We think, however, that wd cannot exclude the 

possibility that other calculations may have underestimated the correlation in Rh-CO. The 

large contributions of the different orders of perturbation theory [14] seem to point in that 

direction. The INDO results [ 16] seem to be in remarkable agreement with both DFf 

calculations on Rh-CO. 
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Preliminary calculations (using the same methods as in this chapter) on the interaction of 

carbon monoxide with some rhodium clusters show reasonable agreement with experiments, 

substantiating our results for Rh-CO. Comparing the same calculations with predictions by 

the PESs presented here, it seems that our PESs are not anisotropic enough. This shows the 

need to improve the PESs presented here. Using the results for the interaction of carbon 

monoxide with rhodium clusters, we want to incorporate the many-atom interactions that are 

currently neglected by our PESs at an approximate way. We expect that this will enable us to 

obtain a more quantitative PES for the interaction of carbon monoxide with a rhodium 

surface. 
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5 A DF study into properties of 
bare rhodium clusters 

ABSTRACT 

In this chapter we present density-functional calculations on a number of 

bare rhodium clusters to investigate the electronic structure and 

interatomic interactions of these systems. We examined a number of 

linear chains, small clusters, and clusters modeling the Rh(l 11) surface. 

The smallest cluster consists of only two atoms, the largest of over forty. 

For all of these clusters we determined properties like formation energy, 

cohesive energy, and ionization potential. The density-of-states and bond 

distances were also determined for some of the rhodium clusters. Most 

of these calculated properties show a strong dependence on clusters size. 

Although rhodium is a non magnetic solid, the small and medium 

rhodium clusters showed a preference for high spin multiplicity. This 

magnetic behavior only disappeared slowly for the (in three dimensions) 

larger clusters. The cluster results are compared with density-functional 

calculations on periodic systems (periodicity in one, two, or three 

dimensions). Now only the linear chain, and a one-layer slab show 

significant magnetic moments. The results are in good agreement with 

the available experimental data and with other high-level calculations. 
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S.1 INTRODUCTION 

Small transition metal clusters are applied in a wide variety of chemically and physically 

relevant processes. In recent years, it has become possible, using such methods as density 

functional theory (DFf), to provide a description of electronic properties of systems of a 

reasonable size. Knowledge of the electronic structure of transition metals can be useful for 

the understanding of heterogeneous catalysis (1). It is important, after all, to understand the 

chemistry and physics of the bare clusters before we can understand their interaction with 

atoms and molecules. Although it is still not known for sure whether small transition metal 

clusters resemble a real surface, they are often used as surface models. Quantities like the 

binding energy per atom or cohesive energy of the metal (CE) [2), equilibrium bond distance, 

electron affinity, density of states {DOS) and the ionization potential (IP) [3), among others, 

can be used to determine the convergence of finite clusters to an infinite bulk metal. Once the 

cluster requirements are known, one is able to investigate electronic properties and to study 

the kinetics and thermodynamics of adsorption processes. 

Due to the more complex nature of the bonding and the higher computational cost, large 

transitional metal clusters have not been studied so often yet with high-level calculations. An 

exception is maybe nickel, which has been studied by various quantum chemical methods 

(4, 5, 6, 7). Most studies indicate that properties like the IP of the bare metal are strongly 

dependent on the cluster size. Although the availability of modern super computers enables us 

to use quite large clusters, converged results with respect to cluster size are still very hard to 

obtain. However, the cluster size dependence is not necessarily due to the theoretical model. 

Experimental results for the IP of Ni3"90 clusters show also a dependence on cluster size [8). 

The experimental results could be well reproduced with theoretical calculations [4, 9). 

Our interest will focus specifically on the element rhodium, an element of the 4d block, 

which is used as an alloying agent to harden platinum and palladium. As it has a low 

electrical resistance as well as a low and stable contact resistance, and is highly resistant to 

corrosion it is also useful as an electrical contact material. Nowadays rhodium is, together 

with platinum, an important element in catalysts for removing pollution from exhaust fumes. 

Due to its good efficiency in dissociating NO it is effective in removing NOx pollution. 

Theoretical investigation of rhodium clusters is also a challenging task. The open d shell of 

the rhodium atom results in a great number of low lying states for the bare rhodium clusters, 

which causes serious convergence problems. One of our objectives is to determine how large 

a cluster is needed to realistically simulate a rhodium surface, to permit a better investigation 

of carbon monoxide chemisorption on rhodium [10). 
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5.2 METHODS 

Cluster calculations were performed using the density-functional (QP) theory within the 

local density approximation (LDA) with the Vosko-Wilk-Nusiar (VWN) local spin density 
I 

potential [11], as implemented in the Amsterdam-density-functional (IAJ)P) program [12]. 

The molecular orbitals are represented as linear combinations of atomic Slater type orbitals 

(STOs). Integrals are computed numerically [13], and energies with the generalized transition 

state method [14]. We employed spin unrestricted, quasi-relativistic [15] calculations, and 

included gradient or non-local (NL) corrections due to Becke for the exchange [16] and due 

to Stoll for the correlation self-interaction [ 17, 18]. 

The n-dimensional (n=l, 2, 3) crystal calculations were performed using the band 

structure program ADP-BAND, byte Velde and Baerends [19, 20]. It is very similar in set up 

to the molecular ADP program. A relevant difference between the two programs involves the 

basis sets. The band structure program contains a Hermann-Skillman type subprogram [21], 

which solves the DP equations for the free atoms of the system. The numerical atomic orbitals 

(NAOs) are used in the crystal valence set, together with, or instead of Slater-type exponential 

functions. ADP does not include this option, but it has the possibility to employ specific 

linear combinations of STOs as basis functions. Another difference is that ADP-BAND does 

not include the quasi-relativistic, and the Stoll correction, which we both used with ADP. 

In the cluster and band structure calculations the electrons up to and tncluding 4p are kept 

frozen (nine valence electrons). The basis and fit set is the same as we used before [10), 

except that in the band structure calculations only the valence, and no cok, STOs are used. 

5.3 RESULTS AND DISCUSSION 

5.3.1 The rhodium atom 

The ground-state of the rhodium atom is known to be the 4d8 Ssl configuration. However, 

theoretical calculations usually show that the 4d9 configuration is lower in energy. This gives 

rise to problems when one would like to determine dissociation energies. Earlier we showed 

that by including non-local and relativistic corrections, and performing spin unrestricted 

calculations the correct ground-state for the rhodium atom is reproduced [10]. The true 

ground-state is 7 kJ/mol more stable than the first excited state. This is much lower than the 

experimental difference of 34 kJ/mol. The calculated ionization potential (IP) is 743 kJ/mol, 
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close to the experimental value of 720 kJ/mol, and the Fermi level is -431 kJ/mol. 

Unfortunately, calculations with ADF-BAND show again a preference for 4d9, possibly due 

to the absence of relativistic corrections. The Fermi level lies now at -338 kJ/mol. 

When we use a spin unrestricted instead of spin restricted calculation for the rhodium 

atom, the atom stabilizes by 85 kJ/mol when the gradient correction due to Becke is included. 

All the energies we report herein are with respect to the spin unrestricted rhodium atom. Our 

rhodium ground-state configuration corresponds with a spin-multiplicity M = 2S + 1 = 4. In 

the DFT implementation we use, the open shell rhodium atom is described by a single 

configuration with Ms = S with spherical averaging over ML. The spherical charge density is 

enforced by use of fractional electron occupations. 

Recently it was argued that another important issue in obtaining accurate atomic energies 

is removing the spherical charge density constraint, and use non-spherical atoms [22]. 

Removing this constraint lowers the atomic energies significantly if non-local functions are 

used [23], thus improving molecular bonding energies. Plipai et al. found that the rhodium 

atom becomes as much as 50 kJ/mol more stable when the spherical charge density constraint 

was removed. Atomic multiplets can be calculated approximately with the sum method [24]. 

We also applied this method, and thus determined non spherical atomic energies. Instead of 

determining pure states, we restricted ourselves in determining only the lowest energy value, 

which resulted from the use of integer occupations and breaking the degeneracy of partially 

filled orbitals. Without the non-local correction the atom becomes more stable by only 

7 kJ/mol, but including Becke's non-local correction the atom becomes more stable by 

26 kJ/mol. This stabilization is not quite as large as the one found by Plipai et al. (22), but still 

considerable. Nevertheless, for all remaining calculations we used spherical atoms. 

5.3.l The rhodium dimer 

The simplest system to study the rhodium-rhodium interaction is the rhodium dimer, Rh2. 

Diatomic rhodium is a good system to test our results with those obtained by different 

computational methods. This system has been studied before with various methodologies, 

yielding a number of different ground states (see table 5.1). Many of the early ab initio 

calculations yielded non bonded or little bonded dimers. Only configurations with an even 

number of electrons in the CJ, 7t, and~ orbitals give symmetrical dissociation, excluding all the 

states of ungerade symmetry. The ab initio calculations of Balasubramanian and Liao (27], 

who have included spin-orbit and other relativistic effects directly into their calculations, 

resulted in Sag as the lowest lying state with Rh-Rh= 2.28 A. Illas et al. [28] found a Sau 

configuration with Rh-Rh = 2.67 A as the most stable state. Mains and White (29], as well as 
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Estiu and Zemer [30} calculated the lowest energy state of Rh2 as SI:u-. The first found an 

interatomic separation 2.28 A, while the latter found a slightly larger value, 2.35 A. Our 

ground state of Rh2 is S Ag. with an interatomic separation CRe) of 2.297 A, and a dissociation 

energy (De) of 330 kJ/mol. The aujbau principle was not satisfied for our lowest energy state, 

5Ag. By removing the Dun symmetry constraint, we were able to obtain a solution that 

satisfies the aujbau principle. This increases the dissociation energy by IO kJ/mol. Our values 

compare well with high level ab initio results and with the experimental result. A Mulliken 

population analysis shows 4d7.97 5sl.Ol 5p0.02 as the atomic configuration for each rhodium 

atom, in good agreement with Balasubramanian and Liao [27) (4d7.92 5sl.04 5p0.04) and 

Goursot et al. [31] (4d7.S6 5sJ.l3 5p0.0l). This corresponds to two 4p rhodium atoms brought 

together with spin coupling, and shows the large 5s contribution to the metal-metal bond. 

Table5.1 Calculated g:ound·state (GS) and spectroscopic constants of Rh2. 

Ref. Methoda GS Re De file 

{A) {kJ/mol} {cm·1l 

Norman and Kolari 25 SCF·Xa·SW 5Au 2.39 

Shim 26 SCF/valence Cl 5Ig 2.86 82 118 

Balasubramanian and Liao 27 MCSCF/CASSCF 5Ag 2.28 239 266 

Illas, Rubio and Canellas 28 CASSCF/MRCI 5Au 2.673 145 238 

Mains and White 29 UHF 5Iu· 2.28 ... 337 

Estiu and Zemer 30 INDO 5Iu· 2.35 16 

Estiu and Zemer 30 CAHFICISD 5Ag 2.287 116 

Goursot, Papai and Salahub 31 LCGTO·DF sng 2.23 302 260 

Yang Jinlong et at. 32 DV·LSDF 8=2 2.31 293 333 

this work LCSTO·DF sag 2.297 330 288 

Cocke and Gingerich 33 Ex[!eriment 2.28 282 267 
a SCF=self·consistent field, SW=scatterd wave, Cl=configuratlon interaction, MCSCFbmulti-configuration SCF, 

CASSCF=eomplete active space MCSCF, MRCl=multi-reference Cl, UHF=unrestricted Hartree-Fock, 
INDO=intermediate neglect of differential overlap, CAHF=configuration average HF, CISD=singles and 
doubles Cl, LCGTO-DF=linear combination of Gaussian type orbitals-density functional, DV-LSD=discrete 
variational local-spin-density-functional, and LCSTO-DF=linear combination of Slater type orbitals-OF 

For five electronic states, reported by others as the groundstate of Rh2, we obtained 

spectroscopic parameters (table 5.2) by calculating the potential energy c~rves and fit them to 

E(r) = De{e-2a(r-Re) - 2e-ci(r-Re)) + Er=oo (5.1) 

Here r is the Rh-Rh separation, De the dissociation energy, and Re the equilibrium distance. 
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Table5.2 Calculated se.ectroscoefc e,roe,ertles for five states of the rhodium dimer. 

Electronic configuration Term De a Re Er::,.. Te 

'kJ/mol} 'A-11 'Al 'kJ/mol} 'kJ/moQ 
lcrg2 2crg2 lcrul rcg2 xu4 084 0u3 5~ 383.3 1.334 2.313 46.95 =0.0 

lcrg2 2crg2 lcrul rcg2 xu4 083 0u4 5.1u 332.2 1.337 2.402 46.70 51.1 
lcrg2 2crgl lcrut rcg2 xu4 og4 0u4 s11.1 292.4 1.331 2.385 0.00 90.9 
lcr82 2crg2 lcrul x84 xu3 084 0u2 s11g 186.0 1.319 2.692 38.72 197.3 

lcri.2 2cri2 lcru2 x83 xu3 083 ou3 5Ii:z+ 158.5 1.325 2.777 38.98 224.8 

5.3.3 Linear chain of rhodium atoms 

The first kind of bare clusters we investigated consists of a linear chain of rhodium atoms. 

It is relatively easy to investigate the behavior of various properties for this kind of clusters. 

The Rh-Rh distance is first set to the distance in bulk rhodium, i.e., 2.6901 A [34]. 

Intermediate neglect of differential overlap (INDO) calculations by Estiu and z.emer [30] for 

linear chains of rhodium atoms showed a preference for high multiplicity, M = 2S+ 1, of those 

chains. They found that number of unpaired electrons was almost constant, around seven or 

eight. We calculated, using DFT, the formation energy for various spin-multiplicity's of the 

linear chains. The energies relative to the most stable state are shown in table 5.3. Also we see 

that these linear chains prefer high spin multiplicities. The difference in the number of a and 

~ electrons for all the chains we calculated is around two electrons per atom. Except for the 

Rh4 chain, we find a different multiplicity for the ground·state than Estiu an z.emer. Also the 

relative energies differ considerably. As we increase the chain size it becomes more difficult 

to determine precise ground states and excitation energies. 

Table5.3 Energies (kJ/mol) relative to the most stable state for different multiplicities (M) of 

linear clusters. In between brackets are the INDO values found by Estiu and Zemer f30L 

Rh2 95 (79) 0 (102) 112 (O) 564 (373) X 

40 (74) 0 (58) 20 (O) 271 (129) 

60 (79) 20 (50) 0 (0) 80 (236) 

(95) 82 (89) 59 (O) 0 (108) 
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For the most stable st.ate of chains up to 13 rhodium atoms we calculated Fermi level (Ep), 

formation energy per bond (BE} and per atom (CE), and the ionization potential (IP). The 

results are shown in table 5.4 and fig. 5. I. We also present values for an 'infinitive chain'. 

These results were obtained with calculations on Rh39 through R143. For those five chains we 

found a BE of -175±1 kJ/mol, and a CE -179±1 kJ/mol. In principle B.E and CE should 

become equal for a real infinitive system, since the number of bonds becomes equal to the 

number of atoms in large chains. For Ep we obtained a value of -465±1 kJ/mol, and for the IP 

a value of 510±5 kJ/mol. Again, for large systems -Ep and IP should become equal. The IP 

values decrease as the chain size increases, a well known behavior due to the possibility to 

delocalize the positive charge over more metal centers. From fig. 5.1 we can easily see all 

properties converge to the values obtained with the much lm-ger chains, and that the 

preference for high multiplicity solutions remains, even for very long rhodium chains. 

TableS.4 Groundstate properties of rhodium chains. Fermi level (EF). formation energy per bond 

(BE~ and 12.er atom (CEl.i averag_e mag_netic moment fl!!..' atom 'MM~ and ionization 12.otential (!Pl. 

Chain M EF Bonds BE Atoms CE MM IP M 

Rha (kJ/mol} (kJ/mol} (kJ/moQ (µ9) (kJ/mol} Rhn+ 

Rh2 5 -431 -263 2 -131 2.00 684 6 

Rh3 6 -413 2 -224 3 -149 1.67 650 7 

Rh4 9 -428 3 -206 4 -155 2.00 634 10 

Rh5 10 -432 4 -199 5 -159 1.80 608 11 

Rhs 13 -426 5 -195 6 -162 2.00 606 14 

Rh7 14 -428 6 -188 7 -161 1.86 590 15 

Rhs 17 -435 7 -190 8 -167 2.00 587 18 

Rh9 18 -447 8 -188 9 -167 1.89 571 19 

Rh10 21 -448 9 -192 10 -173 2.00 571 22 

Rh11 22 -437 10 -192 11 -174 1.91 566 23 

Rh12 25 -445 11 -191 12 -175 2.00 559 26 

Rh13 26 -446 12 -190 13 -175 1.92 558 27 

Rh3~~ co -465±1 00 ·175±1 00 ·179±1 2.00 510±5 co 

For some of the smaller chains we roughly optimized the Rh-Rh distance. We found 

equilibrium distances between 2.39 and 2.46 A. Starting from [Rh4, a full geometry 

optimization within the Dun symmetry gives different interatomic separations within a chain. 
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For the longer chains we did not try to optimize the Rh-Rh distance anymore, but it seems 

likely that also for those longer chains the Rh-Rh distance will be smaller than the bulk value. 

·130 

·150 

·170 

1 ·190 

\!I ·210 

·230 

·250 

, ... 

I 

• 
... 

' " • .. ... ... ... 

' 

Rh
0 

Rh,. Rh,. Rh1 Rh6 Rh., Rh,, Rh 11 Rh1• 

+--+--+--+--11--+--+--+--+--+--ll--+700 

(a) 

.. .. .. .. 

• 

: 

• 

• 

. ... ; ·-r J t .. , ... L ... l(?)t... 650 

'. 1" !t1Jif tt ::: ~ 
r.-.... 7.-... ~ .. ,--.. -.. ~~--.... 7.,-.... ~.~~ .. -.... 7+-···-~--~-.... -.... ~~ .. -.... ~+-.... ; 500 ! 

: ; i i l : i : : ___ . _______ .. - .. .,;;,. .......... ...; ...... ~ ~ - -i.. -- ..: ......... .. 

' .... j. ; ·+ ..... j .. ,j,. +· • • ' 450 
~ t • + f I . 

+--+--+-+--lf--+-+--t--+-+--ll--+400 

Fig. 5.1 Convergence behavior as a function of chain size. (a) CE (circles) and BE (squares), 

(b) IP (circles) and ·EF (squares). Solid and dashes lines are computed from Rh:Jg through Rh@ 

The density of states (DOS) curves for all chains have been determined by Gaussian 

broadening of the discrete one-electron spectrum of spin-up and spin-down energy levels. For 

a number of chains the results are shown in fig. 5.2(a). The broadening was done with a value 

of 0.05 e V for the Gaussian half width, a rather small value. The analysis of the DOS curves 

as function of cluster size allows us to follow the evolution of the one-electron energy 

spectrum from the sparse and discrete spectrum typical of small (molecular) chains, to a near

continuum for the largest (metallic) chains. 

The cluster calculations seem to converge towards a magnetic moment of 2µB per atom. 

ADF-BAND calculations on a one-dimensional chain confirm the preference for the high 

spin-multiplicities. A periodic chain, with Rh-Rh separation .of 2.6901 A, shows a 

magnetization of 1.88 µB per atom. Mulliken population analysis gives 4d8.42 5s0.S4 5p0.04, 

for the majority spin 4d4.97 5s0.44 5p0.04, and for the minority spin 4d3.46 5so.10 5p0.0l. The 

BE or CE for such an one-dimensional chain is 192, 121, and 157 kJ/mol, respectively at the 

LDA, LDA+Becke, and LDA+Becke+Perdew level. The Fermi level is at -476 kJ/mol, close 

to the value we found for our largest cluster chains. Comparison between the BE or CE from 

a cluster and a periodic calculation is more difficult, since the first is only done at the 

LDA+Stoll and LDA+Stoll+Becke level. The magnetic moment decreases somewhat as we 

optimize the Rh-Rh distance. At the LDA level we find an optimum at a Rh-Rh separation of 

2.28 A (226 kJ/mol), where the magnetization is 0.88 µB per atom. Adding Becke's correction 

increases the Rh-Rh distance to 2.54 A (127 kJ/mol), with a magnetization of l.83 µB per 
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atom. Also including Perdew's correction, results in a Rh-Rh of 2.47 A (171 kJ/mol), and a 

magnetization of 1.82 µB per atom. The density of states for a large chain (Rh37), and from a 

one-dimensional periodic calculation are shown in fig. 5.2(b). The calculated DOS from both 

systems is very similar, as is the integrated DOS. Both curves clearly show a difference 

between majority (I) and minority ( .J,) density of states. 
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Ffg. 5.2 · Density of states for different linear rhodium chains Majority {t) and minority ( J) spin. 

(a) different chain lengths, and (b) largest chain (- • • ·-)and 1D periodic calculation('--). 

5.3.3 Small model rhodium clusters 

For 21 small highly symmetrical rhodium clusters, all shown in fig. 5.3, we determined a 

number of physical properties. We started, at Rh-Rh= 2.6901 A, by calculating the formation 

energy for various spin-multiplicity's for each cluster. For the most stable state we present 

Fermi level (Ep), bond strength (BE), cohesive energy (CE), average magnetic moment per 

atom (MM) and the ionization potential (IP) in table 5.5. These results are discussed in some 

detail and, where possible, compared with earlier results. For some of the clusters, we also 

optimized the Rh-Rh distance. 

The calculated values for Ep, BE, CE, MM and IP all change with respect to cluster size. 

For the Fermi level we see that, except for Rh6, all values lie within 10% of the average value 

of all clusters (-367 kJ/mol). A bond in a cluster is defined as a Rh-Rh distance of 2.6901 A. 
Shorter Rh-Rh separations are not present, (somewhat) longer ones are QOt counted as a bond. 

The cohesive energy is thus a better value to determine convergence 'fith respect to cluster 

size. For the clusters with more than four atoms most of the calculated icE lie within 10% of 

the average value (-248 kJ/mol). Rhodium has a bulk cohesive energr of 555 kJ/mol. The 

work function of polycrystalline rhodium is 480 kJ/mol [34]. Unlike bililk rhodium, which is 
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non magnetic, almost all cluster have non zero magnetic moments. The average value of MM 

is around 1.2 µa. The reduced coordination number and higher symmetry narrows the 

electronic bands, enhancing magnetization in already ferromagnetic materials or causing 

magnetization in non magnetic materials. Experimentally this behavior was confirmed for 

small rhodium clusters [35]. The smallest measured cluster, Rh9, showed a moment of 

0.8±0.2 µa. Especially Rh15, Rh16. and Rh19 showed strong magnetic moments per atom. 

While we found particular strong moments for Rh13, experimentally only a value of 

0.48±0.13 µa was observed. The magnetic moment becomes approximately zero for clusters 

of more than 60 atoms. The cluster structure itself is important in the enhancement of the 

magnetic moment. IP values tend to decrease as the cluster size increase. However, the 

decrease is not monotonic and some clusters exhibit particular high IPs, e.g., tetrahedral Rh10· 

<I A D ~ + ~ 
Rh3 D3h Rh4 Td Rh4 D4h Rh4 D3h Rhs D3h Rhs C4v 

+ ~ • @X l: 
Rhs oh Rh7 Dsd Rhs Td Aha C4v Rhg oh Rhg D4h 

• Rh10 Td Rh10 C4v Rh11 D3h Rh12 lh Rh12 D3d 

Rh13 Rh13 Rh13 Rh13 
Fig. 5.3 The topologies of 21 small rhodium clusters. Drawn lines correspond to Rh-Rh bonds. 
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Table5.5 Groundstate properties of rhodium clusters. Fermi level (EF), formation energy per 

bond (BEl and ~r atom (CEl. averag_e mag_netic moment e,er atom (.MMl and Ionization POtential (IPl. 

Cluster M EF Bonds BE Atoms CE MM IP M 

Rhn {kJ/mol) {kJ/mol} {kJ/mol} {~Bl {kJ/mol} Rhn+ 

Rh3 D3h 6 -372 3 -193 3 -193 1.67 672 6 

Rh4 Td -355 6 -149 4 -223 0.00 637 2 

Rh4 D4h 7 -361 4 -211 4 -211 1.50 611 8 

Rh4 D3h 7 -381 3 -222 4 -167 1.50 596 8 

Rh5 D3h 8 ·348 9 ·134 5 -241 1.40 591 7 

Rh5 C4v 8 ·336 8 ·151 5 -242 1.40 586 9 

Rhs Oh 9 ·314 12 ·126 6 ·252 1.33 529 10 

Rh7 Dsh 10 ·346 15 ·119 7 ·255 1.29 546 11 

Rhe Td 13 ·377 18 ·113 8 -255 1.50 546 12 

Rha C4v 13 -383 16 -133 8 ·265 1.50 591 14 

Rh9 oh 10 ·389 8 ·259 9 -230 1.00 548 9 

Rh9 D4h 8 ·359 16 -139 9 -247 0.78 549 9 

Rh10 Td 7 -405 24 ·107 10 ·256 0.60 604 8 

Rh10 C4v 15 -390 24 -113 10 -272 1.40 553 14 

Rh11 D3h 10 -367 27 -109 11 ·267 0.82 536 11 

Rh12 lh 15 ·402 30 ·109 12 -274 1.17 571 16 

Rh12 D3h 13 ·358 30 ·107 12 ·267 1.00 523 12 

Rh13 lh 22 ·360 12 ·299 13 ·276 1.62 522 23 

Rh13 oh 20 -364 36 ·98 13 -268 1.46 520 21 

Rh13 Dsd 22 -374 30 -118 13 -273 1.62 540 23 

Rh13 D3h 20 ·363 36 ·100 13 ·276 1.46 527 21 

• Rh3 The triangular structure of the rhodium trimer has been· studied before with 

theoretical [29, 36], and experimental [37] methods. Mains and White investigated a similar 

system as we did, and found the lowest energy for a 8A1 state, with aJ fixed bond length of 

2.94 A between the apex atom and one of the two equivalent base atoms (3.745 A, 80 deg.). 

Das and Balasubramanian found 2.535 A, (2.596 A, 61.6 deg.). Due to ~ahn-Teller distortion 

their lowest states are of C2v symmetry. Their atomic configurations are 4d7.92 5s0.86 5p0.12 

(apex) and 4d8.24 5s0.67 5p0.14 (base). Consistent with our findings, recent studies reveal a 

sextet as the groundstate. The optimized Rh-Rh distance we obtained (2.465 A), however, is 

somewhat smaller. The atomic configuration we found for each atom is 4d8.18 5s0.76 5p0.06. 
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• Rh4 The tetrahedral Rh4 cluster is the only one for which we did not find a high spin 

multiplicity for the ground state. Others found also for this cluster high multiplicities. Mains 

and White found the lowest energy for 7 A", but they did not optimize the Rh-Rh distance 

(3.062 A). They found an atomization energy of only 65 kJ/mol. The tetrahedral R.h4 cluster 

has been used in two other studies of the CO adsorption on rhodium [31, 38]. Goursot et al. 

found also for this cluster a high spin multiplicity, a septet, as the groundstate [31]. Without 

the Becke non-local correction we find that this state is 6 kJ/mol lower in energy, but with 

this correction it is 15 kJ/mol higher in energy. Our calculated binding energy per atom (CE) 

for this cluster is almost the same as their value of 224 kJ/mol. The total Mulliken population 

analysis resulted in an atomic configuration for rhodium of 4d8.27 5s0.64 5p0.09, almost the 

same as the one found by Goursot et al. 4d8.24 5s0.59 5p0.17. Estiu and Zemer reported as 

atomic configuration 4d7.94 5s0.59 5p0.54. This has a rather high population for the p orbitals. 

Mains and White also performed calculations on a planar rhombohedral configuration, 

showing that 9 A" was the lowest in energy. Their structure, with a Rh-Rh of 3.265/3.115 A, 
was not optimized. They found that this structure is much more tightly bound than their 

tetrahedral structure. For their structure they report an UHF atomization energy of 

226 kJ/mol. Estiu and Zerner [39] found close-shell solutions forfull optimized square planar 

(Rh-Rh= 2.106 A) and tetrahedral (Rh-Rh= 2.273 A) geometries. For the distance observed 

in the bulk they found the septet to be 18 kJ/mol more stable than the singlet, the same ground 

state we' found for the bulk Rh-Rh interatomic distance. The atomic configuration we found 

from a total Mulliken population analysis is 4d8.24 5s0.69 5p0.07. ' 

The IP is an important parameter, which is usually strongly dependent of the clusters size. 

Instead of removing one electron from a cluster, removing only a small fraction (say I.I0-5) 

of electrons was suggested to reduce this dependency [7]. We applied this to tetrahedral RILi, 
using accurate numerical integration, and a strong convergence criterion. For these clusters 

we could obtain highly accurate and well converged solutions. The work function of Rh( 111) 

is 540±4 kJ/mol [40] This is much smaller than the IP of tetrahedral Rh4, 637 kJ/mol. 

Calculating the IP by removing I.I 0-4 electrons resulted in 371 kJ/mol, while removal of 

1.10-5 yields 370 kJ/mol (=Ep). Removing fewer electrons gives too small energy differences. 

• Rh5.9 These medium sized rhodium clusters are not so commonly studied as the 

smaller clusters. A recent first-principles DF study [32) showed that bond lengths for most 

clusters are shorter than the bulk interatomic spacing. This dramatically changed the magnetic 

properties of some clusters. Our results seem to indicate that the systems seem to prefer 

higher-dimensional geometries with more nearest-neighbor bonds. Crude optimization of the 

interatomic spacing for our clusters shows a bond length contraction for clusters. The value of 

the contractions varies from about 10% for the smaller, to 5% for the larger clusters. 
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From table 5.5 one can see that all of these small clusters have magnetic ground states. 

The computed average magnetic moment per atom for the small rhodium clusters varies from 

0.8 µ9 to 1.5 µ9. However, bond length contractions seem to decrease the total magnetic 

moment [32]. The experimental magnetic moment per atom for Rh9 is 0.8 µ9 ± 0.2 µ9 [35]. 

• Rh10 As far as we know there exists no, previous theoretical study on the tetrahedral 

Rh10 cluster, but it is comparable with the tetrahedral lr10 studied by Ravenek et al. [41]. 

That OF study demonstrated the same behavior of the iridium atoms in lr4, Ir10, and surface 

atoms. Neutral particles with the smaller average number of neighbors have the higher d 

valence electron band occupation, as is the case for surfaces. In the Mio cluster we can 

identify atoms with three and six nearest neighbors (3nn and 6nn). Mulliken population 

analysis for neutral Ir10 showed that the configuration for lr(3nn) atoms is s0.93 p0.10 d8.24, 

while lr(6nn) atoms have s0.82 p-.04 d8.05. The average is s0.86 p0.01 d8.13, The charge for 

lr(3nn) is -0.27, and for lr(6nn) +0.17. For Rh10 we find for Rh(3nn) s0.85 p0.08 d8.15, and 

s0.73 p0.22 d7.99 for Rh(6nn). So Rh(3nn) has the higher d valence electron band occupation. 

The average for rhodium is s0.78 p0.16 d8.06, Which means that the tharge on Rh(3nn) is 

-0.08, and for Rh(6nn) it is +0.06. The difference between both kinds of atoms is less for 

rhodium than for iridium. Tetrahedral Rh10 has the highest CE, and almost the lowest BE of 

all the small clusters we examined. The experimental magnetic moment per atom for Rh 10 is 

0.8 µ9 ± 0.2 µ9 [35). This is close to the value we found for tetrahedral Rh10, 0.6 µ9. 

0 

·6 ·3 EF 
Energy(eV) 
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-Rh(3nn) ••••• Rh(6nn) 

Fig. 5.4 Tetrahedral Rh10. (a) Density of states, solid lines Rh(3nn) and dashed lines Rh(6nn). 

(b) Contour map of the density difference p(Rh10) • 1op(Rh10). Dashed lines show a decrease and 

solid lines an increase of the electron density, the dashed-dotted lines depict nodal surfaces. 

Subsequent contours correspond to 0.00, ±0.01, ±0.02, ±0.04, ±0.08, ±0.16, ±0.32, and ±0.64 eJA3. 

84 Quantum Chemical Studies in Catalysis 



A DF study into properties of bare rhodium clusters 

In tetrahedral Rh10 the four rhodium atoms at the corner have three nearest neighbors 

(3nn), while the six inner atoms have 6nn. This difference should show up in the population 

and total density of states for each of the different atoms. According to a band width 

argument, atoms that have more neighbors should have fewer electrons. The Mulliken 

population analysis (table 5.6) shows that this is indeed true for tetrahedral Rh10. In this 

cluster each atom with 3nn has 9.09 electrons while each atom with 6nn has only 8.95 

electrons. We see this also from the total density of states and contour map of the density 

difference, as shown in fig. 5.3. 

• Rh13 From the standpoint of many chemical reactions, the transition from molecule 

to bulk properties appear to occur around 13 atoms. The relative stabilities of icosahedral (lh). 

cubooctahedral (Oh), Dsd and DJd symmetries (see fig. 5.3) have been compared. The most 

stable structure is the D5dcluster, a distorted icosahedral. The ground state of Rh13 was found 

to have 19 or 21 unpaired electrons, resulting in a giant magnetic moment. 

The electronic structure of 13-atom rhodium clusters has been studied before using a 

linear combination of atomic orbitals approach within the density functional formalism [42]. 

The ground state of Rh13 was found to have 21 unpaired electrons. For the cubo geometry an 

interatomic spacing of 2.59 A was found, with a cohesive energy of 307 kJ/mol and a 

magnetic moment of 1.54/1.45 µs per (center/surface) atom. The icos geometry was a little 

more stable, 316 kJ/mol at 2.56 A with a magnetic moment of 1.58/1.62 µB per atom. All 

calculated moments are much larger than the experimental magnetic moment per atom for 

Rh 13, 0.48 µB ± 0.13 µB [35]. 
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Density of states of two Rh13 clusters. (a) Icosahedral and (b) cubooctahedral Rh13. 

A solid line is a contribution from an inner rhodium atom, a dashed line is a contribution from an outer 

rhodium atom. The thinner lines indicate the Integration of the density of states. 
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Another density functional study [43) shows comparable results. The total magnetic 

moment of the icosahedral Rh13 cluster is smaller than that of two lower-symmetry clusters. 

The ground state of Rh13 was found to have 18 (Oh and DJh) or 14 (/h) unpaired electrons. 

For the cubo geometry an interatomic spacing of 2.62 A was found, with a cohesive energy of 

377 kJ/mol and a magnetic moment of 1.04/1.50 µs per (center/surface) atom. The icos 

geometry was a little more stable, 387 kJ/mol at an interatomic separation of 2.56 A with a 

magnetic moment of 1.12/1.16 µs per atom. The DJh geometry was a little more stable, 

384 kJ/mol at an interatomic spacing of 2.62 A with a magnetic moment of 1.06/1.48/1.51 µs 
per atom. Both previous theoretical studies are in reasonable agreement with ours. While 

Reddy et al. [42) found slightly larger magnetic moments and weaker cohesive energies, 

Yang Jinlong et al. [43) found lower magnetic moments but larger cohesive energies. 

Table 5.6 shows the Mulliken population analysis of al four Rh13 clusters we examined. 

Difference in the number of nearest neighbors should show up in the Mulliken population and 

total density of states. The Mulliken population analysis (table 5.6) shows that this is indeed 

true, atoms that have more neighbors have fewer electrons. We see this also from the total 

density of states, as shown in fig. 5.5 for two Rh13 clusters. 

Tsble5.6 Mulliken population anatgfs by atomic orbitals.; MM is magnet/(: moment (In µs). 

Rh3g Tf!.. AhJ~ ih Rhrn oh Rh1~ D~ Rh13 D3h 

3nn 6 nn 1nn 12nn 5 nn 12 nn 4nn 5nn 10nn 5nn 5nn 12nn 

# 4 6 12 12 10 2 6 6 

s 0.85 0.73 0.69 0.75 0.72 0.72 0.71 0.76 0.71 0.71 0.72 0.72 

p 0.09 0.22 0.24 -.19 0.19 ·.06 0.23 0.18 -.11 0.19 0.21 -0.08 

d 8.15 8.00 8.11 7.99 8.11 8.03 8.15 7.98 8.03 8.12 8.10 8.07 

:E 9.09 8.95 9.04 8.55 9.02 8.69 9.09 8.92 8.63 9.02 9.03 8.71 

q ·.09 0.05 ·.04 0.45 -.02 0.31 ·.09 0.08 0.37 -.02 ·.03 0.29 

MM 0.32 0.79 1.63 1.46 1.47 1.33 1.63 1.65 1.42 1.48 1.46 1.36 

5.3.4 The Rh(lll) surface 

We examined a number of clusters that are representations of the Rh(ll 1) surface. The 

smallest is the Rh(7) cluster, seven atoms in one layer. The largest is the Rh(19, 12, 12) 

cluster, 43 atoms in three layers. Rh(n1, n1, n3) indicates a rhoqium cluster bearing 

n 1 + n1 + n3 atoms of which n 1 are in the first layer, n1 in the second la}'er and n3 in the third 

layer. The results of our calculations are shown in table 5.7. 
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Table5.7 Groundstate properties of Rh(111) models. Fermi level (EF), formation energy per 

bond 'BEl and e:,r atom 'CE~ averag_e mag_netic moment e:,r atom 'MM~ and Ionization 122.tential 'IP~. 

Cluster M EF Bonds BE Rh CE MM IP M 

Rhn 'kJ/mol} (kJ/mol} (kJ/mol} [!!Bl [kJ/mo~ Rh!l+ 

1-layer 

Rh(7) 14 ·395 12 -135 7 ·231 1.86 621 15 

Rh{10) 15 -413 18 -130 10 ·234 1.40 585 14 

Rh{13) 18 ·390 24 -129 13 ·238. 1.31 546 19 

Rh{16) 23 -413 33 -120 16 ·247 1.44 566 24 

Rh{19) 26 -415 42 ·116 19 ·256 1.32 562 27 

Rh{31) 42 -420 72 ·112 31 ·261 1.35 531 43 

Rh{37) 50 -423 90 ·109 37 ·265 1.35 534 51 

2-layers 

Rh(7, 3) 15 -369 24 ·109 10 ·261 1.40 552 16 

Rh(7, 6) 12 -375 36 ·101 13 ·280 0.85 530 15 

Rh{13, 3) 21 -386 36 ·113 16 ·254 1.25 536 22 

Rh{13, 6) 20 -374 51 ·99 19 ·265 1.00 522 19 

Rh(13, 12) 18 ·378 78 ·90 25 -281 0.68 517 19 

Rh(19, 3) 27 -402 54 ·109 22 ·267 1.18 536 27 

Rh(19, 6) 22 -392 69 ·99 25 -274 0.84 526 22 

Rh(19, 12) 22 ·387 102 ·92 31 ·305 0.68 516 23 

3-layers 

Rh(7, 3, 3) 14 ·376 33 -107 13 ·273 1.00 545 15 

Rh(7, 6, 6) 10 -387 57 ·93 19 -278 0.47 535 9 

Rh(13, 3, 3) 18 .374 45 ·111 19 ·263 0.89 517 19 

Rh(13, 6, 6) 14 ·373 72 ·94 25 ·271 0.52 512 15 

Rh(13, 12, 12) 18 .375 132 -82 37 ·292 0.46 505 17 

Rh(19, 3, 3) 26 ·400 63 -108 25 ·271 1.00 532 27 

Rh(19, 6, 6) 20 ·392 90 ·96 31 ·278 0.61 502 21 

Rh(19, 12, 12) 20 -3n 156 ·82 43 ·299 0.44 493 19 

Here, we will not discuss the results presented in table 5.7 in much detail. It seems that 

none of the calculated properties have really converged. The magnetic moments become 

smaller for the larger clusters, but do not completely disappear. 
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Experimentally the magnetic moment of Rh(OOl) surface atoms was recently estimated, 

using spin-polarized photoemission techniques to lie somewhere between 0.1 and 0.2 µ9 (44]. 

Previous theoretical calculations [45] already predicted the observed ferromagnetic behavior. 

Tight-binding calculation yielded a magnetic moment of 1.2 µ9, while linear muffin-tin 

orbital (LMTO) calculations resulted in a somewhat smaller magnetic moment of 0.7 µ9. 

Both the tight-binding and the LMTO calculations resulted in non magnetic rhodium bilayers. 

Table5.8 Cohesive enem.k'. of Rh,111 ~ slabs for Q!!.timized Rh-Rh and (at Rh·Rh = 2.6901 Al. 

LOA Becke Becke+Perdew 

#la:ters a Rh-Rh (A} CE {kJ/mol} Rh·Rh {A} CE (kJ/moll Rh-Rh {Al CE (kJ/mol} 

1 u 2.595 -391 (-385) 2.749 -199 (-198) 2.671 -292 (·292) 

·2 u 2.633 -528 (-525) 2.800 -2n (-270) 2.709 -398 (-398) 

3 u 2.655 -565 (·563) 2.807 -298 (-287) 2.727 -428 (-426) 

4 u 2.675 -592 (-592) 2.874 -332 (-305) 2.774 ·451 (-450) 

4 2.666 -589 (-589) 2.817 ·317 (-304) 2.746 -451 (-449) 

5 2.674 -597 (·597) 2.821 -316 (·304) 2.746 -455 (-453) 

6 2.624 -608 (-605) 2.844 -320 (-307) 2.729 -459 (-458) 

... u 2.690 -639 !-638) 2.844 -344 !·321l 2.768 -490 (·483l 

a u = spin-unrestricted calculation, r = spin-restricted calculation. 

We investigated two-dimensional Rh(l 11) layers or slabs and the three-dimensional 

Rh(ll l) crystal by using the ADP-BAND program. This program does not include the 

corrections as we used them for the cluster calculations (relativistic and Stoll), which makes 

direct comparison between ADF and ADP-BAND difficult. In contrast to the cluster 

calculations, we now optimized the Rh-Rh distance. The results are shown in table 5.8. 

The magnetic moment for a one-layer slab depends on the Rh-Rh distance. At the LOA 

optimum it is 1.3 µ9, while it is 1.4 µ9 at both the LDA+Becke and LDA+Becke+Perdew 

level. From the Mulliken population analysis we found 4<}4.70 5s0.46 Sp0.04 for the majority 

spin and 4d3.46 5s0.33 Sp0.02 for the minority spin. The calculation magnetic moment goes 

rapidly to zero around the bulk Rh-Rh distance as the number of layers iqcreases. A two layer 

slab shows no significant magnetic moment for distances below 2.8 A. The Mulliken 

population analysis shows 4d4.08 5s0.36 Sp0.07 for each rhodium atom.1For a one-layer slab 

the difference between the spin restricted and unrestricted cohesive energy is small. When we 

increase the number of rhodium layers in the slab this difference seems tb become negligible. 

The three layer slab is the first that really represents the face-centered-cubic Rh(l 11) surface. 
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The calculated cohesive energy seems to have converged with respect to the number of 

rhodium layers in the slab. Although, if we perform a calculation for the three-dimensional 

Rh(l 11) surface a cohesive energy, a value that is still higher than the value found for our 

largest slab. The LDA level overestimates the cohesive energy by 15%, while CB is 

underestimated by 38% and 12%, respectively at the LDA+Becke and LDA+Becke+Perdew 

level compared to the bulk cohesive energy of 555 kJ/mol. This is much better than the values 

we found with the cluster calculations. 

Fig. 5.6 shows the density of states for a number of rhodium systems. The DOS of the 

largest one-layer cluster shows close resemblance to the one-layer slab calculation, while the 

three-layer slab result already comes quite close to the three-dimensional calculation. From 

fig. 5.6 we notice some exchange splitting for both the one-layer cluster and slab. 

0 
l 0 

! 
·········t····-r··r·· .. -· .. ·r········ 1·········--r·· 

·6 ·5 ·4 ·3 ·2 ·1 EF 2 ·6 ·5 ·4 ·3 ·2 ·1 EF 2 

Energy (eV) Energy (eV) 

Fig. 5.6 Density of states for different rhodium (111) models Majority (i) and minority (J) spin. 

(a) largest 1-layer cluster (- - · · -) and periodic 1-layer calculation (--). and (b) 3-/ayer periodic 

calculation (- - - ) and 3D periodic calculation (--). 

5.4 CONCLUSIONS 

Using DF theory in the LDA we calculated various properties for a number of bare 

rhodium clusters. Almost all clusters are found to have non zero magnetic moments. These 

magnetic moments are most likely a result of the reduced dimensionality and the enhanced 

electronic degeneracy due to the symmetry of the cluster. Although we used clusters of as 

large as 43 atoms, properties like cohesive energy and ionization potential seem not to have 

converged with respect to cluster size. Larger clusters become computationally too 

demanding to perform calculations within a reasonable time. Cluster of more than thirteen 

rhodium atoms will at this moment be probably too large for chemisorption studies. 
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Slab calculations seem to be much more promising than clusters. Convergence to bare 

transition metal bulk properties seems to be possible at a.reasonable c<'imputational cost. For 

rhodium, the Rh-Rh distance is already predicted well at the LOA level. However, including 

non-local corrections is essential in order to obtain the cohesive energy to fair accuracy. This 

result encourages the use of slabs in the study of the interaction of adsorbates with surfaces, 

although for chemisorption studies the computational demands will grow rapidly. 
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6 A density functional study of 
the Rhodium-CO interaction. 

ABSTRACT 

The interaction of carbon monoxide with small rhodium clusters is analyzed 

by means of density functional calculations. Chemisorption of carbon 

monoxide on the onefold, twofold, threefold and fourfold position has been 

studied and compared for the various sites. Adsorption energies, optimized 

geometries and Rh-C stretch frequencies are reported. It is shown that 
interactions of both o and 1t type contribute to the rhodium-CO bond 

formation. In general four-metal-atom clusters define the minimum size for a 

reasonable qualitative description of the interactions involved in the CO-metal 

surface bond. However, larger clusters are necessary to reproduce 

experimental findings on surfaces. We found that the ten-metal-atom cluster 

gives an acceptable description. With the use of Becke's gradient correction to 

the exchange we even were able to reproduce the correct, onefold, site 

preference. Previously we developed a potential energy surface (PES) from 

density functional calculations for the interaction of a carbon monoxide 

molecule with one single rhodium atom. We here present a comparison 

between predictions based on this PES and actual calculations on the 

interaction of a carbon monoxide molecule with small rhodium clusters. It is 

found that the PES has a too strong preference for the higher coordination 

sites 
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6.1 INTRODUCTION 

The interaction of carbon monoxide (CO) with a transition metal (TM) surface is of great 

catalytic interest. An example where this interaction plays a crucial role. is the industrial 

production of hydrocarbons from synthesis gas, the Fischer-Tropsch synthesis [1, 2]. Another 

example, and nowadays perhaps the best known, is in automobile exhaust catalysis [3, 4]. 

Assuming that the interaction between CO and the surface is mainly of a local nature, 

chemisorption has been studied for different TM clusters by various methods. It has been 

possible to gain considerable understanding at a qualitative level about the features that 

determine chemisorption. The bonding of a CO molecule to a TM surface, although still not 

fully understand, is generally described by the model suggested by Blyholder in 1964 [5]. In 

this model the bonding is the result of the donation of the CO 50' orbital to empty metal levels 

and the backdonation from the metal to the CO 21t"' orbital. The metal valence s, p and d 

electrons are involved in the bonding. 

We choose to concentrate on the interaction of CO with rhodium, because of its catalytic 

importance (for example hydrogenation and oxidation by NO). On rhodium, CO adsorbs 

molecularly at room temperature, but dissociative adsorption occurs at reaction temperatures. 

Because of this rhodium is a catalyst for the synthesis of hydrocarbons as well as oxygenated 

compounds. Particular promoters enhance the selectivity to oxygenated compounds [6]. 

Experimental studies gave us much insight in the influence of the rhodium particle size, 

surface structure and surface composition on the reactivity. On the other hand, theoretical 

investigations prove sometimes to be much more difficult. The incomplete d shell of rhodium, 

which causes interesting catalytic properties, often leads to great number of low lying states 

and associated structures. When self-consistent field (SCF) techniques are applied this can 

result in problems with convergence. A related problem is the difficulty of finding the right 

electronic configuration amongst the many plausible ones. In some ·cases an incorrect 

electronic configuration after adsorption yields repulsion, whereas the proper electron 

configuration produces a strong bonding [7, 8]. The difficulty of finding the right electronic 

configuration seems also closely related to the problem of the oscillatory behavior of . 

adsorption energies calculated for various clusters. 

From a theoretical point of view, among the quantum chemical methods, the density 

functional theory (OFT) enables us to consider a wide range of systems at the same level of 

approximation. Therefore it gives a good opportunity to model chemisorption on TM clusters. 

In general it is possible to obtain molecular properties that compare well with the measured 

properties. It can be used to analyze separate interactions in detail. However when one is 
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interested in quantitative correct adsorption energies the cluster model generally used to 

represent the metal surface shows its limitations. The results will depend largely on cluster 

size and shape. The convergence as function of cluster size is. usually slow. Considerable 

effort has been devoted to finding solutions to this problem. One method involves "preparing" 

the cluster for bonding by specific excitations [9]. Another method applies fractional 

occupation numbers around the Fermi level (Ep) to suppress the finite size effects of discrete 

level spacing in clusters (10]. Recently a scheme was developed that preaks the process of 

chemisorption down into a number of steps. [11, 12]. One of the steps is the removal of an 

electron from the cluster. The oscillatory behavior of this energy term is then suppressed by 

replacing it by the experimental work function of the extended substrate. In spite of these 

efforts, the problem seems not completely satisfactory solved. 

Another problem with cluster models is that they sometimes predkt a strong preference 

for the wrong (higher coordination) adsorption site. Carbon monoxide for example is known 

to bind preferably onefold on rhodium surfaces (13]. Ab initio calculations on Rh0-CO 

however tend to show a preference for the higher coordination. Finite 'cluster effects, rather 

than the method used, seem to be the primary source of the strong overbinding for higher 

coordination sites. Slab calculations, with good convergence for the ~hemisorption energy 

with the number of substrate layers and with the adsorbate-adsorbate distance, can yield the 

correct coordination site (14]. However, due to the enormous computational effort as well as 

disk storage requirements this kind of calculations is not (yet) easily performed. 

6.2 COMPUTATIONAL DETAILS 

We used the Amsterdam density-functional (ADF) program package developed in the 

group of Baerends [15]. All calculations we report are local spin density (LSD) 

approximation calculations using the parametrization of Vosko-Wilk-N]usair (VWN) [ 16] for 

the exchange-correlation potential. The Stoll correction [ 17] to use only correlation between 

electrons of different spin has been added to the VWN potential. For energy calculations we 

used relativistic corrections [18] and Becke's gradient or non-local (NL)' correction (19]. 

For carbon and oxygen the ls core, and for rhodium the electrons up to and including the 

4p core are kept frozen. Single-~ functions are used for core orthogontlization. The valence 

functions are of double-~ quality with a triple-~ d for rhodium. For all atoms polarization 

functions have been added. The exponents of the STO basis sets can be found elsewhere [20]. 

In most of our calculations we fixed the Rh-Rh and C-0 distance to 2.6901 A (bulk) [21] and 

1.128 A (free gas geometry) (22] respectively. The Rh-C distance was always optimized. 
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ADF represents the molecular orbitals as linear combinations of atomic Slater type 

orbitals (STO's). The integrals are computed numerically (23). The adsorption energy AEac1s 

is calculated with the Ziegler transition state method [24], and defined as the energy 

difference between the fragments A and B and the overall molecule AB: 

AEads = E(AB) - E(A)-E(B). (6.1) 

It can be separated into contributions that derive from electrostatic interactions and exchange 

repulsion, this results in a steric repulsion, and a part that derives from orbital interaction. 

AEads = AEsteric + AEi.nt· (6.2) 

Here AEsteric is the energy change due to superposition of the fragments A and B without 

changing their molecular orbitals, and AEint the energy change upon the formation of the 

molecular orbitals of A-B. We will use this decomposition to analyze the interaction of 

carbon monoxide with rhodium in more depth, together with the overlap population density 

of states (OPDOS) (25] or crystal orbital overlap population (COOP) (26). 

6.3 RESULTS AND DISCUSSION 

6.3.1 CO chemisorptlon on a rhodium atom 

We reported before (18] that the ground state of Rh-CO is 2L,+ for small, and 4A' for 

larger Rh-C distances. Corresponding respectively to the 4d9, and 4d8 5sl configuration of 

rhodium. The latter is the ground state of rhodium and CO separated at infinity. The 4 A' state 

is a bent structure. In contrast to some of the earlier calculations [27, 28, 29, 30] we find the 

quartet states bonding. Calculated properties for four different states of CO chemisorption on 

a single rhodium atom are summarized in table 6.1. We see that as the charge on CO 

decreases as the adsorption decreases and the distance between Rh and CO increases. This 

increased distance lowers the steric repulsion, but on the same time the interaction energy. 

Tab/e6.1 Geomet[Y_ e,arameters, enelJJ/es and atomic chalJJ.eS for Rh·CO 

state Rh·C 0 !i.Esteric ti.Eint ti.Eads q (Rh) q (C) q (0) q(CO) 

{Al {deg.} {kJ/mol) {kJ/mol} {kJ/mol} 

2!,+ 1.85 0 604 ·809 ·205 0.21 0.26 -0.47 -0.21 

2ti. 1.88 0 554 -753 ·199 0.20 0.25 -0.45 ·0.20 

4A' 2.18 30 246 ·310 ·63 0.18 0.25 -0.43 -0.18 

4ti. 2.23 0 215 ·240 ·25 0.09 0.33 -0.42 -0.09 
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Table 6.2 shows, in arbitrary units, the calculated overlap population density of states 

(OPDOS) for Rh-CO. A positive sign implies a bonding interaction, and a negative sign 

implies an anti-bonding interaction. We see that the interaction of Rh(4d) with the C0(50') 

and C0(21t*) is always attractive. The Rh(5s) orbital is responsible for a bonding interaction 

with C0(50') for the doublet states, but anti-bonding for the quartet states. The bent structure 

is the only geometry with an interaction between Rh(5s) and C0(21t*). This interaction 

significantly increases the bonding between the rhodium atom and the CO molecule. The 

Rh(5p) orbital shows an opposite behavior as the Rh(5s), slightly anti-bonding for the doublet 

states and slightly bonding for the quartet states. 

Table6.2 OPDOS (in arbitra7 units) for four electronic configurations of Rh-CO. 
' 

state Rh-C (A) 0 (deg.) 4d-50' 4d-21t· 5S-50' 5S-21t• 5p-50' 5p-21t* total 

2:r,+ 1.85 0 0.10 0.20 0.10 -0.02 0.00 0.37 
2A 1.88 0 0.06 0.18 0.15 -0.01 0.00 0.38 
4A• 2.18 30 0.03 0.08 -0.03 0.05 0.07 0.00 0.20 
4A 2.23 0 0.03 0.09 -0.05 0.09 O.Di 0.16 

6.3.2 CO chemisorption on small rhodium clusters 

The results for carbon monoxide chemisorption on small (two, three and four atoms) 

rhodium model clusters are collected in tables 6.3 (energies) and 6.4 (OPDOS analysis). 

Measurements for the desorption energy of carbon monoxide from an onefold site yielded a 

bonding energy of about -120 kJ/mol for the (100) and -130 kJ/mol for the (111) surface [31]. 

Similar adsorption energies are expected for other surface sites. Our ,:alculations give in 

general somewhat weaker adsorption energies. The only model for the ( 111) surface we 

studied, tetrahedral Rl4, underestimates the adsorption energy for the onefold position by 

almost 100 kJ/mol. Partially, this seems to be due to fixing the C-0 distance, as shown later. 

Comparison between the overlap population density of states (OPDOS) of different 

adsorption sites of each cluster is especially useful for the same rhodium-carbon distances. 

Table 6.4 was computed for a Rh-C distance of 2 A. This table also shows the transition 

energy (~T. in kJ/mol) in going from the most stable adsorption site to ihe other adsorption 

site, without the inclusion of Becke's gradient correction to the exchange. Becke's correction 

is added after SCF to the calculated energy, and has no influence on the calculated OPDOS. 
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Table6.3 Geome~ configuration. energies. and Rh-C stretch frequency for Rhn·CO (n=2,3,4). 

Cluster Site Rh·C configuration &Esteric &Eint &Eads me 
{Al (kJ/mol} (kJ/mol} {kJ/mol} {cm·1l 

Rh2[D11n]·CO onefold 1.951 a101tl Js7 308 .357 -50 310 

twofold 2.028 al2a~blb~ 861 -1031 -169 390 

Rh3[D3h]·CO onefold 1.981 a}7a~brb~ 272 ·310 ·38 350 

twofold 1.982 a}6a~blb~ 838 ·955 -117 370 

threefold 2.124 aPa~e22 922 ·1019 ·98 360 

Rh4[Td]·CO onefold 2.106 a}6a~e28 178 ·222 -33 220 

twofold 1.984 alsa~blob~2 836 -917 -81 380 

threefold 2.101 a}4a~e29 908 -947 ·38 350 

Rh4[D4til·CO onefold 1.955 af0a~b?b~1 275 -376 ·101 300 

twofold 2.084 a}9a~bl0b~1 553 ·592 ·40 400 

fouriold 2.303 at2a~btb~e24 752 -769 ·17 270 

From table 6.3 we see that CO prefers the twofold position, followed by the threefold 

position. The onefold position is usually the most unfavorable, except for the square Rh4. · 

Although the higher adsorption sites have a much larger steric repulsion, this is more than 

compensated by an increased orbital interaction. The preference for higher coordination that 

the small rhodium clusters show is mainly due to a strong attractive interaction with the 

C0(21t•) orbital. The interaction between rhodium and the C0(5a) also increases for higher 

coordinations. For larger clusters the delocalisation of the corresponding group-orbitals will 

become more important, resulting in a preference for the onefold adsorption. Analyzing the 

contribution of the different rhodium orbitals to the bonding with CO, we see that the bonding 

between Rh{ 4d) and CO increases going from onefold to higher coordination, while the 

bonding of CO with Rh( 5s) and Rh{ Sp) almost remains constant. 

Previously we developed a PES for the interaction of CO with a single rhodium atom [18], 

representing the potential as a spherical expansion using various types of functions. The best 

results we obtained with Morse functions. With this analytical PES it is possible, in crude 

approximation, to calculate the adsorption energy of CO on n rhodium atoms by 
n 

AEads(Rhn -CO)= I V(Rj,0j) (6.3) 
i=I 

Here R is the distance between Rh and the CO center-of-mass (COcoM), and 0 is the angle 

between Rh-COcoM and C-0. We will compare the PES predictions with actual calculations. 
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Table6.4 OPDOS (in arbitrary units} for Rhn-CO The rhodium-carbon <;llstance is flxt;d at 2 A. 
L1 Tis the ene!Jll!. difference (fn kJ!moll with reseect to the most stable site without Becke correction. 

Cluster Site 4d-50' 4d-21t. 5s-50' 5S-21t• 5p-50' 5p-21t* total AT 

Rh2[D1inJ-CO onefold 0.06 0.14 0.10 -0.04 0.01 0.27 198 

twofold 0.12 0.21 0.11 0.03 -0.02 -0.01 0.43 0 

Rh3[D3h]-CO onefold 0.06 0.14 0.11 -0.07 O.D1 0.25 169 

twofold 0.15 0.22 0.10 0.02 -0.04 -0.02 0.43 19 

threefold 0.17 0.25 0.05 0.06 -0.04 -0.03 0.46 0 

Rh4[Td]-CO onefold 0.03 0.12 0.17 -0.08 0.00 0.24 132 

twofold 0.15 0.22 0.11 0.03 -0.03 -O.Q1 , 0.48 4 

threefold 0.18 0.25 0.08 0.07 -0.03 -0.04 0.51 0 

Rh4[04h]-CO onefold 0.05 0.14 0.13 -0.06 0.00 0.26 4 

twofold 0.11 0.20 0.10 0.02 -0.04 -0.01 i 0.37 0 

fourfold 0.20 0.29 0.05 0.04 -0.07 -0.07 0.43 55 

• Rh2-CO. One of the first ab initio calculations on Rh2-CO, an unrestricted Hartree-Fock 

study without correlation effects of Mains and White [32] showed that the twofold site is 

favored over the onefold site by 89 k:J/mol. For their not fully optimiz~d twofold geometry 

(Rh-C=l.9 A, Rh-Rh=2.69 A, and C-0=1.l A), Mains and White reportan adsorption energy 

of -55 k:J/mol. Later Estiu and Zerner studied Rh2-CO by means of intermediate neglect of 

differential overlap (INDO) calculations [33]. This study revealed a triplet as the most stable 

state with an adsorption energy of -60 k:J/mol for their onefold structure show in fig. 6.l(a), 

and -244 kJ/mol for their twofold structure, shown in fig. 6.2(b). The Mulliken populations of 

the rhodium atom(s) to which CO is bonded are 4d8.26 5s0.51 5p0.33 and 4d8.31 5s0.34 5p0.29. 

(b) 1.128 A (d) (e) 

~sA 11~ 10A 2.028 

2.690 A 2.690 

Fig. 6.1 Geometries of CO adsorption on Rh2. INDO {33] results (a} onefold, and (b} twofold, 

and DFT re$Ults [this work] (c} onefold, (d) twofold, and (e) onefold. 
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We kept the Rh2 cluster and CO adsorbate fixed, and optimized the Rh-C distance for 

both the onefold, fig. 6. l(c), and twofold site, fig. 6. l(d). The results are collected in table 6.3. 

The ground state of both geometries was a triplet. Our Rh-C distance is somewhat longer (for 

fixed C-0=1.128A) than was found in both previous Rh2-CO studies [32, 33). The adsorption 

energies are comparable to those found by Estiu and Zemer [33). The configuration of the 

rhodium atom(s) to which CO is bonded is 4d8.06 5s0.81 5p·.Ol and 4d8.26 5s0.56 5po.oo. Both 

coordinations involve O' and 1t type interactions. The a interactions consist of charge transfer 

from C0(5cr) to empty rhodium orbitals along with a repulsive interaction between the 

C0(5cr) lone pair and adjacent metal orbitals. The 1t interactions consist of back bonding from 

the metal orbitals to empty C0(21t*). The onefold structure of fig. 6.l(e) shows, with Rh-C 

fixed at 1.951 A, a much stronger interaction between Rh2 and CO: -141 kJ/mol. The steric 

repulsion increased to 450 kJ/mol, but the orbital interaction -590 kJ/mol. 

The adsorption energies according eq. (6.3) are -149 kJ/mol (fig. 6.lc), -208 kJ/mol 

(fig. 6.ld), and -154 kJ/mol (fig. 6.le). Comparing these PES results for Rh2-CO with actual 

calculations show that, although ,the site preference is correct, the actual adsorption energies 

are much lower than the PES predictions. This can not only be explained by the fact that the 

rhodium atom who is the furthest away from CO is somewhat shielded by the other atom, 

since the latter atom contributes 99% to the total PES adsorption energy. The PES is also less 

sensitive to the direction CO interacts with the rhodium dimmer (compare the results for the 

two onefold geometries). Not only is the agreement between PES and calculated adsorption 

energy rather poor, also the PES prediction for equilibrium distance and Rh-CO frequency. 

The PES predicts 1.888 A, 1.980 A, and 1.888 A as optimal Rh-C distance, respectively. The 

adsorption energies that belong to these structures are -151 kJ/mol, -210 kJ/mol, and 

-156 kJ/mol. The Rh-C stretch frequency (roe) 387 cm-1, 341 cm·l, and 406 cm-I. 

• RhJ-CO. The Rh3 and CO have been kept fixed, and we optimized the Rh-C distance for 

the onefold, twofold and threefold site. There exists, as far as we know, no other theoretical 

study for these systems. Of the three examined geometries, the twofold geometry is the most 

stable. The threefold site has a similar adsorption energy. Both are quartet states, while the 

onefold geometry is a doublet. The charge of CO is -0.22, -0.45, and -0.39. The total 

electronic population of CO thus increases from onefold to higher sites. The configuration of 

the atom to which CO is bonded shows an increase in the population of the d orbital and a 

decrease in the population of the s orbital (4d8.04 5s0.77 5po.01, 4ds.22 5s0.59 5po.oo, and 

4d8.28 5s0.55 5p0.04). This is in accordance with the results in table 6.4, the interaction of 

Rh(4d) with both C0(5cr) and C0(2tt"') increases while the interaction between Rh(5s) and 

C0(5cr) decreases. The interaction between Rh(5s) and C0(2tt"'), which is not present for the 

onefold CO adsorption, increases somewhat. 
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Fig. 6.2 Geometries of CO adsorption on Rh:;[D3tJ. (a) onefold, (b) twofold, and (c) threefold. 

·The PES predictions according eq. (6.3) for the three geometries shown in fig. 6.2 are 

-148 kJ/mol, -215 kJ/mol, and -258 kJ/mol, respectively. Geometry optimization with the 

PES yields the following Rh-C distances: l.886 A (-153 kJ/mol), 1.975 A (-215 kJ/mol), and 

2.026 A (-268 kJ/mol). The predicted energies are again too high, and the strong preference 

for the threefold site does not agree with the actual calculations. Fqr the Rh-CO stretch 

frequencies we obtained 372 cm·l, 338 cm·l, and 336 cm·l, respectively. 

• Rhif"CO. We explored a regular tetrahedral arrangement of Rh,i with the carbon 

monoxide adsorbed in the onefold, twofold, and threefold position, as shown in fig. 6.3. Both 

Rh,i and CO have been kept fixed, and we optimized the Rh-C distance for all three sites. 

Again carbon monoxide prefers the twofold site, but now the threefold coordination of CO is 

not of similar stability as we found for Rh3-CO. On the onefold and threefold position CO 

adsorbs weakly. The charge of CO is -0.17, -0.47, and -0.46. The total electronic population 

of CO increase from onefold to higher sites. The configuration of the atom to which CO is 

bonded shows an increase in population of the d orbital and a decrease in the population of 

the s orbital: 4d8.09 5s0.79 5p0.06, 4d8.20 ss0.57 sp0.05, and 4d8.24 5s0.54 5p0.06, respectively. 

This is in accordance with the results in table 6.4, the interaction of Rh(4d) with both C0(5a) 

and C0(21t*) increases while the interaction between Rh(5s) and C0(5a) decreases. The 

interaction between Rh(5s) and C0(21t*), which is not present for the onefold CO adsorption, 

increases somewhat for the higher coordination sites. 

Fig. 6.3 Geometries of CO adsorption on Rh4[T d]. (a) onefold on C3-axls, (b) onefold tilted 29° 

from C:;-axis to twofold, (c) onefold tilted 27° from C3-axls to threefold, (d) twofold, and (e) threefold. 
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This system, a model of the (l 11) surface, has been studied before by others (34, 35]. 

Goursot et al. found, using the (LCGTO) density functional formalism, that CO tilts away 

from the C3-axis and becomes roughly perpendicular to the threefold site. We a1so noticed 

that CO tilts towards the twofold or threefold site. Both geometries lower the adsorption 

energy slightly from -33 kJ/mol to -35 kJ/mol. The atomic configuration of rhodium changes 

to 4d8.ll 5s0.77 5p0.05. To allow a better comparison with the previous results we also 

optimized the C-0 distance. The results of this optimization, together with the previous 

calculations, are shown in table 6.5. 

TableS.5 Structural parameters and adsorption energies for Rh4[T df·CO The Rh·Rh distance is 

2.690 A for DFILCGTO (!ef. '34ll, 2.273 A for INDO (ref. £35fh and 2.690 A. for DFILCSTO (this work/. 
Rh4-CO Rh·C {A} C-0 (Al ~Ead§ ~kJ/mol) 

method OF INOO OF OF INDO OF OF INDO OF 

LCGTO LCSTO LCGTO LCSTO LCGTO LCSTO 

onefold8 1.952 2.106 1.186 1.159 -96 -48 

onefoldb 2.106 1.164 ·38 

onefoldc 1.826 2.106 1.164 1.164 -223 -37 

twofold 1.875 1.919 1.984 1.200 1.195 1.205 ·228 ·138 ·130 

threefold 1.976 1.944 2.101 1.214 1.210 1.215 ·207 ·100 ·99 

aco on C3 axis; bco tilted from C3 axis to twofold site; cco tilted from C3 axis to threefold site~ 

The configuration of the atom to which CO is bonded shows an increase in the population 

of the d orbital and a decrease in the population of the s orbital: 4d8.09 5s0.75 5p0.04, 

4d8.IO 5s0.76 5p0.04, 4d8. Io 5s0.76 5p0.04, 4d8. l 8 5s0~5 5p0.03, and 4d8.24 5s0.52 5p0.05. 

Compared to the atomic rhodium configurations for the fixed C-0 distance we see that both 

the d and s populations decrease. The charge on CO on the other hand increases. 

This study, together with the two previous (34, 35], shows a preference for the twofold 

adsorption position (table 6.5). Our computed adsorption energies are close to the INDO 

results. In the latter, also the Rh-Rh distance was optimized, without symmetry constraint. 

This greatly increases the calculated adsorption energy for the twofold and threefold sites to 

respectively -215 kJ/mol and -274 kJ/mol (35). For the twofold geometry the two atoms to 

which carbon monoxide bonds move away from each other, while the other two atoms move 

somewhat towards each other. For the threefold geometry the same happens, the three atoms 

to which CO bonds move away from each other, while the other atom moves towards those 

three atoms. The other available DF results (34] seem to overestimate the adsorption energy. 
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All three studies show that the C-0 distance relaxes. The lengthening of C-0, when moving 

from onefold to twofold to threefold sites, can be related to the increased metal-211:* 

backdonation. This weakens the C-0 bond. Our optimized C-0 distances are close the others, 

our Rh-C distance on the other hand seems to be somewhat larger. Because of geometric 

reasons, it is expected that the metal-adsorbate bond distance increases with the number of 

bonded metal atoms. This is indeed true for all clusters we examined, except for the 

tetrahedral Rh4 cluster. The related stretching frequencies should decrease. 

Table6.6 Structural parameters and adsorption enei;a_ies for Rh4/T d}-CO. 

Rh4-CO Rh·C C-0 ~Esteric llEint llEads roe(C·O} Intensity q(CO} 

{Al {A) {kJ/mol} {kJ/moll {kJ/mol} (cm-1) {kJ/mol) 

onefolda 2.106 1.159 181 ·229 ·48 1938 1399 -0.22 

onefoldb 2.106 1.165 187 -224 ·38 1891 1292 -0.22 

onefoldc 2.106 1.164 186 -223 -37 1894 1337 -0.21 

twofold 1.984 1.205 846 -976 -130 1694 544 -0.58 

threefold 2.101 1.215 918 -1017 -99 1672 392 -0.58 

aco on C3-axis: bco tilted from C3-axis to twofold site; cco tilted from C3-axis to threefold site. 

In the method we employ, the SCF procedure is executed with the local density 

approximation (LDA) and the non-local part is only used to correct the' energies afterwards. 

The incorporation of gradient corrections during the SCF procedure significantly increases 

the computing effort, while SCF effects are often small, and hardly show up in the computed 

energies. However, in geometry optimizations the differences can be significant. When the 

energy gradients are computed from the LDA energy expressions th~ resulting optimized 

geometry is the LOA minimum. Our geometries are optimized, by hand, beyond the LDA 

level. The geometry optimizations by Goursot et al. seem to be performed at the LDA level, 

which might explain the differences between our and their optimizep structures. For all 

adsorption sites of CO on tetrahedral Rh4, we also calculated roe(C-0) (s~ table 6.6). 

Predictions according to eq. (6.3) for tetrahedral Rh4 results in: -135 kJ/mol (onefold), 

-223 kJ/mol (twofold), and -269 kJ/mol (threefold). Geometry optimization yielded 1.88;1 A 
(-156 kJ/mol), 1.968 A (-223 kJ/mol), and 2.019 A (-276 kJ/mol), respectively. The predicted 

energies are too high, and the predicted preference for the threefold site' does not agree with 

the actual calculations. The Rh-CO frequencies found are: 376 cm-I, 338 cm·•, and 332 cm·•. 

The bend structures are less favorable than when CO is on the C3-axis, 17 kJ/mol when CO is 

tilted from the C3-axis towards the twofold site, and 15 kJ/mol towards tlireefold site. 
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• Rh,,..CO. The other Rh4 cluster we studied is a flat, square, geometry with the carbon 

monoxide adsorbed in the onefold, twofold, and fourfold position, as shown in fig. 6.4. There 

exists, at least as far as we know, no other theoretical study for this system. The onefold and 

twofold geometries are septets, the fourfold geometry a quintet. The onefold site is preferred 

by CO, followed by the twofold. 

~c) 

Fig. 6.4 Geometries of CO adsorption on Rh4[D4h]. (a) onefold, (b) twofold, and (o) fourfold. 

The PES predictions according eq. (6.3) for the geometries shown in fig. 6.4 produces 

adsorption energies of: -152 kJ/mol, -206 kJ/mol, and -212 kJ/mol. Geometry optimization 

yields 1.885 A (-155 kJ/mol), 1.976 A (-215 kJ/mol), and 2.152 A (-232 kJ/mol). The 

predicted energies are too high, and the predicted preference for the fourfold site does not 

agree with the actual calculations. Rh-CO frequencies are: 376 cm-1, 332 cm-1, and 243 cm-1. 

6.3.3 CO chemisorption on medium rhodium clusters 

Results for CO chemisorption on a ten and thirteen atoms cluster are collected in table 6.7. 

Table6.7 Geomet~ configuration, energies, and Rh-C stretch frequencr., for Rhn-CO (n=10, 13l. 

Cluster Site Rh-C configuration AEsteric AEint AEads <.Oe 

'A} 'kJ/mol} {kJ/mol} {kJ/mol} {cm-1} 

Rh1o[T d]-CO onefold8 1.943 a[8a~e64 265 -351 -86 360 

onefoldb 1.958 al8aibj2b~2 330 -394 -65 355 

twofold 2.100 a'60 a"40 689 -692 -3 375 

threefold 2.152 ar6a10e64 820 -805 16 360 

Rh13[D3h]-CO onefold 1.947 8
,74 

8
,.53 394 -525 -132 403 

twofoldc 2.128 at
2
ai

3
bf

2
bi

0 626 -713 -87 313 

twofoldd 2.128 at2ai3bf 1bi1 611 -715 -104 338 

threefold 2.263 af•a~2e84 683 -746 -63 281 

Rh10/1-fold: on rhodium with a 3nn (fig. 6.5a) and b 6nn (fig. 6.5b). Rh13'2·fold: c tfg. 6.8b, d fig. 6.8c 
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• Rh10-CO. The Rh10 cluster geometry and that of the CO molecule have been kept fixed, 

and we optimized the Rh-C distance for the onefold, twofold and threefold site (see fig. 6.5). 

There exists, as far as we know, no other theoretical study for this system. The Rh 10 cluster is 

very interesting in that is possesses two different onefold adsorption .sites, one with three 

nearest neighbors (3nn), the other with six nearest neighbors (6nn) (36). 

Fig. 6.5 CO adsorption geometries on Rhuf"Td]. (a) onefold on Rh(3nn), (b) onefold on 

Rh(6nn), (c) twofold, and (d) threefold. 

The charge of CO is -0.27 (both onefold), -0.46 (twofold), and -0.38 (threefold). The total 

electronic population of CO thus increases from onefold to higher sites. The configuration of 

the atom to which CO is bonded shows a small decrease in the population of the d orbital and 

a decrease in the population of the s orbital: 4d8.08 5s0.97 5p·.16, 4d8.06 5s0.79 5p·.02, 

4d7.98 5s0.7l 5p0.16, and 4d7.99 5s0.70 Sp0.22. This is in accordance with OPDOS results, the 

interaction of Rh(4d) with both CO(Scr) and C0(21t*) increases while the interaction between 

Rh(Ss) and CO(Scr) decreases. The interaction between Rh(Ss) and C0(27t*), which is for 

symmetry reasons not present for the onefold CO adsorption, increases s~mewhat. 

CO prefers the onefold site, the onefold site with three nearest neighbors above the one 

with six nearest neighbors. CO adsorbs only very weak on the twofold site and not at all on 

the threefold site. Inclusion of non-local corrections is very important, williout them we found 

adsorption energies of -195 kJ/mol, -192 kJ/mol, -189 kJ/mol and -190 kJ/mol, respectively. 

We already saw that atoms with less nearest neighbors in the bare clust~r have an excess of 

electrons (36). Carbon monoxide seems to adsorb stronger to those atoms. Surface diffusion 

measurements have shown that the activation energy for diffusion increases as the size of the 

particle decreases. This was explained as a consequence of the larger concentration of 

electron deficient atomic centers in the small particles and the tighter binding of CO to those 

centers. This is in contrast to what we found for CO adsorption on Rh10. Fig. 6.6 shows the 

electron density difference p(Rh10-CO)- p(Rh10) - p(CO). For all four adsorption geometries 

there is an increase in the region between co and the rhodium atom(s) to which it adsorbs. 
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Contour plots of the electron density difference p(RhwCO) • p(Rh10) • p(CO) for 

(a) onefold on Rh(3nn), (b)onefold on Rh(6nn) (c) twofold and (d) threefold adsorption. Dashed lines 

show a decrease and solid lines an increase of the electron density, the dashed-dotted lines depict 

nodal surfaces. Contours correspond to 0, ±0.01, ±0.02, ±0.04, ±0.08, ±0.16, ±0.32, and ±0.64 e1A3. 

The OPDOS analysis for the interaction of the rhodium 4d orbitals of the tetrahedral Rh10 

cluster with CO is presented in fig. 6.7. To allow a better comparison, the Rh-C distance is 

2 A for all four geometries. From these figures we see that the LDOS of rhodium 4d group 

orbital is quite narrow for the onefold adsorption site with three nearest neighbors compared 

to the three other possible adsorption sites. The overlap population appears to be a more local 

property of the CO site. From table 6.4 we find around 0.26 for onefold and 0.43 for twofold 

adsorption. It thus should reflect more accurately the experimental site preference than the 

adsorption energy. However the twofold and threefold sites have a higher overlap population, 
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in contrast to the calculated adsorption energy as well as the experimental site preference. The 

total overlap population for the onefold adsorption on Rh(3nn) is 0.23, and on Rh(6nn) is 

0.20. This is in accordance with the relative stabilities of both onefold sites. 

i 
i 

-10 -a .e -4 -2 e. 2 4 -10 -8 ·6 ·4 ·2 ' EF 2 4 

Energy (eV) Energy (eV) 

-12 -10 -a -s .4 -2 e. 2 ·12 -10 -8 ·& .4 ·2 e. 2 

Energy (eV) Energy (eV), 

Fig. 6.7 The LDOS and OPDOS analysis for'Carbon monoxide adsorption on tetrahedral Rh10-

Shown here are (--) LDOS of Rh(4d), (- - -) LDOS of C0(5C1), (· • • • '·) LDOS of C0(2n:*), 

(-) OPDOS between Rh(4d) and C0(5C1), and(-···-) OPDOS between Rh(4d) and C0(2n:*). 

for (a) onefold on Rh(3nn), (b)onefold on Rh(Bnn) (c) twofold, and (d) threefold adsorption on Rh10-

• Rh13·CO. The Rh13 cluster geometry and that of the CO molecule have been kept fixed, 

and we optimized the Rh-C distance for the onefold, twofold and threefof,d site (see fig. 6.8). 

Carbon monoxide prefers the onefold site. CO adsorbs somewhat weaker on both twofold 

sites and on the threefold site. Again, inclusion of Becke's non-localicorrection is very 

important, without it we found adsorption energies of -215 kJ/mol, -210 kJ/mol, -222 kJ/mol 

and -197 kJ/mol, respectively. The Rh13 cluster is interesting in tha,t is possesses one 

complete saturated rhodium atom, and the electron-deficient nature of the surface atoms [36]. 

For this reason cr repulsive interactions become likely less important than for smaller clusters. 
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Our charge of CO is -0.34 (onefold), -0.30 (twofold), -0.35 (twofold) and -0.32 (threefold). 

The total electronic population of CO is thus approximately constant for all four geometries. 

Estiu and Zemer (34] found positive Mulliken charges for different one-, two- and threefold 

sites on a distorted Rh 13 icosahedron as well as for tetrahedral Rh4. The configuration of the 

rhodium atom to which CO is bonded shows an increase in the population of the d orbital and 

a decrease in the population of the s orbital: 4d8.08 5s0.82 5p-.05, 4d8. l 7 5s0.67 5p0.15, 

4d8.13 ss0.69 5p0.I I, and 4d8.ll ss0.67 sp0.12. 

Fig. 6.8 CO adsorption geometries on Rh13fD3tJ. (a) onefold, {b, c) twofold, and (d) threefold. 

The coordination numbers of the atoms constituting cluster models must be carefully 

taken into account. Estiu and Zemer [37] performed calculations for thirteen atom rhodium 

clusters, showing the importance for complete geometry optimizations of the bare cluster. 

Zonnevylle et al. [38] already mentioned the advantages of the thirteen atom cluster on which 

a variety of adsorption sites can be compared. It is a highly symmetric cluster, sufficiently 

large to exhibit metallic characteristics and reasonably low adsorbate-to-substrate ratios while 

it is still sufficiently small from a computational point of view. 

6.4 CONCLUSIONS 

The comparison between adsorption energies predicted by our PES and actual calculated 

values is rather p0or. Not only are the adsorption energies too high, also the site preference is 

not well reproduced. We were unable to improve the PES with our small cluster results. 

The rhodium-CO bonding is characterized by 1t donation from the metal and a donation 

from CO. The calculated chemisorption properties of carbon monoxide on relative small 

model rhodium clusters can reproduce the experimental trends. This study, together with 

previous calculations on CO adsorption on small rhodium clusters, demonstrates that CO 

adsorbs stronger on electron deficient centers. 
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A four-metal-atom cluster seems to define the minimum size for a good qualitative 

description of the interactions involved in the CO-metal bond. The, for geometric reasons 

expected, increased metal-CO bond distance is found. However, larger clusters are necessary. 

to reproduce experimental findings. Both our ten and thirteen atom clusters could reproduce 

the experimental onefold site preference with a reasonable adsorption energy. 
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7 Chemisorption theory of 
ammonia on copper 

ABSTRACT 

In this chapter we• present local-density-approximation calculations of 

ammonia adsorption on copper clusters of different sizes (six to eighteen 

atoms) modelling the (100) and (ll l) surface. Using for some of the 

copper atoms only one instead of eleven electrons explicitly in the 

calculation, did not always work satisfactorily. Comparison of 

adsorption energies for clusters of related geometry iqdicates a 

preference for onefold adsorption. This is due to the Pauli repulsion of 

the lone-pair orbital of ammonia with the copper 3d electrons, which is 

minimal for onefold adsorption, as well as an · interaction with 4s 

electrons, which is most attractive in the onefold geometry. 

• W. Biemolt, G.J.C.S. van de. Kerkhof, P.R. Davies, A.P.J. Jansen and R.A.. van Santen 

Chem. Phys. Lett. 188 (1992) 477. 
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7.1 INTRODUCTION 

The interaction of ammonia with copper surfaces is of considerable experimental as well 

as theoretical interest. From clean surfaces condensed ammonia desorbs ·molecularly at 

approximately 200 K, which assuming a pre-exponential factor of 1013 s-1 corresponds to a 

heat of adsorption of approximately 50-60 k:J/mol. In the presence of preadsorbed oxygen, 

however, ammonia remains at the surface to above 240 K. and there is some activation of the 

nitrogen-hydrogen bond [l]. At room temperature this interaction can lead to the rapid 

replacement of the oxygen by an adsorbed nitrogen-containing species. The study of the 

various copper clusters with ammonia presented here will serve as a reference to follow-up 

studies on ammonia dissociation in the presence and absence of an oxygen atom. 

The local-density approximation (LDA) has proven to be a very useful tool in the study of 

the chemical bond between an adsorbate and a metal surface [2]. The metal surface in these 

kind of studies is usually modelled by (small) clusters. One question to be answered is 

whether a procedure can be found to simulate chemisorption to surfaces by adsorption on 

clusters. This general question has also been addressed by several other authors [3]. We have 

decided to look for trends in adsorption energies by comparing adsorption on various clusters 

of related geometries. As far as trends are concerned, representing a surface by a well-chosen 

cluster appears to be a very reasonable approximation. Slab calculations, where the surface is 

represented by layers with a infinite number of atoms, would be a better approach when one 

is interested in quantitatively more accurate results [4]. 

Examining the Cu/NH3 system shows that chemical bonding is mainly controlled by the 

interaction of the doubly occupied lone-pair orbital of ammonia, directed away from the 

molecule, towards the copper surface. Because the energy of the lowest unoccupied molecular 

orbitals is high, their interaction with the metal surface is expected to be less by more than an 

order of magnitude. Earlier quantum-chemical studies [5] predicted that the interaction of the 

occupied copper d orbitals with the ammonia lone-pair orbital is onefold directing. The 

interaction with the lowest unoccupied ammonia orbitals, which have 1t symmetry, would 

prefer higher coordination sites, but is probably too weak. In the case of Ni(l l l)/CH3 it was 

found that the interaction of the partially occupied nickel s and p orbitals with the CH3 singly 

occupied valence orbital, which is capable of forming electron-pair bonds, prefers higher 

coordination sites [6-8]. We expect for ammonia a competition between the interaction with 

the copper d orbitals, favouring onefold adsorption, and with the copper s and p orbitals, 

favouring high-coordinated adsorption. In contrast to this expectation our calculations showed 

that the interaction with the s-valence electrons also favours the onefold position. 
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The method we used, enables us to separate the contributions to the adsorption energy into 

a repulsive part which derives from electrostatic interactions and exchange repulsion, 

resulting in a steric repulsion, and an attractive part that derives from orbital interaction [9]. 

We will analyze the changes in these two contributions for all the systems we studied. 

7.2 METHOD AND CLUSTER MODELS 

We performed non-relativistic, spin-restricted calculations usi~g the local-density 

approximation with the Vosko-Wilk-Nusair (VWN) local-spin density (LSD) potential [10] as 

implemented in the Amsterdam~density-functional (ADF) program suite by Baerends and 

coworkers [11]. In this set of programs the molecular orbitals are represented as linear 

combinations of atomic Slater type orbitals (STO). Integrals are computed numerically [12], 

and adsorption energies are computed with the Ziegler transition state m~thod [13]. 

For nitrogen the ls core is kept frozen, and for copper the electrons up to and including 

the 3p core are kept frozen. In the "mixed cluster approach" for some of the copper atoms the 

electrons up to and including the 3d core are kept frozen. Table 7.1 shows the exponents of 

the STO basis sets we used in our calculations. Single-~ functions are used for core 

orthogonalization. The valence functions are of double-~ quality with a ~pie-~ d for copper 

(when included as valence). For all the atoms polarization functions have been added. 

Table 7.1 Exe.onents ~ of the STO's for COeB,er1 nitrog_en and h'{.dr:!2Jl.en. 

~ee ~ ~e ~ ~ee ~· 

~ 18 24.45 core ~ 18 24.45 core 4p 2.00 valence 

28 8.35 core 28 8.35 core .N 18 I 6.38 core 

38 6.60 ~re 38 6.60 core 28 1.46 valence 

2p 11.71 core 2p 11.71 core 28 2.38 valence 

3p 4.53 core 3p 4:53 core 2p 1.12 valence 

3d 2.43 core 3d 1.28 valence 2p 2.58 valence 

48 1.00 valence 3d 3.10 valence 3d 2;00 valence 

4S 1.90 valence 3d 6.90 valence li 18 i 1~20 valence 

4p 1.00 valence 48 1.00 valence 18 0.76 valence 

4(2 1;90 valence 48 1.90 valence 2e 1.00 valence 
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Figs. 7 .1-7 .3 show allthe clusters and adsorption geometries we studied. The clusters are 

labelled according to the number of atoms in each layer. An asterisk (*) in this notation 

denotes that the· core for the copper atoms in that layer has been kept frozen until the 4s 

electrons (one valence electron). For the other copper atoms the core has been kept frozen up 

to and including the 3p electrons (eleven valence electrons). The copper-copper distance is set 

equal to the nearest-neighbour distance in the bulk: 2.556 A (14]. For ammonia, the free gas 

geometry is used: the N-H bond distance is 1.008 A and the H-N-H bond angle is 107.3° [14]. 

Cu(1, 4, 1) Cu(5, 4, 1) Cu(5, 4, 5) Cu(9, 4, 5) 

Fig. 7.1 Clusters models for the onefold ammonia adsorption on a Cu(tOO) surface. The 

clusters are labelled according to the number of atoms in each layer, so Cu(I, J, K) refers to I copper 

atoms in the first layer, Jin the second and Kin the third. Dari< atoms are •central copper atoms•. 

A full geometry optimization of the Cu(l)-NH3 system, when the N-H bond distance and 

the H-N-H bond angle are also optimized, lowers the adsorption energy by only 10 kJ/mol. 

This is about the same size as the error in the calculation due to numerical inaccuracies, and 

therefore the geometry optimization of the ammonia is ignored in this discussion. For each 

cluster the copper-nitrogen distance was optimized. At the optimum copper-nitrogen distance, 

we also included gradient or non-local corrections for the exchange [15] and correlation [16]. 

With these corrections, the calculated energies are in better agreement with the experimental 

value, but the differences between the various clusters essentially remain the same. 

Cu(7, 3) Cu(B, 3) Cu(12, 6) 

Fig. 7.2 Clusters models for the one- and threefold ammonia adsorption on a Cu(t 11) surface. 
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Cu(8, 6, 2) Cu(4, &) 
Fig. 7.3 Clusters models for the two- and fourfold ammonia adsorption on a Cu(100) surface. 

7.3 RESULTS AND DISCUSSION 

The results of the calculations made on the ammonia adsorption on all the copper clusters 

(figs. 7.1-7.3) are shown in tables 7.2-7.4. Here, the adsorption energy is defined as 

.:IBads = E(Cun·NH3) - E(Cun) - E(NH3). (7.la) 

This adsorption energy can be decomposed in two main contributions [9], 

.:IBads = .:IBsteric + .:IBint· (7.lb) 
where .:IBsteric is the energy change due to superposition of Cun and NH3 without changing 

their molecular orbitals. This can be considered the contribution due to. steric repulsion. The 

orbital interaction energy, .:IBint. is the energy change upon the subsequent formation of the 

molecular orbitals of Cun-NH3. The separate contributions are presented in the same tables. 

7.3.1 Mixed cluster approach 

The effect of keeping the core frozen up to and including the 3d electrons was studied for 

the Cu(5, 4, 1) cluster (see fig. 7.1). This approximation should result in a considerable 

reduction in the size of the calculations when the d valence electrons on all atoms next to 

those directly in contact with the adsorbate are frozen, in this case Cri(1+4*, 4'". 1*). Such 

kinds of calculations have given successful results earlier, especially for the adsorption of 
I 

hydrogen atoms to nickel clusters [17]. 

We compared Cu(5, 4, 1) clusters with a different number of copper atoms that were 

frozen, and in various arrangements. The results have been collected in table 7 .2. If we 

compare clusters that differ only in the second and third layer, wel find that the steric 

repulsion, orbital interaction, adsorption energy, and optimum copper-nitrogen distance 

change only a little. Also the stretch frequency (ro) changes less than 10~. 
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Table 7.2 The Influence of usinfJ. a copper 3d·frozen core in calculations on CuzrJ:.NH~: 

Cu-N distance fixed at 2.03 A Cu-N distance 0(2,!imlzed 

Cluster AEstaric AE1nt AEacts CPU Cu·N AEsteric AEint AEac1s co 

geomet!J: !kJlmol} {kJ/moll (kJ/mo~ time {Al ~/mol} (kJ/mol} ~/mol) {cm-1} 

Cu(5, 4, 1) 58 -135 ·77 =100% 2.13 30 ·109 ·BO 305 

Cu(5, 4, 1*) 63 ·136 ·73 91 % 2.14 33 ·108 ·76 281 

Cu(5, 4*, 1) 56 ·127 ·71 81 % 2.15 25 ·99 .74 287 

Cu(1+4*, 4, 1) 82 -120 ·38 85% 2.29 20 -70 ·50 168 

Cu(5,4 .. 1') 59 -128 -69 75% 2.15 27 .99 .73 284 

Cu(1+4*,4*, 1*) 82 -114 ·32 63% 2.33 14 ·62 -46 174 

Cu,5*14*1 q 251 ·113 137 60% not bonding / not oetimized 

The effect when first-layer atoms are kept frozen is, however, much larger, the calculated 

energies are very different, the optimum copper-nitrogen distance has changed significantly, 

and ID has now changed by more than 10%. Apparently, computed molecular orbitals of the 

copper clusters are different whether or not the d orbitals of the first-layer atoms are frozen. 

This affects the repulsion with ammonia due to the dz2-orbital of the central copper atom, the 

copper atom to which ammonia is directly bonded. 

Fig. 7.4 Contour plots of the electron density differences (a) p(Cu10NH3)·1Gp(Cu)-p(NH3) for 

Cu(5, 4, 1)·NH3 and (b) p(CugCu(NH3)·9p(Cu)-1p(Cu')-p(NH3) for Cu(5, 4, 1*)-NH3. Dashed lines 

show a decrease, solid lines an increase of the electron density and the dashed-dotted lines depict 

nodal surfaces. Subsequent contours correspond to 0, :t0.001, :t0.002, :t0.004, :t0.008, :t0.016, 

:t0.032, :t0.064, :t0.128, :t0.256 and :t0.512 e/ectrons1.A3. •x• is the projection of a Cu on the plane. 
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The results in table 7 .2 seem to imply that freezing of the d orbitals in the second and third 

layer is possible. The electron-density difference (fig. 7.4) for Cu(5, 4, 1) and Cu(5, 4, 1•) 

indicate however, that also a cluster with only one frozen copper atom in the third layer 

respond differently to NH3 adsorption. Because of this behaviour and the relative small 

reduction of the computational effort we decided not to use the "mixed cluster approach". 

7 .3.2 Onefold versus higher coordination 

Table 7.3 shows for the different adsorption configurations and clusters the calculated 

steric repulsion (AEsteric), total orbital interaction (AEint) and adsorption energy (AEads), and 

the total adsorption energy including non-local corrections (AEads/NL). Also the coordination 

number of ammonia, the number of nearest neighbours (nn) of the cen.tral copper atom, the 

optimized copper-nitrogen distance (Cu-N), and the vibrational frequency (co) are mentioned. 

For the calculation of the optimum copper-nitrogen distance and co the non-local correction is 

not included. Comparison is made between clusters simulating the (100) surface and {111) 

surface. Clusters studied vary between six and eighteen copper atoms (see figs. 7.1-7.3). 

Cluster sizes have been chosen such that on the clusters simulating the ( 100) and ( 111) 
I 

surfaces, the copper atoms involved in the bond with ammonia, have the same number of 

nearest-neighbour copper atoms as on the corresponding metal surface. 

Table 1.3 Surlace, number of nearest neighbours of the central copper atom (nn), geometry, 

energies and vibrational frequency (ro) for all Cun·NH3. The clusters are sketc~ed Jn figs. 7.1-7.3. 

Cluster Surface nn Cu·N AEsteric AE1nt AEacts AEactslNL (i) 

geomet!}'. (A} {kJ/mol} {kJ/mol} {kJ/mol} {kJ/mol} (cm·1l 

Atom Cu(1) 0 2.03 127 -212 -85 -40 335 

onefold Cu(1, 4, 1) (100) 4 1.94 75 -233 -157 -105 400 

onefold Cu(5, 4, 1) (100) 8 2.13 30 ·109 -79 ·25 305 

onefold Cu(5, 4, 5) (100) 8 2.13 20 ·111 -91 ·35 293 

onefold Cu(9, 4, 5) (100) 8 2.07 21 -132 -111 -48 344 

onefold Cu(7, 3) (111) 9 2.15 47 ·117 ·69 -12 272 

onefold Cu(8, 3) (111) 9 2.15 50 -119 -69 ·10 274 

twofold Cu(8, 6, 2) (100) 8 2.48 35 ·98 ·65 ·11 180 

threefold Cu(12, 6) (111) 9 2.85 20 -57 .37 4 133 

fourfold Cu{4, 5) (100) 5 2.03 96 -58 39 
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The steric repulsion decreases when a single copper atom acquires neighbours. This is due 

to a contraction of the electron density closer to the nuclei. The steric repulsion for the 

various clusters that simulate the (100) surface, i.e. Cu{l, 4, I), Cu(5, 4, 1), Cu(5, 4, 5), and 

Cu(9, 4, 5) (see fig. 7.1), does not seem to have converged. However, we may conclude that it 

is only a few kJ/mol. The clusters Cu(9, 4, 5) and Cu(S, 6, 2), both simulating the (100) 

surface, have about the same number of atoms in the first layer, and about the same total 

number of atoms. Thus they may be compared. It is interesting to note that the steric 

repulsion for twofold adsorption is larger than that of onefold adSe>rption, in accord with 

predictions of elementary quantum chemistry [18]. We find a significant increase in the 

copper-nitrogen distance when the coordination of ammonia on the (111) surface is increased 

from onefold to threefold; compare Cu(7, 3) and Cu(l2, 6). This is due to enhanced repulsion 

in the high-coordination site pushing the ammonia molecule away from the surface. Table 7.3 

also shows that the steric repulsion is less for the ( 100) surface than for the ( 111) surface. 

If we compare the orbital interaction for the clusters Cu(l, 4, l), Cu(5, 4, 1), Cu(5, 4, 5), 

and Cu(9, 4, 5), we see that there is much larger change when the number of nearest 

neighbours of the central copper atom than when the size of the cluster changes. This 

indicates that the formation of the bond with the ammonia is a local process. The decrease of 

the orbital interaction with the number of nearest cluster-atom neighbours relates to the 

increased localization energy [5]. The orbital interaction energy for the (100) surface 

decreases (in the absolute sense) when the coordination of ammonia is increased. This 

apparently unexpected behaviour can be understood, when one analyzes the electron-energy 

distribution in different coordination sites .. As we illustrate below this is most conveniently 

done using the concept of group orbitals [5, 19, 20]. We have shown previously for carbon 

monoxide adsorption that the reduction of the Pauli-repulsion forms a large part of the orbital 

interaction energy [21]. We find the same here. 

Fig. 7.4(a) shows that between the nitrogen atom and the central copper atom there is a 

decrease of electron density near the copper atom and an increase near the nitrogen atom. 

This latter feature can be traced back to the rehybridization of the lone-pair orbital of 

ammonia. A population analysis shows that this orbital gets more s character, and less p 

character. Note that this kind of behaviour is absent in fig. 7 .4(b ). 

Both the steric repulsion and the orbital interaction energy drive the ammonia molecule 

towards the onefold site; the adsorption energy is clearly largest for the onefold site. It also 

seems that ammonia prefers the (100) to the (111) surface. This is mainly due to the 

difference in steric repulsion. 
The calculated stretch frequency (co) of ammonia on the various copper clusters shows a 

decrease when moving from onefold to higher coordination. For onefold coordination co is 
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higher on the (100) surface clusters than on the (111) surface clusters. For the (100) surface, 

the calculated frequencies compare rather well with the experimental value of360 cm-1 [22]. 

We were unable to compare the calculated frequencies for the (111) surface with earlier 

calculations or measurements, but the results are comparable to those obtained from various 

other systems. 

A detailed analysis of the interaction of ammonia with Cu(9, 4, 5), Cu(8, 6, 2), Cu(7, 3 ), 

and Cu( 12, 6) is presented in figs. 7 .5-7 .8. These figures show the local density of states 

(LDOS) before and after chemisorption, and the overlap population density of states 

(OPDOS). For higher-coordination situations the ammonia a-orbital interaction with the local 

density of states of totally symmetric surface orbital fragments is shown. For example for the 

twofold coordination the s-atomic group orbital is 

'¥:(twofold)-~[<p1(s)+<p2(s)]; 
2+2S 

(7.2) 

<p1(s) and <pi(s) are the atomic orbitals involved, Sis their overlap. In threefold coordination, 

the corresponding group orbital becomes 

'¥8
8 (threefold)-~ [ '91 (s)+<p2 (s)+<p3 (s)] · 

3+6S 
(7.3) 

As long as the Cu-N distance does not change one expects the average LOOS of the NH3 a 

orbital to be lower in high coordination sites than lower coordination sites. Calculation of the 

orbital overlap with group orbitals 'P: shows that the interaction incre~se with = .JN, the 

number of neighbour atoms. As we will discuss below, the NH3 a-orbita,1 density should shift 

downward because it forms, at low energies, part of a bonding orbital fragment. This can 

indeed be noted in fig. 7 .5, which are t:omputed for the same Cu-N distance for both clusters. 

Cu(100)sul'fllce Cu(111)~ace 

~ ·2 

Energy(eV) 

(b) 

e, 

· Fig. 7.5 LDOS of the NH3 a-orbital after adsorption on (a) Cu(100) cluster models, and 

(b) Cu(111) cluster models. Zero energy corresponds to the Fermi level (EF)· 
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Differences in the copper-nitrogen equilibrium distance dominate the LOOS features 

presented in fig. 7.S(a). Fig. 7.6(a) demonstrates the computed dependence of the position of 
the two lowest of the er LDOS peaks (Pl and P2) as shown in fig. 7 .5(a) as a function of 

copper-nitrogen. In figs. 7.5(a) and 7.S(b) the ammonia er LOOS are compared in low and 

high coordination on clusters simulating the ( 100) and ( 111) surface respectively of an 

ammonia adsorbed in its equilibrium position. As follows from fig. 7.6(a), the larger 

equilibrium distance (Ro) for the higher-coordination sites dramatically affects the computed 
LOOS. The upwards shift of ammonia er LOOS in threefold coordination derives from the 

small orbital overlap at the large equilibrium distance found. Therefore experimental 
infonnation about the ammonia er position with respect to the Fermi level should enable one 

to confirm the predicted preferential ammonia adsorption in the onefold position. 

Fig. 7.6 

2.2 2.4 2.6 2.6 
Cu-N diS1ance (A) 

Cu(111) aurt-

(b) 

n 

I Cu(7. 
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(a) Position of P1 and P2 as a function of Cu-N and (b} LDOS of the NH3 <1-oroital 

after adsorption on Cu(111) clusters. Ro Is the equilibrium distance. Zero energy corresponds to EF 

Similarly as in usual chemical bonding, the bond strength of surface-adsorbate bonds 

should be related to the population of bonding and anti-bonding orbital fragments between 

adsorbate and surface [18, 20, 23, 24]. Computation of the OPDOS enables us to analyze this. 

Results of such an analysis are presented in fig. 7.7. A positive sign implies a bonding 

interaction, and a negative sign implies an anti-bonding interaction. The calculations in these 

figures refer to NH3 adsorbed in a one- and twofold coordination site at the same Cu-N 

distance. Only for such a case is comparison useful. A breakdown of the interaction with 

valence copper 4s, as well as 3d and 4p orbitals, is given. In table 7.4, the calculated total 

orbital populations are presented. The interaction with the s and p orbitals appears to be 

bonding but that with the d orbitals anti-bonding. This shows that the Pauli repulsion derives 
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from the interaction with the occupied copper 3d atomic orbitals. This repulsion is larger in 

the high-coordination site than in the low-coordination site. as was also found in table 7 .3. 
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LDOS of NH3 a and copper orbitals, and OPDOS between both after NH3 adsorption 

on Cu(100) clusters Cu(9, 4, 5), and Cu(B, 6, 2). Respectively for onefold and twofold NH3 adsorption. 

Central copper orbitals: {a, b) 3d {c, d) 4s, (e, f) 4p; NH3 position: {a, c, e) onefold, (b, d, f) twofold. 

Each graph shows - - - - -LOOS of NH3 a, · - · - LDOS of central copper orbitals, and-- OPDOS. 
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As the respective OPDOS indicate, there is not only a significant anti-bonding interaction 

with the copper d-valence orbitals, but also with the s-valence electrons. This is found 

notwithstanding the earlier observation that the overall interaction with the copper s-valence 

electrons is bonding. Note, however, that table 7.4 also shows that this bonding interaction is 

less in the high-coordination site than in the onefold adsorbed position. This result agrees 

with frontier-orbital arguments [5, 18] that predict a correlation with the a lower local density 

of states of s valence group orbitals around the Fermi level in high-coordination site; the 

discrete nature of the group-orbital local-density of states (GOOS) in the clusters makes such 

a comparison useless. However, one observes from fig. 7 .8 that a shift to an average lower 

energy is found for GOOS corresponding to high-coordination group orbitals. Returning to 

fig. 7. 7, one sees that the peak position of the bonding cs-s adsorbate-surface s valence orbital 

interaction is lowest for the twofold-coordination site. This is, as mentioned earlier, partially 

due to the larger adsorbate-surface interaction, but also due to the lower corresponding GOOS 

in the higher-coordination site. This can be seen from the GOOS presented in fig. 7.8. As a 

consequence, the anti-bonding orbital fragments become occupied at lower energy in high

coordination sites than onefold. The weaker interaction energy with s valence atomic orbitals 

in high coordination then is a consequence. 

Table 7.4 Ovsrlsp population of the NH3 a orbital with selected copper orbitals (arbitrary units). 

cluster / copper orbital 3d 4s 4p total 

Cu(9, 4, 5) 

Cu(S, 6, 2) 

difference 

-0.005 

-0.157 

0.152 

0.693 

0.372 

0.321 

0.572 

0.727 

-0.155 

1.260 

0.942 

0.318 

The bond strength of onefold-adsorbed ammonia on comparable copper clusters is highest 

on each surface, from which one concludes that ammonia prefers onefold adsorption on 

copper (table 7.4). As far as we know, no experimental information on the adsorption 

geometry of ammonia on copper surfaces is available. However, infrared adsorption spectra 

of CO adsorbed on copper show that CO also prefers the onefold configuration [25]. Because 

of the smaller back-donation contribution to the surface chemical bond, a contribution that 

tends to favour high-coordination sites [5], the predicted onefold adsorption geometry of 

ammonia is consistent with experimental observation of the adsorption site of carbon 

monoxide. The predicted higher adsorption-energy value of onefold-adsorbed ammonia to the 

( 100) than on the ( 111) surface agrees with the more open nature of that particular surface. 
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Fig. 7.8 Group orbital density of states (GDOS) plots of the central copper 4s orbital before the 

adsorption of ammonia for (a) the (100) surface clusters Cu(9, 4, 5) and Cu(B, 6, 2), and for (b) the 

(111) surface clusters Cu(7, 3) and Cu(12, BJ. Zero energy corresponds to the Fermi level (EF). 

Chattopadhyay et al. [26) predict a slight preference for ammonia adsorbed onefold on the 

nickel ( 111) surface. This result of an ab initio configuration interaction (Cl) calculation is 

consistent with our results. The partially occupied nickel d-valence electron band causes the 

differences in energy of ammonia adsorbed onefold or in higher-coordination sites to be less 

than on copper. Hermann et al. [27] found in cluster calculations for ammonia adsorbed on 

aluminium also a strong preference for onefold coordination. Pauli repulsion with the high 

electron-density of this s-p electron metal appears to be responsible as well as the decreased 

orbital-interaction energy, corresponding to the polarization energy in their calculation. 

Bagus et al. [28) found with self-consistent field (SCF) calculations for the ammonia 

adsorption on the (100) model Cu(l, 4) an adsorption energy of -90 kJ/mol at Cu-N=2.3 A. 
First nearest neighbors of the chemisorption site were treated at the one electron effective 

core potential (ECP) level. On the basis of the same kind of calculations, Bauschlicher [29] 

ruled out the adsorption of ammonia at the threefold site. For the (111) model Cu(12, 6) he 

found, for ammonia heights above the surface from 2 to 2.5 A, a repulsive interaction from 67 

to 33 kJ/mol, in qualitative agreement with our result at the non-local level. 

As long as no reference can be made to larger cluster calculations or results of slab 

calculations, one cannot verify whether the computed bond strengths have converged to the 

surface-limiting value. The separate analysis of repulsive and orbital interactions indicates 

that the computed value for onefold adsorption of ammonia on the Cu(5, 4, 5) cluster may be 

close to its converged value. We have demonstrated that subdivision of clusters 

corresponding to models of the same surface makes useful qualitative comparisons possible. 
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7.4 CONCLUSIONS 

Using the mixed cluster approach would at least give rise to a large error in the computed 

electron densities. If one wishes, nevertheless, to use this approximation, it is important to 

note that for a proper modelling of the copper surface, it is necessary that the atoms in the 

first layer are not kept frozen. The copper atoms in the second and following layers seem to 

play a less important role, although they will still contribute to a more proper description of 

the metal surface. The total number of copper atoms that is kept frozen also does not seem to 

determine the accuracy of the mixed cluster approximation. Thus, Cu(S, 4*, l *).with five 

frozen atoms, gives a smaller error than Cu(1+4*, 4, 1), with only four frozen atoms 

compared to Cu(S, 4, 1). 

The calculated adsorption energy is probably quantitatively not precise, since we see a 

rather strong dependence on the size of the cluster. Nevertheless, there is clearly a trend 

towards onefold adsorption. This is true for the (I 00) and the (111) surface. Comparing the 

(100) surface with the (111) surface shows that in onefold adsorption, the steric repulsion is 

much less for the (100) surface while the orbital interaction is abOut the same. 

With an OPDOS analysis, we were able to show that it is the interaction of ammonia with 

the copper d orbitals as well as with the copper s-valence electrons which favours the onefold 

· adsorption site, while the interaction of ammonia with the copper p orbitals favours the 

higher- coordination sites. Finally, we showed that it should be possible to confirm our 

predicted onefold adsorption geometry for ammonia on copper by determining the ammonia 

a LOOS relative to the Fermi level. 
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8 
Dissociation of ammonia on 

copper and the effect of 
preadsorbed oxygen 

ABSTRACT 

In this chapter we* present the adsorption and initial dissociation 
I 

pathways of ammonia on an eleven atom model cluster of the ~opper 

(111) surface, and the effects of preadsorbed oxygen are analyzed 

through local density functional calculations, including non-local 

corrections to the final adsorption energies. The results demonstrate that 

the presence of oxygen increases the adsorption energy and promotes the 

dissociation of ammonia over copper. All examined dissociation 

reactions were endothermic. Dissociation in the absence of oxygen has 

the highest activation barrier of all steps analyzed and is the most 

endothermic with an overall energy change of +176 kJ/mol. In presence 

of oxygen, however, the energy needed for the dissociation of ammonia 

is considerably lower with an overall energy of +48 kJ/mol. The 

dissociation of ammonia in the presence of oxygen has the same overall 

reaction energy ( +48 kJ/mol) regardless of whether the ammonia was 

initially adsorbed onefold or threefold. The activation energies, + 132 

(ammonia initially onefold) and + 173 kJ/mol (ammonia initially 

threefold), demonstrate that system favors the pathway where ammonia 

is initially onefold. It is concluded that ammonia dissociation proceeds 

via the intermediate formation of adsorbed hydroxyl. 

* G.J.C.S. van de Kerkhof, W. Biemolt, A.P.J. Jansen and R.A. van Santen 

Suef. Sci. 284 (1993) 361. 
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8.1 INTRODUCTION 

The adsorption and subsequent dissociation of ammonia over copper is of considerably 

importance in the understanding of ammonia oxidation processes. Experimental results 

suggest that the adsorption energy of ammonia on the copper ( 100) surface is of the order of 

-60 kJ/mol. A summary of some of the these results are: Wu and Kevan [I] -57 ± 2 kJ/mol, 

Chuang and Hussla [2] -62 kJ/mol, and Davies [3] -50 to -60 kJ/mol for the copper (100), 

( 110) and (111) surfaces. The presence of preadsorbed oxygen species on the surface bas been 

found to increase the adsorption energy considerably. Davies [3] reported that the 

experimental desorption of ammonia increases from 200 K on a clean copper surface to 240 K 

on a surface which has been exposed to oxygen. Oxygen was also suggested to activate the 

nitrogen-hydrogen bond [3]. This implies that the dissociation of ammonia in the presence of 

oxygen becomes easier, thus resulting in the formation of adsorbed NH2, NH, and atomic 

nitrogen products. The dissociation of the nitrogen-hydrogen bond on the surface generates 

atomic hydrogen which can subsequently bind with adsorbed oxygen atoms to form surface 

hydroxyl-groups or water. In the absence of oxygen, these hydrogen atoms can only adsorb 

onto the copper surface [4]. 

In this chapter, we examine the adsorption of ammonia over a number of model copper 

clusters and the subsequent dissociation of ammonia to form NH2 and atomic hydrogen or, 

when oxygen is present, hydroxyl. In the first part, we review some of our previous results for 

the adsorption of ammonia over various copper clusters [5] and present new results on the role 

of preadsorbed oxygen on ammonia adsorption. In the second part, we examine the activation 

of the nitrogen-hydrogen bond. We analyze the dissociation of ammonia into NH2 and atomic 

hydrogen in the absence or into NH2 and hydroxyl in the presence of preadsorbed oxygen. 

Furthermore, we looked at the effects of starting with ammonia adsorbed at both onefold and 

threefold sites. 

8.2 COMPUTATIONAL DETAILS 

The local density functional calculations reported in this work were done using the 

Amsterdam-Density-Functional (ADF) program, developed by Baerends and coworkers [6]. 

In this set of programs, the Local Spin Density Approximation (LSDA) is invoked with the 

Vosko-Wilk-Nusair exchange-correlation energy functional [7]. Gradient or non-local (NL) 

corrections for the exchange [8] and correlation [9] to the final adsorption energies were 
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included in all the calculations. These non-local corrections resulted in a substantial 

improvement of the calculated energies.· Since the non-local corrections are. included in a non 

self-consistent manner the extra computational burden involved is 01dy minimal. The 

molecular orbitals are represented as linear combinations of atomic Sliiter type orbitals 

(STO's). Integrals are computed numerically [IO] and adsorption energies are determined by 

the Ziegler transition state method [ 11 ]. All the reported computations were performed using 

non-relativistic, spin-unrestricted, frozen-core calculations. The frozen-core .approximation 

was invoked to help reduce the si:ie of the calculations. For nitrogen and oxygen, the ls core 

was frozen, while for copper the electrons up to. and including the 3p core were kept frozen. 

Previous calculations showed that keeping for (some of the) copper atoms the electrons up to 

and including the 3d frozen gave not always satisfactory results [5]. The ~xponents for the 

STO basis set used for oxygen is presented in table 8.1. For copper, nitrogen, and hydrogen 

the basis sets are the same as we used before [5]. Single-~ functions ¥e used for core 

orthogonalization. The valence functions are of double-~ quality with a triple-~ d for copper. 

Polarization functions were included for all atoms. 

Table8.1 Exe,onents '-of the STO's for ogaen. 

~!:!!! ~ !i'.Qe ~ ~ee ·~ 

Q 1S 7.36 core 2s 2.82 valence 2p 3.06 valence 

2s 1.70 valence 2e 1.30 valence 3d 2.00 valence 

Adsorption energies and activation barriers were computed by optimizing pointwise the 

bond distances and angles between the adsorbate or reactant and the surface bound products. 

The Cu-Cu distance was fixed at that of the bulk metal (2.556 A) [ 12) for alt copper clusters. 

For ammonia (NH3) the free gas geometry was used, 1.008 A for the N-H 'bond length and 

107.3° for the H-N-H bond angle [12). The error introduced by excluding NH3 deformation 

was previously determined to be quite small [5) and therefore, was not considered. 

8.3 THE EFFECT OF PREADSORBED 0 ON ADSORBED NH3 

Our previous results on ammonia adsorption over various model copper clusters 

demonstrated that ammonia prefers onefold adsorption on both copper (100) and copper (111) 

surfaces. Furthermore ammonia bonded stronger to the copper ( 100) than to the copper ( 111) 

surface. Computed adsorption energies and geometries without and including the non-local 
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corrections to the final adsorption energies are given in table 8.2. We now have also 

optimized the Cu-N distance on the non-local level. Earlier we only calculated the non-local 

corrections for the optimum Cu-N distance found for calculations without the non-local 

corrections [5]. Comparing the results without and with the non-local corrections we see that 

the calculated adsorption energies decreases and the optimum Cu-N distance increases, but on 

a qualitative level the results remain the same. Our calculations also demonstrate that as 

cluster size increases the computed adsorption energy for ammonia on copper, -52 kJ/mol for 

the (100) surface, approach the experimental value of approximately -60 kJ/mol [1, 2, 3]. The 

clusters examined, however, were still not quite large enough to accurately reproduce 

experimental adsorption energies. Although there exists a rather simple method to reduce the 

finite size effect [13] we choose not to apply it to avoid the extra computational effort 

involved. Therefore in the remainder of this work, the trends in energies are analyzed rather 

than absolute values. 

TsbleB.2 Adsorption energy of ammonia on different copper clusters. The cluster designation 

(n1, n2, ... , nn) means nt atoms in the first layer, nz. atoms In the second lar_er, etc. 

Cluster Surface Site Without NL corrections With NL corrections 

Cu-Nt A Eads Cu-Nt AEads 

(Al (kJ/moll 'Al (kJ/mol} 

atom 2.03 ·85 2.17 ·44 

Cu(1, 4, 1) (100) onefold 1.94 ·158 2.02 -107 

Cu(5, 4, 1) (100) onefold 2.13 -79 2.37 ·29 

Cu(5, 4, 5) (100) onefold 2.13 -91 2.30 ·39 

Cu(9, 4, 5) (100) onefold 2.07 -110 2.23 ·52 

Cu(7, 3) (111) onefold 2.15 -69 2.38 ·16 

Cu(8, 3) (111) onefold 2.15 -68 2.41 ·16 

Cu(8, 6, 2) (100) twofold 2.48 (2.13) ·64 2.82 (2.51) ·18 

Cu(12, 6) (111) threefold 2.85 (2.44) ·37 3.29 (2.94) -3 

Cu!415l ~1001 fourfold 3.56 !3.07~ .7 

t Shortest distance between Cu and N, in parenthesis is the height of N above the copper cluster. 

In the analysis of the effects of preadsorbed oxygen on the ammonia adsorption on copper, 

the choice of appropriate cluster geometry was important. The cluster chosen for analysis was 

a balance between minimal electronic structure features and achievable computational 

demands. Our previous results on the adsorption of ammonia on the copper (111) surface 

copper Quantum Chemical Studies in Catalysis 129 



Chapter8 

demonstrated that the minimum structural requirements to sufficiently describe the electronic 

features are the copper surface atom to which the ammonia is adsorbed (the central copper 

atom), the six nearest copper neighbors in the surface layer, and three copper atoms in the 

second layer. The introduction of preadsorbed oxygen necessitated an additional copper atom 

in the first layer to create an additional threefold site. Oxygen adsorbs at this site, thereby 

reducing the repulsion between the nearby ammonia. The final cluster is labeled Cu(8, 3), thus 

keeping with the naming convention of Cu(ni. n2, .. ., n0 ) where n1, n2 ru;id nn describe the 

number ofcopper atoms in the first, second, and nth layer. The Cu(8, 3) cluster, therefore, has 

eight atoms in the first layer and three in the second layer. This cluster is shown schematically 

in fig. 8.l(a). 

Fig. 8.1 Top view of ammonia adsorbed on the Cu(B, 3} cluster (a) onefold, (b) onefold with 

threefold preadsorbed oxygen and (c) threefold with threefold preadsorbed oxygen. 

D=hydrogen, •=nitrogen, IBB=oxygen, ~=copper and lml=copper closest to nitrogen. 

From our local density approximation calculations including the non-local corrections to 

the final adsorption energy we found that ammonia adsorbs onefold to this Cu(8, 3) surface 

model with an optimized Cu-N distance of2.41 A and an adsorption energy of -16 kJ/mol. An 

increased adsorption energy for ammonia in the presence of oxygenis expected for the copper 

(100) surface. This is due to the lower degree of coordination for the metal afOms of the (100) 

surface than those in the (111) surface. 

Bagus, Hermann and Bauschlicher [14] reported that the adsorption of1ammonia on the 

copper surface is primarily governed by the electrostatic interaction betweeti the large dipole 

moment of free ammonia and the copper surface. We computed the contribution of the dipole 

to the adsorption energy by replacing ammonia with point charges at the atomic positions. 

The interaction energy of this model dipole with the Cu(8, 3) cluster was+ 12 ,kJ/mol, which is 

75% of reported adsorption energy of ammonia. This is in good agreement with the value of 

76% found by Bagus, Hermann and Bauschlicher. 

Rodriguez and Campbell [15] suggested that the copper orbitals which a~ responsible for 

binding NH3 are the Cu(4s) and the Cu(4p) orbitals. They reported as the contributions to the 

adsorption energy: Cu(4s) = 30%, Cu(4p) = 66%, Cu(3d) = 4%. These values were obtained 
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by averaging over various adsorption sites. In our work, we were able to estimate the 

contributions of these orbitals from orbital overlap population results. For onefold adsorption 

of ammonia on the Cu(8, 3) cluster, we found the following contributions to bonding: 

Cu(4s) = 55%, Cu(4p) = 55%, Cu(3d) = -10%. The negative value for the Cu(3d) orbitals 

implies that the interaction with ammonia is repulsive. While there are respectable differences 

in absolute values, we see a similar trend with the values given by Rodriguez and Campbell. 

The analysis of the adsorption of ammonia in the presence of oxygen required the 

optimization of the height of atomic oxygen above the bare Cu(8, 3) surface, as well as, the 

optimization of the Cu-N binding distance on the Cu(8, 3)-0 cluster. The optimal Cu-0 

distance was l.91A which results in the adsorption energy for oxygen on copper (111) surface 

of -401 kJ/mol. The total energy for the binding of oxygen and ammonia on Cu{8, 3) was 

found to be -449 kJ/mol with the Cu-0 and Cu-N bond distances of 1.95 A and 2.28 A 

respectively. The adsorption of oxygen onto the Cu(8, 3) cluster in the presence of 

preadsorbed NH3 was -433 kJ/mol. This was determined by simply subtracting the base value 

ofNH3 on Cu{8, 3) (-16 kJ/mol) from the total binding energy (-449 kJ/mol). Similarly, the 

adsorption of NH3 onto Cu{8, 3) in the presence of oxygen was -48 kJ/mol. It is noted that the 

adsorption energy of ammonia increased by +32 kJ/mol due to the presence of oxygen. 

The origin of the differences between the Cu(8, 3)-NH3 and Cu(8, 3)-0-NH3 systems was 

studied by examining the energetic effects of the following four degrees of freedom: (I) 

optimizing the ammonia distance to the copper surface, (ll) moving the ammonia along the 

copper surface towards the oxygen, (Ill) tilting the ammonia so that one of the hydrogen 

atoms is pointed more in the direction of the oxygen, and (IV) optimizing the distance 

between the oxygen atom and the copper surface. These four steps are depicted in fig. 8.2. 

The resulting adsorption energies and bond distances are also listed in table 8.3. The presence 

of oxygen on ammonia adsorption shortened the distance between the copper cluster and the 
NH3, and lengthened the Cu-0 distance. There is an overall decrease in the distance between 

the oxygen and NH3 as compared to the situation in whic~ oxygen and NH3 do not interact. 

(IV) 1 
• (I) 

0 
(Ill) 

(II) 

Fig. 8.2 Optimized degrees of freedom for NH3 adsorbed onefold with threefold adsorbed 0. 
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TableS.3 Overview of adsoption energies of different adsorbates on different sites. 

S}!stem Cu-A A Eads S~tem Cu-A A Eads 

A on Site !Al !kJ/mol} A on Site !Al {kJ/moll 

NH3 Cu(8, 3) onefold 2.41 -16 NH2 Cu(8, 3) onefold 1.98 -121 

NH3 Cu(8, 3)-0 onefold 2.28 -48 NH2 Cu(8, 3) twofold 2.14 -178 

0 Cu(8, 3) threefold 1.91 -401 NH2 Cu(8, 3) threefold 2.26 -164 

0 Cu(8, 3)-NH3 threefold 1.95 -433 OH Cu(8, 3) onefold· 1.95 -181 

H Cu(8, 3) onefold 1.57 -133 OH Cu(8, 3) twofold 2.08 -245 

H Cu(8, 3) twofold 1.74 -129 OH Cu(8, 3) threefold 2.13 -252 

H Cu(8, 3) threefold 1.79 -160 NH2 Cu(8, 3)-0H twofold 1.67 -173 

The contribution of the hydrogen-bridge to the stabilization of ammonia by preadsorbed 

oxygen was estimated by rotating the three hydrogen atoms about the threefold ammonia axis. 

In the absence oxygen, the rotation barrier lies far below the accuracy of our calculation. In 

the presence of oxygen, however, there is a rotation barrier of approximately + 7 kJ/mol. This 

roughly corresponds to the contribution of the hydrogen-bridge to the bonding energy. 

A more important reason for the increased adsorption energy of ammonia in the presence 

of oxygen is that as the interaction between an atom and one of its neighb<:>rs decreases, the 

interaction of the neighbor atom with its other neighbors increases, and vice1 versa. This leads 

to an alternating increase and decrease in bond strengths along the 0-Cu-'Cu-N line when 

oxygen is present, as reported in table 8.4. Hence, the fonnation of a bond between a copper 

atom with the oxygen atom enhances the bonding between its copper ~eighbor and the 

nitrogen atom. This behavior is qualitatively similar to that predicted on the basis of bond 

order conservation as introduced by Shustorovich [16]. It also corresponds to the Friedel-type 

oscillating interactions of Lau and Kohn [ 17] to describe adsorbate-adsorbate interactions. 

TableB.4 Overlap populations along {0-]-Cu-Cu-N and between NH3 C1 and the central Cu. 

COQQer With ammonia er with 

Oxygen CoQper Nitrogen Cu(3d) Cu(4s} Cu(4p) 

Without Oxygen 0.0419 0.0785 -0.0037 0.0164 0.0160 

With Oxygen 0.110 0.0375 0.0896 -0.0040 0.0193 0.0170 

The increased binding between the central copper atom, the copper atom(s) closest to the 

nitrogen atom, and the ammonia is largely attributed to an increase in the intctraction between 

copper orbitals and the highest occupied CJ orbital of ammonia. This was confirmed by the 
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analysis of the differences in the calculated overlap population density of states (OPDOS) for 

this orbital with various orbitals of the central copper atom (table 8.4). The increase in the 

overlap population between Cu(4s) and NH3(0') is the largest. The OPDOS-curves for the 

overlap between the NH3(0') and the Cu(3d), Cu(4s), and the Cu(4p) of the central copper 

atom are shown in fig. 8.3. The differences between the oxygen-present and oxygen-absent 

OPDOS curves were negligible for all interactions except the NH3(0') orbital with the central 

Cu(4s) orbital. As illustrated in fig. 8.3(b), the large anti-bonding peak near the Fermi-level 

(marked by the arrow) disappears in the presence of oxygen. An electron density contour plot 

of the molecular orbital responsible for this peak is shown in fig. 9.2. This is an anti-bonding 

Cu-N bond. The population of this anti-bonding orbital is decreased by 0.3 electrons when 

oxygen is added to the system. This reduction in anti-bonding significantly increases the 

copper-ammonia bond strength. 
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Fig. B.3 The overlap population density of states (OPDOS) of the ammonia er orbital with 

(a) the Cu(3d), (b) the Cu(4s), and (c) the Cu(4p) orbital. The peak that disappears in the presence of 

oxygen is marked with an arrow. The corresponding, anti-bonding Cu-N, orbital is shown In fig. 9.2. 
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8.4 DISSOCIATION OF AMMONIA ON A COPPER SURFACE 

The dissociation of ammonia to NH2 and atomic hydrogen was analyzed by computing 

both the overall energy for reaction and its activation barrier. All calculations again were 

performed using the Cu{8, 3) cluster, fig. 8.l(a), which provided a suit!lble geometry for 

ammonia dissociation and oxygen coadsorption. Table 8.3 presents a summary of the 

adsorption energies for various molecular and atomic adsorbates on varioqs adsorption sites. 

From this table it is evident that both NH2 and atomic hydrogen frl\gments from the 

dissociation of ammonia favor higher coordination sites. Hydrogen clearly preferred threefold 

adsorption-site, whereas NH2 opted for a twofold site. For NH2, the p-t;;pe atomic orbital 

perpendicular to the NH2 plane are stabilized by a favorable interaction with the asymmetric 

s-type copper group orbitals for twofold coordination [5]. 

Overall reaction enthalpies were determined from both the adsorpti?n and formation 

energies for the species involved. The adsorption energies are summarized in table 8.3, while 

the fonnation energies are listed in table 8.5. The dissociation of ammonia to NH2 and atomic 

hydrogen was estimated to be endothermic by + 176 kJ/mol. 

.1E = '1Eads, H +.1Eads, NH2 - '1Eads, NH3 + Er, H + Ef, NH2 - Er, NH3 

= -160- 178 + 16 + 0- 761+1259 = +176 kJ/mol (8.1) 

Here .1Er, AB is the energy of formation when AB is formed from the atoms A and B; i.e. the 

last three terms in eq. (8.1) represent the dissociation energy in the gas phase. 

TableB.5 

Species 

' 

Formation energies (Et) of NH:;, NH2 and OH calculated with respect to the atoms. 

Calculated Et Experimental Et [12] Difference 

(kJ/mol) (kJ/mol) 
1 

(kJ/mol) 

·1259 ·1172.6 ·86 

-761 

·469 

·723.3 

-427.5 

·38 

-42 

In the analysis of the activation barrier for ammonia dissociation, the reaction path was 

divided into two steps; the first was the separation of a proton from the onefold adsorbed 

ammonia and the subsequent adsorption of this proton at a threefold site, and the second was 

the movement of the NH2 product from the onefold position to a twofold site. The optimized 

Cu{S, 3)-NH3 cluster discussed earlier was chosen as the initial starting geometry. In the 

calculations on this system, the hydrogen atom in the NH3 group which is directed towards 

. the empty threefold site at the edge of the cluster was moved in small increQtents toward this 
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site. The energy of the system was determined at each increment as the hydrogen is moved in 

a straight line towards the threefold site. All other atomic positions were held fixed. The 

transition state for this reaction step was found half way between the hydrogen's initial 

starting point and its final state (above the threefold site) with a corresponding activation 

energy of approximately +344 kJ/mol. The reaction coordinate for this step is shown in 

fig. 8.4. The overall energy change for this path is +248 kJ/mol. Therefore, the second step of 

the path is estimated to be exothermic with an energy of about ~ 72 kJ/mol. 

~'\... 
400 

t 300 

I 200 
248 

~ 172 
:! 100 w 

0 

0% 20% 40% 80% 80% 100% 
=NH• H-position _.. =NH2+H 

(a) (b) 
Fig. 8.4 The dissociation of onefold adsorbed NH3 on Cu(B, 3) without preadsorbed oxygen. 

The dissociation of ammonia on a copper surface in the presence of preadsorbed oxygen 

results in the formation of NH2 and hydroxyl product fragments. The hydroxyl species is 

formed via the migration of a hydrogen atom from ammonia to the oxygen atom. Initially, 

both NH2 and hydroxyl are located where the ammonia and oxygen adsorbed, onefold and 

threefold sites respectively. The results of subsequent calculations (see table 8.3) imply that 

the hydroxyl groups prefers to remain threefold coordinated. 

The analysis of NH2 in the presence of the product hydroxyl group was also investigated. 

The adsorption energies for NH2 on various sites in the presence of a preadsorbed hydroxyl 

group were computed and are presented in fig. 8.5. The Cu-N distances used in these site 

screening calculations were those determined for NH2 adsorbed on the bare Cu(8, 3) surface 

(see table 8.3). The height of the NH2 above the copper surface was optimized only for site c 

(fig. 8.5). In all but one of the sites examined, the adsorption energy for NH2 on copper in the 

presence of a preadsorbed hydroxyl group was less than that for the adsorption of NH2 on a 

clean copper surface. This is possibly attributed to the repulsion between these two negatively 

charged surface species (NH2 and hydroxyl). Therefore, upon dissociation of ammonia in the 
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presence of oxygen the product hydroxyl and NH2 groups should move away from one 

another. The only case in which a higher adsorption energy for NH2 in the presence of 

hydroxyl was noted is for sited (fig. 8.5), where the NH2 is bonded twofold at the edge of the 

cluster. However, due to the low coordination of the copper atoms which bind NH2; this site 

is not representative of those in a real copper (111) surface and therefore should not be 

considered, and thus we optimized the Cu-N distance only for site c instead 1of site d (fig. 8.5}. 

NH2 adsorption site 

Cu-N distance (A) 

Eads (kJ/mol) 

Cu·N distance (A) 

Eads (kJ/mol) 

Cu-N distance (A) 

Eads (kJ/mol) 

1.98 

·121 

1.98 

·102 

D=H •=N 

rl±l=O ~=CU 

l\D = Cu closest to N 

(c) 
2.10 

-173 

2.14 

·225 

(e) 
2.14 

+64 

(f) 
2.26 

+224 

2.26 

-156 

2.26 

-146 

Fig. 8.5 Adsorption geometries and energies of OH and NH2 adsorbed on t('le Cu(B, 3) cluster. 

Only for geometry c the Cu-N distance was optimized. 

Similar to the reaction over the bare copper surface, the overall dissoc~ation energy for 

ammonia to NH2 and atomic hydrogen in the presence of oxygen on a copper ( 111} surface 

was estimated from the adsorption energies and formation energies reported in tables 8.3 and 

table 8.5 respectively. We assumed that upon dissociation the NH2 diffuses! to a twofold site 

which is removed from the repulsive interaction with the neighboring hydroxyl group. 
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Therefore, the adsorption value for NH2 on the bare copper surface was assumed to be more 

representative for this system and used in the calculation of the overall reaction energy for 

dissociation of ammonia by the copper-oxygen surface. This energy is endothermic by: 

AE = Eads, OH +AEads, NH2 - Eads, 0 - AEads, NH3 + AEf, OH+ Er, NH2 • Er, NH3 

= - 252 - 178 + 401+48 - 469 - 761+1259 = +48 k:J/mol (8.2) 

This is far less than the + 176 k:J/mol found with eq. (8.1) for the dissociation of ammonia on 

the copper (111) surface in the absence of oxygen. 

Two different reaction paths for the dissociation of ammonia in the presence of 

preadsorbed oxygen were examined. In the first path, ammonia is initially coordinated 

onefold at the central copper site and oxygen on a neighboring threefold site, fig. 8.l(b), The 

reaction path is composed of the following two steps: the dissociation of hydrogen from 

ammonia and binding of this hydrogen to the adjacent oxygen, and the subsequent movement 

of the product NH2 fragment from the onefold to a twofold site. The second path also 

proceeds with the ammonia and oxygen adsorbed onefold and threefold. The steps of this 

path, however, are slightly different: The first step is the movement of ammonia from a 

onefold to a threefold site, resulting in the system shown in fig. 8.l(c). The second step is the 

simultaneous dissociation of a proton from ammonia and the binding of this proton to the 

preadsorbed oxygen. Finally, the last step is the movement of the NH2 product fragment from 

the threefold to a twofold site. 

An appropriate reaction coordinate for the first path was deduced by computing the 

optimal initial and final geometries of the dissociation step. The optimal structure after 

dissociation indicates that the hydrogen atom of the hydroxyl group is pointed toward the 

NH2 fragment. Fig. 8.6 shows a plot of the energy as a function of the tilt angle, i.e., the angle 

that the 0-H bond makes with the normal of the copper (111) surface. In the absence of 

preadsorbed NH2, the 0-H bond was found to be perpendicular to the copper surface. 

However in the presence of preadsorbed NH2, the hydroxyl group tilts about 40° so that the 

hydrogen is pointing towards the NH2 group. Therefore in computing the first step of this 

dissociation path, one of the hydrogen atoms from ammonia is moved from the ammonia to 

this final position along a linear path. The energy change associated with this reaction 

coordinate is depicted in fig. 8. 7. The highest energy is reached when the hydrogen has 

moved about 60% of the distance. The activation energy is about +203 k:J/mol. The geometry 

which corresponded to this transition complex was determined by separately optimizing the 

distance of the oxygen above the surface and the orientation of the NH2 fragment, and the 

height of the NH2 fragment above the surface. Optimization of the oxygen-height 

significantly lowered the energy to a value of +141 k:J/moL The optimization of the NH2 

orientation had little effect on the energy, therefore the two remaining hydrogens were left in 
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there original positions. The final optimization, the height of NH2 fragment, lowered the 

energy by +I 0 kJ/mol. One concludes that the activation energy needed for this first step is 

about + 131 kJ/mol. This energy is further reduced by the subsequent movement of NH2 from 

its initial onefold site to a twofold position, as illustrated in fig. 8.5(c), and the tilting of the 

hydroxyl group thus allowing it to become perpendicular with the copper surface. 

40 

t 
30 

20 

-+-with NH2 

· · o · without NH2 
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·20 
0 10 20 30 40 50 

tilt angle (degree) -

Fig. 8.6 The energy needed to tilt OH adsorbed on the Cu(8, 3) cluster with NH2 and without 

NH2 preadsorbed. The tilt angle Is the angle which 0-H makes with the normal (see inset). 

The absolute value of the adsorption energy for NH2 on Cu(8, 3)-0H increased as the 

distance between NH2 and OH was increased (table 8.6). The longer the distance between 

NH2 and OH the smaller their interaction was. The NH2 and hydroxyl prefer to adsorb distant 

from one another to minimize this repulsion in the overall dissociation path. 
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Fig. 8.7 The dissociation of (a) onefold and (b) threefold adsorbed NH3 on Cu(8, 3) with 

threefold preadsotbed oxygen. The starting geometries are shown in fig. 8.1(b) ar<J (c) respectively. 

The positions of oxygen and NH2 were not optimized, except for the initial-, transition-, and final-state. 
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Table 8.6 Energies for the reaction paths of the different dissociation reactions. 

NH3 ~ NH2 + [OJH ~ AEact for dissociation AE for dissociation AEoverall 

(kJ/mol) (kJ/moll (kJ/moll 

In the gasphase +498 +498 +498 

Initial geometry fig. 8.1 (a) +345 +249 +176 

Initial geometry fig. 8.1 (b) +132 +86 +48 

Initial geometry fig. 8.1 (c) +173 +91 +48 

The significant reduction in the activation energy for the dissociation of ammonia in the 

presence of oxygen is caused by two more or less similar effects. First, the hydrogen atom 

binds more strongly with oxygen than with copper. Second, the distance that the hydrogen 

needs to travel in the dissociation process is less when oxygen is present. Therefore, the 

distance between the hydrogen and the nitrogen atom is smaller for the transition state with 

oxygen than without oxygen, and appreciable interactions exist. 

In the analysis of the second reaction path, we again assumed that the step in which the 

hydrogen atom is separated from nitrogen and adsorbed on oxygen is the rate determining 

step. The same base Cu(8, 3) cluster was used in these calculations. The new positions of the 

ammonia and the oxygen atom on this cluster are illustrated in fig. 8.l(c). As in the first path, 

the hydrogen atom was moved in a straight line towards the oxygen atom. The resulting 

energy profile for this coordinate is shown in fig. 8.8. In the computing the transition state for 

this step, only the height of the hydroxyl group above the copper surface was optimized. The 

relative energy changes for optimizing NH2 in the first path were found to be small and 

therefore were neglected here for path 2. The activation energy for this step was + 173 kJ/mol 

which is about +40 kJ/mol larger than the activation energy needed for the same step in the 

first path. The initial step in the second path required the migration of the ammonia to a 

threefold site prior to dissociation. The energy required for this migration is +38 kJ/mol which 

increases the overall activation energy to +211 kJ/mol for this path. Dissociation via this route 

appears to be unlikely. Activation energies, energy effects for the dissociation step and overall 

reaction energies for the different dissociation paths are summarized in table 8.6. 

8.5 CONCLUSIONS 

Oxygen and ammonia preadsorbed on a copper (111) surface demonstrate an attractive 

interaction. While this is in part due to the direct interaction between the oxygen and one of 
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the hydrogen atoms of ammonia, a greater portion of the favorable bonding is attributed to the 

interaction through the copper surface. The latter agrees with the predictions from the bond 

order conservation postulate [16] .. An alternating increase and decrease in overlap population 

densities following the line 0-Cu-Cu-N substantiates this reasoning. 

Of the three reaction paths analyzed, the dissociation in the absence of preadsorbed 

oxygen has the highest activation energy and is the most endothermic. The dissociation of 

adsorbed ammonia in the presence of oxygen has a considerably lower reaction energy due to 

hydroxyl formation. Of the two dissociation pathways studied in the presence of oxygen, the 

first one in which ammonia is initially adsorbed onefold is favored over! the second one in 

which ammonia is initially adsorbed threefold. 
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9 The oxidation of ammonia by 
copper 

ABSTRACT 

We* present local spin density approximation calculations' on the 

adsorption and dissociation of ammonia on a copper cluster which 

models the Cu( 111) surface. Preadsorbed oxygen increases the 

adsorption energy of ammonia, and promotes the dissociation of 

ammonia. All examined dissociation reactions in the absence of oxygen 

are endothermic. Dissociation of ammonia to NH2 with oxygen is also 

found to be endothermic, but less than for systems without oxygen. 

Subsequent dissociation to NH is thermally neutral, whereas NH 

dissociation to nitrogen is exothermic. The most endothermic ~teps in 

the catalytic reaction cycle of the ammonia oxidation reaction appear to 

be the dissociation of ammonia and the desorption of water. 

• W. Biemolt, A.P.J. Jansen, M. Neurock, G.J.C.S. van de Kerkhof and R.A. van Santen 

Surf. Sci. 287 (1993) 183. 
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9.1 INTRODUCTION 

Ammonia desorbs molecularly from clean single-crystal copper surfaces with an energy of 

approximately +50 to +60 kJ/mol [ 1, 2]. In the presence of preadsorbed oxygen there is some 

activation of the N-H bond (3, 4]. This interaction leads to the rapid replacement of the 

oxygen by an adsorbed nitrogen-containing species. 

We have found that the chemical bonding in the copper-ammonia system is mainly 

controlled by the interaction of the doubly occupied lone pair orbital of ammonia with orbitals 

from the copper surface [5]. Copper d-orbitals favor the onefold adsorption of ammonia, 

whereas the coppers- and p-orbitals favor higher coordinated adsorption sites. We found that 

NH2 prefers twofold coordination [6]. NH and nitrogen are expected to prefer higher 

coordination sites. 

Previously, we concluded that NH2 is formed from the reaction of adsorbed oxygen with 

ammonia. The hydrogen atoms bind with adsorbed oxygen atoms thus resulting in the 

formation of adsorbed hydroxyl groups [6]. Herein we extend the previous results for the 

reaction of ammonia on a model Cu( 111) cluster with preadsorbed oxygen and also present 

results for subsequent oxidation steps 

9.2 COMPUTATIONAL DETAILS 

We performed spin-unrestricted, non-relativistic local spin density approximation (LSDA) 

calculations [7] supplemented with non-local (NL) corrections for the exchange [8] and the 

correlation [9] as implemented in the Amsterdam-density-functional (ADF) program suite by 

Baerends and coworkers [10-12]. The distance of the adsorbed species to the surface, and 

various tilt angles were manually optimized. 

(a) (b) 
Fig. 9.1 Perspective and top view of the Cu(B,3) cluster, used to model the Cu(111) surface. 

Copper atoms in the first layer are labeled with numbers to Identify adsorption positions on this cluster. 
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Fig. 9.1 shows the copper cluster used to model the Cu(lll) surface. We limited our 

studies to this Cu(8, 3) cluster (i.e. eight atoms in the first and three atoms in the second layer) 

in order to enable comparisons with earlier calculations. Previous results demonstrated that 

this cluster provides a reasonable electronic description of various surface sites while 

minimizing the computational demand. The copper-copper distance waS set equal to the 

nearest-neighbor distance in the bulk: 2.556 A (13]. For ammonia the free gas geometry was 

used: the N-H bond distance is 1.008 A, and the H-N-H bond angle is 107.3"' (13]. 

9.3 RESULTS AND DISCUSSION 

Table 9.1 summarizes the adsorption energies for molecular and atomic fragments formed 

in the reaction of ammonia with oxygen. Note that the adsorption energy of ammonia is 

increased by +32 kJ/mol in the presence of preadsorbed oxygen. The overlalf population along 

the line 0-Cu-Cu-N illustrates that when oxygen is present there is an alternating increase 

and decrease in bond strengths (table 8.4). That is, the. formation of a bond between the 

copper atom and oxygen atom increases the interaction between its copper neighbor and the 

adsorbing nitrogen atom. This behavior is qualitatively similar to that predicted on the basis 

of bond order conservation (BOC) as introduced by Shustorovich [14]. 

Tsble9.1 Of!!!mized Qeometries and calculated adsorgtion energies 'kJ!moll on Cu(813l. 
A Site Atoms Cu-A OE ads A Site Atoms Ap Cu-A dEads 

m (!!l (Al {kJ/mol} m (!!l {tt!} (Al (kJ/mol} 

NH3 onefold 2.41 -t6 0 threefold 1-2-3 I 1.91 -401 

NH2 onefold 1.99 -121 H onefold 1 1.57 -133 

NH2 twofold 2-3 2.14 -178 H twofold 2-3 1.74 -129 

NH2 threefold 2-3-5 2.25 -164 H threefold 2-3-5 1.79 -160 

NH onefold 1 1.95 -210 

NH threefold 5·7·8 2.39 ·258 NH3 onefold 0 2.28 ·48 

OH onefold 1.95 -181 NH2 twOfold 5·6 OH 1.67 -173 

OH twofold 2-3 2.08 ·245 NH threefold 2-3-5 0 2.18 -46 

OH threefold 1-2-3 2.13 -252 N threefold 2·3-5 OH 2.03 -196 

N threefold 1.78 ·339 0 threefold 1-2-3 NH~ 1.95 ·433 

t A= adsorbate; tt atoms defining site (see fig. 9.1 ); ttt Ap = preadsorbed species. 
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The increased adsorption energy of ammonia on the Cu(8, 3)-0 system is largely 

attributed to the population of the highest occupied molecular orbital shown in fig. 9.2, which 

is an anti-bonding Cu-N bond. The overlap population density-of-states (OPDOS) shows that 

this MO depopulates by 0.3 electrons when oxygen is added to the system so that the Cu-NH 

bond strength increases. This is the main reason for the change in NH3 adsorption energy . 

Fig. 9.2 
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Contour plot of the highest-occupied orbital for NH3 adsorbed onefold on Cu(B, 3). 

Dashed lines show a decrease, solid lines an increase, except for the fatter solid lines which depict 

nodal surfaces. Subsequent contours correspond to ±0.0, ±0. 1, ±0.2, ±0.3, ±0.4, ±0.5, ±0.6, ±0. 7, ±0.8, 

±0.9 and ±1.0 electrons per AS. The four atoms correspond to the four dark atoms shown in the Inset. 
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The adsorption energies presented in table 9.1 together with formation energies were used 

to determine reaction enthalpies. All the formation energies were computed by unrestricted 

non-local ADF calculations using known experimental bond lengths and 1angles for each of 

the gas phase adsorbate species. For the dissociation of ammonia in the absence of oxygen we 

found the reaction energy to be 

AE[NH3(a) ~ NH2(a) + H(a)] = +176 k:J/mol (9.1) 

The activation barrier was computed by moving the hydrogen atom in a straight line towards 

a threefold site, without changing the positions of any of the other atoms. The transition state 

was found where the hydrogen atom had travelled about 50% of the distance. The activation 

energy for this step is +344 k:J/mol, whereas the energy change is +248 k:Jlmol. Next NH2 is 

moved to a twofold site. This step is exothermic with an energy change of~ 72 k:J/mol and no 

activation barrier. 

In the presence of oxygen the hydrogen atom moves to the oxygen atom and forms an 

hydroxyl group at a threefold site. We find for the ammonia dissociation with oxygen 

AE[NH3(a) + O(a) ~ NH2(a) + OH(a)] = +48 k:J/mol (9.2) 

Hence the dissociation in the presence of oxygen is also endothermic, but ~uch less than that 

for the dissociation without oxygen. Interestingly this result contrasts predictions based on 

energy estimates using the BOC method.[15] Upon dissociation the hydrogen atom moves to 

the oxygen atom and forms an hydroxyl group which is tilted 40° with respect to the normal 

toward NH2. When no coadsorbed NH2 is present the 0-H bond is perpendicular to the 

copper surface. The transition state is found when the hydrogen atom has moved about 60% 

of the distance towards oxygen. The activation energy is + 131 k:J/mol. The hydroxyl and NH2 

groups repel each other and therefore move apart after reaction. The NH2 moves to a twofold 

site, and the hydroxyl group becomes perpendicular to the surface. 

The lower energy transition state is the result of by two similar effects. First, the hydrogen 

atom binds more strongly with oxygen than with copper. Secondly, the distance that the 

hydrogen needs to travel in the dissociation process is less when oxygen is present. Thus in 

the transition state with oxygen, the distance between the hydrogen and the nitrogen atom is 

smaller than in the transition state without oxygen and an appreciable interaction already 

exists between hydrogen and oxygen . 

. Further dissociation ofNH2 leads to NH and nitrogen. We find without oxygen 

AE[NH2(a) ~ NH(a) + H(a)] = +166 k:J/mol (9.3) 

and 

AE[NH(a) ~ N(a) + H(a)] = +113 k:J/mol 

However, in the presence of oxygen we find 

AE[NH2(a) + O(a) ~ NH(a) + OH(a)] = +6 k:J/mol 
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and 

AE[NH(a) + O(a) -+ N(a) + OH(a)] = -47 kJ/mol (9.6) 

All reactions in the absence of oxygen were found to be endothermic. Reactions in the 

presence of oxygen were considerably less in energy than their corresponding reactions in the 

absence of oxygen. In fact, the reactions of NH2 to NH and NH to nitrogen were determined 

to be thermally neutral and exothermic, respectively. The postulated mechanistic steps 

involved in the overall oxidation of ammonia by oxygen on the Cu( 111) surface and their 

computed energy values determined here are summarized in fig. 9.3. This figure illustrates 

that there are two highly endothermic reaction steps in this cycle. The desorption of water by 

recombination of hydroxyl groups is endothermic by +39 kJ/mol. The energy to break one 

bond in ammonia cost +48 kJ/mol. Once ammonia has lost a hydrogen atom consecutive 

reactions become thermodynamically favorable. The overall change for the entire cycle (the 

reaction path steps in fig. 9.3) is in excellent agreement with that predicted from gas phase 

thermochemical analysis of the overall thermodynamics (the traversing dotted line in fig. 9.3). 
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Fig. 9.3 Schematic view of the energetics for the oxidation of NH3 by copper to N2(9) and 

H;P(!j). Shown are the species adsorbed onldesorbing from Cu(B, 3) with the changes in the energy. 
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9.4 CONCLUSIONS 

Ammonia and preadsorbed oxygen on a Cu(lll) surface have an attractive interaction, 

which is mainly due to interaction through the surface. Dissociation of ammonia to NH2 in 

the absence of preadsorbed oxygen has a high activation energy and is endothermic. 

Dissociation of ammonia in the presence of preadsorbed oxygen has a much lower activation 
I 

barrier due to hydroxyl formation, but is still an endothermic step. Subsequent dissociation of 

NH2 and NH in the presence of oxygen help to drive the overall oxidation process. The 

desorption of water from the surface and dissociation of ammonia 1tre the two most 

thermodynamically unfavorable steps in the overall sequence of steps. 
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10 
Oxygen as chemical precursor 
in the oxidation of ammonia 

by copper 

ABSTRACT 

In this chapter we* analyze the role of 0 and 02 precursors in the overall 

catalytic cycle for NH3 dissociation using density functional theory. 

Energetics were computed from geometry optimizations on .a cluster 

model of Cu(l 11). The calculations systematically underpredict 

experimental results due to the finite cluster size. Attractive and 

repulsive lateral interactions were important in accessing •accurate 

adsorption energies. 0 enhances N-H bond activation, howevc:;r, it also 

acts to poison active surface sites and inhibit NH3 dissociation ·kinetics. 

Transient 02 adsorbs weakly in parallel (precursor for 02 dis~iation) 
and perpendicular (precursor for NH3 dissociation) orientation. The 

mechanism in which H atoms are abstracted sequentially to 'form an 

OOH* intermediate is favored over that in which two H atpms are 

simultaneously transferred to form water directly. The non-activated 

transient molecular path in which H is abstracted sequentially is the most 

favored of all of the four paths studied. In light of the experimental 02 

dissociation energy over Cu(l 11), transient 02 is more likely than "hot" 

0 as the dominant chemical precursor for NH3 dissociation. Subsequent 

dissociation of the NHx fragments lead to N*. While enthalpy 

considerations favor recombinative desorption of N2, at reaction 

conditions the most abundant reaction intermediate (MARI) is 0, 

making the recombinative desorption of NO a more likely reaction path. 

• M. Neurock, R.A. van Santen, W. Biemolt and A.P.J. Jansen 

J. Am. Chem. Soc. 116 (1994) 6860. 
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10.1 INTRODUCTION 

Both atomic and molecular oxygen surface species have been speculated as precursors for 

several important transition metal catalyzed reactions. On silver weakly bound atomic 

oxygen, stabilized by subsurface oxygen, was cited as the dominant precursor in ethylene 

epoxidation [ 1-3], whereas molecular oxygen was found to control the oxidation of S()i and 

CO [4]. In addition, there has been support for both oxygen species in mediating the same 

catalytic reaction paths. For example, Roberts et al. cited both atomic and molecular 

precursors as controlling the oxidation of ammonia over Mg [5-8], Zn [9, 10] and Cu [11-14). 

Clearly, the role of both atomic and molecular oxygen species as precursor is of considerable 

importance in understanding different selective oxidation reaction pathways. 

The transient nature of chemical precursors, however, makes it difficult to experimentally 

resolve their role in the mechanism. For example, oxygen has been shown to activate strong 

nitrogen-, sulfur-, and carbon- hydrogen bond.son transition metal surfaces [13, 15] and also 

inhibit dissociation [11, 12, 14]. While it is generally agreed that the formation of strong 

adsorbed atomic oxygen overlayers poisons active surface sites and is responsible for 

inhibition, the nature of the activation process is still unclear. In this work we present a 

theoretical analysis of the dissociation of ammonia over copper and elucidate the role of both 

adsorbed atomic and molecular oxygen species. We first provide a short background of the 

experimental literature on ammonia oxidation before outlining the specifics of this study. 

Roberts and coworkers have experimentally investigated the role of oxygen in the 

dissociation of ammonia on both Cu(l 10) [11, 12] and Cu(l 11) [13, 14]. On Cu(l 10) they 

found that both the activity and the selectivity toward different NHx products were highly 

sensitive to the reaction conditions and to the order in which the reactants were introduced to 

the surface. When oxygen was preadsorbed on the surface, a very slow exchange of oxygen 

and ammonia was required prior to any subsequent dissociation of ammonia to different NHx 

species. The surface amide (NH2 *) was favored at low temperatures and coverages, whereas 

the surface imide (NH*) and surface nitrogen (N*) were favored at higher temperatures and 

coverages. The activity was attributed to only a small fraction of the preadsorbed oxygen 

species. The remaining oxygen was thought to poison surface and inhibit the kinetics. 

When oxygen and ammonia were coadsorbed (in a regime of excess ammonia), however, 

there was rapid dissociation of the ammonia with a high selectivity for NH* formation. The 

initial speculation was that a molecularly adsorbed transient oxygen precursor, similar to that 

which was found on Zn(OOl) surface [9, 10], was responsible for the chemistry. 
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On Cu(l 11) Roberts et al. [13, 14] once again found that NH3 readily dissociates in the 

presence of oxygen. Based on their results and the ideas proposed by Ertl for the dissociation 

of oxygen on platinum [16], they suggested that the mechanism for the initial dissociation 

might be controlled by a "hot" transient atomic oxygen species. It is speculated that these 

species rapidly diffuse across the surface and abstract hydrogen from the coadsorbed NH3 

before becoming thermally equilibrated with the surface. At high oxygen partial pressures, 

they found that the rate was inhibited by the presence of adsorbed oxygen overlayers. 

Clearly, the chemistry of these systems and the role of oxygen is a complex function of 

competing elementary reaction steps. Both the overall catalytic cycle 1and details of the 

mechanism and activation barriers are, therefore, essential for a more complete and 

fundamental understanding of the chemistry. Herein, we report the results of a theoretical 

analysis of the mechanism of oxygen-assisted ammonia dissociation on model copper clusters 

of the Cu(l 11) surface. We draw upon some of our previous results w~ich were aimed at 

deducing the electronic features responsible for the interaction of ammonia at various 

different adsorption sites on Cu(l 11) surface [17], the effects of cluster size and frozen core 

approximation on the computed ammonia adsorption energy [17] and the role of preadsorbed 

atomic oxygen on the activation of the NH bond (18, 19]. 

In this work we analyze five paths as plausible controlling mechanistic steps in the 

dissociation of ammonia in the presence of oxygen. In the first two paths, adsorbed atomic 

oxygen is proposed as being responsible for ammonia dissociation. 
I 

(path 1) NH3(a) + O(a) -.:; NH2(a) + OH(a) 

(path 2) NH3(a) + O(a) -.:; NH(a) + HzO(g) 

(10.1) 

(10.2) 

In path 1 a single N-H bond is activated by the adsorbed oxygen, whereas 1in path 2 the NH3 

is situated on the surface such that two N-H bonds can simultaneously be activated and water 

is formed directly. In the next two paths, molecular oxygen is considered to be active 

precursor responsible for the dissociation of ammonia. 

(path 3) NH3(a) +02(a) -.:; NH2(a) + OOH(a) (10.3) 

(path 4) NH3(a) +Oz (a) -.:; NH(a) + HzO(g) (10.4) 

In path 3, a single hydrogen is abstracted to form the OOH* intermediate, whereas in path 4 

two hydrogens are simultaneously transferred to form water. In the final path, proposed by 

Roberts, a "hot" transient atomic oxygen surface species (Oh) which has not been thermally 

equilibrated with the surface, controls the NH bond activation [S-7, 12, 14]. , 

(path 5) NH3(a) + Oh(a) -.:; NH(a) + HzO(g) (10.5) 

We analyzed in detail the activation barriers and corresponding catalytic reaction cycles 

associated with the first four of these paths. Based on these results we speculate as to which is 

the dominant path and access the plausibility of the final "hot" oxygen-mediated path. 
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10.2 METHODS 

Density functional theory (DFI') calculations were performed to determine formation, 

adsorption, dissociation and activation energies. Nearly all of the results reported here were 

derived from the Amsterdam Density Functional (ADF) program of Baerends et al. [20-22]. 

Supplementary calculations of transition barriers were determined with the DGauss program 

from Cray Research Inc. [23]. A difference between these two programs is that ADF uses 

Slater type orbitals, whereas DGauss utilizes Gaussian type orbitals. Adsorption energies for 

ammonia and other adsorbates computed with both programs were shown to be equivalent to 

within ±10 kJ/mol. Both programs invoke the local density approximation using the 

parameterization of Vosko-Wilk-Nusair for the exchange correlation energy functional [24]. 

Nonlocal gradient corrections for the exchange [25] and correlation [26] were added. All 

reported calculations are non-relativistic and spin-unrestricted. ADF kept for nitrogen and 

oxygen the ls electrons frozen, and for copper the electrons up to and including 3p. In the 

DGauss calculations all electrons were explicitly included. The basis sets used in both ADF 

and DGauss were of single-~ quality for core orthogonalization, and double{ for nitrogen 

and oxygen and triple-~ quality for copper. Polarization functions were included for all atoms. 

The basis sets used by ADF are discussed in more detail elsewhere [17, 18], those used in the 

DGauss program were reported by Andzelm [23, 27]. Analytical gradient algorithms [23, 28] 

employed in both programs enabled geometries to be optimized. 

Adsorption energies were determined by optimizing the adsorbate geometry on a model 

cluster of the Cu(l 11) surface (Cu-Cu bond length of 2.556 A) and computing the energy 

change between the cluster-adsorbate complex and the energies for the free cluster and 

adsorbate. All reported adsorption energies were computed with ADF, whereby the 

adsorption energy is determined as the energy difference of the overall complex minus its 

respective fragments via the Ziegler transition state method [29]. 

Activation barriers were computed by choosing an appropriate reaction coordinate and 

optimizing the geometry of the adsorbates on the cluster at fixed points along the coordinate. 

The Cu(6) cluster (fig. 10. la) was used as an initial scooping tool. The central copper in 

Cu(6) is coordinatively unsaturated and as a result overestimates the nitrogen atom binding to 

this site. This subsequently leads to the prediction of a much weaker N-H bond. Thus, the 

Cu(6) cluster provides a significant lower bound on activation energies for hydrogen 

abstraction. Nevertheless calculations based on this cluster allowed us to judiciously choose 

which geometry optimizations and reaction coordinate calculations to perform on the larger 

Cu(8, 3) cluster (fig. IO.lb). 
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~ 
(a) (b) 

Flg.10.1 The Cu(111) surface models (a) Cu(6), (b) Cu(8, 3) and (c) C1.1(8, 3) with numbered 

atoms to Identify adsorption positions. The nomenclature Cu(n1. n2) refers to the arrangement of the. 

atoms, there are nt copper atoms in the surface and n2 copper atoms in the layer beneath. 

The Cu(8, 3) cluster was chosen to mimic the essential electronic features of the Cu( 111) 

surface while maintaining reasonable CPU expenditures. We have shown the effects of 

cluster size and configuration on computed adsorption energies for ammonia elsewhere [17]. 

Comparing computed adsorption energies over the Cu(8, 3) cluster with experimental values 

for H [15], 0 [15], ammonia [30, 31] and water [32, 33) on Cu(l 11) show that the absolute 

values are slightly off (±30 kJ/mol), but the deviation appears to be systematic which 

indicates that the relative trends are quite good. While larger clusters ;gave slightly more 

accurate adsorption energies [ 17], they also required considerably greater CPU times, which 

when coupled with demanding geometry optimization becomes computatipnally prohibitive. 

10.3 RESULTS 

In this section we present adsorption energies, lateral interactions, ove~all catalytic energy 

cycles and activation barriers for the four mechanistic paths outlined in e~s. (10.1)-(10.4). A 

substantial portion of the formation and adsorption energies, was described earlier [17-19]. 

We therefore only give a short review on the important features, and concentrate more 

heavily on lateral interactions, overall catalytic energy cycles and activation barriers. 

10.3.1 Adsorption energies 

Computed adsorption energies for relevant adatoms, intermediates 1and molecules on 

Cu(8, 3) are summarized in table 10.1. Also the sites and optimized copper-adsorbate bond 

distances are reported. Ziegler [34] has recently reported that DFf typically predict structural 

bond lengths to within 0.01 A, and organometallic bond energies within abput 20 kJ/mol. 
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Table 10.1 Calculated adso'Jl,tion enerifes for molecules1 intermediates.and adatoms on Cu,8, 3~. 

A Site Atoms Cu-A 6Eads A Site Atoms Cu-A 6Eads 

m {!!l {Al {kJ/mol} m {i!l {Al {kJ/mol} 

NH3 onefold 3 2.41 ·16 NH threefold 1-2-3 1.84 -258 

02 (II) onefold 3 +2 OH onefold 3 1.95 ·181 

02 (II) threefold 4-5-6 2.97 -17 OH twofold 4·5 2.08 -245 

02 (..l) threefold 4·5·6 2.23 -10 OH threefold 4-5·6 2.13 -252 

02 (..l) threefold 3-4-5 2.23 -3 OOH threefold 4-5-6 2.14 ·105 

H20 onefold 3 2.7 +1 N threefold 1-2-3 1.90 ·339 

NO threefold 4-5-6 2.18 -83 0 threefold 4-5-6 1.91 -401 

NH2 onefold 3 1.99 -121 H onefold 3 1.57 ·133 

NH2 twofold 4.5 2.14 -178 H twofold 4-5 1.74 ·129 

NH2 threefold 3-4-5 2.25 ·164 H threefold 3-4-5 1.79 -160 

NH onefold 3 1.26 ·210 H threefold 3.4.5 1.68 -175 

t A= adsorbate; tt atoms defining site (see fig. 10.1c). 

One can question how cluster size and symmetry will affect the calculated energies. The 

result of adding an additional copper atom to the second layer to form Cu(8, 4) (fig. 10.2a) 

changed the adsorption energy of both atomic nitrogen and NH2 at the center threefold site by 

as little as 4 kJ/mol. The local environment about a particular site was found to be much more 

important. Threefold sites situated directly above a copper atom in the second layer were 

found to be energetically less favorable for adsorption by 40-50 kJ/mol for both atomic 

nitrogen and NH2 than for those threefold sites directly above a second layer threefold site. 

Fig. 10.2 Largeand/orsymmetricCu(111) models (a) Cu(B, 4), {b) Cu(7, 3) and (c) Cu(10, 3). 

In an effort to probe the influence of cluster symmetry, the binding of different adsorbates 

on two symmetric (C3v) copper clusters, Cu(7, 3) (fig. 10.2b) and Cu(lO, 3) (fig. 10.2c) was 

examined. The adsorption energy of ammonia on Cu(7, 3) was within 1 kJ/mol of the value 

found for the Cu(8, 3) cluster (Cs) suggesting that the symmetry of the cluster has little effect. 
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The adsorption energies of atomic oxygen and nitrogen on the other hand were reduced from 

401. to 362 and from 339 to 288 kJ/mol, respectively in going from Cu(8, 3) to Cu(lO, 3). 

While cluster symmetry may be responsible for the small but measurable lowering of the 

adsorption energies, the more likely explanation is due .to changes in the cluster Fermi level. 

In general, as expected, the adsorption energies reported in table 10.1 demonstrate that 

molecular adsorption is less strong than radical fragment adsorption, which is less strong than 

adatom adsorption. Molecular adsorbates have a weak electrostatic surface interaction and 

tend to prefer onefold coordination sites, whereby Pauli repulsion is minimized [17, 18]. 

Adatoms and hydrogen deficient radical fragments such as NH and OH, however, bind much 

stronger and prefer the higher threefold coordination sites. The overlap between the free 

adatom Px and Py orbitals with the metal surface s orbitals provides additional stabilization at 

the higher coordination sites which helps to increase the adsorption energy. Intermediate 

' radical fragments, such as .NH2, prefer twofold coordination. A number of our adsorption 

energies correspond with bond order conservation calculations by Shustorovich [15]. 

The adsorption of molecular oxygen is an important step in the 02 controlled pathways, 

eqs. (10.3) and (10.4), so we gave considerable attention to optimizing the binding of Qi to 

the surface. Both perpendicular (j_) and symmetric parallel (II) adsorption over threefold 

coordination sites were found to be favorable steps and within 10 kJ/mol one another. In the 

parallel arrangement, the oxygen-oxygen bond is stretched from 1.21 A to 1.43 A and each 

oxygen appears to take on a considerable negative charge. This geometry is very similar to 
. ' 

the experimental results reported by Madix for 02 on Ag(l 10) where ihe oxygen-oxygen 

bond was found to bind parallel to the surface with an 0-0 distance of 1.41 A [35]. The bond 

length follows the value reported for the gas-phase 022· (l.41 A) [36] which suggests that 

each oxygen takes on a considerable negative charge. Computed Mulliken charges for the 

bare Cu(8, 3) cluster and for the Cu(8, 3) cluster with adsorbed atomic and (parallel and 

perpendicular) molecular oxygen, are given in table 10.2. Due to arbitrariness of the Mulliken 

population analysis to apportion the density in a chemical bond to its representative atoms, 

the results in table 10.2 provide only an approximate qualitative measure of charge and 

charge transfer. The surface 02* species picks up a significant charge (-0.62) from its 

neighboring copper atoms (4, 5 and 6 in table 10.2), which is in good agreement with the 

results reported by Fischer and Whitten [37], -0.76 for 02 bound tilted on Cu(OOl). This is 

somewhat lower than value for adsorbed atomic oxygen (-0.75). The coml:lination of the long 

0-0 bond and the enhanced surface charge transfer to this bond suggests that the parallel 

arrangement is a likely precursor state for the Qi dissociation. 
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Table 10.2 The computed Mulliken charges for the bare Cu(B, 3) cluster and for the Cu(B, 3) 

cluster with threefold adsorbed atomic oxygen, parallel (II) molecular oxygen and perpendicular (.L) 

molecular o~en. 

Atom # bare 0 Og(ll! 02 (..l) Atom # bare 0 02(11} 02 (..l) 

Cu -0.060 0.016 0.005 0.036 Cu 8 -0.006 -0.077 -0.000 0.083 

Cu 2 -0.066 0.016 0.005 0.036 Cu 9 0.023 0.010 0.006 -0.000 

Cu 3 0.190 0.193 0.188 -0.100 Cu 10 0.023 0.010 0.006 -0.000 

Cu 4 ·0.029 0.240 0.148 0.033 Cu 11 0.038 -0.062 -0.004 -0.055 

Cu 5 -0.029 0.240 0.148 0.033 0 12 ·0.745 -0.341 -0.074 

Cu 6 -0.098 0.235 0.117 0.061 0 13 -0.277 ·0.255 

Cu 7 0.006 -0.077 -0.000 0.083 I:OQ -0.745 ·0.618 -0.329 

Interestingly, while both molecular oxygen surface-species and the adsorbed atomic 

oxygen pick up significant charge from the copper surface, the charge-transfer is not as high 

as two electrons (LQo in table 10.2). The value for atomic oxygen on Cu(8, 3), -0.75, is in 

good agreement with those reported by others for fourfold atomic oxygen on the Cu(lOO) 

surface. Illas et al. [38] found -0.96 and -0.62 (for respectively the 2E and 4A2 state), and by 

Mattsson et al. [39], around -0.85 (for the 2E state) for atomic oxygen on the Cu(4, 1) cluster. 

Through a detailed analysis of the projection of oxygen orbitals in the Cu(4, 1)-0 wave 

function, the dipole moment curves for oxygen and various point charges interactions with 

the Cu(4, 1) cluster, and the participation of the copper 3d orbitals in the copper-oxygen 

bond, Illas and Bagus [40] were able to extend approximate Mulliken results to find a better 

estimate of the charge on oxygen, -1.5 electrons. The good agreement between the Mulliken 

charges reported here and those determined by Illas and Bagus suggest that the actual charge 

of oxygen on the Cu(8, 3) cluster is closer to -1.5. This also agrees with the experimental 

results of Clendening et al. [ 41] who find small increases in the work function induced by 

oxygen, and hence a charge transfer from the metal to the oxygen less than two electrons. 

For molecular oxygen adsorbed perpendicular to the surface, the optimized 0-0 distance 

(1.30 A) was found to be significantly shorter then that for the parallel case. The 1.30 A 
distance is close to the reported 1.36 A for 02· in the gas phase. In addition, there is also a 

decrease in the overall charge transfer, -0.33 on~. While the parallel mode of molecular 

oxygen adsorption is slightly favored on the clean copper surface, the perpendicular mode, as 

we shall see, becomes favored in the presence of coadsorbed or preadsorbed ammonia species 

due to a reduction in the repulsive interactions. 
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10.3.2 Lateral Surface Interactions 

Our previous results on the adsorption of ammonia on Cu( 111) and the electronic effect of 

coadsorbed atomic oxygen demonstrated the significance of lateral surface interactions on 

calculated adsorption energies [17, 19]. Lateral interaction energies are defined here as the 

enhanced or diminished adsorption energy of an adsorbate on a surface due to the presence of 

additional surface species. The controlling enhancement or reduction should be governed 

predominantly by changes in the electronic surface structure, i.e. through-metal interactions 

rather than through-space interactions. The adsorbate arrangement on the surface for the 

above example is depicted in case I of table 10.3. NH3 (A I), which prefers the onefold 

adsorption site (Cu3 in fig. 10.1) is stabilized by 32 kJ/mol via a through-metal attractive 

interaction with the neighboring threefold 0 adsorbate (A2). A detailed electronic analysis of 

this type of interaction was presented elsewhere [18, 19, 42]. The attractive interaction can be 

rationalized along the lines of bond order conservation [43] and least metal atom sharing 

principles [42]. The presence of the 0 adsorbate weakens the bonds between nearest-neighbor 

(Cu4 and Cu5) and next-nearest-neighbor metal atoms (Cu3, Cu7, Cu8 and Cu 11) which 

subsequently strengthens the binding at next-nearest-neighbor adsorption sites, such as the 

onefold position for ammonia (Cu3). The adsorption of NH3 in the presence of 02 • and the 

adsorption of NH2 in the presence of OH* are two similar examples of the enhanced binding 

effects for a case I adsorption. NH3 binds 17 kJ/mol more strongly and NH2 binds 5 kJ/mol 

more strongly in the presence of 02 • and OH* respectively. 

Table 10.3 Lateral interaction energies (in kJ/mol) for coadsorptions on Cu(B, 3). Gase I refers to 

adsorption at a onefold site and at a next-nearest neighbor.threefold site. In cases II and Ill, the 

adsorbates bind at neighboring threefold sites and share two and one metal atoms respectively. 

gym ad§.Qrbat!il!i ~ ~ lmLlll. 

A1 A2. 

~ <$>~ or or • • Cu(e, 3) 0 NH3 -32 

Cu(e, 3) 02 NH3 -17 

Cu(e, 3) OH NH2 -5 

Cu(e, 3) 0 NH +176 +25 

Cu(e, 3) 0 N +30 

Cu{61 3! OH N +170 +29 
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The case II and case III adsorption schemes depicted in table 10.3 present situations where 

both adsorbates prefer higher coordination and sit at adjacent threefold sites. In the case II 

situation, both adsorbates share two metal atoms (i and ii) in forming adsorbate-metal bonds. 

This "sharing" considerably weakens the metal-adsorbate bonds and gives rise to a large 

repulsive interaction between the two adsorbates. For example, the adsorption of NH on the 

Cu(8, 3)-0 cluster, where the oxygen and NH share two metal atom centers, was found to be 

178 k:J/mol less favorable than for the adsorption of NH on the clean Cu(8, 3) surface. 

According to the principle of least metal atom sharing [42], one should expect' a large 

repulsive interaction. The strength of the repulsive interaction, however, can be considerably 

reduced by moving to case III where the adsorbates share only a single metal atom center (i). 

This explains the results in table 10.3, where the calculated repulsive interactions for case III 

are reduced to 25-30 k:J/mol. These values are better in line with general experimental 

adsorbate-adsorbate repulsive interaction energies on transition metal surfaces. In general the 

results suggest that only case I and case III situations are likely on the Cu(l 11) surface. 

Before proceeding to the overall reaction cycles, we first discuss the model used for the 

relative positioning of adsorbates on the cluster. We attempt to minimize artifacts of cluster 

size effects and establish an appropriate model of the real surface. NH3 which binds weakly 

to the cluster, will be much more sensitive to location (interior vs. exterior) than the strongly 

adsorbed 0. Therefore the more realistic arrangement of the NH3 and 0 adsorbates is to have 

NH3 sit onefold on the central copper site with 0 closer to the edge. The inverse situation, 

where NH3 is placed at an edge site and 0 located toward the center of the cluster, will be 

less representative of an extended surface because of the enhanced stability of NH3 at the 

unsaturated edge site. Here we analyze the analogous situation of NH2 and 0 on Cu(8, 3). 

The binding energy was 140 k:J/mol stronger for the case where NH2 was placed at an edge 

twofold site (with oxygen positioned in the center) than the case in which NH2 was bound at 

a central edge site (with oxygen situated at an exterior threefold site). This increased binding 

energy, for NH2 at the edge of the cluster, is directly due to the excessive stabilization of NH2 

at unsaturated metal sites. The more likely model of the extended surface is· therefore the one 

in which 0 binds at the exterior with NH3 and NH2 occupying more central adsorption sites. 

10.3.3 Overall catalytic cycles 

Adsorption-, formation- and lateral interaction energies provided the basis for computing 

reaction enthalpies of elementary adsorption, surface reaction and desorption steps. Overall 

catalytic cycles were fashioned from these steps and are delineated in terms of the controlling 

mechanistic paths defined in eqs. (10.1)-(10.4). Each of these are described here in turn. 
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10.3.3.1 Atomic oxygen controlled 

Two mechanistic paths exist for the cycles controlled by atomic oxygen. In the first, 

atomic oxygen abstracts a single hydrogen from neighboring ammonia to form surface amide 

and hydroxyl groups (eq. 10.1). In the second, two of the ammonia hydrogens are 

simultaneously transferred from the adsorbed ammonia to the surface oxygen to yield gaseous 

water directly and a surface imide (eq. 10.2). The elementary adsorption, surface reaction 

(SR) and desorption steps required for the two overall cycles which follow these two different 

paths are outlined in table l 0.4. The corresponding reaction enthalpies for each of these steps 

are assembled into the overall energy profile for each of the two cycles, shown in fig. 10.3. 

Table 10.4 The overall steps in the dissociation of NH3 to N2 and H20 via atomic oxygen 

through (1) sequential hydrogen abstraction steps, and (2) simultaneous transfer of two hydrogens. 

AIQMIQ QXY~EN EATHS 

Sequential hydrogen abstraction steps Simultaneous hydrogen abstraction steps 

2NH3(9) +2* --+ 2NH3* 2NH3(9) + 2* --+ 2NH3* 

302(9) +a· --+ so· 202(9) +4* --+ 40* 

Sill 2NH3* + 20* --+ 2NH2* + 20H* SB! 2NHa* + 20* --+ 2NH* + 2H20(9) 

SB2 2NH2* + 20* --+ 2NH* + 20H* .s.Ba 2NH* + 20* --+ 2N* +20H* 

.s.Ba 2NH* + 20* --+ 2N* + 20H* 

2N* + 20* --+ 2NO* 2N* + 20* --+ 2NO* 

2N* --+ N2(9) 2N* --+ N2(9) 

60H* --+ 3/2 02(9) + 3H20(9) 20H* --+ 1/2 02(9) + H20(9) 

In the first step in fig. 10.3a, ammonia is adsorbed on the surface, in the presence of 

oxygen at -48 kJ/mol. The negative sign simply indicates that the step is exothermic. 

Additional oxygen, which is required for the overall cycle, is dissociatively adsorbed leading 

to a strongly bound atomic oxygen (-148 kJ/mol). The high exothen;nicity of this step 

indicates that any ad-oxygen that is formed on the surface will be very ~ifficult to remove, 

and thus acts to poison active surface sites. The initial ammonia dissociation step, SRl, was 

found to be 128 kJ/mol more likely in the presence of oxygen than on the clean Cu(l 11) 

surface, however, at +48 kJ/mol some form of thermal energy is still required for this 

endothermic step. Subsequent dissociation steps, SR2 (+6 kJ/mol) and SR3 (-48 kJ/mol), to 

form NH* and N* help to drive the energetics of the overall cycle. Thermqdynamics, indicate 

that the final nitrogen surface species favor recombination with additional N* and desorption 

as N2 (-214 kJ/mol) over recombination with oxygen and desorption as. NO (+46 kJ/mol). 
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However under steady state reaction conditions, adsorbed oxygen, which is strongly bound to 

the surface, will be the most abundant reaction intermediate (MARI). The number of N-0 

collisions will, therefore, be far greater than the number ofN-N collisions, thus implying that 

NO formation will dominate over N2 formation. Lastly, the recombination of surface 

hydroxyl groups to form water and adsorbed atomic oxygen was found to be highly 

endothermic and is speculated as a plausible rate controlling step. The overall reaction energy 

for the complete catalytic cycle was computed to be -625 kJ/mol which is in very good 

agreement with the estimate of -611 kJ/mol from thermochemical data. 
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Fig. 10.3 The energetics of 2NH3(g) + 02(g) -+ N2(g) + H20(g) controlled by atomic oxygen. 

(a) sequential H transfer to form NH2'. NH', N' and OH', and (b) simultaneous transfer of 2H to form 

H~(g) directly and NH' followed by a final H-abstraction to form N'. The first two steps in both cycles 

refer to NH3 and 0 adsorption. Steps SR1-SR4 are depicted In table 10.4. The final steps, N2 (g), 

NO', NO(g), and H~ rem., refer to recombinative desorption of N to N2(g), recombfnatlve desorption 

of NO, reaction of N' and o• to form NO', and recombination of OH to form H~(g), respectively. 

Fig. 10.3b represents the overall energy diagram for the atomic oxygen mediated path in 

which two hydrogens are simultaneously transferred in the surface dissociation step and water 

is formed directly. This cycle is identical to that in fig. 10.3a with the exceptions that less 

atomic oxygen is required to carry out the overall reaction and the number of surface 

reactions is reduced from two to three due to the simultaneous transfer of two hydrogens in 

the initial dissociation step. The most striking feature of the cycle is the considerable energy 

required to dissociate the two hydrogens from ammonia. At +92 kJ/mol, this step is now 

+44 kJ/mol more endothermic than that for the abstraction of a single hydrogen (fig. 10.3a). 
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10.3.3.2 Molecular oxygen controlled 

The overall cycles for the molecular paths, eqs. (10.3) and (10.4), are reported in 

table 10.5, and their corresponding energy profiles depicted in fig. 10.4. The path mediated by 

a single hydrogen transfer to form the OOH"' intermediate is shown in part a. In this scheme, 

ammonia and molecular oxygen are coadsorbed and react to form OOH"' and NH2"'. A series 

of ammonia adsorption calculations at various 0-0-surface angles indicated that the 

coadsorbed molecular oxygen prefersto sit perpendicular to the surface~ This angle decreases 

somewhat as the hydrogen abstraction reaction proceeds to help shorten the distance that the 

hydrogen must travel. Subsequent dissociation steps lead to O"', OH*, and NH"' products. To 

complete the series of abstraction steps, one mole of dissociated 02 was, required for the final 

step: NH•+ O"' ~ N* +OH'''. The initial surface dissociation step for this scheme, SR5, is 

now exothermic, and appears more likely than the considerable endothermic steps reported 

for dissociation on the clean Cu( 111) surface and the atomic-oxygen-assisted dissociation. 

The desorption steps are the same as those reported in table 10.4 and fig.· I 0.3a. 

Table 10.5 The overall steps in the dissociation of NH3 to N2 and H20.via molecular oxygen 

through (1) sequential transfer of hydrogen, and (2) simultaneous transfer of two hydrogens. 

MOLECULAR OXYGEN PATHS 

Seguential h:t'.drogen abstraction steE!s Simultaneous h:t'.drogen abstraction steE!s 

2NH3(9) + 2* ~ 2NH3* 2NH3(9) + 2* ~ 2NH3* 

202(9) + 2* ~ 202* 202(9) + 2* ~ 202· 

02(9)+ 
. 

~ 20* 

&Bi 2NH3* + 202* ~ 2NH2* + 200H* SH§ 2NH3* + 202* ~ 2NH' + 20* + 2H20(g) 

SBa 2NH2' + 20* ~ 2NH' + 20H* S.Ba2NH* +20' ~ 2N~ +20H* 

sm2NH' +20* ~ 2N* +20H* 

2N* + 20* ~ 2NO* 2N* + 20* ~ 2NO* 

2N* ~ N2(9) 2N* ~ N2(9) 

60H* ~ 312 02(1il) + 3H20(1il) 60H* ~ 3/2 02(9) + 3H20(9) 

The final path analyzed, eq. (10.4), was that for molecular-mediated oxygen dissociation 

and the simultaneous abstraction of two hydrogens to form gaseous water. The steps required 

for this scheme are outlined in table 10.5 and depicted in fig. 10.4b. The overall energy 

profile is the most appeasing of all those studied. The cycle moves to lower energies at each 

subsequent elementary step until the final endothermic recombinative desorption steps. In 

addition, this path completely eliminates the highly exothermic oxygen dissociation step 
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which leads to strong adsorbed atomic oxygen that poison active surface sites. The initial 

surface dissociation step, NH3(a) + 02(a) -+ NH(a) + O(a) + H20(g), is now 

thermodynamically quite favorable at -184 kJ/mol. 
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Rg.10.4 The energetics of 2NH3(g) + 02(g) -; N2(9) + Hfl(J(g) controlled by molecular oxygen. 

(a) the sequential H transfer steps to form NH/, NH*, N° and OOH
0

, and (b) the simultaneous transfer 

of 2H to form Hfl(J(g) directly and NH' followed by a final H-abstraction to form N°. The first two steps 

In both cycles refer to NH3 and 02 adsorption. Steps SR2·SR6 are depicted in table 10.5. The final 

steps, N2 (g), N0°, NO(g), OOH• dis., and H2'J rem., refer to recombinative desorption of N to N2(g), 

recombinative desorption of NO, reaction of N* and o· to form N0°, dissociation of OOH
0 to form o· 

and OH
0

, and recombination of OH to form Hfl(J(g), respectively. 

10.3.4 Activation energies and reaction mechanism 

In general, the overall reaction energies for each step suggest that recombinative hydroxyl 

removal as water and the initial hydrogen abstraction step are the most likely candidates for 

rate-controlling. While the former process is the more endothermic, entropy is an important 

factor. At higher temperatures, recombinative desorption is considerably enhanced due to the 

entropic contributions, and the surface reaction steps become more predominant in controlling 

the mechanism. We, therefore, analyzed the activation barriers for each of the initial surface 

reaction steps shown in eqs. (10.1)-(10.4). 
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10.3.4.J Atomic oxygen 
We reported the activation barrier for ammonia dissociation in the presence of atomic 

oxygen in a previous communication {18]. The dissociation was modeled .as a two-step 

process: N-H bond activation with the nitrogen fixed at the onefold site, and surface diffusion 

of the NH2* product to the stable twofold binding site. The initial N-H activation step was 

found to be controlling with an activation barrier of + 132 kJ/mol. The ~urface reactants, 

transition complex, and surface products for this reaction along with the associated activation 

energy and overall reaction energy are depicted in fig. 10.5. 

(a) initial 

AE = O kJ/mol 

(b) transition state 

AE = + 132 kJ/mol 

(c) final 

AE = +48 kJ/mol 

Fig. 10.5 The main structural and energetic results for path 1 dissociation of NH3 over Cu(B, 3). 

Atomic oxygen acts to abstract a single hydrogen from NH3 on Cu(B, 3). Bond lengths are in A. 
I 

The detailed reaction coordinate for the simultaneous activation of two NH bonds by 

atomic oxygen was analyzed here on the Cu(6) cluster. The N-H bond stretch was chosen as 

the reaction coordinate. All other adsorbate-surface variables were optimized at each position 

along this coordinate. The important results are shown in fig. 10.6 . 

. 1.03 

(a) initial 

AE = O kJ/mol 

(b) transition state 

AE = +204 kJ/mol 

(C) final 

AE = + 183 kJ/mol 

Fig. 10.6 The main structural and energetic results for path 2 dissociation of NH3 over Cu(B). 

Atomic oxygen acts to abstract two hydrogens from the coadsorbed ammonia which results in NH• 

and the formation of gaseous water. The N·H stretch is the reaction coordinate. Bond lengths are in A. 
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As the two N-H bonds stretch, the resulting NH* fragment rotates toward the threefold site 

which is adjacent to. the HzO species that is being formed. This is illustrated by the decreasing 

N-H-surface angle along the reaction coordinate in fig. 10.6. All three copper-oxygen bonds 

elongate as gaseous water is formed. The two Cu-0 bonds closest to the nitrogen-bound 

adsorbate, however, increase somewhat more substantially. In the final situation (fig. 10.6c), 

for example, the Cu-0 distances are 2.10 A for Cu4-0 and Cu5-0 and 1.87 A. for Cu6-0. 

This increase in the bond distance is attributed to the repulsive interaction between the 

oxygen which still maintains some interaction with the surface and the neighboring NH 

fragment which is forming. The release of water to the gas phase essentially removes this 

repulsive interaction and thus allows the surface imide to be formed toward the front of the 

cluster. Had the water remained adsorbed, the NH* species would have more likely moved 

toward back of the duster which is in accord with the principle of least metal atom sharing. 

The transition-state occp.rs as the N-H bond is stretched 0.32 A. from its original equilibrium 

distance (1.03 A.). This corresponds to an activation barrier of 204 kJ/mol. However, as was 

discussed earlier, this simple Cu(6) cluster underpredicts the N-H bond strength, and therefore 

provides only a lower bound on the energy barrier. The true activation energy is therefore 

> 204 kJ/mol, which makes this an unlikely reaction path. 

10.3.4.2 Molecular oxygen 

The N-H bond stretch was also chosen as the reaction coordinate for the abstraction of a 

single hydrogen by molecular oxygen to form OOH*. Reaction coordinate calculations were 

performed on both the Cu(6) and Cu(8, 3) clusters, and the (esults are shown in fig. 10.7 and 

fig. 10.8, for the two respective clusters. 

(a) initial 

.6E = 0 kJ/mol 

(b) transition state 

.6E = +204 kJ/mol 

(c) final 

.6E = + 183 kJ/mol 

Fig. 10.1 The main structural and energetic results for path 3 dissociation of NH3 over Cu(6). 

Molecular oxygen acts to abstract a single hydrogen from the coadsoltJed ammonia to form NH2• and 

OOH• intermediates.· The N-H stretch is the reaction coordinate. Bond lengths are in A. 
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AE =0 kJ/mol 
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(b) transition state 

AE = +67 kJ/mol 

(Q) final 

AE"= ·25 kJ/mol 

Fig. 10.8 The main structural and energetic results for path 3 dissociation of NH3 over Cu(B, 3). 

Molecular oxygen acts to abstract a single hydrogen from the coadsorbed ammonia to form NH2• and 

OOH" intermediates. The N-H stretch is the reaction coordinate. Bond lengths are In A. 

Molecular oxygen initially prefers the near-perpendicular adsorption geometry in the 

presence of ammonia. The 0-0-surface angle decreases very slightly as the ~action proceeds 

to shorten the distance the hydrogen must travel to the neighboring oxygen. However, once 

the hydrogen begin binding wit_h the oxygen, the 0-0-surface angle returns to the 

perpendicular state. In general the results in figs. I0.7 and I0.8 demonstrate that as the N-H 

bond is elongated the Cu-N distance decreases, the Cu-0 distance decreases and the 0-0 

distance increases. This corresponds with the development of a stronger Cu-N, Cu-0 bonds 

and a weaker 0-0 bond, consistent with the BOC principle. The low activation energy 

( +29 kJ/mol) and the shorter Cu-N bonds on Cu(6) are clear evidence of the qverprediction by. 

Cu(6) for Cu-N binding and hence underprediction for N-H bond breaking. This helps to 

establish the role of Cu(6) for providing lower limits on N-H dissociation barrier. Cu(8, 3) 

yields a much more accurate representation and predicts an activation energy of +67 kJ/mol. 

The results presented in fig. l 0.8 were obtained with DGauss. The activation energy was also 

calculated with ADF, and found to be +62 kJ/mol. Path 3 is quite late in the N-H stretch. It is 

not until Nii.• diffuses to the more favorabl~ twofold site and rotates about the Cu-N bond to 
" ' 

a more favorable arrangement where the remaining N-H bonds are perpendicular to the 

surface (fig. IO.Sc) that the reaction becomes favorable. NH2 prefers the twofold site which is 

one Cu removed from the binding of the OOH• species (fig. l 0. ?), similar to case I whereby 

the through-metal interaction stabilizes the binding of both adsorbates. One .last point worth 

noting is the difference between the three Cu-0 bond lengths. In path 2, where 0 abstracted 

two hydrogens, the water and NH* species were in close proximity, and therefore repulsive 

interactions lead the Cu4-0 and Cu5-0 to be somewhat longer. In path 3 the through-metal 

interaction increases the binding and hence decreases the Cu4-0 and Cu5-0 bond lengths. 
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In the final mechanistic path, eq. (10.4), molecular oxygen acts to simultaneously abstract 

two hydrogens from the coadsorbed ammonia to form water directly. The N-H bond stretch 

was once again chosen as the reaction coordinate. The results are depicted in fig. 10.9 on the 
Cu(6) cluster, and suggest that the activation energy for this path is greater than +172 kJ/mol. 

The activation barrier for this path is considerably higher than that for the abstraction of a 

single hydrogen. This is attributed to the longer initial N-H distances (l.66 A versus 2.41 A 
for path 4) and the necessity to activate two bonds rather than one. In fact, if one compares 

the N-H bond length for the initial adsorbates in path 3, 1.10 A on Cu(6) and 1.07 A on 

Cu(8, 3), to those for path 4, 1.02 A on Cu(6) and 1.03 A on Cu(8, 3), it appears that the NH 

bond for path 3 is initially activated as a result of the short initial 0-H distance. There is no 

initial activation, however, for path 4. 

(a) initial 

AE= O kJ/mol 

(b) transition state 

AE = + 172 kJ/mol 

~.99 

(c) final 

AE = -165 kJ/mol 

Fig. 10.9 The main structural and energetic results for path 4 dissociation of NH3 over Cu(6). 

Molecular oxygen acts to abstract a two hydrogen from the coadsorbed ammonia to form NH•, o· and 

gaseous water. The N-H stretch is chosen as the reaction coordinate. Bond lengths are in A. 

An energetically more favorable reaction coordinate for this path was found to be the 

stretch of the weak 0-0 bond. A summary of the reaction coordinate results for this step are 

provided in fig. 10. IO. The activation energy for this path is + 134 kJ/mol and the transition 

state appears to be early in the N-H stretch (+o.03 A) but late with respect to the 0-0 stretch 

( + 1.02 A). As the 0-0 bond is stretched the Cu-0 bond becomes shorter and the two 

hydrogens are separated from the adsorbed ammonia to form water in the gas phase and a 

surface irnide which sits threefold. The results from path 2 (fig. 10.6) demonstrated that the 

NH* preferred to move forward on the cluster toward the releasing water. However, in path 4, 

as is shown here in fig. 10.10, the surface irnide actually prefers to move toward the threefold 

site at the back of the cluster, away from the threefold adsorbed oxygen. Had the NH* moved 

to the threefold site directly in front of it both the NH"' and o• would share two metal atom 

neighbors, a case II scenario, which was found to be considerably repulsive. 
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AE=O kJ/mol 
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(b) transition state 

AE = + 134 kJ/mol 

(c) final 

AE = -184 kJ/mol 

Rg.10.10 The main structural and energetic results for path 4 dissociation of'NH3 over Gu(B, 3). 

Molecular oxygen acts to abstract a two hydrogen from the coadsorbed ammonia to form NH·, o• and 

gaseous water. The 0-0 stretch Is chosen as the reaction coordinate. Bond lengths are in A. 

10.3.S Nitric oxide formation 

Whi1e recombination of nitrogen and oxygen adatoms and desorption as nitric oxide (NO) 

is thermodynamically less favorable than recombinative desorption of N2. the substantia11y 

higher oxygen surface coverages make the NO path much more likely. To further investigate 

this we computed the detailed energy profile for the adsorption and dissociation of NO over 

the Cu(S, 4) cluster. Fig. 10.11 depicts the important structural results and ~ summary of the 

corresponding energetics, while fig. 10.12 provides a more complete energy profile. 

(a) initial 

AE = 0 kJ/mol 

(b) transition state 

AE = + 171 kJ/mol 

(c) final 

AE = +37 kJ/mol 

Fig. 10.11 A summary of structural and energetic results for dissociation Qf NO over Gu(B, 4). 

Initial refers to the adsorption of NO, the transition state and the overall reaction en~rgy are measured 

with respect to the gas phase, i.e. NO(g) and clean Gu(B, 4). Bond lengths are in A. 
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Our calculations revealed that nitric oxide adsorbs molecularly at the threefold adsorptjon 

site (with Cu-N and N-0 bond distances of 2.18 A and 1.15 A respectively). The calculated 

adsorption energy was found to be -83 kJ/mol (table 10.1 ). This agrees quite well with the 

experimental value of -105 kJ/mol reported by Conrad et al. for NO on Ni(ll 1) [44]. Nickel 

is expected to be more active than copper due to vacancies in its valence electron band, and 

thus the adsorption energy on Ni(l 11) should be somewhat greater. The computed adsorption 

energy also follows the ab initio MCSCF results ofBagus et al. [45] for NO adsorbed onefold 

on Cu( 1, 4) which indicate adsorption energies between -80 kJ/mol and -100 kJ/mol. 
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Fig. 10.12 NO dissociation over Cu(B, 4), (a) reaction path and (b) calculated overall energetics. 

The first step is the adsorption of NO(g), followed by the activation barrier for NO dissociation, the 

intermediate surface products (N. and o·) and the final "diffused" state for low surface coverage. 

A linear transient between the optimized NO reactant and the dissociated product state 

was chosen as the reaction coordinate for NO dissociation. The activation barrier was 

computed by optimizing surface-N-0 interactions at a number of points along the reaction 

coordinate. The resulting barrier is +88 kJ/mol with respect to the gas phase (or +51 kJ/mol 

for the reverse reaction N-0 recombination). The associated transition state shown in 

fig. 10.11 appears to be quite late with respect to the N-0 stretch (+l.03 A) and close in 

proximity to the dissociated product state. The reaction proceeds over a single copper atom, 

thus resulting in N* and O"' products in a case III situation. The barrier to dissociate NO over 

a twofold site, i.e. a case II situation, would have been much more costly in terms of energy. 

At low coverages, the N* and o• products diffuse apart (final step in fig. 10.12) to remove 

the 30 kJ/mol repulsive interaction. The dissociative adsorption energy to the intermediate 

state, where N* and o• share a single metal center, is -46 kJ/mol, while that to the separated 

N* and o• products is -76 kJ/mol. The reverse reaction of N* and o• recombination to 

molecularly bound NO is slightly exothermic. When this step is coupled with the desorption 

of NO from the surface, the overall recombinative desorption process becomes endothermic. 
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10~4 DISCUSSION 

The various reaction paths for the dissoeiation of ammonia studied herein are summarized 

in table 10.6. While the Cu(ll 1) surface helps to lower both the endothermicity and the 

activation barrier for ammonia dissociation considerably, the substantial activation barrier and 

reaction enthalpy indicate that little dissociation will occur over the clean Cu(l 11) surface. 

The presence of atomic oxygen decreases the activation barrier and the endothermicity even 

further. The activation energy is now low enough that moderate dissociation is likely at high 

temperatures and very low surface coverages. The high exothermicity which accompanies the 

dissociative adsorption of oxygen, however, indicates that adsorbed oxygen will poison the 

surface and impede ammonia dissociation kinetics. All of these results are conr;;istent with the 

experimental findings presented by Roberts and his colleagues on Cu(llO) [11, 12] and 

Cu(l 11) [14] where at low coverages of preadsorbed oxygen, ammonia dissociation occurs 

but at a rather slow rate. At higher coverages the ammonia dissociation path shuts down, and 

adsorbed oxygen overlayers poison the surface. 

Table 10.6 Summary of activation- and overall energies for various paths for NH3 dissociation 

Reaction Activation energy Overall energy 

{kJ/moll {kJ/mol} 

gas phase NH3(g) ~ NH2(g) + H(g) +498 +498 

surface NH3* ~ NH2* + H* +344 +176 

path 1 (eq. 10.1) NH3* + o• ~ NH2* +OH* +132 +48 

path 2 (eq. 10.2) NH3* + o• ~ NH*+ H~(g) >+204 +92 

path 3 (eq. 10.3) NH3* +02* ~ NH2* +OOH* +67 -84 

eath 4 ~e~. 10.4j NH3* +02* ~ NH* + o• + H~(Ql +134 -184 

Of the two candidates for atomic-oxygen-assisted dissociation, we find that the sequential 

hydrogen dissociation path (eq. 10.1) is more likely. In this path, the ammonia Hand surface 

O* are significantly closer, only one N-H bond needs to be cleaved and the s~rong Cu-0 bond 

does not have to be broken. The activation barrier is over 72 kJ/mol lower in energy and the 

overall reaction energy 44 kJ/mol more exothermic for the mechanism based on single 

hydrogen transfer steps over the mechanism for the simultaneous transfer of two hydrogens. 

The results presented above and summarized in table 10.6, clearly indicate that molecular 

oxygen acts as chemical precursor in the dissociation of ammonia. Both the sequential and 

simultaneous hydrogen abstraction paths (eqs. 10.3 and 10.4) are largely exothermic. 
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Molecular oxygen is weakly bound perpendicular to the copper surface with an adsorption 

energy of -10 kJ/mol. Electron back donation from the surface to the n• orbital of 02, 

weakens the 0-0 bond which is reflected by the longer 0-0 distance (02 • = 1.36 A versus 

02(g) = 1.21 A). The weakly bound 02 can then readily abstract hydrogen from the 

coadsorbed NH3. The initial distance between the ammonia hydrogen and 0 that is 

transferred to is now only 1.66 A for path 3, whereas for the 0 abstraction the distance was 

2.45 A. While the overall thermodynamics favor the simultaneous hydrogen abstraction to 

form water directly, the activation barriers indicate that the sequential path which is 67 kJ/mol 

less costly, predominates. The initial 0-H distance, and the need to break only a single N-H 

bond once again are likely explanations why path 3 is favored over path 4. In addition, these 

explanations help to clarify the change in the reaction coordinate in going from path 3 

(controlled by the N-H stretch) to path 4 (controlled by 0-0 stretch). In path 3, the N-H 

stretch is activated by the close proximity N-H hydrogen and the neighboring oxygen. In 
path 4, however, the 0-H distance is significantly longer thus reducing N-H bond activation. 

NH bond scission is therefore much more costly than stretching of the weak 0-0 bond. In the 

end, the energy required for the significant 0-0 stretch in path 4 is greater than the energy 

needed to cleave the activated N-H bond in path 3. 

Under the typical UHV conditions of Roberts [11-14] and at low oxygen partial pressures, 

the apparent activation energy for ammonia dissociation is really a measure of both the 

intrinsic N-H bond scission and equilibrium adsorption constants for ammonia and molecular 

oxygen. For path 4 the apparent activation barrier is +67 kJ/mol whereas for the more likely 

path 3 the apparent activation barrier is 0 kJ/mol. Path 3 is essentially a non-activated route 

for molecular oxygen dissociation of ammonia under these conditions. Molecular oxygen 

dissociation may be in direct competition with this path for the consumption of 02. However, 

Habraken et al. [ 46] determined that the apparent activation for 02 dissociation over Cu( 111) 

is an activated process with a barrier of 8-17 kJ/mol. Ammonia dissociation by 02 is therefore 

the favored route. All of these results directly correspond to the experimental evidence from 

Boronin et al. [14] who demonstrated that ammonia readily dissociates in the presence of 

coadsorbed oxygen, and confirm the role of a transient oxygen precursor. At higher partial 

pressures of oxygen the surface essential becomes poisoned by adsorbed oxygen species and 

the rate severely inhibited. This is also consistent with findings ofBoronin et al. [14]. 

The "hot" atomic oxygen mediated mechanism proposed by Boronin et al. [14] (path 5) 

which cannot be completely ruled out is somewhat inconsistent with our findings. The 

scission of the N-H bond by reaction with Oh requires that energy from the transient oxygen 

be transferred to the N-H bond. The time scale for this step is comparable with that required 

for thermal equilibration. Thus, the reaction via the 02 precursor path appears more likely. 

copper Quantum Chemical Studies in Catalysis 171 



Chapter JO 

10.5 CONCLUSIONS 

Ammonia adsorbs on a model of the Cu(l 11) surface at -32 kJ/mol. In the absence of 

coadsorbed oxygen species, the dissociation of ammonia over copper is energetically an 

unfavorable process with an activation barrier of +344 kJ/mol and an overall reaction 

enthalpy of +176 kJ/mol. In the presence of coadsorbed oxygen species the dissociation of 

ammonia over copper is energetically less unfavorable (in the case of atomic oxygen) or a 

favorable process (in the case of molecular oxygen). Lateral interactions are important in 

determining both the adsorption and the activation energies. Oxygen promotes N-H bond 

activation, by lowering the activation energy to +132 kJ/mol. The strong atomic oxygen 

surfac~ bond, however, leads to poisoning of surface sites which inhibits the overall 

dissociation kinetics. The atomic pathway in which hydrogen is transferred sequentially to 

form OH* is favored over the simultaneous path leading to the direct formation of water. 

02 adsorbs favorably to Cu( 111) both in parallel and perpendicular orientations to the 

surface. The parallel mode is a precursor state for 02 dissociation where a significant charge 

transfer from the surface to 02 1t* orbital weakens the 0-0 bond as is demonstrated by the 

long 02 bond (1.43 A). The perpendicular mode, on the other hand, is the precursor state for 

ammonia dissociation. Coadsorbed D2 enhances the adsorption of ammonia,by 17 kJ/mol and 

acts to lower the barrier for N-H bond activation. The sequential hydrogen abstraction 

pathway, which leads to the OOH* intermediate, while 100 kJ/mol less exothermic than the 
I 

path for the simultaneous hydrogen transfer, is kinetically favored by 67 kJ/mol. 

The sequential-hydrogen-transfer-transient-molecular-oxygen path is the most likely of all 

those studied. Its apparent activation energy is zero, i.e. a non-activated process. All paths 

controlled by transient atomic oxygen, including the "hot" transient oxygen case proposed by 

Roberts require at least an initial activation barrier of + 17 kJ/mol. At low to moderate 

temperatures the "hot" atomic oxygen path will be kinetically insignificant in comparison 

with the molecular path. As the temperature increases, however, these other pathways also 
• I 

become feasible.· Adsorbed atomic oxygen is formed, which in turn inhibits ammonia 

dissociation kinetics. At high enough temperatures or coverages the dissociation reaction 

eventually shuts down due to the formation of strong adsorbed oxygen overlayers. 

Finally, based solely on overall enthalpy, recombination of N adatoms and desorption of 

Ni was found to be favored over the recombinative removal of NO. However, under reaction 

conditions both the entropy and the selective collision frequency favor NO f~rmation. 
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Conclusion 
and 

Summary 

In this thesis we studied some small catalytic systems involving the transition metals 

iridium, rhodium and copper with density functional (DF) calculations using the Xcx method 

(chapter 2) or the Vosko-Wilk-Nussair exchange-correlation potential (chapters 3-10). 

Including non-local and (for iridium and rhodium) relativistic corrections in the calculations 

give a much better description when comparing our calculations with experimental results. 

With the work described in this thesis we showed that it is very well possible to apply an 

advanced quantum chemical method to various catalytic relevant problems. 

The influences of cations on the adsorption of atomic hydrogen and sulphur on iridium. 

Hydrogen adsorbed to a tetrahedral lr4 cluster shows a small decrease in hydrogen 

bond strength in the presence of a Mg2+ cation. The maximum decrease is 25 kJ/mol for 

onefold adsorbed hydrogen. For stronger bonded hydrogen atoms adsorbed in high 

coordination sites only very small changes in bond strength were found. As a result the heat 

of dissociative adsorption of hydrogen to tetrahedral lr4 particles will 'not change. The overall 

activation energy with respect to the gasphase is predicted to decrease in ~he presence· of the 

Mg2+ cation due to the increased heat of adsorption of the hydrogen molecule. 

Sulphur adsorbed on. tetrahedral lq cluster without a Mg2+ cation shows adsorption 

energies that are in good agreement with values found from equilibrium measurements. 

Bonding is mainly due to the interaction with the p orbitals of sulphur. The effect of 

introducing the Mg2+ cation is geometry dependent. The interaction for o-11efold geometry is 

weakened, that of the twofold is unchanged, whereas that of the threefold is strengthened. For 

the onefold geometry the Ir-S bond length remains almost unchanged, for the twofold and 

threefold it decreases. The influence of a Mg2+ cation on CO, H2 and H adsorption could be 

explained with a simple electrostatic model because the Mg2+ electrostatic field was 

dominating the changes. For sulphur the influence of the cation is similar for the onefold and 

the twofold geometry. For the threefold geometry however, chemical bonding effects are of 

more importance. The bond strengthening can be explained using a promoted sulphur atom 

which has for this geometry a more favorable 1t interaction with lq when Mg2+ is present. 

This indicates an increased sulphur sensitivity of metal particles in close contact with a cation. 
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Bare rhodium systems and the interactWn of carbon monoxide with rhodium. 

We calculated various properties for a large number of bare rhodium clusters. Most 

clusters have non zero magnetic moments. These magnetic moments are most likely a result 

of the reduced dimensionality and the enhanced electronic degeneracy due to the symmetry of 

the cluster. Although we used clusters as large as 43 atoms, properties as cohesive energy and 

ionization potential have not converged with respect to cluster size. Larger clusters become 

computationally too demanding to perform calculations within a reasonable time. Cluster of 

more than thirteen rhodium atoms will at this moment be probably too large for chemisorption 

studies. Slab calculations seem to be much more promising than clusters. Convergence to bare 

transition metal bulk properties seems to be possible at a reasonable computational cost. The 

Rh-Rh distance is already predicted well at the LDA level. However, inclusion of non-local 

corrections is essential to obtain the cohesive energy to fair accuracy. This result encourages 

the use of slabs in the study of the interaction of adsorbates with surfaces, although the 

computational demands will grow very rapidly. 

We developed two PESs for the interaction of CO with a rhodium atom, 

corresponding to the electronic ground state at short and large Rh-CO distances, respectively. 

At short distances the system is a doublet, and at large distances it is a quartet. It could be 

proven that atom-atom potentials were not appropriate to describe this system. The PESs 

could be fitted best with a spherical expansion and Morse forms for the expansion 

coefficients. We found somewhat larger bonding energies than most previous calculations. 

This may be due to the common overestimation of bonding energies in DFf, even though we 

have included non-local corrections. Our results agree reasonably well with previous DFf 

calculations on Rh-CO. The calculations on the interaction of CO with small rhodium clusters 

show reasonable agreement with experimental values. Comparing the same cluster 

calculations with predictions by the PESs, it seems that our PESs are not anisotropic enough 

(the site preference is not well reproduced), and give too high adsorption energies. 

Unfortunately, we were unable to improve the PESs with results from our small cluster 
calculations. The rhodium-CO bonding itself is characterized by 1t donation from the metal 

and cr donation from CO. The calculated chemisorption properties of CO on relative small 

model rhodium clusters can only reproduce the experimental trends. A four-metal-atom 

duster defines the minimum size for a good qualitative description of the interactions 

involved in the CO-metal bond. However, larger clusters are necessary to reproduce 

experimental findings. Both our (T d) ten and (D3b) thirteen atom clusters could reproduce the 

experimentally observed preference for the onefold site with a reasonable adsorption energy. 

Carbon monoxide adsorbed stronger on the onefold site with three nearest neighbors than on 

the onefold site with six nearest neighbors in tetrahedral Rh10. 

general Quantum Chemical Studies in Catalysis 177 



Conclusion and Summary 

The chemisorption and oxidation of ammonia over copper and the role of oxygen. 

Our calculated adsorption energies for ammonia on copper showed a rather strong 

dependence on the size of the cluster. Nevertheless, there was clearly a trend towards onefold 

adsorption for the (100) and the (111) surface. Comparing both surfaces shows that in onefold 

adsorption, the steric repulsion is much less for the (100) surface while the orbital interaction 

is about the same. With an OPDOS analysis, we were able to show that it ~s the interaction of 

NH3 with the copper d orbitals as well as with the copper s valence electrons that favors the 

onefold adsorption site, while the interaction of NH3 with the copper p orbitals favors the 

higher coordination sites. It is possible to confirm our predicted onefold adsorption geometry 

for NH3 on copper by de~rmining the NH3 O' LDOS relative to the Fermi level. 

Oxygen and ammonia preadsorbed on a copper ( 111) surface demonstrate an 

attractive interaction. While this is in part due to the direct interaction between the oxygen 

and one of the hydrogen atoms of NH3, a greater portion of the favorable bonding is attributed 

to the interaction through the copper surface. The latter agrees with the predictions from the 

bond order conservation postulate. For the dissociation ofNH3 over copper we analyzed three 

reaction paths. The dissociation without preadsorbed oxygen has the highest activation energy 

and is the most endothermic. The dissociation of adsorbed NH3 in the presence of oxygen has 

a considerably lower reaction energy due to hydroxyl formation. Of the two dissociation 

pathways studied in the presence of oxygen, the first one in which NH3 is initially adsorbed 
I 

onefold is favored over the second one in which NH3 is initially al!lsorbed threefold. 

Subsequent dissociation of NH2 and NH in the presence of oxygen help to drive the overall 

oxidation process. The desorption of water from the surface and the dissociation of NH3 are 

the two most thermodynamically unfavorable steps in the overall sequence: of steps. Although 

atomic oxygen promotes N-H bond activation, the strong Cu-0 interaction leads to poisoning 

of surface sites that inhibits the overall dissociation kinetics. Sequential hydrogen transfer to 

form OH is favored over the simultaneous hydrogen transfer to form water directly. 

Molecular oxygen adsorbs favorably both in parallel and perpen<llicular orientations 

to the surface. The parallel mode is a precursor state for 02 dissociation where a significant 

charge transfer from the surface to 02 7t'" orbital weakens the 0-0 bond. The perpendicular 

mode is the precursor state for NH3 dissociation. Preadsorbed 02 enhances·the adsorption of 

NH3 and acts to lower the barrier for N-H bond activation. The sequential hydrogen 

abstraction, while less exothermic than the path for the simultaneous H transfer, is kinetically 

favored. The sequential-H~transfer-02 path is the most likely of all .those studied. Its 

activation energy is zero, i.e., a non-activated process. Recombination of N adatoms and 

desorption of N2 was found to be favored over the recombinative removal of NO. However, 

under reaction conditions both entropy and selective collision frequency favor NO formation. 
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Conclusie en Samenvatting 

Dit proefschrift beschrijft enkele katalytische systemen met de overgangs metalen 
iridium, rhodium en koper met dichtheids funktionaal berekeningen: de Xcx metbode 

(hoofdstuk 2) of de Vosko-Wilk-Nussair exchange-correlatie potentiaal (boofdstukken 3-10). 

Het gebruik van niet-lokale en (voor iridium en rhodium) relativistische correcties in de 

berekeningen geeft veel betere beschrijvingen in vergelijking met experimenten. De resultaten 

zoals bescbreven in dit proefschrift laten zien dat het zeer wel mogelijk is om een 

geavanceerde quantum-cbemische methode toe te passen op relevante katalytische problemen. 

De invloed van kationen op de adsorptie van atomair waterstof en zwavel op iridium. 

Waterstof geadsorbeerd op een tetrahedriscb lr4 cluster laat een kleine afname in de 

waterstof bindings sterkte zien in de aanwezigbeid van een Mg2+ kation. De maximale 

afname is 25 kJ/mol voor enkelvoudig geadsorbeerd waterstof. Sterker gebonden waterstof 

atomen geadsorbeerd op hogere coordinatie plaatsen laten enkel kleine verschillen in bindings 

sterkte zien. Hieruit kunnen we concluderen dat de dissociatieve adsorptie energie van 

waterstof op lf4 niet zal veranderen. Dit voorspeld dat de gehele aktiverings energie ten 

opzichte van de gasfase afneemt in de aanwezigbeid van een Mg2+ kation door de 

toegenomen adsorptie energie van het waterstof molekuul. 

Zwavel geadsorbeerd op tetrahedriscb lr4 zonder een Mg2+ kation laat adsorptie 

energieen zien die in goede overeenstemming zijn met experimenteel gevonden waarden. De 

binding wordt voornamelijk veroorzaakt door de interactie met de p orbitalen van zwavel. Het 

effect van de introductie van een Mg2+ kation is geometrie afhankelijk. De interactie voor 

enkelvoudige adsorptie wordt verzwakt, dat van de tweevoudige blijft onveranderd, terwijl dat 

van de drievoudige wordt versterkt. Voor de enkelvoudige geometrie blijft de Ir-S bindings 

lengte bijna gelijk, voor de tweevoudige en drievoudige neemt bet af. De invloed van een 

Mg2+ kation op CO, Hz en H adsorptie kon worden verklaard met een eenvoudig 

electrostatiscb model omdat bet Mg2+ electrostatiscb veld de veranderingen domineerde. 

Voor zwavel is de invloed van bet kation identiek voor de enkelvoudige en de tweevoudige 

geometrie. Voor de drievoudige geometrie echter zijn cbemische bindings effecten van meer 

belang. De sterkere binding kan worden verklaard met een geexciteerd S atoom dat voor deze 
geometrie een gunstiger 7t interactie met lr4 heeft in de aanwezigheid van Mg2+. Dit wijst op 

een toegenomen zwavel gevoeligheid van metaal deeltjes in de nabijheid van een kation. 
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Conclusie en Samenvatting 

Rhodium clusters en de interactie van koolmonoxyde met rhodium. 

Wij berekenden verschillende eigenschappen voor een aanzienlijk aantal rhodium 

clusters. De meeste clusters bezitten magnetische momenten ongelijk nul. Deze magnetische 

momenten zijn waarschijnlijk het resultaat van de gereduceerde dimensie en de vergrote 

electronische ontaarding door de symmetrie van het cluster. Ondanks clusters van wel 43 

atomen waren eigenschappen als cohesie energie en ionisatie potentiaal niet geconvergeerd 

naar de bulk. Berekeningen aan grotere clusters worden te groot om binnen een redelijke tijd 

te doen. Clusters van meer dan dertien rhodium atomen zijn op dit moment waarschijnlijk te 

groot voor chemisorptie studies. Slab berekeningen lijken veelbelovender dan clusters. 

Convergentie naar overgangs metaal bulk eigenschappen lijkt mogelijk te zijn tegen een 

redelijke reken inspanning. De Rh-Rh afstand wordt al goed voorspeld op LDA niveau. Het 

meenemen van niet-lokale correcties is echter essentieel om de cohesie energie redelijk te 

kunnen bepalen. Dit moedigt het gebruik van slabs in de studie van de interactie van 

adsorbaten met oppervlakken aan, hoewel de reken inspanning zeer snel zal toenemen. 

We ontwikkelden twee PESen voor de interactie van CO met een rhodium atoom, 

behorende bij de elektronische grond toestand op korte en lange Rh-CO afstand. Op korte 

afstand is het systeem een doublet, op langere afstand een quartet. Aangetoond kon worden 

dat atoom~atoom potentialen niet geschikt zijn om dit systeem te beschrijven. De PESen 

konden het beste worden gefit d.m.v. een sferische expansie en Morse functies voor de 

expansie coefficienten. We vonden iets grotere bindings energieen dan de meeste eerdere 

berekeningen. Dit kan worden veroorzaakt door de gebruikelijke overschatting van bindings 

energieen in DPT, hoewel we niet-lokale correcties hebben meegenomen. Onze resultaten 

stemmen redelijk overeen met eerdere DPT berekeningen aan Rh-CO. Berekeningen aan de 

interactie van CO met kleine rhodium clusters geeft redelijke overeenstemming met 

experimentele waarden. Vergelijken we dezelfde berekeningen met voorspellingen van de 

PESen, dan lijkt het erop dat deze niet anisotropisch genoeg zijn (de adsorptie geometrie 

wordt niet goed gereproduceerd), en te hoge adsorptie energieen geven. Helaas zijn we niet in 

staat geweest om de PESen te verbeteren met resultaten van onze cluster berekeningen. De 
rhodium-CO binding wordt gekenmerkt door 1t donatie van het metaal en er donatie van CO. 

De berekende chemisorptie eigenschappen van CO op relatief kleine rhodium clusters kan 

enkel de experimentele trends reproduceren. Een vier-metaal-atoom cluster definieert de 

minimum afmeting voor een goede kwalitatieve beschrijving van de interacties betrokken bij 

de CO-metaal binding. Grotere clusters zijn noodzakelijk om 7xperimentele waarnemingen te 

reproduceren. Tien (Td) en dertien (D3h) atoom clusters geven de experimenteel gevonden 

voorkeur voor de enkelvoudige adsorptie met redelijke adsorptie energieen. CO adsorbeerd 

sterker op de enkelvoudige positie met drie dan met zes naaste buren in tetrahedrisch Rh10. 
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Conclusie en Samenvatting 

De chemisorptie en oxydatie van ammonia over koper en de rol van zuurstof. 

De berekende adsorptie energie voor ammonia op koper is sterk afhankelijk van de 

afmeting van bet cluster. Niet te min is er duidelijk een trend naar enkelvoudige adsorptie 

voor bet (100) en (11 l) oppervlak. Vergelijking van beide oppervlakken laat zien dat voor 

enkelvoudige adsorptie de steriscbe repulsie veel minder is voor bet (100) oppervlak terwijl 

de orbital interactie ongeveer gelijk is. Met een OPDOS analyse konden we aantonen dat de 

interactie van NH3 met de koper d orbitalen en s valentie elektronen de enkelvoudige 

adsorptie begunstigd, terwijl de interactie met de koper p orbitalen. de bogere coordinatie 

bevoordeeld. Het is mogelijk om de voorspelde enkelvoudige adsorptie geometrie voor NH3 

op koper te bevestigen door de NH3 cr LOOS ten opzichte van het Fermi niveau te bepalen. 

Zuurstof en ammonia geadsorbeerd op koper ( 111) laten een gunstige interactie zien. 

Dit komt gedeeltelijk door de directe interactie tussen het zuurstof en een van de H atomen 

van NH3. Een groter gedeelte van de binding wordt veroorzaakt door de interactie door het 

koper oppervlak. Dit is in overeenstemming met voorspellingen van bet bond order 

conservatie postulaat. Voor de dissociatie van NH3 over koper bebben we drie reactie paden 

geanalyseerd. De dissociatie zonder gepreadsorbeerd zuurstof had de hoogste activerings 

energie en is het meest endotherm. De dissociatie in de aanwezigheid van zuurstof heeft een 

aanzienlijk lagere reactie energie door de OH formatie. Van de twee bestudeerde dissociatie 

paden in de aanwezigheid van zuurstof wordt de eerste, waar NH3 enkelvoudig is 

geadsorbeerd, geprefereerd over de tweede, waar NH3 drievoudig is geadsorbeerd. Verdere 

dissociatie van NH2 en NH in de aanwezigheid van zuurstof helpt het gehele oxydatie proces 

verlopen. Water desorptie en de dissociatie van NH3 zijn de twee thermodynamisch meest 

ongunstige stappen in de gehele reeks van stappen. Hoewel atomair zuurstof de N-H binding 

activering begunstigd, leidt de sterke Cu-0 interactie tot de vergiftiging van oppervlakte 

plaatsen die de gehele dissociatie kinetiek verhinderen. Opeenvolgende H overdracht om OH 

te vormen is gunstiger dan de gelijktijdige H overdracht om direct water te vormen. 

Moleculair zuurstof adsorbeerd op Cu( 111 ). De parallelle geometrie is een voorloper 

voor 02 dissociatie waar een significante ladings overdracht van het oppervlak naar de 02 7t* 

orbital de 0-0 binding verzwakt. De loodrechte geometrie is de voorloper van NH3 

dissociatie. Gepreadsorbeerd 02 verhoogd de adsorptie van NH3 en verlaagd de barriere voor 

N-H bindings activering. De opeenvolgende waterstof abstractie, hoewel minder exotherm 

dan het pad voor de gelijktijdige H overdracht, is kinetisch gunstiger. Van alle bestudeerde 

paden is het opeenvolgende-H-overdracht-02 pad de meest waarschijnlijke De activerings 

energie hiervan is nu!, een niet-geactiveerd proces. De recombinatie van N atomen en de 

desorptie van N2 was gunstiger dan de recombinatieve verwijdering van NO. Onder reactie 

condities begunstigen zowel entropie als selectieve botsings frequentie NO formatie. 
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Conclusao e Sumario 

Nesta tese estudou-se pequenos sistemas catalfticos (clusters) envolvendo os metais 

de transiyiio irfdio, r6dio e cobre por meio de calculos do tipo funcional densidade (DF), 

usando o metodo Xa. (capftulo 2) ou o potencial de correlayiio de troca Vosko-Wilk-Nusair 

(capftulos 3-10). A inclusiio de correyoes niio-locais e (para irfdio e r6dio) correyoes 

relativfsticas fornece muito melhor descriyiio dos sistemas estudados, se comparado com o 

experimento. Com o trabalho desenvolvido nesta tese mostrou-se que e possfvel aplicar um 

metodo qufmico quantico avanyado a varios problemas catalfticos relev~ntes. 

A influencia de cations na adsorfiio de hidrogenio atomico e enxofre sobre iridio. 

A forya da ligayiio de hidrogenio adsorvido em clusters tetraedricos de Ir4 sofre um 

pequeno decrescimo quando da presenya do cation Mg+2. 0 maximo decrescimo observado 

foi de 25 kJ/mol para hidrogenio mono-coordenado a superffcie. Para atomos de hidrogenio 

adsorvidos fortemente em mais alta coordenayiio, observou-se apenas uma pequena variaiyao 

na foriya da ligaiyiio H-lr. Como resultado, a entalpia de adsoriyiio dissociativa de hidrogenio 

em partfculas de lq tetraedrico niio se altera. Preve-se entao que a energia de ativaiyao total 

com respeito aos reagentes na fase gasosa decrescera na presenyade Mg+2 devido ao aumento 

do calor de adsori;ao da molecula de Hz. 

As energias de adsoryiio do enxofre em clusters tetraedricos de lq na ausencia de 

Mg+2 concordam bem com os resultados experimentais. A ligaiyiio se deve principalmente a 
interaiyiio com os orbitais p do enxofre. A geometria do sistema e dependente da introduiyiio de 

Mg+2. A interaiylio para a geometria mono-coordenada decresce, bi-cootdenada nlio se altera e 

tri-coordenada, aumenta. 0 comprimento da ligaiyao lr-S quase nao se altera para o modo de 

adsoryiio mono-coordenado enquanto que para bi-coordenado e tri-coordenado, ela diroinui. A 

influencia da preseni;a de Mg+2 na adsoriyiio de CO, H2 e H pode ser explicada como sendo 

simples interai;iio eletrostatica, uma vez que o campo eletrostatico do Mg+2 domina as 

mudani;as. Para enxofre a influencia do cation e similar para os modos de adsoriyiio mono e bi

.coordenado. Ja para o tri-coordenado, efeitos sobre as ligai;Cies qufmicas sao mais 

importantes. 0 aumento da fori;a de ligaiyiio pode ser explicado usando-se um atomo de 

enxofre excitado, o qual para esta geometria apresenta interayli.o 1t mais favoravel com Iq 

quando Mg+2 esta presente. Isto indica um aumento na sensitividade do enxofre a partfculas 

metalicas quando em contato com um cation. 
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Conclusiio en Sumdrio 

Sistemas de rOdio e interafiiO de monoxido de carbono com rodio. 
Calculou-se diversas propriedades para diferentes clusters de r6dio. A maioria tern 

momento magnetico diferente de zero. Isto e, muito provavelmente, resultado da reduzida 

dimenslio bem como aumento na degenerescencia eletronica devido a simetria do cluster. 

Apesar de ter-se usado clusters de ate 43 atomos, propriedades tais como energia de coeslio e 

potencial de ionizaylio nlio sao convergentes com relayao ao tamanho do cluster. Grandes 

clusters exigem consideravel esforyo computacional dificultando a realizayao dos calculos em 

tempo razoaveL Clusters com mais de 13 atomos sao, no momento, provavelmente muito 

grandes para o estudo de adsorylio qufrnica. Calculo de sistemas peri6dicos bidimensionais 

(slabs) parece mais promissor do que simples clusters. A convergencia de propriedades bulk 

de metais de transiyii.o parece ser possfvel em um custo computacional razoavel. A distancia 

da ligaylio Rh-Rh pode ser predita relativamente bem usando-se correyOes do tipo local. Em 

calculos de energia de coesao, no entanto, e indispensavel o uso de correyoes do tipo nlio

local. Tais resultados encorajam o uso de slabs no estudo da interayao de adsorbatos em 

superffcies, muito embora a demanda computacional cresya muito rapidamente. 

Desenvolveu-se duas diferentes superffcies de energia potencial (PES) para a 

interayllo de CO com um atomo de r6dio, relativas ao estado eletronico fundamental, para 

pequenas e grandes distancias Rh-CO. A pequenas distancias o sistema e um dublete 

enquanto que a grandes distancias, um quarteto. :E possfvel provar que o potenciat atomo

:1tomo nao e apropriado para descrever tal sistema. 0 ajuste da PBS e mais adequado usando

se as formas de potencial de expansao esferica e Morse. Encontrou-se mais alta energia de 

ligayao se comparado com a maioria dos resultados anteriores. Isto pode ser devido a comum 

superestimativa de energias de ligaylio em DFf, apesar da incluslio de correyaes do tipo nao

local. Os resultados estlio em razoavel acordo com calculo DFf anterior para Rh-CO bem 

como com o experimento. Comparando calculos para clusters com prediyoes de PES's, parece 

que estas ultimas nao sao suficientemente anisotr6picas (o modode adsoryii.O preferido nao e 

bem reproduzido) e apresentam energias de adsoryii.o muito altas. Nao foi possfvel melhorar 

as PES's apenas com resultados obtidos nos calculos com pequenos clusters. A ligayii.o Rh

CO e caracterizada por doaylio 1t do metal e doaylio O' do CO. As propriedades de 

quimissorylio de CO em pequenos clusters de r6dio podem reproduzir apenas tendencias 

obtidas experimentalmente. Clusters com no mfnimo quatro atomos sao necessarios para boa 

descriylio qualitativa das interayoes envolvidas na ligayao CO-metal. Clusters maiores sao 

necessarios para reproduzir resultados experimentais. Ambos os clusters, com dez (Td) e 

treze (D3h) atomos reproduzem a preferencia para mono-coordenayao observada 

experimentalmente com razoavel energia de adsorylio. CO adsorve mais fortemente mono

coordenado com tres vizinhos mais pr6ximos do que com seis, Rio tetraedrico. 
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Conclusiio en Sumario 

Quimissorfiio e oxidafiio de amonia sobre cobre e influencia da presenfa de oxigenio. 

A energia de adsor\:iiO calculada para a amonia em clusters de cobre e fortemente 

dependente do tamanho do cluster. Existe clara tendencia para a adsor\:iio mono-coordenada 

para as superficies (100) e (111). Comparando ambas as superficies percebe-se que na 

adsor\:iio mono-coordenada a repulsll.o esterica e muito menor para a superficie (100) 

enquanto a intera\:ii.O orbital e quase a mesma. Por meio de analise OPDOS, pode-se mostrar 

que a intera\:ao de NH3 com os orbitais d bem como eletrons de valenc~a s do cobre favorece 

o modo de adsor\:ii.O mono-coordenado, enquanto que a intera\:ao com oitbitais p favore modos 

de adsof\:li.O de mais alta coordena\:ii.O. E possivel confirmar a geometria de adsor\:ao mono

coordenada para NH3 sobre cobre determinando o NH3 <f LDOS relativo ao nivel de Fermi. 

Oxigenio e amonia pre-adsorvidos em superficie de Cu (111) mostram intera\:ao 

atrativa. Isso e, em parte, devido a intera\:ii.O direta entre oxigenio e um dos atomos de 

hidrogenio da amonia. Grande parte da liga\:aO favoravel e, entretanto, atribufda a intera\:aO 

com a superficie de Cu. Isto concorda com as predi\:OeS do postulado da conserva\:ii.O da 

ordem de liga\:ao. Para a dissocia\:li.O de NH3 sobre Cu, tees diferentes mecanismos de rea\:ii.O 

foram analisados. Dissocia\:aO na ausencia de 0 pre-adsorvido tern a mais alta energia de 

ativa\:li.O e e a mais endotermica. Dissocia1tll.o em presen\:a de 0 tern energia de rea\:iiO 

consideravelmente mais baixa devido a forma\:iiO de hidroxila. Dos dois diferentes caminhos 

de rea\:aO estudados em presen\:a de 0, o primeiro no qual a adsor\:iiO ~e NH3 e inicialmente 

mono-coordenada e favorecido sobre 0 segundo, no qual ela e inicialmente tri-coordenada. 

Subsequente dissocia\:iio de NH2 e NH na presen\:a de 0 ajuda no processo oxidativo como 

um todo. Dessor\:iio de agua de superficie e dissocia\:ao de NH3 sll.o as duas etapas 

termodinamicamente mais desfavoraveis da rea\:ll.O. Apesar de oxigenio atomico promover a 

ativa\:ll.O da liga\:ll.O N-H, a forte intera\:ll.O Cu-0 promove o envenenamento dos sitios que 

inibem a cinetica total de dissocia\:ll.O. Transferencia sequencial de hidrogenios para formar 

hidroxilas e favorecido sobre transferencia simultfutea para formar agua diretamente. 

02 adsorve favoravelmente em ambas as orienta\:OeS, paralela e perpendicular a 
superficie. 0 modo paralelo e precursor para dissocia\:i'iO de 02 com razoavel transferencia de 

carga da superffcie para os orbitais 1t* do 02, enfraquecendo a liga\:ll.O 0-0. A adsor\:ll.O 

perpendicular e precursora da dissocia\:li.O de NH3. 02 pre-adsorvido,facilita a adsor\:liO de 

NH3 e atua baixando a energia de ativa\:li.O da liga\:iio N-H. Abstr~iio de H sequencial, apesar 

de menos exotermica do que a tranferencia simultfutea, tern uma cinetica favoravel. Dentre os 

estudados, o caminho de rea\:iiO mais provavel parece ser a transferencia sequencial de H para 

02. Sua energia de ativa\:iiO e zero. Recombina\:ao de atomos de N adsorvidos na superficie e 

dessor\:li.O de Nie favoravel sobre remQ\:liO recombinativa de NO. Nas condi\:OeS de re~iio 

ambos, entropia e frequencia de colisao seletiva favorecem a form~ao de NO. 
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Stellingen 

behorende bij het proefscbrift 

Quantum Chemical Studies in Catalysis 

W.Biemolt 

Het gebruik van "metalliscbe atomen" levert, gezien de veel te hoge adsorptie energie. 

geen betrouwbaar(der) theoretisch model voorde bestudering van chemisorptie. 

X. Xu, N. Wang en Q. 2'llang. Smf. Sci. 274 ()992) 378. 

2 Hoewel de conclusie van Jentys en Catlow juist is dat "edge sharing" tetraedra niet in 

Ti-zeolieten zullen voorkomen, kan dat niet worden gebaseerd op hun 

quantumchemiscbe berekeningen waarin een onwaarschijnlijke Si-0 afstand van 

1.987 A wordt gevonden. 

A. Jentysen C.R.A. Catlow, Calal. Lett. 22(1993) 251. 

3 De dichtheids functionaal theorie, een grondtoestands theorie, is zeer wel toepasbaar 

voor toestanden anders dan de grondtoestand. 

Dit proefscbrift 

4 Het is verwonderlijk dat Bates et al., in overeenstemming met eerdere berekeningen 
van Sauer et. al., concluderen dat de overdracbt van een zuur proton naar methanol 

gunstig is terwijl ze vinden dat de formatie van een metboxonium ion op een zure 

zeoliet ongunstig is. 

S. Bales en J. Dwyer, J. Molec. Sttuc. (Ibeocbem) 316 (1994) 57. 

J. Sauer, C. K.tllmel, F. Haase en R. Ablriebs: Pl'Oal11ding11 from the 1th illlttrnational 1.llOlit11 

con/11r11nc11, Montual 1992, R. von Ballmoos, lB. Higgins and M.MJ. Treacy (eds.) 

(Butterwcrtbs. Loodoll. 1993) p. 679. 

P. Haase en J. Sauer, J. Phys. Oiem. 98 (1994) 3083. 



S Het gebruik van ais maar grotere clusters ais model voor oppervlakkeo. in de hoop dat 

deze clusters oaar de bulk eigenscbappeo van het oppervlak coovergen::n. is zioloos 
omdat de meeste grote clusters tibei:baupt Diet coovergereo. 

6 De kristallografiscbe voorkeurspositie van titanium in zeolieteu kao niet 

quantumchemiscb onderzocbt worden met hehulp van peotamerische modelstructureo 

waarvan alle T-0-T en 0-T-O hoeken vast worden gebouden. 

R Millini, G. Perego en K. Seiti : aolites and rt:lated microporows materials: Skill! a/ the an 1994, 

J. Weitkarnp, H.G. Karge. H. Pfeifer, en W. H61derich (eds.) Studies in Surf. Sci. and Catal. 84 

(Elsevier, Amslecdam, 1994) p. 2123. 

7 Een te lange promotie moet Diet alleen finaociele consequenties hebben voor eeo OiO 

maar ook voor de instelling waar bet promotie onderzoek werd uitgevoenl 

8 De schatting dat 99% van de Nederlandse bevolking kan lezeo en lichrijveo lijkt, 

gezien bet aantal mensen dat niet in staat is om een tekst als "verbodco te roken" 

te begrijpen. aan de ruime kant. 

hl1p://www.ic.govJ94fact/171.hlml. 

9 Dicbtheids functionaal methoden wareo al van belang ver voordat GAUSSIAN92 

een dichtheids functionaal module bad 

J. Simons, J. Phys. Chem. 95(1991)1017. 

B.G. Johnson, P.M.W. Gill en J. A. Pople, J. Oiem. Phys. !17 (1992) 7846. 

B.G. Johnson, P .M.W. Gill en J. A. Pople, J. Cliem. Phys. 98 (1993) 5612. 

10 Bestudering van reakties tussen ammonia en zuurstof met semi-empirische MNOO 
berekeningen geeft enkel kwalitatieve resultaten. zeker als het oppervlak waarop deze 

reakties plaats vinden Diet in de berekeningen mee neemt. 

B. BroclawikenJ. Haber, J. Molec. Catal., 82 (1993) 353. 

11 De conclusie dat zwavel desorptie van nikkel sterk endotherm is dindat zwavel 

adsorptie op nikkel sterk exotherm is mag gedurfd worden genoemd. 

M NeurockenRA. vanSanlen,J. Am. Cbem. Soc.116(1994)4427. 




