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The electronic structure of metal and alloy surfaces is centra l to

the understanding of the physical and chemical properties of such surfaces.
0

, However , progress in calculating surface electronic structure from first

principles has lagged behind that of calculating bulk band structure

because of the difficulty of applying the conventional band description

at an interface . The theoretical study of the electronic structure of finite

metallic and bimeta llic clusters re~)resenting local surface and bulk atomic

configu rations , including small particles , has the advantage that it can

bridge the gap between solid-state band theory and molecular quantum

chemistry , thereby permitting the elucidation of surface electronic structure

as a function of local atomic arrangement and composition . The use of

clusters also facilitates the representation of bulk and sirface aefect

electronic structure , the study of chetiiisorpt~on bonding, and ultimately

the interpretation of surface chemical activity such as catalyt~c reactivity

and corrosi on . The recently developed self-consistent -field X~a\lpha (SCF-XCL )

approach to calculating the electronic structure of metallic and bimetallic

aggregates is described along with illustrative applications to s rface-

related problems .
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INTROD UCTIO N

Over the last few years there has been a rapid growth of interest in

developing quantitative theories for the physical and chemical prope rties

of metal and alloy surfaces. This has been stimulated , in part , by the

technological importance of heterogeneous catal ysis and corrosion In energy

production and convers i on and , in part , by the development of ultra-high -

vacuum optical and electron spectros copic techniques for characterizing

surfaces and chetnisorption thereon .1

0 In the deve l opment of theories for surface electronic structure and

cheniisorption , a number of different approaches may be taken. The one

following directly from solid-state physics is to consider a semi-infinite

so li d or “slab” with or without an ordered overlayer of chemisorbed atom s

or molecules.2’3 The system is assumed to be perfectly periodic in two

dimensions, and energy-band theory is modified to permit the calculation

of surface states . Un fortunately, because of the loss of periodicity

perpendicular to the surface, the imp lementation of this technique is

difficult and costly in require d compute r time . This approach also has

the disadvan tage that localized surface defects and the effects of disorder

cannot be stra i ghtforwardly included within the framework of the model.

Since chemisorption is fundamentally a localized surface phenomenon ,

involving adsorbate bonding to one or at most a few surface atoms, an

alternative theoretical model is to construc t metal-adsorbate complexes

(so—called ‘surface mol ecules ”), analogous to metal- ligand coordination

complexes of inorganic and organometa llic chemistry . Real-space methods

of quantum chemistry , e.g., molecular -orb i tal theory, can then be used to

calculate the local electronic structures and related properties of these 
0

~~
hir._t 

~~~~~~~~~~~~~ _ _ _



-4-

complexes. The analogy between met i-surface adsorbate complexes and metal

coordination complexes is not fortuitous. Significant progress has been

made recently in the synthesis of r’iecules containing several transition -

metal atoms coordinat ively saturated by a variety of ligarids. 4

A useful link between these two theoretical approaches is provided by

the recently developed cluster representation of the electronic structure

of solids .58 It has been demonstra ted that for certain (not all) properties

of bul k sol i ds or surfaces, including those with localized defects , impurities ,

compositional and topological disorder , an adequate physical model consists

of a finite number of atoms artificially removed from the infinite solid.

This cluster of atoms is then treated within the framework of molecular -

orbital theory . . If one accepts for the moment that cluster models can

provide useful information about certain properties of solids then the

following highly desirable situation with respect to the two theoretical

approaches mentioned above may result. One can p~’rforrn calculations on

inorganic and organorne tallic molecules , with the usua l cross-checks with

experiments , and from these studies draw conclusions about the nature of

metal -ligand bonding. The same theoretical method can then be applied to

clusters of various sizes interacting with the same ligands . In this way

one can examine the way that the properties change as one goes from the

case of a molecule to that of a finite cluster and finally , in  the limi t of

a sufficientl y large cluster , to the case of the infinite solid or surface~

In this way one can hopefully obtain information to answer the crucial

question which is implicit when one compares the two types of models ,

namely, In wha t ways are clusters (of a given size) similar to and in what

ways are they different from the infinite solid as far as a given property

Is concerned.
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In order to carry out a meaningfu l cluster calculation the constraints 0

on the theoretical method chosen are quite severe. A minimum requirement

If one wishes to compare results for the series which starts with an

Inorganic molecule and ends with a chemisorbed layer on an infinite surface
O is that these two endpoints be adequately treated within essentially the

same method . If the same mathematical approximations are used throughout

the study and if the method Is trustworthy for the two extreme cases then

one can be confident that the similari ties and diffe rences found between

O L the clusters and either the solid surface or the isolated molecule are

meaningful and not simply a result of differing computational approaches .

More practical constraints also exist. If one wishes to study the convergence

of a cluste r model as a function of the size of the cluster then clearly

-
~~~~ the method chosen must be capable of treatin g sufficiently large clusters

wi th a reasonable computational effort.

Fortunately the self-corcistent-field-X~-scattered-wave (SCF-Xct-SW)

method9,m satisfies at least these minimum criteria. It has been success-

fully used to study a number of inorganic complexes 7 and has furnished

valuable information on their electronic structure and spectra so that one

is confident that an isolated molecule may be adequa tely treated . Moreover

the SCF-Xa-SW method is the discrete analogue of the Korringa-Kohn-Rostoker 11
~~

3

method of band theory so that in the limit of the infinite solid SCF-Xi-SW

results go over into the results of a well -studied solid-state physics .
~~

approach.

The Xci-SW method is also sufficiently rapid that quite large clusters

can be treated (see below) in modest amounts of computational time . The

number of atoms required in a cluster mode l will of course depend on which

properties of the solid are of interest. Clearly if one is Interested for
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instance in properties associated with the Fermi surface of a meta l then

very large (computati onally Intractable) aggregates would have to be

considered. On the other hand if more local aspects of the solid are

Involved then one may hope that reasonably small clus ters coul d be useful .

With all the above considerations in mind , we wi ll review the results

of SCF-Xcz-SW electronic-structure calculations on metallic and b metallic

clusters representing the bulk and surface environments of metals and alloys ,

including surface-adsorbate configurations. Most of the detail s of this work

are published or in press elsewhere , so that the results will be described

only briefly and qualitatively in this paper. The interested reader is

referred to the cited references. 
-

MOLECULAR-ORBITAL STUDIES OF ALUMINUM CLUSTERS

CONTAININ G UP TO 43 ATOMS

The self-consistent-field-Xcz-scattered-wave molecular orbital method

has been used to perform electronic structure calculations for two series of

aluminum clusters containing up to 43 atoms, the largest metal cluster so far

treated by this method.14 The fi rst series consisted of clusters of 13 , 19 , 
—

and 43 atoms having the °h syninetry characteristic of bulk fcc aluminum 
0

0

whi le the second consi sted of 5, 9, and 25 atom clusters having the C4~
synmietry appropriate to the (100) surface. The convergence of the calculated

results as a function of cluster size has been examined. The largest cluster

of each series yields an occupied band width of over 90% 192% (C4~
), 99’s

of the bulk band width deri ved from X-ray emission spectra. These

larger clusters also show reasonable agreement with the main features of

density of states curves deri ved from band structure calculations and those

Inferred from recent photoemission measurements. The differences and

similarities between various clus ter and band theory results have been
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established. Examination of projected dens ities of states for the various

atoms provides a possible explanation of the smaller occupied band width

observed in the photoemission spectrum , compared with the X-ra y or band

structure results. It is also suggested that similar projected density of

states plots for the case of’ transition metal clusters mi ght prove useful

for the study of structure sensitivity in heterogeneous catalysis.

CLUSTER MOLECULAR-ORB ITAL STUDIES OF OXYGEN

CHEMISORPTION O!~ ALUMINUM

SCF-Xci -SW molecular orbital calculations have been performe d for cluste rs

of 5, 9, and 25 aluminum atoms representing the (100) surface in interaction

wi th one , four , or five oxygen atoms at various positions above , in , and

below the surface .14 Comparison of the results with recent ultraviolet

and X-ray photoemission (UPS and XPS) results lend further support to the

contention that at room temperature oxygen atoms are incorporated in or below

the surface even at low exposure . Projected density of states curves for the

25 atom cluster with an oxygen atom centered in the first surface layer show 0

three energy regions of significant oxygen character at about -9.5, -7, and 3

eV relative to the Fermi energy . Inspection of the wave functions for the

corresponding levels shows that the -9.5 eV peak is due mainly to bonding

combinations of in-plane oxygen p orbitals with aluminum s and p orbitals.

The -7 eV peak arises from both in-pl ane and out-of-plane oxygen p orbitals ,

again in bonding combir~ations ,while the orbitals responsible for the -3 eV

peak are best classified as nonbonding with respect to aluminum-oxygen inter-

actions. The two peaks at highest binding energy (-9.5 and -7 eV) have been

observed In recent UPS experiments while at present there is only inconclusive

evidence for the third,and it is therefore suggested that a detailed angle and

photon energy dependent study be performed.

J

O,



-~~ - ~~~~~~~~~~~~~~~ ~‘ O ~~ - - _ _

-8-

ELECTRONIC STRUCTURES OF TRANSITION-

AND NOBLE-METAL CLUSTERS OF CATALYTIC IMPORTANCE

There is much current interest in the electronic structures of small

transition- and noble-metal aggregates which constitute the active centers

of heterogeneous catalysts. Metal aggregates less than 10 A in size ,

referred to as “clusters ” in order to distinguish them from larger particles

or crysta llites , are of special importance because their electronic Structures ,

catalytic properties , and interactions with supporting environments can , in

principle , deviate from those cha racteristic of the bulk metals.

In recent publications ,15 ’16 the electronic structures of small coppe r,

nicke l , palla~ium , and platinum clusters , as calculated by the self-consistent -

field X-alph3 scattered-wave (SCF-X ~-SW) molecular -orbital method , have been

described and compared with the results of similar calculations by semiempir-

ical molecular -orbital methods. One is at first struck by the systematic

similarities , rather than the differences , between the SCF-XL1 electronic

structures of the cluste rs and those of the corresponding bulk metals. For

example , the manifolds of orb i ta l energy eigenvalues for l3-ato~ii clusters

having the cubo-octahedral nearest-neighbor coordination characterist~c of

the fcc lattice exhibit all the principal features of the bulk band structures.

e.g., overlap of the “d band” by the “s,p band ,” a sharp peak in the density

of states around the Fermi energy for the Ni 13, Pd13, and Pt13 clusters ,

Increasing band width through this series , and magnetic spin polarization

In the case of Ni 13.
15 More recent SCF-Xct studies of 4- and 6-atom nicke l ,

pallad i um , and platinum clusters , including relativistic effects, indicate

that even these small clusters exhibit most of the qualitative features of

the crystalline band structure and can be utilized as a basis for understanding

the nature of the Interaction of hyd rogen with these metals.16 These predictions

— ~~~~~~~r ~~~.: ;r ~ ~~~~~~~~~~~~ 
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have been confi rmed by spectroscopic studies of small noble- and transition-

metal clusters isolated in inert matrices.

While a small transition-metal cluste r does indeed exhibit most of the

characteristics of the crystalline bar structure , the molecular boundary

conditions and the fact tha t most of the atoms of the cluster are effectively

coordinatively unsaturated “surface” atoms lead to some important additional

features of the electronic structure .15 These include the appea rance of

localized orbitals split off in energy from the top and bottom of the cluster

d-orbital man i fold , wh i ch can be interpreted as the cluster analogues of the

“surface states” split off from the bulk d band for an extended crystalline

surface. Also associated with the cluster bounda ry conditions is a buildup

of electronic charge density in the cluster interior , compensated for by a

depletion of electronic charge at the cluster periphery . Since a faceted

polyhedral (e.g., cubo-octahedra l or icosahedral) cluster is the simplest

• globular analogue of a “stepped” crystalline surface, the effective positive

charge on the atoms at the cluster periphery is analogous to the positive

cha rge observed at the catalyt ical ly act ive edge atoms of a stepped transition -

metal (e.g., platinum) surface . The resulting electric field gradien t at the

cluster bounda ry, coupled with a high density of d orbitals spatially

di rected away from the coordinatively unsaturated atoms at the cluster 0

periphery (see Fig. 17 of Ref. 15), can promote interaction and overlap of

these orbitals with symmetry-conserving orbitals of adsorbates, catalytic -.

reactant molecules , and supporting environments . Thus the electronic

structures of small transition-metal clusters not only mimic the band structures

of the corresponding crystalline metals , but also have distinct features that

may be key to understanding the active cen ters of heterogeneous catalysts and

catalytica l ly active sites (e.g. , “steps ’) on otherwise ideal crystalline

surfaces.

— -- ,- • 
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ELECTRON IC STRUCTURE , ~~G~ETIC PROPERTIE S, AND

CATALYTIC ACTIVI TY OF I RON CLUSTERS

Although nickel , palladium , and platinum clusters of the type studied

in Refs. 15 and 16 are a logical starting point in the fu~damental investigation

of catalysts , other Group-V IlI transition metals are of comparable catalytic

versatility and invite theoretical consideration. Among these , i ron is the

most widely used commercial catalyst for the synthesis of ammonia (the Haber

process), is used commercial ly as a catalyst in the Fischer-Tropsch synthesis

of high-molecular -weight paraffins , and is generally one of the most surface-

active transition metals. The electronic structures and related properties

of i ron clusters are also of intrinsic interest in the ways they compare

with the band structure and physical properties of bulk crystalline i ron.

Of particular importance are the magnetic states of i ron clusters , their

relation to the ferromagnetism of crystalline i ron , and the infl uence , if aiy ,

• of such magnetism on the catalytic activity and surface reactivity of this

meta l .

SCF—Xa-SW molecular-orbital calculations have therefore been carried

out for a variety of i ron clusters ranging in size from 4 atoms to 15 atoms .

In this summary , we focus on the results for 9- and 15-atom clusters having

the body-centered-cubic (bcc) geometry characteristic of the local atomic

arrangement in bcc crystalline a-iron. The calculations were carried out

In spin-unrestricted form, i.e., different orbitals for different spins ,

in precisely the same fashion as described for nickel clusters in Ref. 15.

From the qualitatively similar spin-polarized electronic structure s of

the Fe9 and Fe15 cl usters, one can extract the following characteristics

which are directly comparable wi th the Dand structure of ferromagnetic

crystalline a-iron .

0 

- - -
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( 1) The cluster electronic structures can be characterized in terms of

manifolds of predominant ly d-like spin orbltals bracketed In energy

by orbl tals which have signific an t s,p character in analogy to the

overlap of the d band by the s,p band in bulk crystalline i ron.

(2) The Fermi level of each cluster passes through the center of the “spin-

down” (
~

) d-orbital manifold In a fashion similar to the intersection

of the Ferm i leve l with the center of the “minority -spin ” d band of

ferromagnetic i ron .

(3) The exchange splitting and widths of the cluster d bands , particularly

0 those for Fe15. are comparable with the values for bulk ferromagnetic

i ron .

(4) The cluster tota l density of St d t L ” , shows a pronounced two-peak structure ,

which is primarily a consequence of the exchange splitt ing, consistent

with the density of sta tes for fo rrocriagnet ic i ron.

(5) Bonding and antibonding cluster sp in orb itals of t2g and eg symmet ry

have a spatial characte r similar to the energy eigenstates of ferromagnetic

i ron near the bottom and top, respectively, of the d bands .

(6) The t29 1 an d eg i orb i tals are the lowest unoccupied majority-spin states

of the Fe15 cluster and are analoqous to the majority -spin crystal

elgensta tes of ferromagnetic i ron lying Immediate ly above the Fermi

energy.

SCF-Xi calculations have also been carried out for a bcc Fe9 clus ter _

In which the boundary conditions have been modified to simulate the “embedding ”

of the cluster in an extended crystallin e environment. Although the corres-

pondence between the cluster and crystal line electronic structures is

somewhat Improved , e.g., through an effective increase In the cluster d-band

width , the main conclusions given above are essential ly unaltered.

0 
—. ______ 

--—. -
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The cluster results can be further uti lized as a basis for understanding

the transition from collective ferr~n;agnetism to “superparamagnetism ” and

local paramagnetism with decreasing pirt icle size or inc reasing temperature .

For example :

(1) The average paramagnetic magneton numbers per atom for the Fe9 and

0 Fe15 c lus ters are 2.9 and 2.5, respectIvely, approaching the 2.2 value

for ferromagnetic crystalline a-Iron , whereas SCF-Xa results for smaller

Iron clu sters, such as Fe8 and Fe4, suggest increasing magnetic moment

approaching the atomic limit. The latter trend is supported experi-

mentally by ~3ssbauer studies of very small i ron aggregates isolated

In inert matrices and may be contrasted with the theoretical and

experimenta l observations that the magneton number decreases with

H decreasing cluster size for small nickel aggregates (cf . Ref. 15).

(2) The partial-wave decomposition of the Fe 9 and Fe15 cluster spin orb i tals

Indicates that the contribution of the 4s-like components to spin

j polarization , although relatively small in magnitude , is opposite in

direction (antiparallel to) that of the doniinant 3d-like components .

In good agreement with the analysis of magnetic form factors in polari:t’d

neutron scattering data for crystalline i ron.

(3) Somewhat more spin density in the Fe9 an d Fe15 clusters is concentrated

In the e~ orbitals than in the t~~ orbitals , providing a local model

for the concentration of spin density along the [100] direction (the

direction of easy magnetization ) In crystall ine a-iron , as deduced

• from neutron-d iffraction measurements.

(4) Neutron-diffraction studies of crystalline i ron at temperatures greater

than the Curie temperature T
~ 

sugqest tha t short-range ordering of

spins in the form of “spin clusters ” (‘ 10 A in size) persists well

- - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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into the paramagnetic region , and that the paramagnetic magneton number

is approximate ly 25~ greater than the value for ferromagnetic i ron

(1 < Tc)~ 
It is obvious there fore that the electronic structure of

crystalline i ron in the paramagnetic region is more appropriately

represented statistically by a local spin-polarized cluster model , than

by the extended a-space band-structure description , since the clus ter

electronic structure ‘is not dependent on the assumption of long-range

crystalline ordering of spins. Utilizing the bcc Fe15 clus ter as a

prototype mode l for a “spin cluster ,” one finds that the unoccupied

spin orbitals , t2gf and e9
1 , in the ground state (1 = O°K) are wi thin

a fraction of an eV of the Fermi energy , in analogy to the lowest 
0

0 unoccupied majori ty-spin eigenstates of ferromagnetic crystalline

Iron [see i tem (6) described above]. Thermally induced “spin-flip ” 
0

electronic excitations from the Fermi level (which intersects the 0

minori ty-spin manifold) to the l owest unoccupied t29f and e9
t orbitals

for I > T
~ 

results in an effective 30’ increase of cluster magnetic

iromerit and magneton number , thereby providing a good model for the

observed increase in magnetic moment of crystalline i ron in the para-

magnetic region. Such excitations only slightly alter the average

exchange splitting and total density of states of the cluster , consistent

wi th the apparent persistence of the local density of states for

crystalline i ron at T - T
~ 

(as measured , for example , by photoemissi~ t),

an experimenta l observation which heretofore has been inexplicable

wi thin the framework of conventiona l ferromagnetic energy-band theory.
0 We can benefit from the large effective surfaces presented by the Fe9

and Fe15 clusters to discuss the catalytic activi ty, selectivity , and general

surface reactivity of i ron aggregates , as has previously been done for nickel , 
0

~~~~~~~~~~~~~~~~
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pallad i um, and platinum in Refs. 15 and 16. Among the manifolds of densely

spaced d-orbital eigenstates of these clusters are levels which correspond

to antibonding spin orbitals primarily localized on and spatially oriented

away from the clus ter periphery or ‘ sur face,” especially in the genera l vicinity

of the Fermi energy. Such spin orbitals have the proper spatial character for

symmetry-conserving overlap with the orbitals (e.g., the ,r * orbitals) of

certain reactant molecules and are also likely to be present in abundance on

the surfaces of catalytic i ron aggrega tes and particles of more general

morphology . This argument is further clarified by a direct comparison of 0

the Fe15 cluster-spin-orbital energies with the SCF-Xct molecular-orbital

energi es of N2, CO, and 02, the molecules which are key reactants in i ron-

catalyzed arr~nonia synthesis , Fischer-Tropsch synthesis , and surface

oxi dation.

0 SCF-Xc* orbita l energy eigenva l ues , because of~ their equivalence to

derivatives of total energy with respect to occupation numbers ,9”1° can b~
rigorously identified with differential orbital electrone gativities which are

a general ization of Mull i ken ’s definition of electronegativity , namely, the

average of the ionization potential I and electron affinity A. While the

SCF-Xct transition-state procedure9 leads to relaxed orbita l energies that

can be individually identified wi th I or A , the unrelaxed ground-state SCF-Xcz

orbital energies define a set of orbital electrone~ativit ies which are a

measure of the average electron donor and electron acceptor character of ~~
.

each orbital . For a spin-polari zed system like the F..5 clus ter, the spin-

0 orbital energy elgenva lues define a set of ~pin-orbital electronegativ ities.
0 Thus the relative positions of the SCF-Xci orbital energies of the Fe15
0 cluster and reactant molecules N2, CO , and 02, are a measure of the differ-

ences In orbital electronegativity among these components . To understand

the relationship between spin-orbita l electronegativity , as represented by

these SCF-Xcz orbi tal energy eigenvalues , and catalytic activity , one must
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make use of the fo llr~wing concept.
17 For a concerted chemical reaction to

occur with reasonable activation energy , electrons must be able to flow

between the reactants from the highest occupied molecular orbi tals (HOMO )

into the lowest unoccupied molecular orbitals (LUMO) with which they have

positive , synlTletry-conserving 18 overlap, as the reactants move along the

reaction coordinate . An effect of the large exchange splitting in the i ron

clusters is to raise the minority spin d orbitals to higher energies in

comparison wi th the non-spin-polarized limi t, effectively reducing the

orbi tal-electronegativity difference and enhancing covalent overlap between

the cluster HOMO (those symmetry-conserving minority -spin orbitals in the

vicinity of the Fermi energy ) and the LUMO of molecules such as N2, CO , and

Because the latter molecular orbit als are antibonding, overlap and

concomi tant reduction in the activation energy for effective electron flow

between the i ren HOMO and reactant LUMO should promote dissociation of the

reactant molecules , a precursor to their catalytic reactivity . Dissociation

of N2, CO, and 02 does indeed occur on i ron surfaces at room temperature 
0

and low coverage. Further discussion of the comb ined use of orbital-

0 electronegativity and orbital-symmetry concepts in elucidating catalytic

activity will be found in Ref. 8. 0

One may also compare the SCF-Xcf-SW orbita l energies of a Pt13 cluster

previously shown to exhibi t most of the characteristics of the bulk and
0 surface electronic structures of crystalline platinum or small particles

thereof)5 In contrast to i ron, there is no exchange splitting of the

plat intiii cluster d orbitals, corresponding to the nonmagnetic state of

bulk platinum , and the intrinsically larger electronegativity of the

platinum atom results in a higher effective orbital electronegativity of
0 

the platinum cluster. The Inclusion of relativistic corrections to the

electronic structure of the latter cl uster, as descri bed in Ref. 16,

-

~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~
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Increases its effective orbital electronegativit y even further. Consequently,

the d orbitals around the Fermi level of the platinum cluster , although high

In density , are poorly matched in energy and orb i tal electronegativity to

the LUMO of N2 and CO. Thus a high density of states around the Ferm i

energy is not a sufficient condition for catalytic activity. These theoretical

results are consistent wi th the experimental fact that platinum , which is an

excel lent catalyst for some reactions , is inactive in promoting N2 and CO

dissociation and is a poor catalyst for ammonia and Fischer-Tropsch syntheses.

Dissociation of 02, the rate-limi ting precursor to oxygen chemisorption 0

and surface oxidation , occurs rapidly at relatively low temperatures and

pressures on iron surfaces, suggesting low activation energy . On platinum

0 surfaces this process seems to be less facile , generally requiring more

stringent conditions fo~- activation , such as the presence of surface “steps ”

which play the role of active sites. Like the processes of N2 and CO disso-

ciation considered above , the relative activities of platinum and i ron for

dissociation can be rationalized in terms of the respective orbita l 
0

electronegativities defined by the SCF-Xcz orbital energy eigenva lues for the

corresponding clusters . The Fermi level of the Fe15 clus ter, as well as that

of other spin-polarized i ron aggregates including crystalline a-iron , l ies

somewhat above the energy of the partially occupied orbital of 021 implying

that 02 is effectively electronegative wi th respect to this metal. The

resulting electrophil ic addition of electrons to the antibonding ~i orbital

will promote °2 dissociation . In contrast, the Pt13 Fermi level lies below

the orbital , indicating that 02 is formally nucleophilic wi th respect to

this cluster. Therefore, under normal ci rcumstances , electron transfer

between 02 and a platinum aggregate of “sur face ” is in a direction which

should favor bonding rather than dissociation of this molecule. Nevertheless ,

a platinum site can be “activated” for 02 dissociation by placing the former 

~~.0 ——--~~~~~~ ‘ -~~~~‘ - . ‘-~~~——~~~‘- -—- --.~~~- ‘- “ -
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in a low-coordination environment in which a strong ligand-metal antibonding

interaction raises the energy (lowers the electronegativity ) of the Pt

syninetry-conserving HOMO with respect to the 02 1T~~ orbital , thus facilitating

electron transfer from the metal to dioxygen . Such an environment is provided

by the “edge” atoms on a platinum surface “step.”

In an attempt to elucidate further the mechanism of ammonia synthesis

on i ron catalysts, we have also constructed theoretical models for the effects

of “promoters” (substances which , added to the catalyst, enhance its activity),

as well as models for the surface nitri de which is formed upon dissociation

of N2 on i ron.19 The principal effect of the promoter is electron donation

to i ron, which reduces the electronegativity difference and activation energy

for electron transfer between the metal HOMO and N2 LUMO (as compared with

pure iron) , thereby promoting N2 dissociation . The dissociative chemisorption

of nitrogen resu~lts in the formation of a surface nitride wi th an effective

negative charge wh i ch, in a reducing atmosphere , should facilitate protonation 0

of surface nitrogen atoms, the formation of N-H bonds , and ultimately ammonia

synthesis. An analogous argument applied to the dissociative chemisorption

of CO on i ron leads one to conclude that the formation of an i ron surface

carb ide should facilitate C-H bond formation and Fischer-Tropsch synthesis.

Details of these theoretical studies , theoreti cal models for N2 dissociation

and amonia synthesis on ruthen i um and osm i um catalysts, and the na ture of

0 catalyst-support interactions are the subjects of forthcoming papers.2° - .

INTERACTION OF HYDROGEN WITH TRANSITION-METAL SURFACES

The dissociative chernisorption and absorption of hydrogen by clusters

a~~ yt1 1 1; 
tran;JoJais 

have en~~~~~~~~~~~ eticafly,
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using the nonrelativistic and relativistic versions of the SCF-Xa-SW method

in conjunction wi th the concept of spin-orbital eiectronegativity . 16 Results 3

for hydrogen interacting with small clusters of the Group -Vu ! transition

metals , nickel , palladium , and platinum , indicate a splitting off of hydrogen

bonding levels from the bottom of the d-bands , the bonding orbitals being the

result of strong overlap between s,p,d-hybridized metal orbitals and the

hydrogen Is orbital . For the case of nicke l , the 4s-like orbita l component

dominates the bonding with hydrogen , whereas the d-orbitals are dominant for

pal ladium and platinum . These results are in agreement with recent interpreta-

tions of photoelectron spectra for hyd rogen cheniisorbed on and absorbed in

such metals. They are also consisten t with the close similarity of palladium

and platinum , as compared with nickel , in regard to catalytic reactions

involving hydrcgen . The participation of various orbital components in the

metal-hydrogen bonding can be understood fairly simply in terms of the 0

relative values of the cluster orbital electronegativities for nickel ,

palladium , and platinum in relation to the hydrogen is orbital electronegativity .

The results underscore the danger of making general statements about the dominance

of s-orbita l interactions over d-orb i tal interactions in hydrogen chemisorptio n

and catalytic activity exclusively on the basis of theoretical studies of 0

first-row transition metals , as has recently been done by some workers in the 0

published literature . The almost perfect matching of the cluster d-orbitai

electronegativities of palladium to the hydrogen is orbital electronegativ l ty

suggests purely covalent Pd(4d)-H( is) bonding. The strength of a heteronuclear

chemical bond (as described by Paul ing) can be viewed as having both covalent 0

and Ionic components in general . Moreover, the solubil ity of an impurity in

a metal general ly decreases with increasing electronegativity difference

between solvent and solute (as originally described by Hume-Rothery), other 

~~~~~~~~~ _t - 
-~~~
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factors such as size factor being taken into consideration . Thus the

minimization of electronegativ ity difference and ionic contributions in the

bonding of hydrogen to palladium aggregates is consistent with the high

solubility of hydrogen in this metal . It is also consistent with cri teria

based on moderate metal-adsorbate bond strength for the generally hi gher

catalytic activity of palladiu m for reactions involving hydrogen, relative

to the activity of nickel .

ELECTRON IC STRUCTURE AND SURFACE CHEMISTRY OF ALLOYS

It is well established that Group lB-Vu ! alloy s such as Cu-Ni exhibit

catalytic activities and corrosion passivities which are strong functions

of composition . This behavior has been attributed to (1) the effects of

- electron configuration , (2) the effects of surface segregation , and (3) the

formation of thin passive films su’th ~s chemisorbed oxygen. Bimetallic

(and multimetallic) clusters based on Group VIII and lB metals also constitute

the active centers of some commercial heterogeneous catalysts. To develop

a more quantitative understanding of the relationship between the surface

chemistry of such alloys and thei.r electron ic structures , we have begun

0 SCF-Xa studies of these systems, focussing on the electronic structures of

bimetallic clusters which simulate the local molecular configuration of the

bulk and surface environments .21 The advantage of this approach over

conventional crystalline band models of alloying is that one can systematically

study alloy electronic structure and surface properties such as chemisorption

as functions of local composition and geometry, thereby circumventing the

problems associated with long-range disorder.

Preliminary SCF-Xa results for Cu-Ni alloy s in the dilute nickel limit

show the onset of significant Ni d-orbital hybridization with the delocalized

—--- - - --~~~~~
-
~-~ .~~~L - 
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Cu s,p-like orbi tals at the Fermi ene~ jy, analogous to the virtua l bound

d-orbital states at the Fermi level p- stulated by Friedel for dilute Ni

Impuri ties In bulk copper. Local densities of states have been generated

from the discrete orbital energies of the Cu-Ni clusters, and the results

are in good agreement with photoelectron spectra measured for Cu-Ni alloys

in the Cu-rich limi t by Spicer and co-workers . These theoretical results

are a striking confi rmation of the conjecture that short-range order and

local chemical bonding dominate the electronic structu re of binary solid -

solution alloys in the limit of dilute solute concentration . The presence

of nickel d-orbital delocalization onto surrounding copper atoms at the Fermi

energy has important implications on the chemisorption and reactivity of

molecu les o~ Cu-Ni alloy surfaces , e.g., the formation of passive oxide

films on Cu-Ni surfaces characterized by isolated Ni atoms or Ni “islands ”

embedded in the environment of surface-segregated copper atoms. More

extensive cluste r models for the surface chemistry , e.g., ccrrosion passivity

and catalytic activity , of Cu-Ni alloys as functions of local composition

- 

0 

and structure are currently under investigation .

Among the most interesting and significant results obtained thus far

from these theoretical studies are the effects of alloy ing on local spi n

polarization and magnetic properties. For example , spin-unrestricted SCF-Xc~

calculations for Cu—Ni alloys in the dilute nickel limi t indicate that the

local magnetic moment of a Ni site is quenched by the copper environment ,
0 

whereas in dilute Cu-Fe alloys a strong local magnetic moment of the Fe 
0

sites remains , the magnitude of which depends on the ligand-field splittings

of the Fe d-orbitals. The latter result is important since Fe impurities

In a copper crystal constitute a Kondo system. The possible implications

of the local magnetic properties of alloy s on their surface chemical behavior

are under investigation .

_ _ _ _ _ _  A
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