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Abstract 

The interaction between atomic hydrogen and the (0001) surface of 

Be metal has been studied by iib initio electronic structure theory. 

Self-consistent-field (SCF) calculations have been performed using 

minimum, optimized minimum, double zeta and mixed basis sets for clusters 

as large as 22 Be atoms. The binding energy and equilibrium geometry 

(the distance to the surface) were determined tor 4 sites. The minimum 

basis sets give results that differ from the double zeta predictions by 

about 20 percent. Both spatially restricted (the wavefunction was 

constrained to transform as one of the irreducible representations of 

the molecular point group) and unrestricted SCF calculations were 

performed; different results were obtained in several cases. The cause 

of this symmetry breaking is discussed in detail for Be-H. In this case, 

as in the others studied, the difference is in large part a result of not 

having computed the correct high symmetry state. The dependence on 

symmetry is, therefore, a tool in helping to detect unexpected ground 

states of the chemisorbed system. 

Using only the optimized minimum basis set, clusters containing as 

many as 22 beryllium atoms have been investigated. From a variety of 

considerations, this cluster is seen to be nearly converged within the 

model used, providing our most reliable results for chemisorption. For 

this cluster all four distinct sites were considered. Three of the sites 
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have similar characteristics, producing bond energies of ^ 50 kcal/mole 
o 

and bond lengths (surface-hydrogen distance) of 1 A. The directly 

overhead site (H directly above a surface Re aton) is qualitatively 

different, ics bond length being ^ 1.4 A and bond energy ^ 30 kcal/mole. 

The vibrational frequency, which the SCF formalism is known to predict 

accurately, was calculated for the chetnisorbed hydrogen. The open and 

eclipsed sites have very similar results (1220 cm * and 1230 cm 

respectively). The bone midpoint was found to have a frequency of 

1360 cm , while the directly overhead site was found to be very different 

(2060 cm ). The site dependence of the frequency is shown to be a 

geometrical effect depending on the number and angle of the bonds. The 

diffusion of atomic hydrogen through a perfect beryllium crystal is 

predicted to be energetically unfavorable. 

The cohesive energy, the ionization energy and the singlet-triplet 

separation were computed for the clusters without hydrogen. These 

quantities can be seen as a measure of the total amount of edge effects. 

The chetnisorptive properties are not related Co Che total amount of edge 

effects, but rather Che edge effects felt by the adsorbate bonding 

berylliums. This lack of correlation with che total edge effects 

illustrates the local nature of the bonding, further strengthening 

the cluster model for chemisorption. 

A detailed discussion of Che bonding and electronic structure is 

included. The remaining edge effects for the Be,2 cluster are discussed. 

Work performed under the auspices of the U. S. Energy Research 
and Development Administration. 
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I. Introduction 

A. General Remarks 

There has been a great deal of interest in the problem of chemisorption . 

The binding energies of various adsorbed atoms and molecuK';- are known for a 

variety of materials and there exists a wealth of data on m.sorted molecular 

species by various spectroscopies: ESCA, XPS, LEED, and ol.hfjrs. A great 

deal has been learned by these experiments, but there ..re some questions 

which are not easly answered by experiment; the nature and extent of the 

bond, site preference, the step by step mechanism of dissociative adsorption 

and the changes in charge distributions between the separated and 

chemisorbed states of the cluster and the adsorbate species. Ab Initio 

molecular orbital theory has shown itself capable of answering these types 

of questions for many small molecules." Application of the same techniques 

to the surface of solids could add to the understanding of chemisorption 

and aid in the interpretation of the experimental results. 

The large number of degrees of freedom in molecular chemisorption 

make i extremely difficult to handle, and because i>f this difficulty, we 

decided to initially investigate the more restricted problem of atomic 

chemisorption. This problem has less degrees of freedom and can be used 

to answer many of the questions about the feasibility and interpretation 

of doing surface calculations using molecular orbital theory. 

Within the past five years many semi-empirical calculations on 

small metal clusters and chemisorption have been performed . It is 

clear that many systems of interest are outside the range of current 

ab initio techniques and semi-empirical methods must be used. It is 

therefore, hoped that this work and other ab initio calculations 

will help to calibrate and evaluate existing semi-empirical methods 

for surface calculations. 



The introduction is divided in to four subsections: A. General 

Remarks, this section, 8. Considerations and Limitations of the Cluster 

Model, which discusses th<5 philosophy of the claster model for a molecular 

orbital approach, C. The Choice of Be It, where the reasons for choosing 

beryllium, i.e., its small size, the sucess of the SCF formalism, accuracy 

of the minimum basis description, a closed shell ground state and covalent 

nature of the bond, are discussed. D. Theoretical considerations. In this 

section we discuss the lack of reconstruction leading to the study of 

the (0001) face, the use of a single configuration SCF wavefunction. The 

four sites where chemisorption were investigated are described. 

The next section is II. Results. First, extensive basis set tests 

are described, leading to the conclusion that the minimum basis set 

gives results within 20 percent of the double zeta and bond lengths 

which are tO.lA too long. Computational details such as convergence 

problems and techniques, along with problems and methods used to determine 

the ground state for the bare cluster and the cluster plus hydrogen, are 

discussed in section IIB. Section C, Symmetry Considerations, discusses 

the differing results for the spatially restricted (the wavefunction is 

constrained to transform as one of the irreducible representations of 

the molecular point group) and spatially unrestricted wavefunctions. 

Be.H is used as an example and the difference is shown, in large part, 

to be a result of having considered the wrong high symmetry state. 

Configuration interaction results are reported for Be.H. The SCF and 

CI results are seen to be very similar. 

The testing of mixed basis sets is reported in section IID. These 

basis sets Involve double zeta atoms at the binding site and minimum 

basis atoms around the double zeta atoms. These basis sets are shown to 
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be as good as double zeta in most cases, and no worse than an all 

minimum basis atom treatment. 

Section H E presents a variety of properties of the cluster without 

hydrogen. These properties, the Ionization potential, the cohesive energy 

and the singlet-triplet separation, are a measure of the edge effects. 

These cluster properties are shown not to correspond to the chemisorptive 

properties, since the cluster properties sample the total edge effects, 

while the fluctuations. In the chemisorptlon are a result of edge effects 

existing at the bonding site. This corresponds to the bonding being 

local in nature, thus allowing the use of the cluster model. 

Chemisorptive results are discussed in ITF. It is shown that when 

all the berylliums involved in bonding to the adsorbate molecule have 

all their nearest neighbors, a reasonable description of the cherisorption 

is obtained. The Be,,(14,8) cluster meets uhis nearest neighbor criteria 

for all 4 sites, and is assumed to be converged within the model of a 

minimum basis and SCF formalism, leading to the conclusion that 3 sites 

are very similar with bond lengths of ^1 A and binding energies of 

\.50 kcal/mole. The fourth site, the directly overhead site, is different 

producing a bond length of "\-1.4 S and a bonding energy of ̂ 30 kcal/mole. 

The vibrational frequency of the chemisorbed hydrogen is computed. The 

open and eclipsed sites have frequencies of ^1225 cm , The bond 

midpoint site has a slightly different value of 1360 cm- , while the 

directly overhead site is very different, 2060 cm" . A very simple 

spring model is applied to the vibration, and the computed frequencies 

are shown to be a geometrical effect. The dissociative adsorption 

of H 2 is considered. The "\>50 kcal/mole hydrogen-beryllium bond energy 

is probably too small as a result of using a minimum basis; also a 

region large enough for 2 strong Be-H bonds to form without having to 

file:///-1.4
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stretch the H, greatly i.t seen to exist. The results point to the 

possibility of dissociative chemisorption of H,. Th^ diffusion of 

atomic hydrogen through a perfect beryllium crystal is considered and 

predicted to be energetically unfavorable. 

In the next major section. III Bonding, Electronic Structure and 

Edge Effects Analysed from the Properties of the Charge Distribution, 

looks at the non-uniform distribution of the charge. It is shown that 

edge effects exist even for the Be,, cluster. The hybridization of 

the beryllium atoms in the cluster is shovm to depend on the number of 

nearest neighbors. Density difference plots show the covalent nature 

of the bond. 

The last section includes our concluding remarks. The appendicies 

contain a variety of useful numerical data on the clusters and the 

cluster geometries are shown. 
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B. Considerations and Limitations of a Cluster Model 

We vttt never be able to rigorously describe 10*" metal atoms with a clus

ter molecular orbital approach. We will therefore be restricted to a cluster 

of about 30 metal atoms for even our most optimistic choice of the metal 

(light atoms, such as Be or Li which can be described by a small number 

of basis functions). Although 30 atoms are not expected to have metallic 

properties, it is still possible to study chemisorption, since we are 

not interested in the bulk properties of the metal, but are primarily 

interested in what occurs at the surface during chemisorption. 

If one considers the bonding to be local in nature, what is needed 

is a sufficient number of neighbors that the atoms directly involved in 

the bonding do not feel large "edge effects". If this can be achieved, 

a molecu.'.sr orbital approach would be preferred, with Its ability to 

accurately describe the nature and extent of the bonding. Of course, 

how large a number is needed is one of the questions we have attempted 

to answer. 
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C. The Choice of the lie -H System n 

There has not been a great deal of experimental work on beryllium 

chemisorption, possibly due to the toxicity of beryllium metal. 

The experimental work is possible and recently there has been some work on 

beryllium. In fact one group in Berkeley has begun to investigate the 

chemisorption of 0, on beryllium surfaces. I.EED experiments have shown no 

surface reconstruction for the (0001) surface. Therefore, we will not 

be forced to optimize the beryllium atom positions in the cluster, but will 

be able to use the bulk structure positions of the atoms. In addition to 

saving a great deal of work, It eliminates the problem of eage effects 

distorting the small clusters Into unreasonable geometries as a 

optimization of the cluster geometry was performed. Finally, we note that Be 
27 surfaces have been studied by Auger electron spectroscopy 

From a strictly theoretical point of view, there are five reasons 

for choosing beryllium. 

1). The Be atom has only 4 electrons. This makes Be one of the two smallest 

metals (from a basis set size point of view), Li being the other small metal. 

This will allow us to treat very large clusters. 

2). Be is a closed shell S ground state and the metal la known to 
28 have no magnetic properties . This means that the larger clusters would 

be expected to have a closed-shell singlet ground states. Any open shells 

would result in a local unpaired spin density and a measurable paramagnetic 

property. This simplifies our theoretical treatment since we are never 

concerned with coupling of unpaired electrons to get the proper eigenfunction 

of S 2. 

3) . The Hartree-Fock approximation i s very accurate for BeH, the 



simplest Be -H system. Cade and Huo'si near Hartree-Fc.uk calculations" 

produce a distsociat Ion energy of 50, i kcal/mole. This value compares well 

with both the experimental value of Colin et. al." (49.H ? Q,;* kcal/molcl 

and the extensive ronfiRuration interaction (C!) results of Bapus et. al. * 

(D =48.4' 0.7 kcal/mole). The fact that the near Hartree-F ,.k dissociation e 

energy differs from the exact D by only 1.5" 0,7 kcal/mole is encoerap.ini! 

as to the accuracy of KCF calculations for this system. 

it). The minimum basis result for Bell (where the Be basis set included 

a 2p function) are in excellent aare«ment with 'he exact results (see 

Table I). The near Hartree-Fock dissociation energy is within 10 percent 

of the exact value . The double zeta result is also within 10 percent of the 

exact ti i value. Further the bond length is only 0.009 X longer than 

experiment. It Is fortuitous that the dissociation en>rj>v for the mlntmlro 

basis is closer to the exact than the double .;et.\ «-ilm-, hut the bond 

length for the minimum basis is in error bv 0.0'.* \. 

5). The electron affinity of hydroisen (0. •">•'.' eV "") is smaller than 

the ionization potential of bervllium (l.-JeV 1. This leads on;.' to prudi^ 

a covalent bond and to the anticipation that no additional basis functions 

will bo needed on hydrogen. If the system were ionic, the minimum basts 

set would be unable to describe H and even the double zeta basis set 

might have to be auRtnented vlf.h addlional functions to describe the anion 

accurately. The fact that it is covalent allows the use of the neutral 

atom optimized basis sets and indicates that a minimum basis might be 

suitable for the description of the chemisorption. 

http://Hartree-Fc.uk
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Table t. Theoretical results for the BeH molacule; a comparison 

between basis sets, methods and experiment. 

Mfethod r (8) D^ (kcal/mole) 

Present work 

Minimum Basis X 1.420 46.4 

Double Zeta I 1.352 44.5 

Near Hartree-Focka 1.338 

Large Configuration Interaction 1.345 

Experiment l,343c 

Reference 29. 

Reference 31. 

Reference 46. 

Reference 30. 

50.3 

48.8+ 0.7 

49.8 + 0.2' 



D. Theoretical Considerations 
9 

It would seem helpful at this point to clearly state what we plan to 
do and how we intend to go about it. 

If a perfect beryl Hum crystal is cleaved, the (0001) surface is 
the one which is most likely to be stable with respect to reconstruction. 
In fact LEED studies have shown this to be true. Experimentalists 
will most likely use the (0001) surface, because of this stability. We 
obviously want to investigate the chemisorption on this surface to allow 
for a better comparison between experimental and theoretical studies. 
Figure 1 shows the Be,, cluster we used, illustrating the hexagonal 
close packed structure of interest. 

We will assume the precise structure of the metal for all our cluster 
calculations. For the (0001) surface, this implies that each surface 
atom will have nine nearest neighbors, 6 in the same layer and 3 in the 
layer below. The nearest neighbor distance a within a layer is 2.2866 A, 
while the distance between the surface atoms and their neighbors below 
is shorter, being onl> 2.2555 x 3 4 . 

All our calculations will employ single configuration SCF theory. A 
few calculations were performed with two-configuration SCF methods, but 
the results were qualitatively similar. 

As we noted In section 1C. (the choice of Be -H), beryllium metal 
has no magnetic properties. This leads to the prediction of no unpaired 
electrons, or a closed shell ground state. Because of this we refer to 
the lowest closed shell state of the cluster as the ground state. Edge 
effects for the finite clusters cause open shell configurations to 
sometimes lie lower than the closed shell state. He have computed these 
open shell configurations and have used them as a measure of the edge effects, 
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but still refti to the closed shell as the ground state and use it as 

our description of the cluster when the hydrogen is moved to infinite 

separation. Similarly we restricted the chemisorbed system to a doublet 

state, the closed shell cluster interacting with the doublet hydrogen. 

It would also be helpful at this time to explain our naming scheme 

for the clusters. Since all of our clusters have one or two layers, we 

have therefore enclosed the number in each layer in parentheses. For 

example a six atom cluster with all the atoms In one layer would be 

Be,(6,0), while one with 3 atoms in the first layer and 3 in the second 

would be Be,(3,3). 

There are at least four important distinct sites with symmetry en 

the (0001) surface of beryllium. 

I). If the hydrogen approaches the center of a triangle formed 

by 3 surface atoms and there is no beryllium in the second layer, we 

call this the open site. An example would be an approach to the center 

of the triangle formed by atoms 5,6, and 9 in Figure I. 

2). If the hydrogen approaches a threefold site with a beryllium 

atom in the second layer, we call this the eclipsed site. An example 

is the triangle formed by 6,9, and 10 with the atom labeled e being the 

second layer beryllium. 

3). An approach bisecting the line joining two beryllium atoms 

has been labeled the bond midpoint site. An example is an approach 

between atoms 6 and 9. 

4). Finally the hydrogen can approach straight on top of one surface 

beryllium, and we have called this the directly overhead Bite. 

It is clear that we want to investigate all four sites. The question 

of site preference is one we can hopefully answer. 
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Figure 1. The Be.,(14,8) cluster. This cluster illustrates the 

(0001) surface used in our studies of hydrogen adsorption 

on beryllium. The cluster has C symmetry with and without 

hydragen. The open site was studied by the approach of an H 

to the center of the triangle formed by atoms 5, 6, and 9. 

the eclipsed site by the approach to the center of the triangle 

formed by atoms 6, 9, and 10, with the atom labeled e b-sing 

the second layer beryllium. The bond midpoint ir- the bisector 

of the line joining atoms 6 and 9. The directly overhead site 

is the approach to atom 10. 
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From a practical point of view, the first thing we have to do is 

calculate the chemisorption for the small clusters using both the double 

zeta and the minimum basis. Does the minimum basis work well for the 

small clusters or is the Bell result anomalous? If the minimum basis sets 

give reasonable results, the obvious next step is to increase the cluster 

size and look for convergence for the chemisorption at each site. 

The possibility also exists to investigate other cluster properties 

and look for a correlation between these properties and the chemisorption. 

They may help us independently determine the quality of some of the clusters. 

The final goal is a detailed analysis of the chemisorption on the 

largest clusters. The remaining edge effects, charge movement and the 

nature of the bonding will be investigated in detail. 
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II. Results 

A. Basis Set Tests 

In <iny ab_ initio calculation the choice of the basis set is extremely 

important in order to be able to accurately describe the system. This 

is especially true when a minimum basis set is used. It is for this 

reason that several different basis sets were used in the course of this 

work. Many of the basts set tests were designed to answer specific 

questions which arose as the work proceeded, but all the basis set 

comparisons were used to test the quality of the minimum basis set model, 

for both the chemisorption and cluster properties. Although the basis 

set tests are not as complete as would have been desired, we believe 

they do support the reliability of the minimum basis set used for our 

larger clusters. 

The basis sets are described below and tabulated in Appendix III. 

A comparison of the results for the different basis sets on various 

clusters is made and conclusions on the quality of the basis sets are 

made. 

The basis sets are: 

a), minimum basis set I. Here Is, 2s and 2p functions on Be were 

used, while a single Is function was centered on hydrogen. Each function 
35 was a three-gaussian expansion of a Slater function. The Slater function 

orbital exponents were those of Clementi and Raimonds c (ls)=3.685, 

C (2s)»0.9S6. Although the 2p orbital is not occupied In the Be atom, 

we believed it would be very important in the clusters. Therefore 2p 

2p„, and 2p functions were Included. The exponent (c (2p)=0.890) was 
37 3 2 optimised for the P (Is 2s 2p) state of Be. Finally, for the hydrogen 

atom, 5 (ls)=>1.15 was adopted. The atomic SCF energies obtained with this 
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basis were -14.3919 hnrtrees (Be) and -0.4839 hartrees (H) compared to 

the Clementi minimum basis result for Be ( S) , E „ = -14.5567. 

b). Minimum basis set Ila. The hydrogen basis set remained the 

same, as did the beryllium Is function. The beryllium 2s and 2p Slater 

exponents were constrained to be equal and optimized for the Be.,(10,3) A 

cluster (figure 12 Appendix II). The optimum Slater exponent was found 

to be 1.00. An additional constraint imposed, as a computational convenience 

was that the 2s and 2p Slater functions be fit to the same 3 gaussian 

functions. 

c). Minimum basis lib. This basis set is the same as minimum basis 

set tla, execpt the 2s and 2p functions were fit separately to the best 

3 gaussian fit. The choice between using Ila or lib depended on which 

system of programs were being used, since for some programs the constrained 

fit offered no computational advantage. 

d). Minimum basis III. The beryllium 2s and 2p functions were 

optimized separately. This optimization was carried out for the Be-n(10,0) 

cluster. The optimum Slater exponents were found to be ;(2s)=1.01 and 

.-. (2p)=0.98. 

e). Double zeta I. This basis is a contracted gaussian set of size 

Be(9s 2p/4s 2p), H(4s lp/2s lp). The beryllium primitive gaussian set 
3S of s functions was that of van Duijnevelt L , contracted 6111 to yield 

an SCF energy of -14.5704 hartrees, compared to the true Hartree-Fock 
39 energy -14.5730. The two Be 2p primitive gaussians, with exponents 

40 a<=0.5Q9 and 0.118, were taken from a previous study on BeF.. For the 

hydrogen atom, van Duijneveldt's primitive (4s) set was contracted 

31 to (2s) and a scale factor of 1.2 was applied. For the H atom, this 

basis yields an energy of -0.4977 Hartrees. A set of 2p functions with 
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41 a=1.0 was added to the hydrogen since Roos and Siegbahn have pointed 

out the importance of having a set of 2p functions on hydrogen. 

f). Double Zetn TI. The hydrogen basis set and the beryllium s 

functions are unchanged, but a set of four 2p functions replaced the previous 
3 AT set of p functions. The functions were optimized for Be ( P) , and 

were contracted 31. 

Tables II through VI summarize the basis set tests for the small clusters, 

tn general the minimum basis description of the chemisorptlon is very 

reasonable. The bond energies are within 20 percent of the double zeta 

results, excluding the Be5.(4,l) open site where the minimum basis I yields 

only 75 percent of the double zeta I value for the chemisorption. The 

bond lengths are uniformly too long by from 0.05 A to 0.16 A. 

Whenever a minimum basis set is used careful testing is required, 

especially when unexpected results are obtained. Thi- quality of our minimum 

basis set first came into question when the ground state of the Be- (7,0) 
; 2 was computed. If 7 beryllium atoms with an occupancy of Is" 2s"" are 

used to construct the Be_ (7,0) cluster, the expected occupancy is 

(in D,. symmetry) 
•> 4 A •> "> ...3a: 2e, 2e, 2b7 4a: lg lu 2g lg lg 

but the actual ground state was found to be 

...3a* 2eJ 2e* lb* 4a? . lg lu 2g 2u lg 
The lb- orbital cannot he constructed from s orbitals on the berylliums. 

The concern arose that the minimum basis I might be favoring the p 

functions In such a way as to predict the wrong ground state. The cluster 

ground state was recomputed using both the double zeta I and double zeta II 

basis sets. The ground state was found to be the same one as predicted 

by the minimum basis. The same problem was noted for the Be._ (10,0) 

cluster. As in the case of Be- (7,0), the double zeta baBis sets 
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Table II. Chemisorption of hydrogen on the clusters of three and four 

beryllium atoms. The various clusters are illustrated in 

the figures in Appendix II, The Be,(3,0) cluster was used 

to study the open site. The cluster has D_. symmetry, and 

with the hydrogen the symmetry is C, . The Be,(3,l) cluster 

has C, symmetry, both with and without the hydrogen. The 

eclipsed site was studied using this cluster. The other four 

atom cluster, Be,(4,0) has D0, symmetry which is reduced co 

C, with the addition of hydrogen. The site of interest on 

this cluster is the bond midpoint. 

Cluster Basis Set r (X) E (kcal/mole) 

Be_(3,0) Minimum Basis I 1.25 19.1 

Minimum Basis lib 1.17 22.5 

Double Zeta I 1.10 22.0 

Be4(3,l) Minimum Basis I 1,24 28.7 

Double Zeta I 1.17 33.0 

Be4(A,0) Minimum Basis I 1.26 70.1 

Double Zeta I 1.19 65.4 
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Table III. Chemisorption of hydrogen on the Be_(4,l) cluster. The 

cluster was C. symmetry. The hydrogen approaches in such 

a way as to retain this symmetry. The open, eclipsed and 

bond midpoint were all studied using this cluster. 

Site Basis Set r (8) E (kcal/mole) 

Open Minimum Basis I 1.02 23.2 

Double Zeta I 0.91 31.0 

Eclipsed Minimum Basis I 1.15 30.1 

Double Zeta 1 1.06 3ft. 

Bond Midpoint Minimum Basis I 1.14 32.4 

Double Zeta 1.06 38.1 
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Table IV. Chemisorptton of hydroRen at the directly overhead site 

on the He,(7,0) cluster. The cluster has D-, symmetry and with the 

hydrogen adsorbed the total system has C, symmetry. 

Basis Set Used r^ {%) E (kcal/mole) 

Minimum basis I 1.43 71.3 

Minimum Basis Tib 1.39 73.9 

Double Zeta 1 1.39 60.9 

Double Zeta II 1.38 f.4.0 



Table V. The chemisorption of hydrogen at the bond midpoint site on 

the Be.-.(10,0) cluster. The cluster has D,,. symmetry and 

with the addition of hydrogen the symmetry of the total 

system is reduced to C, . The results presented in this 

table are spatially restricted. 

Basis Set Used r (X) E (kcal/mole) 

Minimum Basis I 1.16 31.5 

Minimum Basis III 1.11 32.9 

Double Zeta T 1.10 38.A 

Double Zeta TI 1.06 35.8 
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Table VT. The cherasorption of hvdroRen on the two Be, clusters 

and the Be 7(6,l) cluster, All three clusters with hydrogen 

have a total symmetry of C, . The Be,(6,0) and Be,(3,3) 
JV o b 

clusters have D,, svmmetrv when the hvdroRen Is reiwved. in 
The open site was investigated on the two Be, clusters, 

b 

while the Re_(6,l) cluster was used to study the eclipsed 

site. 

Cluster Basis Set Used r (8) E (kcal/mole) 

Be,(6,0) Minimum Basis I 1.18 47.3 

Double Zeta TT l.nfi 45.9 

Be,(3,3) Minimum Basis I 1.11 S5.3 
b 

Double Zeta TT 1.03 60.6 

Bu-(6,1) Minimum Basis T 1.11 40.8 

Double Zeta Tl 1.02 47.8 
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predicted the same ground state as the smaller basis set. From this we 

conclude the importance of the p functions is not a result of the basis 

set but reflects some real effect in the cluster. 

The environment of the berylliums in the cluster is extremely different 

from that of the atom. The Mulliken populations per atom show 2p 

populations as large as 1.48 electrons (Be,.(10,0)) in the cluster. This high p 

electron population along with the unexpected ground state lead to the 

optimization of the 2s and 2p functions for the Be.. (10,0) cluster. The 

optimum Slater exponents were found to be ?(ls)=1.01 and C(2p)=0.98. 

This optimization increased the cohesive energy (the binding energy per atom 

for the cluster) of the cluster from 8.94 kcal/mole (Minimum basis I) 

to 12.23 kcal/mole. This basis set was labeled minimum basis III, and 

using this basis set the chemisorpticn on the Be-_(10,0) cluster was 

recomputed {see Table V). The difference between the two minimum basis 

sets is very small. The bond length changes by 0.07 A and the bond 

energy by only 1.4 kcal/mole out of a total of t>30 kcal/mole. 

The optimum 2s and 2p exponents for the Be.. (10,0) ore nearly 

equal (1.01 and 0.98). Clearly, constraining the exponents to be equal would 

not result in a serious reduction in the quality of the basis set, but would 

greatly reduce the work required to optimise the basis set for the other 

clusters. This restriction, along with the constraint that the 2s and 2p 

Slater functions be fit to the sane 3 gaussian functions (a computational 

convience, which dramatically reduces the integral calculation time) was 

applied to the exponent optimisation for the Be,. (10,3) A cluster (see 

figure 12, Appendix II). The result of this calculation was similar to the 

Be.Q (10,0) results. The optimum exponent was c(2s«2p)»1.00 as compared to 

C(2s)«1.01 and ;(2p)»0.98. The cluster cohesive energy increased,relative to 

minimum basis 1, by 3.04 kcal/mole to 14.03 kcal/mole. No comparisons 

of the chemisorption 
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were made for the Be. (10,3) A cluster; rather the results of this optimization 

wete applied to the chemisorption for the Be, (7,0) cluster. The results 

are listed in Table IV under minimum basis lib (the constrained gaussian 

fit was dropped). As with the two previous clusters, the cohesive energy 

increased by 3.01 kcal/mole. The bond length became 0.04 A shorter er.d 

the bond energy Increased from 71.3 kcal/mole to 73.9 kcal/mole. Although 

the optimized minimum basis set improves the cohesive energy of the cluster 

it makes a small change in the chemisorption properties. The bond length 

shortens to lie between the minimum basis set I and the double zets basis set. 

The bond energy changes by less than 5 percent. 

The high 2p populations which prompted the additional minimum basis 

set tests also lead to a double zeta basis test. Two uncontracted functions 

had been initially used, but this was increased to four function which were 
42 3 optimized for Be P and were contracted 31. This increase allowed a 

better description of the Be 2p orbital, which was clearly important in 

the bonding within the cluster. Tables IV and V contain the results of 

both double zeta basis sets for Be, (7,0) and Be... (10,0). In both 

cases the difference between the two basis sets is small, the bond energy 

changes by less than 4.0 kcal/mole and the bond length by less than 0.0S A. 

Both basis sets were flexible enough to describe the chemisorption. Although 

the increase in the number of primitive 2p functions decreases the total 

energy of the system, it made little difference on the chemisorption 

properties. 

Extensive tests have been performed on the quality of the minimum 

basis set used. All the tests showed that the minimum basis set gives 

a reasonable description to the chemisorption properties. The bond energy 

is within 20 percent of the double zeta result, usually being too small, 

although Be-(7,0) nnd Be,(4,0) are exceptions to this. It is 

shown later that these clusters 



24 

have large edge effects which cause anomalous binding energies. For all of 

the larger clusters the minimum basis binding energy is, therefore expected 

to be coo small. The bond lengths are too long by about 0.1 S. Optimization 

of the minimum basis set increases the cohesive energy, but makes a small 

difference in the chemlsorptive properties. The bond length Is a little 

shorter (by MJ.05 8) and the bond energy remains essentially unchanged. 
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B. Computational Aspects 

Whenever an Iterative scheme, such as SCF is used, the question of 

convergence problems arise. For mos*. molecules with a closed shell 

ground state, chemical intuition gives a reasonable starting guess and 

rapid convergence follows. In fact a bad starting guess usually leads 

to convergence of a closed shell ground state. The lowest open shell states, 

while not as easy as the closed shells, usually present no serious problems. 

The first step in the calculation of the chemisorption for a 

specific cluster was to calculate the wavefunction for the lowest closed 

shell state. The hydrogen was ther added and thtt lowest doublet computed. 

For the small clusters no problems of convergence arose, but the larger 

clusters presented several different problems. 

The technique used for the clusters calculations was to start 
2 2 with a«* occupancy of Is 2s for each of the n beryllium atoms in the 

cluster, then pick the occupied orbitals for the following iterations 

as the eigenvectors associated with the 2n lowest eigenvalues of the 

Fock matrix. The initial convergence proved poor for the larger clusters. 

The poor starting guess is the cause of this slow convergence. The 

beryllium atoms in the cluster look more like Is" 2s 2p, than the 
2 2 Is 2s occupancy of the atom. The Be..(10,3> A cluster proved 

impossible to converge until the 16 a* (tKe highest occupied orbital) 

and the 17 a* (the lowest unoccupied orbital) were switched. The 

initial calculation had been attempting to converge to an excited state, 

The result of a poor starting guess combined with two orbitals having 

very similar orbital energies. Whichever one of the orbitals was occupied had 

a lower eigenvalue of the Fock matrix and continued to be occupied 

throughout the calculation. Switching of virtual orbitals and occupied 



orbitals was used tc ensure that the ground state has been found. 

A second technique which helped convergence and in finding tlv 

ground state was to first occupy only the Is orbitals, converge this 

problem, then add a few more electrons and converge the system again. 

This was continued until all the electrons were added. This improved 

the convergence since the virtual orbitals of the n-m electron case 

proved to be a good guess vor the n electron case orbitals. Also the 

choice of which orbitals within the same symmetry to occupy was made 

by eigenvalue of the fewer electron case and proved correct. 

At infinite separation, the open shell orbital is the hydrogen 

orbital, but becomes a beryllium orbital in the chemisorbed system, 

with the hydrogen orbital becoming involved in the bonding orbitals. 

This change in the open shell orbital caused some problems, but we 

were able to overcome them by heavy damping (averaging of the output 

vectors with the input vectors). Although convergence for the first 

point was slow, the following points were started from the nearby 

converged vectors and showed good convergence. 

The most serious problem was encountered for the calculation of 

the ionization potential of the Be,, cluster. The convergence problem 

was further complicated by the long time per iteration and the large 

core requirements for the SCF. The technique used to converge this 

case was as follows: first the integrals were transformed to integral 

over the molecular orbitfels of the closed shell ground state. We 

restricted ourselves to the occupied orbitals plus 15 virtual orbitals 

in the a* symmetry (the system has C symmetry) and 10 virtuals in 

in the a" symmetry. This transformed basis set contained fewer basis 

functions, and the reduction in basis functions reduced the time per 
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Iteration and core requirements greatly. We were then able to experi

ment with shifting of orbital eigenvalues and damping the eigenvectors 

until convergence was obtained. The solution of the reduced basis 

was then expanded to the full basis set with the aid of the molecular 

orbitals in terms of the original basis functions. The same shift 

and damping were applied and convergence was achieved. 

In addition to convergence problems, the determination of the 

ground state proved to be a non-trivial matter. The configuration 

predicted for a cluster, Be on the basis of n beryllium atoms with 
i 2 an occupancy of Is" 2s is not necessarily the ground state. In the 

cluster the beryllium atoms look ir.ore like Is" 2s 2p. As we noted 

above this makes the selection of the trial vectors hard, but it 

also makes predicting the ground state impossible. We were forced to 

compute many states with different occupations in order to determine 

the ground state. 

The problem was reduced .'n size by the same method .\s we used to 

improve convergence. First the Is orbitals were occupied, then more 

and more electrons were added until the correct number of electrons 

were in the system. 

This technique of adding electrons a few at a time using the 

virtual orbitals with the lowest eigenvalues, while excellent in 

choosing orbitals of the same symmetry, was not foolproof in deciding 

between two orbitals (in different symmetries) which had approximately 

the same eigenvalues. Both possibilities had to be tested. This 

technique reduced the number of states which had to be calculated in 

order to find the ground state. 

The final method used, was a test of the ground state. This was 



done by running a small CI consisting of all singly excited 

configurations from the highest occupied orbitals into the lowest unoccupied 

orbitals. The several lowest roots were examined in detail; the 

occupancy of any low lying state was determined and an SCF calculation 

with this occupancy was run as a check. 

Although convergence problems were non-trivial, we were able to 

overcome them with existing methods or by developing others well 

suited for these cluster calculations. These same methods helped 

determine the ground state. 
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C. Symmetry Considerations 

One of the most puzzling aspect.0 cf the early work was a large change 

In the chemisorptive bond energy when we changed from a spatially restricted 

(the wavefunction is constrained to transform as one of the irreducible 

representations of the molecular point group) wavefunction to a spatially 

unrestricted wavefunction. 

One cluster to show this effect was Be, (3,0), as the binding energy 

of the hydrogen on this cluster changed by 16.32 kcal/mole, 

corresponding to a 265 percent 

increase. In this cluster the 3 berylliums are positioned at the corners 

of an equilateral triangle. The cluster itself has D , symmetry. The 

hydrogen approaches the center of the triangle on a line perpendicular to 

the plane of the three berylliums, giving the entire system C, symmetry. 
~> 4 ' 4 The ground state of the cluster was computed to be la. le 2a. 2e . 

The hydrogen orbital transforms as a,, so at infinite separation the orbital 
2 4 2 4 1 occupancy is la, 2e 2a. 2e 3a 1. We assummed that this would also be the 

occupancy of the chemisorbed system. Using minimum basis lib (c (2s,2p)=1.0), 

the chemisorptlon was computed. The bond length was 1.02 A and a bond 

energy of 6.16 kcal/mole was obtained (see Table VII). The symmetry 

constraint was reduced to C for the wavefunction and the chemisorption 

recomputed. The results were very different, the bond energy had increased 

by more than a factor of 3 to 22.48 kcal/mole and the bond length had 

Increased by 0.15 R to 1.17 R. Initially we were unable to understand 

this effect by looking at the wavefunctions with C, symmetry and those 

with C symmetry. This problem was overcome by the following procedure. 

The wavefunction was computed in C_ symmetry. The integrals were 

transformed to integrals over the C, t molecular orbitals. The symmetry 
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constraint was eliminated and the C wavefunction computed with the trans
formed integrals. The results of this calculation are shown in Table VIII. 

i i i 
If no "symmetry breaking" had occured, the la , 3a . and 5a orbitals (in C ) 

i i symmetry) would correspond to a. orbitals in C. and the 2a and 4a 
orbitals would correspond to e orbitals in C„ . The a orbitals in C 

x 3v s would have been the e orbitals in C„ . The C occupancy Is therefore y 3v s r ' 
i •> 17 10 <2 * 1 1*2 "^ * 

la " 2a 3a 4a 5a la 2a *. The 3a orbital is seen to be mostly 
1 

2a. (C- ) orbital. The 4a orbital is mostly the 3a. orbital, while the 
> t 

5a orbital is mostly the 2e orbital. The 4a orbital Is doubly occupied 
while the 3a. had been the open shell in the C. symmetry case. The C. 

2 2 3 state most closely related to the C calculation is the E (...3a, 2e ) state s 1 
2 4 1 2 

and not the expected A (...2e 3a.) state. The E state was then 
computed, yielding 19.23 kcal/mole and a bond length of 1.21 A in good 
agreement with the C , differences of 0.05 A and 3.25 kcal/mole were 
observed. 

It is clear that most of the "symmetry breaking" was a result of not 
having treated the Be.H ground state. Reducing the symmetry constraints 
allowed for a reorganization of the orbitals, producing the correct ground state. 
In Be,H the use of C symmetry allowed the doubly occupied orbital to 
become an a. orbital where before it was constrained to be an e orbital. 
There are some small additional effects that account for the remaining 

2 difference between the C symmetry snd the E state. They can be viewed 
as a localisation to help account for correlation effects. 

In the cases were we did not accurately determine the correct high 
symmetry ground state, we used the low symmetry results. It is felt that 
they transform approximately as one of the irreducible representations 
of the high symmetry and are a ground state calculation. In these cases, 
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Table VII. A summary of the Be^H (3,0) results for chemisorption. 

Minimum basis lib was used. The system has C, symmetry. 
A3 The CI calculations used the interacting space in C symmetry 

Type of Calculation and State r (S) e E (kcal/mole) 

SCF 2 A X ( 2e 4 3a*) C 3 v 1.02 6.16 

SCF 2 E (3aJ 2e 3) C^ 1.21 19.23 

SCF C symmetry 1.17 22.48 

C I ~A1 Sv 1.06 17.72 

CI "E C 3v 1.22 23.59 
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Table VIIT. C s ("A ) molecular orbitala in terms of the C^ (2A.) 

molecular orbitals for Be«H. The system has C, symmetry. 

The hydrogen is 1.93 bohr above the plane of the Be- cluster. 
i 

Only the a valence orbitals are shovm. The orbital occupancy 
i •> t2 '2 ') '1 "2 '"» 

in C is la - 2a 3a 4a 5a la 2a ". 

orbital in C. sym. 

Orbital energy 

1 la, 

le 

3a, 
4a, 
3e 
4e 
5e„ 

10 5a, 

3a 4a 

-0.605764 -0.277515 

-•0.000200 0.000402 

0.998107 0.024417 

-0.000187 -0.000256 

-0.033131 -0.472879 

0.045813 -f). 880248 

-0.011992 0.0142669 

0.019221 0.024215 

0.008069 -0.001640 

0.002566 0.003439 

-0.000052 0.012185 

5a 

-0. 31677 

-0. ,000009 

0. .05573 

-0. .000491 

0, .834815 

-0, .449881 

0 .183542 

-0 .239100 

-0 .073923 

0 .012311 

0 .033337 
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the high symmetry calculations are deaMng with an excited state and 

therefore less meaningful. This symmetry dependence is a powerful tool 

in helping to determine the correct ground state of the adsorbed system. 

CI calculations were also performed for the Be, (3.0) H system. The 

beryllium Is orbitals were frozen and only excitations from the valence 

orbitals were allowed. The configurations were restricted to the interacting 

43 
space , that is all singly and doubly excited configurations with a non-
aero matrix elements with the reference state were included (due to the 
nature of the computer programs used, the calculations were performed in C 
symmetry). The insults of the CI computations are summarized in Table VII. 
The ~E state CI result is very similar to the C symmetry SCF result. This 
small correlation effect is a good sign as to the accuracy of our single 
configuration description. Unlike the E state, the ~A. state has an 
extremely large correlation effect. Analysis of the "A., wavefunction 
showed that all the important configurations (excluding the reference 
configuration) were 2e to 3a.. and/or 4a.. or 2e to 3e or 4e excitations (.see 
Table IX). The system clearly favors having fewer electrons in the 2e orbital. 
This large correlation effect resulting from moving electrons out of the 
2e orbital also indicates that the wrong high symmetry state was initially 
considered. Unlike repeating the SCF in lower symmetry, the CI calculations 
are of limited use in detecting unexpected ground states, because of their 
complexity. 
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Table IX. The Important configurations (coefficients larger than 

0.07) and the coefficients for the A, state (occupancy 
2 2 & & Is laj 2aJ le 2e* 3a 

CI computed minimum) 
Is la2 2a2 le* 2e4 3aJ ) of Be3H. R-1.930 bohr (the 2Aj 

Coefficient 

0.89834 

-0.09762 

0.08809 

0.07354 

0.07587 

-0.07971 

-0.07603 

-0.09663 

-0.07532 

0.07971 

-0.07603 

-0,07828 

-0.09063 

Occupation 

2e2 2a2 3a* 2e2 (SCF reference) 

2e to 3a. and 2e to 3e 
x i y y 

2e to 4e 
y y 

2e to 3e 
y y 

2e to 4a, x 1 
2ey to 3ax 

2e2 to 3e2 

2 2 2e' to 4aJ 
2 2 2eJ to 3eJ 

2e to 3a, 4a, 
2 2 

2e£ to 4a£ 
2e to 3e and 2e to 3e 

2 ex «> 3 ey 
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The hydrogen adsorption on beryllium surfaces is reasonably well 

described by a minimum basis set. This is not true for all systems of 

interest. A minimum basis description w> .d fail for any system in which 

the adsorption was ionic in nature, since the same minimum basis set would 

be totally unable to describe both the neutral atom at infinite separation 

and the chemisorbed ion equally well. Alterations would have to be made 

to a double zeta basis set, as well, to accurately describe the anion. After 

realizing that the adsorbate atom or molecule must use at least a double zeta 

basis set, it is clear that the cluster must also use a double zeta basis 

set to prevent the anomalous results associated with unbalanced basis sets. 

Unfortunately, the large basis set on the cluster atoms imposes the 

restriction of using only small clusters, and small clusters can give bad 

results due to large edge effects. There is a way out of this dilemma. 

A double zeta basis set is used for the adsorbate and for the cluster 

atoms directly involved in the bonding. The remaining cluster atoms use 

a minimum basis set. This should allow an accurate description of tha 

bonding and also provide a potential around the double zeta atoms which 

:an change, if necessary, during the chemisorption. In this way the 

cluster can be large enough to eliminate edge effects and still accurately 

describe the chemisorption. Since some of the systems we are interested 

in present this type of problem, we decided to investigate such a bat.is 

set uaing BeH where a large variety of basis set data already exists. 

The mixed basis set used is a combination of double zeta II for the 

hydrogen atid the adcorbate bonding berylliums and minimum basis set lib 

(t(2s«=2p)=1.00) for the remaining berylliums. 

The results of these calculations are summarized in Table X, along 
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Table X. Comparison between Mixed basis sets, double zeta and minimum 

basis sets. For the Mixed basis set the number of 

double aeta atoms Is listed after the label "mixed". 

Cluster 

Be 7(7,0) 

Directly overhead 

s i t e C 6 v 

Be 1 0(10,0) 

Bond Midpoint 

site C„ 2v 

Be6(6,0) 

open site 

C3v 

Be^O.3) 

open site 

C3v 

Be?(6,l) 
Eclipsed site 

C3v 

Basis Set r (8) 
6 

E (kcal/mole) 

Minimum Basis lib 1.39 73.9 

Double Zeta II 1.38 64.0 

Mixed (1 DZ atom) 1.38 69.9 

Minimum III 1.11 32.9 

Double Zeta II 1.06 35.8 

Mixed (2 DZ atoms) 1.05 30.6 

Mixed (4 DZ atoms) 1.05 31.1 

Minimum Basis I 1.18 47.3 

Double Zeta II 1.06 45.9 

Mixed (3 DZ atoms) 1.06 46.6 

Minimum Basis I 1.11 55.3 

Double Zeta II 1.03 60.0 

Mixed (3 t>Z atoms) 1.03 60.9 

Minimum Basis I 1.11 40.8 

Double Zeta tl 1.02 47.8 

Mixed (4 DZ atoms) 1.02 48.4 
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with the minimum basis set and double zeta II results for comparison. The 

Be,(7,0) cluster was used to study che directly overhead site, In which 

the central atom was involved in the bonding. One double zeta beryllium 

was therefore used for this cluster. The bond midpoint site was investigated 

using the Be,0(10,0) cluster. Initially two douhle zeta atoms were used, 

but the number was then Increased to 4. Both of the Be, clusters ((6,0) 
o 

and (3,3)) had been used to study the 3 fold coordinated open site; 3 

double zeta atoms were used for these clusters. The 3 Fold coordinated 

eclipsed site had been studied using the Be 7(6,l) cluster and 4 double 

zeta atoms were used, 3 on the top layer and one one the second layer. 

In all cases the bond length was the same as that of the double zeta 

(actually the Be.0(10,0) differed by 0.01 A). The bond energies, however, 

vary somewhat. The results for both Be. clusters and Be7(6,l) are 

extremely good, the largest difference being only 0.7 kcal/mole in the 

case of Be,(6,0). The Be 7(7,0) cluster has a bond strength (69.9 kcal/mole) 

between the double Beta II (64.0 kcal/mole) and the minimum basis lib 

(73.9 kcal/mole). The worst case is the Be,.(10,0) where the mixed basis 

set results (30.6 kcal/mole for 2 double zeta atoms or 31.1 kcal/mole for 

4 double zeta atoms) lie outside the minimum basis set III (32.9 kcal/moU>) 

and the double seta II result (35.8 kcal/mole), but all 3 results are 

in good agreement. The small change due to the addition of the two additional 

double zeta atoms is surprising when the change (8.2 kcal/mole) between 

the bond midpoint results for the Be.Q(10,0) and Be,,(14,0) are considered, 

where the addition of the nearest neighbors to these two berylliums 

makes a sizable difference, but an increase in basis set makes little 

change. As we will discuss later, edge effects may be responsible 

for some of the problems with this cluster. 

The mixed basis sets give geometry predictions in excellent 
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agreement (within 0.01 A) with the double zeta results. The bond energies 

vary from agreement with the double seta to agreement with the minimum 

basis in the worst case. Such mixed basis sets appear to be Ideally suited 

for cluster calculations, giving both good results and limited number of 

basis functions. The final step is to test these basis sets out on an 

ionic system where charge transfer takes place. 
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E. Properties of the Cluster without Hydrogen 

Edge effects are certainly responsible for the large variation in 

the adsorptive energies of the small clusters. Furthermore, the nature 

of the bonding in the Be metal prevents simple saturation of the edge 

bonds as done by Cartling and coworkers for silicon. However, other 

properties of the cluster without hydrogen are also expected to reflect 

these edge effects. Therefore, another measure of the importance of 

edge effects might be gained by looking at several bulk properties 

as a function of cluster size. It should be pointed out that these 

cluster properties are only used as a measure of the edge effects and 

are not an attempt to get accurate cluster prcperties with a very limited 

number of atoms. It is hoped that we will then be able to identify 

anomalous chemisorptive properties with large edge effects, thus 

simplifing the Interpretation of our data. And we further note that 

chemisorption involves only differences between the cluster plus an 

atom at infinite separation and the bound cluster-atom. Thus we expect 

the theoretical description of chemisorption to converge much more 

rapidly as a function of cluster size than do the cluster properties. 

The first cluster property investigated was the ionization potential. 

The energy calculated for the removal of one electron from the cluster 

is related to the work function of the metal. Whenever a calculation 

and an experiment are compared, one must be careful that the same quantities 

are being compared. The experiment does not measure the removal of 

one electron from the crystal, but a sufficient number to be detectable 

by the apparatus. Also the experiment is able to measure different 

work functions for the various faces of a crystal, while the calculation 

does not restrict the electron loss to a specific face. It is clear 
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that the calculation will not reproduce the work function even for an 

infinite cluster, but we can reasonablely expect to see a trend from 
45 the ionization of the atom (9.32 ev ) toward the work function of 

33 the metaJ (3.22 ev ). The variation in this trend should be a 

measure of the edge effects. 
25 The absence of observed magnetic properties guarantees a 

closed shell ground state. From the fact that beryllium is a conductor, 

we can infer that the separation between the ground state and the 

lowest excited states will be small. Also, the separation between a 

triplet and open shell singlet, with the same occupation, will become 

small as the "pairing energy" goes to zero with the increased delocalized 

nature of the "conduction" orbital with an increase In the metallic nature 

of the cluster. The lowest triplet, and for some of the larger clusters 

the open shell singlet, were computed to measure the edge effects and 

metallic properties of the cluster. 

The cohesive energy is easily calculated and is expected to show 

two effects for large clusters. The cluster should be bound with respect 

to the atoms and the addition or repositioning of one atom should not 

greatly effect the results. The first Is a statement of the existence 

of Be metal at room temperature and the second is to be expected for 

any stable, large crystal lattice. If an arbitrary restriction to 

lattices of only 2 layers or less Is adopted, it is clear that one will 

not obtain the correct value for the cohesive energy since the ratio of 

bulk to face and edge atoms is Incorrect. But we can expect convergence 

to some fixed value. 

Chemical Intuition also shows that these cluster properties should 

relate to the chemisortive properties. The ionization potential can 

be seen as a measure of how strongly the electrons are bound and therefore 
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how willing the cluster will be to donate electrons to the bonding site 

and the hydrogen atom. The unstable cluster views bonding with the 

hydrogen as a method of spreading its electrons over a larger region of 

space, thus helping to reduce the beryllium-beryllium repulsive inter

action. The bonding of the hydrogen to the surface might be considered 

as a two step process. First the cluster is excited from the singlet 

ground state to the triplet, then the hydrogen bonds with an open shell 

of the cluster. This would predict that a smaller singlet-triplet 

separation would be expected to produce a stronger cluster-hydrogen 

bond. Unfortunately, this is an oversimplification of the problem, since 

the hydrogen actually interacts most strongly with the low lying 

molecular orbitals of the beryllium cluster, those with approximately 

the same orbital energy as the hydrogen orbital. 

Spatially unrestricted single-configuration wavefunctions were 

computed for the clusters with 13 or less beryllium atoms. Spatially 

restricted wavefunctions were computed for the Be.., and Be., clusters. 

Considered were the closed shell singlet, the lowest triplet, and 

the positive ion (a doublet state). The ionization potential reported 

here is the energy difference between the closed shell singlet and 

the positive ion. The cohesive energy is calculated as the per-atom 

energy difference between the singlet and n Be atoms, where n is the 

number of atoms in the cluster. The singlet-triplet separation is 

self-explanatory, k negative singlet-triplet separation in Tables XI and XII 

indicates the triplet is lower in energy than the singlet. 

We should note that the Be. minimum basis set triplet state was done 

in C symmetry. This was due to convergence problems with the no symmetry 

calculations. 

One indication of the size of the edge effects is the calculation of 
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the singlet-triplet separation. The calculation is not a measure of the 

conduction ability of the cluster, but a measure of the edge effects. 

This is best viewed by an example: In the case of Be..(10,3) A, the 

triplet orbitals were plotted (Figures II and III). The plot is through 

the top plane of the cluster. The positions of the ten atoms In the 

top surface are marked by x's. The orbitals are not delocalized over 

the cluster, but "dangle" off the end of the cluster. It is clear that 

this property is very sensitive to edge effects. 

A frozen orbital approximation was made and the low lying triplets 

and singlets recomputed. Freezing the excited state orbitals was 

imposed to prevent relaxation of the orbitals, which increase the edge 

effects. In this way a more reasonable measure of the conduction 

ability of the cluster could be obtained. A list of singly excited 

configurations was generated; we restricted the configuration* to 

those excitations from the five or ten highest occupied orbitals into 

the lowest five or ten virtual orbitals per symmetry, then a CI was 

run and the diagonal elements of the H matrix printed. This approach 

was used, since it computed all the excited states with the same symmetry 

and spin in one run. 

The procedure is not a self-consistent one, so the choice of the 

orbitals will effect the results. The original choice of the orbttals 

for the Be., cluster was the closed shell ground state. The results of 

this calculation are summarised In Table XI. The calculations for this 

cluster were repeated with the virtual orbitals (the orbitals not 

occupied in the closed shell ground State) coning from the positive 

Ion calculation. The results for the lowest excited singlet and 

triplet of each symmetry In the second calculation differ from the 
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Figure II. The 16 a' orbital density of the Be 3(1U,3)A, A state. The 

plane of the plot is the top layer of the beryllium cluster. 

The x's mark the positions of the beryllium atoms. 
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Figure H I . The 17 a' orbital density of the Be _(10,3)A, A state. The 

plane of the plot is the top layer of the berylliuw cluster. 

The x's mark the positions of the beryllium atoms. 
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Table XX- The separation between the ground state and several excited 

scales using a frogen orbital approximation. The term 

"improved" orbitals Implies that the virtual orbitals were 

taken from the positive ion calculation. The excitation energies 

are reported in eV. 

Cluster State Excitation Energy (eV) The number of excited states 

within 1 eV of first excited state 

Be 2 2(14,8) *A' 1.29 

V 1.48 

V 0.76 

3 A" 0.96 

B e u U 4 , 0 > V 1.27 

improved 1A« 1.27 

V 0.07 

Improved V 0.06 

V 1.18 

Improved V 1.18 

V - 0 . 0 7 

improved V - 0 . 0 8 

9 

12 

9 

9 

3 

3 

1 

1 
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first by a maximum of 0.01 eV (see Table XI). The choice of the virtual 

orbitals has little effect on the excitation energies, and therefore only 

the ground state orbitals were used for the Be,, cluster. 

Several interesting points are observed for this series of cal

culations. The first is the striking difference in the results between 

the Re,, and Be., clusters. The Be,, cluster has a larger excitation 

energy and a larger separation between the excited singlets and excited 

triplets, than the corresponding Be., cluster values. The Be., cluster 

has 2 closed shell occupancies which differ by only 1.11 kcal/mole. The 

occupancies in C are ...15a'2 16a'2...10a"2 11a"2 12 a" 2 and the 

nearby excited state ...15a'2 16a'2 17a'2...10a"2 11a"2. It is the', 

obvious why the singlet and triplet states with the occupation 

...15a'2 16a'2 17a'...10a"2 11a"2 12a" lie so low in energy. On 

this basis, Be., would appear to give a better description of a metal; 

but if the number of excited states within 1 eV of the first excited 

state (see Table XI) are considered. Be,, would appear to give a better 

description of the metal. Clearly, even our largest clusters arc too 

small to completely describe a metal, and edge effects can cause a large 

variation in results for the two largest clusters considered. 

A complete summary of the cluster and chemlsorptive properties 

is located In Table XII. The limited data seems to indicate some con

vergence on the ionization potential, the singlet-triplet separations 

are not unreasonable for the large clusters, and the cohesive energy 

is positive and Increasing as the number of bonds increases, in fact 

the cohesive energies per "bond" are: Be..(10,0) 6.44 , Be-,(10,3) A 5.93, 

Be13(10,3) B 5.88, Bew(14,0) 6.93, and Be22(14,8) 6.76 kcal/mole. 

* Be..(10,0) cohesive energy was computed using Minimum basis III. 
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All of these factors point to a reduction in edge effects and the 

beginning of convergence for some of the cluster properties, but (as 

the singlet-triplet separation illustrated) not an accurate description 

of a metal. 

A close inspection of Table XII shows that no simple correlation 

exists which connects any of the cluster properties with the chemisorptive 

properties. For any of the cluster properties, two clusters can be 

found with the same cluster property, but very different chemisorptive 

results. There are several examples of this for the cohesive energy; 

Bi!,(4,0) has a negative cohesive energy (-9.73 kcal/tnole) as does 

Be,(3,0) (-5.03 kcal/mole), but the Be,(4,0) gives a very unreasonable 

description of the chemisorption at the bond midpoint site, while the 

Be,(3,0) result is reasonable result for the size of the cluster. 

The two Be. clusters show this result even more clear'^. Be-(7,0) 

has an anomalous chemisorption result and has a low cc'ivsive energy 

(3.64 kcal/mole), but the Be_(6,l) gives a reasonable description oi 

the chemisorption and has an even lower value of the cohesive energy. 

The ionization potential is even more pu22'llng. Be., (14,0) and Be,,(14,8) 

have the same Ionization potential (4.73 ev and 4.71 ev, respectively). 

The results for the chemisorption at the open and bond midpoint sites 

are the same For both clusters, but the results for the directly 

overhead site are very different (59.0 kcal/mole vs. 31.4 kcal/mole). 

This lack of correlation between the cluster and the chemisorption 

properties is understandable on the basis of our original statements 

on the cluster model. The cluster properties are a measure „f the total 

amount of edge effects for a specific cluster, while the chemisorption 

is very local In nature and only those edge effects which the adsorbate 



Table XII. & comparison between aome properties of the cluater without 

hydrogen with the chemlsorptlon teaults for the same elustev 

with.hydrogen. Results In parentheses were obtained using 

double seta X, all others used a minimum basis aet. 
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Site Description 
loniiatlon 
Potential (eV> 

ill Cohesive 
Energy 
(fecal/mole) 

Cheolsorbed 
Bond energy 
(kcal/mole) 

Directly Be 8.44 (8.04) 1.7B (2.02) — ( ) 46.4 (44.5) 

Overhead Be7(7,0) S.21 -0.73 3.64 71.3 

B« I 0a,3) 6.05 0.04 8.98 27.3 

BeX3(10.3)B 4.70 -0.62 14.03 31.3 

Be^M.O) 4.73 -0.39 14.44 59.0 

Be22(14,8) 4.71 n.c. 20.59 31.4 

Open Be3(3»0) 6.97 (6.47) 0.73 (-.98) -5.03 (..3,24) 19.1 (22.0) 

Bes(4,l) 3.73 (5.11) -0.68 (-0.40) 0.23 (1.68) 23.2 (31.9) 

Be6(6,0) 5.58 -0.24 -1.53 47.3 

Be6(3,3> 3.30 -0.43 .i.:\ 55.3 

Be9(6,3) 4.81 -1.56 3.53 50.2 

Be13(10,3)A 4.32 -0.62 14.15 39.0 

Be 1 A(M,0) 4.73 -0.39 14.44 36.1 

BeM(l4,8) 4.71 B.C. 20.39 55.1 

Eclipsed Be4(3»l) 7.18 (6.(6) 1.13 (1.08) 4.07 (4.84) 28.7 (33.0) 

Be$(4,l> 5.73 (5.11) -0.68 (-0.40) 0.23 (1.62) 30.1 (36.4) 

Be7(6,l) 5.58 -0.24 1.49 40.6 

Bels(10,l)A 4.32 -0.62 14.15 57.2 

B«i3(10v3)B 4.70 -0.62 14.03 58.3 

B«22(14,S> 4.71 n.c. 20.59 51.9 
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Table XII. continued 

Bond 8e 4(4,0) 5.13 (4.94) -1.18 (-0.79) -9.78 (-6.69) 70.1 (65.4) 

Be s(4,l) 3.73 (5.U) -0.68 (-0.40) 0.23 (1.62) 32.4 (38.1) 

Be w (10,0) 5.17 0.02. 8.94 45.3 

Be1 3(10.3)A 4.32 -0.62 14.15 44.fi 

BeM(14,0) A.73 -0.39 14.44 53.1 

Bej 2 (U,8) 4.71 n.c. 20.59 53.3 

http://44.fi
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bonding berylliums feel affect the chemisorptlon. Although the measure 

of the edge effects supplied by these cluster calculations have not 

helped in the understanding of the fluctuation in the chemisorption 

results, they have verified the local nature of the bonding and strengthened 

the use of the cluster model for chemisorption studies. 

Although the cluster properties do not give us an a_ priori method 

of evaluating a cluster as a model for chemisorption, they are not totally 

worthless with respect to understanding chemisorption. All three cluster 

properties, taken along with the chemisorption data help to explain 

some of the results for the smaller clusters, where the total edge 

effects and the local edge effects are expected to be similar. The 

Be,(4,0) cluster has a negative cohesive energy (-9.78 kcal/mole), 

and ionization potential lower than would be expected for such a small 

cluster (5.13 ev), and the triplet state 1.18 ev lower than the closed 

shell singlet state. These 3 facts help to explain the Be,(4,0)H 

results. 

The cluster properties show that even the largest clusters do not 

describe a metal, and edge effects still remain for the large clusters, 

but have shown signs that some of the cluster properties have begun 

to converge. This is encouraging since the chemisorption is expected 

to converge more rapidly than the cluster properties, since the chemi

sorption involves the difference between the cluster with and without 

the adsorbing atom or molecule. The lack of correlation between the 

cluster properties and the chemisorption indicates the local nature 

of the bonding. All of these results verify the use of the cluBter 

model for the study of chemisorption and the feasability of getting 

converged results with a limited number of atoms. All that remains 

is a method of determining the edge effects felt by the adsorbate 



S3 

bonding berylliums. This is done in the next section on the basis of 

nearest neighbor considerations. 
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F. Summary of Results for Chemisorption 

The minimum basis set was tested extensively and shown to give 

a reasonable description of the chemisorption. The cluster without 

hydrogen was investigated and these properties compared with the chemi-

sorptive properties. This comparison and these cluster properties 

indicate the workability of the cluster model. With the model tested, 

it seems safe to proce.de to the chemically interesting problem of 

chemisorption. 

The clusters were choosen to be a part of the (0001) surface and 

designed for specific sites, and therefore most of the small clusters were 

used to study only one site. Designing the clusters with the site of 

interest at the center was an attempt to reduce the edge effects at the 

binding site. For example, the Be,(3,0) cluster was used for the open 

site; bond midpoint and directly overhead sites exist, but were not 

used since they would have been on the edge of the cluster. 

The most important question to be answered is the number of atoms 

needed to get convergence in chemisorptive properties. Until this is 

answered no chemically interesting conclusions on chemisorption of 

hydrogen on beryllium surfaces can be made. In addition to the number of 

atoms, considerations of geometry and the number of nearest neighbors 

are extremely Important for an understanding of the edge effects at 

the binding site, and ultimately the extension to other systems. 

The most relevant properties which we can compute are the binding 

energy and the equilibrium geometry (the distance of the hydrogen 

above the plane of the cluster) for the four siteB of interest. This will 

answer the question of site preference for the chemisorption. The 

possibility of dissociative chemisorption of H, can be considered on 

http://proce.de
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the basis of the computed binding energy and geometrical considerations. 

Finally the experimentally measurable quantities, such as; the vibrational 

frequency of the chemisorbed hydrogen and the diffusion of the hydrogen 

through the beryllium cluster, can be considered. 

A complete summary of the chemisorption is contained in 

Table XIII. A H of the results reported in Table XIII use a minimum basis 

set. The clusters with 10 or less beryllium atoms use minimum basis I, 

the two Be., clusters use minimum basis Ha, and the Be... and Be„„ clusters 

use minimum basis lib (these basis sets are described in section HA. 

Basis Set Tests and are tabulated in Appendix H I ) . 

Initially, the convergence of the chemisorption with cluster size 

is discussed by site. 

The directly overhead site. Looking down the column, there appears 

to be no convergence of results with cluster size, however if one strikes 

out the Be-(7,0) and Be..(14,0) results, this is no longer the case. 

Both of these clusters contain only one layer, and it would appear as 

if this has a large effect on the chemisorption. This is very reasonable 

since the atom moat directly involved with the bonding is missing three 

of its nearest neighbors, the three atoms below it. Once this fact is 

recognised, it is safe to conclude that this 9ite is fairly well converged 

with a bond length of approximately 1.4 X and a bond energy of about 

30 kcal/mole. 

The eclipsed site. The two 13 atom clusters have about the same 

binding energy (57.2 kcal/mole and 58.3 kcal/mole) and bond lengths 

(0.90 8 and 0.94 X ). This Is reasonable since, one would expect that 

the movement of one atom not directly involved in the bonding should 

have only a small effect on the chemisorption. The Be., result is 

somewhat different (̂ 57.5 kcal/mole vs. 51.9 kcal/mole) indicating 



Table XIII. A suamary of hydrogen chenlsorptlon on beryllium 

llated by aite. The results were obtained uelng a 

nlniaua basis aeta. Bond dlatancea r are In * and 

cnenlsorptlve bond energies D In fccal/mole. 

Open aite Eclipsed site Bond midpoint site Directly overhead site 
Model % B. Model re D 

e 
Model re D 

e 
Model r e D 

e 
Be3(3,0) 1.2S 19.1 Be4(3,l) 1.24 28.7 Be4(4.0) 1.26 70.1 Be^l.0) 1.42 46.4 

Be6<6,0) 1.18 47.3 Be5(4,l) 1.15 30.1 &!10<10,0) 1.17 45.3 Be7(7.0> 1.43 71.3 

Be14(l*,0) 1.11 56.1 Be7(6.1) 1.11 40.8 B»WC14,0) 1.17 53.1 Beu(14,0) 1.40 59.0 

Bes(«,l) 1.02 23.2 Be,3(10(3)A 0.90 57.2 Be5(4,l) 1.14 32.4 Be1()(7,3) 1.43 27.3 

Be6(3,3> 1.11 35.3 Beu(19,3)B 0.94 58.3 Be13(10,3)A 1.05 44.8 Bei3(10,3)B 1.41 31.1 

Be9<6,3) 1.13 50.2 *enVUk,e) 0.97 51.9 Be22(14,8) 1.04 53.4 Be22(14,8) 1.39 31.4 

Be13(10,3)A 0.99 39.0 

Be 2 2(M,8) 0.94 55.1 



57 
that we may not have reached convergence with respect to cluster size. 

The bond midpoint site. The interesting thing to note is that 

Be.,(14.0) and Be.0(10,0) (one layer clusters) have longer bond lengths 

than the large two layer clusters, 1.17 A for the one layer clusters 

as compared to ̂ 1.05 A for the two layer clusters. Tnspite of this 

difference, both large clusters Be,,(14,0) and Be,,(lA,8) have tht 

same binding energy V53 kcal/mole. 

The open site. As in the case of the bond midpoint site, the 

Be.,(14,0) has a longer bond length than the two layer Be,.(14,8) (1.11 X 

vs. 0.94 S ), but similar binding energies (56.1 kcal/mole vs. 55.1 kc <l/mole). 

We should also note the very low value for the Be._ cluster (39.0 kcal/mole). 

Unlike the other 3 uites, the results for the directly overhead 

site appear convincingly converged. It appears that reasonable results are obtained 

when all of the atoms involved in the adsorbate bond have all their 

nearest neighbors, and this occurs for the Be,.(7,3) cluster. Additional 

atoms would be needed in order to get completely converged results, for 

the directly overhead site the addition of 3 atoms to form Be..(10,3)B 

changes the results from 27.3 kcal/mole (the Be,«(7,3) result) to 

31.1 kcal/mole. The even larger Be-„(14,8) has virtually the same 

result (31.4 kcal/mole). 

Hosed on this criteria, a cluster of Bp,g(12,6) would be needed for 

the open site. The minimum cluster size for the eclipsed site would be 

Be,.(12,7) (this assumes the atom on the second layer does not need its 

neighbors on the third layer). The bond midpoint could be studied 

with a cluster of Be..(10,5) if the bond midpoint site is two fold 

coordinated and a cluster of Be.,(14,8) if the bond midpoint is four 

fold coordinated. 
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Inspection of the results show that Be.,(14,0) and Be,.(14,8) 

have the same bond energies (to within 1 kcal/mole) for both the open 

and bond midpoint sites. Convergence for these sites is more dependent 

upon the first layer, than the second layer. This lack of importance 

of the second layer explains the very similar results for open (55.1 

kcal/mole) and the eclipsed site (51.9 kcal/mole). Although the binding 

energy converges for the one layer clusters, the bond lengths are too 

long for the single layer clusters by M).l &, and the vibrational 

frequency for the hydrogen adsorbed on the surface changes by 

-t<4 to 6 percent (Table XIVI) with the addition of the second layer. 

The single layer Be1Q(10,0) and the two layer Be13(10,3)A have 

very similar binding energies (45.3 kcal/mole and 44.8 kcal/mole 

respectively). This is the same one-two layer effect as the Be..(14,0) 

and Be,,(14,8) show. The interesting point is the Be^-Be., results are 

t>9 kcal/mole lower than the Be..-Be,,. If the bond midpoint site was 

a two fold coordinated site this effect would not have been observed, it 

is clear that the bond midpoint site is a four fold site. If the 

hydrogen 1B 1,01 K above the surface, its distance to the nearest bonding 

berylliums is 1.5S2 8 and the distance to the two additional berylliums 

is 2.221 X. At the open -dte the similar distances are 1.659 X to the 

bonding berylliums and 3.635 X to the next set of beryllium atoms. 

Both the results and distance consideration indicate the bond midpoint 

site should be treated as a four fold coordinated site, making Be22(14,8) 

the minimum cluster to give reasonable results. 

This nearest neighbor analysis also helps to explain the low 

(39.0 kcal/mole) result for the open site on the Be13(10,3)A cluster. 
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Table XIV. The vibrational frequencies for the hydrogen adsorbed 

on the beryllium surface. The results are given in 
-1 

Cluster Site 

directly open eclipsed bond 

overhead midpoint 

Be 2 I(H,8) 2060 1220 1230 1360 

Be13(10,3)A 1190 1190 1360 

Be13(l0,3)B 2070 1190 

Be 1 4<U,0) I960 1150 1300 
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This site was choosen so that one of the bonding berylliums is on the 

edge. It is missing 3 of its nearest neighbors, two on the top layer 

and one on the second layer. The other tvo bonding berylliums have 8 

out of a possible 9 nearest neighbors. Large edge effects at the binding 

site can give poor results, this was not an ideal site for the study of 

the open sice. 

Different chemisorption properties converge at different rates for 

the various sites, but it appears that all the chemisorption properties 

give reasonable results when all the adsorbate bonding berylliums 

have all their nearest neighbors. The Be_,(14,8) cluster meets this 

nearest neighbor criteria for all four sites, and we can take these 

Be,,(14,3) results as being nearly converged within the model used (i.e. 

minimum basis, cluster model and SCF formalism). We draw the following 

conclusions about chemisorption of hydrogen on beryllium. The directly 

overhead site is different from the other three sites with a bond energy 

of ̂ 30 kcal/mole and a bond length of "-1.4 A. The other three sites 

are very similar, all having bond energies of approximately SO kcal/mole 

and bond lenghts on the order of 1 X. 

An important property of the adsorbed hydrogen is its vibrational 

stretching frequency. For Belt, this property is described well within 
29 

the Hartree-Fock approximation. The near Hartree-Fock result , 
-1 31 

U'=2147 cm is very close Co the extensive CI of Bagus et.al. , 
u =2143 cm"* . The minimum basis set result, u =2174 ca is in fortuitously e e 
good agreement with the more extensive calculations and with experiment , 

u =2061. e 
Using the largest c lus ters , Be,,(10,3)A and B, Be l i (14 ,0 ) and 
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r.K.j^Cli.S), we computed the vibrational frequency of the hydrogen 

•.rrechin»;. Three points near the mininua were fit to a parabola, 

determining Che force conatnnt. The CJSS of Che cluster yas assumed to 

he infinite, and thus the reduced aass of the syston was the mass of 

hydrogen. These results are reported in Table XIV. Note that the 

results are very similar among the four clusters. The Be.,(14,0), 

vhlch save paor binding for the directly overhead site, wives reasonable 

results for the stretching frequency, differing by '-5 percent from the 

two layer clusters. This difference in the vibrational frequency is 

the same as noted above for the one vs. two layer clusters at the open 

and bond midpoint sites. 

The vibrational frequencies for the open and eclipsed sites are the 

same (^1225 cm ) falling at the lowest enemy. The bond midpoint site 

is somewhat higher in frequency falling at 1350 en . The directly 

overhead site is very different (2060 eta ), being alaost twice that 

of the open and eclipsed sites. This result is qualitatively easy 

to understand. When the hydrogen moves perpendicular to the surface at 

the open or eclipsed site, the change in distance betveen the hydrogen 

and the bonding berylliums is less than the change in distance between 

the hydrogen and beryllium for the equivalent perpendicular movement 

•it the directly overhead site. To be more quantitative, consider the 

problem with springs replacing the bonds. Let s he the distance iron 

the hydrogen to the beryllium (the length of the spring), let b be 

the distance from the beryllium to a line normal to the serylliua surface 

and passing through the hydrogen, and let 2 be the lenath of this 

line (the distance of the hydrogen above the surface). For the directly 

overhead site, s and 2 are equal. All other sites rave the relationship 
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•> •> 2 0 2.1/? 
s"= z + b or s=(z + b ) ". The change in th; spring length for the 

•> 2 -If vertical movement is ds/da= (z + b ) z =z/s. The potential energy 

tor a spring, with force constant k, is E=-l/2 k (&5t)~. In terms 

of the movement of the spring, E= -1/2 k is". Converting to the move-

ment perpendicular to the surface, E= -1/2 k (z/s Az )~. Regrouping 

E= -1/2 (k (z/s)2 ) As 2 or E= -1/2 k „ Az 2, where k . . is the effective 
etc eft 

2 force constant after geometrical considerations, k „»= k(z/s) . The 
frequency is proportional to the square root of the force constant, 

therefore the geometrical correction to the perpendicular movement 

is z/s, thus the vibrational frequency at any site should be z/s times 

the directly overhead site frequency. This assumes the force constant 

of each spring at the open site (or eclipse!) is 1/3 of the directly 

overhead site, and the bond midpoint springs have a force constant 1/2 

that of the directly overhead site. The vibrational frequency of the 

bond midpoint site is the same for the Be..(10,3)A cluster and Be,n(l4,3), and 

it is therefore safe to assume it is a two fold site for vibrational 

analysis, even though it is a four fold site by energy criteria. The 

force constants were so approximated, to allow the reduction of the problem 

to one spring with the same force constant as before, the frequency 

is then just a/s times the directly overhead site (2060 cm - ). Substituting in 

the appropiate values of s and 2, the spring model predicts 1394 cm for 

the bond midpoint (a=1.968 bohr and s<»2.922 bohr), 1229 cm" at the 

eclipsed site (z=1.840 bohr and s=3..l00 bohr) and 1202 cm" for the 

open site (z=1.779 bohr and s=3.064 bohr). The simple model clearly 

illustrates that the observed relationships between the frequencies 

are just a matter of geometry. 



T.ie Bo.,, clusti.-i ;s lar He i.-.vu/h to hf able "o duscr ibe >J 11 four 

sit.--, reasonably well, ar.J it Is therefore po-,.!ble to r.-i:i4ider the va.-iar i •> 

in pL-t-..:it ial along a pith through the several nito-.. Figure IV shows 

the variation in potential eaer;y as a ruact icr. of position on the 

cluster. The region between the eclipsed and open îte--. io:i-ars to 

have apDroximately the ssrre ..-he:?.! sorption etier.'.v, v.'\ie':". »e . alculat1: 

to be ibout VJ kcal/ttole. This i.- r.o ̂t projahi.-.- too .-..•:; a.; a 

result of using a 

tnininua basis. This leads to the interesting possibility of dissociative 

adsorption ot H ?. The dissociation energy of H., (D (Kn>=l'J-J,5 kcal/tr.oie ) 

is very close to the computed energy returned by the formation of 2 

beryllium-hydrogen bonds. The H, could approach the surface and (once 

it is sufficiently close) two hycrogen-berylliun bonds could fora. The two 

-iT,-""s would then be free to move around the surface, since there appears 

to be a large portion of the surface with the sane potential for 

hytlroaen bonding. This analysis is very sirsple, since it does r.ot 

account to the change in chemisorption of the hydrogen due to a hydrogen 

chemisorbed nearby or the possibility of a barrier in breaking the 

H, bond in order to fora the hydrogen beryllium bonds. Our purpose 

is only to point out that the possibility of dissociative adsorption is riot 

unreasonable from our results. 

Since hydrogen is known to be absorbed into the bulk for many 

r.ietilsi this possibility was considered for the open site of Be,,(>. 

This wivtlJ appear ro be the most obvious site for Sorption to occur. 

li.wewr, the total energy appears to become continuously M~'<er as 

S Is decreased fron it equilibrium value X =i"'.'J X. '.•."hiT. the It aco-a 
e 

i* p la^e nn Che sur face ( i . e . , S=r>.1'? X ) the r e l a t i v e enerr.v i s only 

A kca i . - .o le below the asymptot ic ii...:ir. nf 3 e . , p i w '-i. \"nen tae H 
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Figure IV. The variation in potential energy for the various sites 

of the Be„2(14,8) cluster. The values are reported in 

kcal/nole. The open site is labeled 0, the eclipsed site 

E, the bond midpoint BMP, and the directly overhead site 

is labeled DOH. The arrows point to the location of the 

site on the cluster. The lines on the bottom of the 

figure are the binding energies drawn to scale. 
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is halfway '-^tween ths top and bottom layers (i.e., R=-0.90 X; equidistant 

from six B- nuclei) the system has a total energy only 2 kcal below 

the separa". A surface plus atom limit, and is 53 kcal/mole above the 

chemisurbe-.i equilibrium value. Thus it appears unlikely that absorption will 

occur Into i perfect beryllium crystal without some deformation 

of crystal *;ructura, and maybe not even then. Of course the hydrogen 

could alwa; \> be absorbed into the crystal through a dislocation, vacancy 

or impurity in the metallic structure. 
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IIJ. Bonding, Electronic Structure and Edge Effects Analyzed from 

the Properties of the Charge Distribution 

Cne way ab initio calculations can aid in the understanding of 

chcais.orption is through their ability to describe the nature and extent 

of the bonding. These quantities are not easily deduced from experimental 

data, but are crucial to understanding chemisorption at the molecular 

level. 

Xullikan populations, contour plots of the electron density, and 

the expectation values with respect to x, y, 2 (cormonly called the dipole), 

and r" give a measure of the charge distributions, which will give some 

measure of the edge effects. An infinite cluster would have a large 

number of equivalent atoms, for example, all the (Q001) surface atoms 

would be expected to be Che same. The finite cluster 

has "equivalent" atoms with differing environments-the surface atoms 

for example, where some are on the edge, having only 2 nearest neighbors, 

while others have all nine nearest neighbors. The difference between these 

atoms can be measured by differences in the total charge or the difference 

in hybridisation of the berylliums. Also changes in the charge distributions 

can give some measure of what happens during bond formation. The 

density difference plot is extremely helpful for this. A change in the 

location of the charge can indicate whether the bond Is ionic, where 

a lar^e collection of charge on the adsorbate atom is observed; or 

covaientt where the increase in density is located between the adsorbate 

atom and the surface. The movement of the charge within thd cluster 

can indicate how extensive the bondin.it is, ar.J if the cluster is larg« 

http://bondin.it


enough to describe this bonding. 

We will restrict our discussion to the Be,.(14,8) cluster, since 

all the smaller clusters suffer from large edge effects. 

The fir.it question we should direct ourselves to is, how large 

are the edge effects for a cluster as large as Be_,,? 

The cluster without hydrogen was initially considered. The dipole 

was calculated to give a measure of the charge distribution. Let a 

line connecting atoms 5 and 10 in figure 1 be the x 

direction, a line connecting 7 and 10, be the y direction and the z 

direction is perpendicular to the surface of the cluster. It is clear 

that there is no dipole in the y direction by symmetry. If we had 

an infinite two-dimensional cluster (i.e. a cluster with a finite number 

of layers in the z direction, but infinite in both the x and y directions), 

a zero dipole in both the z and x direction would also be expected. 

As it turns out for the finite cluster, there is a dipole. The top 

layer is more negative than the bottom anc. the atoms numbered 11 and 

14 lie at the more negative end of the cluster. It appears that 

regions containing more atoms get a greater amount of charge then 

would be expected; the top layer has more atoms than the bottom and 

ends up negatively charged, similarly in the x direction. 

The expectation value with respect to r was computed, and the nuclear 
3 2 

value (3.8 x 10 eharge-bohr ) is smaller than the electronic 
3 ^ 

(-i.l x 10 charge-bohr" ), indicating that seme of the charge is 

"liar.gUn?" off the edae of the cluster. la fact when the electron 

Is removed from the clu3ter it comes from the edge of the cluster. 

Figure V shows the open shell orbital, the plane o: the plot is the 

top surtace of the Be,..(14,S) cluster. The positions of the beryllium 

atons .ire nurked with x's. The ooen shell orbital is located almost er.ti.ral 

http://fir.it
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on atoms 11 and 14. Figure VI shows a density difference plot between 

Be.,., and Be,, . The ploter plane is the top layer of the cluster, and 

the beryllium atoms position are denoted by x's. The solid lines 

ate decreases in charge while the dashed line indicate an increase in 

charge. Thiere is a great loss of charge at the edge near atoms 11 and 

14, but thera is also an increase in charge inside the cluster near 11 

and 14, in such a way as to spread the loss of charge out over more 

atoms. The Mulliken populations indicate the charge coaes only fron the 

edge atoms. The plot indicates that in addition to this loss at the edge 

there is some repositioning of charge in side the cluster. 

When the hydrogen is adsorbed sn the surface at the eclipsed 

site one would expect local C, symmetry in the bonding. The overlap 

population for atom 10 with the hydrogen is 0.267, while the overlap 

population with 6 or 9 is 0.317. The results for the open site are 

even more asymmetric. The overlap population with 6 or 9 is 0.398, 

while with 5, the value is 0.278. Although all the atoms involved 

in bonding have all their nearest neighbors, some of the nearest neigh

bors have their nearest neighbors, while others do not. This is enounh 

to produce local asymmetry in the overlap population. 

The dipole was calculated for the hydrogen adsorbed at the eclipsed 

site. The dtpole changed in the x direction as the charge repositioned 

for the bonding. Unlike the x dipo.lt> the s dipole produces an unex

pected result, switching direction from that of the cluster 

alone, indicating a build up of charge on the lower layer, figure VTI 

is a plot of the density difference between Be,,-:) ar.d !•'•.».,H !»t the 

eclipsed site. The plane of the plot is perpendicular :? :':'.e surface 

of the beryllium cluster, dividing the cluster in hal: ant! therefore 

.litio p-isses through the hydrogen. The solid lir.es aro in.-re.'nes in 

http://dipo.lt
http://lir.es
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Figure V, The 27 a' orbital density of the Be,, cluster. The plane 

of the plot is the top surface of the cluster. The 

positions of the beryllium atoms in the top layer are 

marked by sc's. This orbital is the open shell orbital, 

and is located mostly on atoms 11 and 14 (see figure I)• 



?] 
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Figure VX. A density difference plot between Be,, and Be,,. The plane 

of the plot is the top layer of the cluster. The positions 

of the atoms is noted with x's. Solid lines are areas of 

charge loss, while dotted lines .'ndicate areas of charge gain. 
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Figure VII, A density difference plot for Be,,H at the eclipsed site 

R=1.7 bohr above the surface and Be,., + H. The plane 

of the plot divides the cluster in half and passes through 

the hydrogen. The solid lines indicate areas of charge 

gain, while the dotted lines are areas of charge loss. 

The centers marked with x's are in vhe plane of the plot, 

while Chose marked with x's enclosed in circles are above 

and below the plane of the plot. The numbering of the 

centers is the saae as in Figure I. 
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charh-j, while the dashed lines are areas of charge losa. The increase 

in charge bctvoau the hydrogen and beryllium is the formation of th* 

covalent bond, but on the lowet layer opposite the hydrogen is an even 

larger increase in charge, causing the dip^le's unexpected direction, 

but even more important, the "reverse" dipole indicates an edge effect 

due to Che 2 layer restriction. 

An addic-onal aeasure of the edge effects can be obtained rmra the 

Mulliker. populations. One would reasonably expect all the atoms 

in the same layer to have the sane populations. In Be.,, the range ot 

values for the top layer is 3,94 to 4.05. For comparison, Che 3e.,(10,3)A 

cluster has a range of values fron 3.90 to 4.16, while the other Be... 

cluster has a range in value of 3.94 co 4.05. Even more interesting 

then the total charge on the atoms is the "hybridization". For Be,3(10,3)A 

(figure 12 in Appendix II) atom 4 has a 2p population of 1.46 electrons, 

while it 2s population is only 0.57. This corresponds to a "hybridization" 

of s p " °. Atoms 1 and 2 (both edge atoms) have hybridisations of 
i ii 1.04 sp " and sp respectively, while atom 3, also an edge atom, but 

having more nearest neighbors, including one on the low-*r layer, has 

a hybridization of sp . The results for the 3e„ cluster Figure I 

are even more interesting. Atoms 5, 9, and 10, which 

have all their nearest neighbors have a hybridisations of sp ' J , 
*> 34 '"* '1 1 54 1 S3 

s p " , and sp w'~ . Ed.;e atoms 8 and 13 are sp ' and sp * , while 

utlg* atoms 4, 12, and H , who have fewer neighbors are hybridized to 

sp ' , sp *"', and sp . It is clear that the hybridisation is 

v'.-jpi'r.d>.»tvt upon the nunber o: nearest neighbors. ~;e ••••;.•> variation in 

the sre.ill clMjter results is easy to understand; depend ins upon the 

shape and num.-->r of ;itc"W, the berylliums involved in the bonding 



could t-i' in very different electronic ccnfigur.itiop.u. 

Above we seated that Che bond ins is covai'ent, ar.d bjth the Nulliken 

populat tons and the density difference plot (Figure V) support this 

conclusion. Tor all our clusters the hydrogen populations have been 

about one, but the plot is even core convincing; the build up in charge 

is between the hydrogen and the btrylliun surface, which can only 

mean a '\ivalent bond. 

The bonding of the hydrogen; with the surface falls into two 

different types. The first is the bonding at the directly overhead 

site. The total population for acu2 10 on the Be.,., cluster increases 

fr'- 3.98 to i.30 electrons (see Table XV for the revalent populations). 

All of this change occurs in the 2p population, which increases by 

0.34 electrons. The second type of bonding is exhibited by the other 

3 sitps. The total charge changes by a snail amount, the larRest being 

0.08 electrons for atom 10 at the eclipsed site on the He,, cluster. 

Accompanying this small change in the gross charge i,s ;i snail shir's of 

electrons from the 2s to 2p orbitals. This difference in bonding is 

reflected in the bond strengths of ehenisorption. The directly overhead 

site is very different from the other 3, which are very similar in 

nature. 

Finally, it seeri worthwhile to indicate for at least one case, 

"where" the H atom population resides in the electronic structure of 

Be H. For this purpose the Ben.,(14,S) cluster, the open site at 

S»l.; bchr, was used to construct a iiistô raa ("ii'jre VIIT) of, the 

perc.-n: of the total h rirogen population t.iund in eivh ".i!ijrce orhi-sl. 

The to:al K .iton pcpulnt'..••„ cor this system was 1.0- electrons. The 

http://igur.it
file://'/ivalent


Table XV. MuUIken populations for relevant berylliums in the Be,, 

cluster (see Figure I ) . 

Atco Be,, + H Open Eclipsitd Bond Directly "22 

« s 2.61 2.59 

p 1.40 1.43 

i-.aial 4.03 4.07 

midpoint Overhead 

16 a 2.61 2.56 2.57 ;.56 

or p 1.42 1.46 1.45 1.50 

#9 total 4.03 4.02 4.02 4.06 

#10 s 2.59 2.57 2.58 

!> 1.39 1.49 1.73 

total 3.98 4.06 4.30 

ft s 1.00 1.02 1.02 1.01 0.96 



Fiuu.-e Vlir. A Uistogran indicating rhs pi-rcep.t H atom papulation 

on each of the valence orbital;;. The core orbitais and 

a" orbitals have been omited. The eigenvalues of the 

valence orbital are given for the cluster with and without 

the hydro.nen. The open site with R=1.SQQ bohr on the 

Be.,, cluster was used to generate the histogram. 



Histogram at Percent Hydrogen Population in Each Valence Orbital 
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orbital energies are also given on the histogram. The hydrogen population 

in dominated by those orbitals with approximately the same orbital 

energies as the hydrogen orbital (-0,489). In fact, orbitals 16a' 

and 17a' have orbital energies of -0.5370 and -0.4710 for the bare 

cluster and they are the two arbitals which most strongly interact 

witt the hydrogen, containing 65 percent of the hydrogen atom pop

ulation. 



Si 

IV. Conclusions 

It would appear Chat the minimum number of atoms needed to 

describe cheuisorption, is a cluster in which ail atoms involved in 

bonding have all their nearest neighbors. The Be.,., cluster we 

investigated meets this requirement and predicts that 3 sites are 

very similar with a bond length of and a bond energy of --50 kcal/mole, 

and the fourth site (the directly overhead site) is different, with 

a bond length of "v.1.4 A and a bond energy of ">-30 kcal/mole. These 

numbers are probably low by about 20 percent due to the use of a 

minimum basis set, leading to the possibiliy of dissociative adsorption 

of H, on beryllium surfaces. Other properties are seen to converge 

at different rates. The vibrational frequency of the adsorbed hydrogen 

was correct for some of the smaller clusters; the shape of the curve 

was correct, despite the fact that its absolute position was in error. 

The properties of the cluster without hydrogen converged more slowly 

then Che chemisorption and even the large clusters were not accurate 

descriptions of a metal. The same cluster properties showed the 

local nature of the bonding to the hydrogen, supporting the use 

of a cluster model. 

The chemisorption on beryllium is very nuch like that on the 

tr.insition metals (experimental data is in the 6Q-70 kcal/mole range ), 

despite the fact that beryllium has na d electrons. 

The bond is covalent in nature, with the berylliums shir'ttr.R 

v'huvs into the 2p orbital to facilitate bonding. 
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Appt'fidiM I. The to ta l and relat ive energies, valence orbit . i l energies, 

and Mulliken population annalyses are tabulated for the 

c lus ter with hydrogen at inf in i te separation and for the 

chemisorbed equilibrium geometry. The cables run up to 

and including the two 3e._ e lus te -s . 

http://orbit.il


TA3LE A. Comparison of Infinitely separated Be + H with BeH. The first 
nuabex in each slot comes froa a ainloun basis calculation, 
while the second nuobec (in parentheses) arises froa the use 
sf the larger basis set. All entries are given In atoaic units. 

Be + H BeH 

Total Energy -14.8757 (-15.0681) -14.9496 (-15.1391) 
Relative Energy - 0.0739 (-0.0710) 
r 2.683 C2.55&) 

Valence Orbital la^ - 0.310 (-O.308) 2o - 0.469 (-0.467) 
0.321 (-0.307) Energies ISj, - 0.484 (-0.498) 3d 

Populations 
Be B 4.00 (4.00) 3.15 (3.06) 

p 0.00 (0.00) 0.81 (0.72) 
Total 4.00 (4.00) 3.96 (3.73) 

H s 1.00 (LOO) 1.04 (1.22) 
p 0.00 (0.00) -- (0.01) 

Total 1.00 (1.00) 1.04 (1.23) 



TABLE a. Cuoparfson of Be. + II with Be-B. Foricat lo as In Table A. 

T'»tal Energy 

Kitaclvc Energy 

r e 
'/.llt'RClS 

Orblt.ll 

tnergleu 

Be 6 

P 

Total 

II a 

P 

T-..tuI 

BCj-t-B 

-43.6354 (-M.:935> 

2a t - 0.473 (-0.474) 

Ze' - 0.Z63 (-0.255) 

la - 4.4S4 (-0.498) 

3.39 (3 .60) 

0 .61 (0 .40) 

4 .00 (4,00) 

1.00 (1,00) 

0.00 (0.00) 

1.00 (1.00) 

Be3H 

-43.6422 (-44,2012) 

- 0.006B (- 0.0097) 

2.064 ( 1.75S) 

2 e t - 0.616 (- 0.63B) 

2e - 0.270 (-0.259) 

3 a x - 0.341 (-0.326) 

3.23 (3 .43) 

0.B0 (3.52) 

4.02 (3.95) 

0.93 (1 .14) 

— (0.01) 

0 .93 (1.16) 

Spat ia l ly 
Unrestricted 

-43.6658 (-44.2286) 

- 0.0304 (- 0.0254) 

2.363 ( 2.079) 

4a - 0.595 (- 0.610) 

5a, 6a - 0 .301 , -0 ,271 C-0.290, -0 .263 

7a - 0.322 (- 0.325) 

3 .41 ,3 .24 ,2 .93 (3 .59 ,2 .94 ,3 .59) 

0 .64 ,0 .76 ,1 .00 (0 .41 ,0 .75 ,0 .41 ) 

4 .05 ,4 .00 ,3 .93 (4 .00 ,3 .68 ,4 .00) 

1.02 (1.31) 

(0 .01) 

1.02 (1 .32) 

http://Orblt.ll
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TABLE C. Comparison of Be&(3,l) + a with Be.H. Note, in reference IS, that 

this Be. cluster la nearly, but not precisely, tetrahedral. 

Be 4 + a Be4H 

Total Energy -58.0773 (-58.8102) -58.1229 (-5S.3629) 

Relative Energy - 0.0456 (-0.0527) 

ce 2.352 (2.211) 

Valence 3 al - 0.544 (-0.535) *•! - 0.629 (-0.620) 
Orbital 
Energies 

2e 

4 a l 

- 0.283 (-0.271) 

- 0.277 (-0.265) 2e 
- 0.406 (-0.395) 

- 0.296 (-0.281) 

- lBa - 0.484 (-0.498) 5 al - 0.251 (-0.239) 

Populations 

3 3e s 3.16 (3.41) 3.11 (3.32) 

P 0.83 (0.58) 0.36 (0.58) 

Total 3.99 (3.99) 3.97 (3.91) 

1 Be s 3.15 (3.40) 2.92 (3.07) 

P 0.88 (0.62) 1.15 (0.94) 

Total 4.03 (4.02) 4.0B (4.01) 

H S 1.00 (1.00) 1.01 (1.26) 

P 0.00 (0.00) (0.01) 

Total 1.00 (1.C0) 1.01 (1.27) 



!>. L.>-;..Jr!s.jri ol Be (4,0) • li with Be.SI. The tvo equivalent Be at oca closest to each oilier ire oJle.l the near Be 

• • » • K *-«l II 
Sjiodully 

Unrcetricct'd 

T . T . I ' (-... -rKY -57.9390 (-SB.7167) -SB.0928 (-58.SMS) -50.lOOfc (-SH.fi/. 10) 

^rl Jt U.f fc.:etgy - 0.1038 ( - 0.097B) - 0.1116 ( - U.1061) 

1 
' e 

2.154 (2 .2)2) 3.390 (2.749) 

' .Mien, e , a * - 0.525 ( - 0 . M 7 ) 3 " l - 0.611 (-0.602) 5s - 0,609 ( -0 .WJ) 

Urv-11.11 «-2u - 0.171 (-0.366) Z b . - 0.171 (-0.157) 6a - 0.16B (-0.3J1) 

Kncrglett 2 b ] » - 0.281 (-0.27S) « - l - 0.111 (-0.320) 7a - 0.111 ( -0.1IB) 

4a 
6 

- 0.208 (-0.196) 2 b 2 - 0.271 (-0.25B) Ba - 0.275 (-0.259) 

' " l - 0.2*2 ( -0 .22*) 9a - 0.281 (-0.261) 

l\. >i»i 1..CI Ions 

!/. • u r S e 

I . >tn 1 

r< i r 5 c 

3.17 (1.32) 3.11 (1.13) 

0.79 (0.5B) 0.95 (0.52) 

3.96 (3.90) 4.08 (3.83) 

1.A7 (3.70) 3.iZ (3.51) 

0.57 (0.4'J) 0.61 (0.46) 

4.04 (4.10) 3.93 (3.97) 

1 CO (1.0O) 0.99 (1.15) 0.99 

0.00 (0.00) (O.OOj) 

1.00 (1.00) 0.99 (1.15) 0.93 

3.12 

0.95 

4.07 

3 .28, 3, .15 

0 .59, 0, ,85 

3 .88, 4.00 

(3.2B) 

(O.07) 

(3.95) 

(3.41, 3.22) 

(0.46, 0.73) 

(3.87, 3.96) 

(1.27) 

(0.01) 

(1.78) 

http://-SH.fi/


-72.4821 (-73.4136) 
- 0.0370 (-0.0509) 

1.934 (1.718) 

5a" - 0.6B1 (-0.679) 
6a ' - 0.491 (-0.4B4) 
7a' - 0.348 (-0.331) 
2 a " - 0.310 (-0.298) 
BV - 0.23b (-0.224) 
9 a ' - 0.296 (-0.285) 

i/M'1.2 E. CMOj.-irUon of hUj + H with three forma or Ue.H. Tlie "Near Be" atom Is the nnnequlvalctit surface ..tun doner If 

the atom In second layer, and the "Below Be" atom i s jusc the atora In the second layer (see Figure 4) . 

Be, + II Open Be.H Ecllpra-d He.II Uond Midpoint Be,II 
5 5 5 J 

Total Energy -72.4451 (-73.3627) -72.4821 (-73.4136) -72.4931 (-73.4207) -72 .'.967 (-73.4214/ 
I l l a t i ve Enemy - 0.0370 (-0.0509) - 0.0400 (-0.0580) - 0.0516 (-0.0607) 

2.180 (2.009) 2.145 (2.006) 

Val.nce 5a' - 0.579 (-0.572) 5a" - 0.6B1 (-0.679) - 0,660 (-0.660) - 0.67 J (-0.661) 
UrUtal 6a' - 0.3'JU (-0.3U3) 6a' - 0.491 (-0.4B4) - 0.440 (-0.431) - 0.446 (-0.4)5) 
Kn.-rgUs 2 a " - 0.294 (-0.285) 7a' - 0.348 (-0.331) - 0.403 (-0.389) - 0.292 (-0.379) 

- 0.308 (-0.295) - 0.309 (-0.295) 
- 0.240 (-0.225) - 0.247 (-0.233) 
- 0.263 (-0.251) - 0.275 (-0.264) 

I'opulut lona 
2 Be s 3.04 (3.25) 2.99 (3.14) 3.04 (3.21) 3.02 (3.19) 

p 0.9b (0.74) 1.01 (0.73) 0.97 (0.72) 1.04 (0.76) 
Total 4.02 (3.S9) 4.00 (3.87) 4.01 (3.93) 4.06 (3.95) 

Hear Be a 3.21 (3.47) 3.34 (3.52) 3,27 (3.53) 3.41 (3.63) 
i> 0.82 (0.57) 0.64 (0.46) 0.78 (0.52) 0.56 (0.3d) 

Total 4.03 (4.04) 3.98 (3.98) 4.06 £4.04) 3.97 (4.0L) 

Kir Bo u 3.49 (J,64) 3.50 (3.69) 3.46 (3.53) 3.54 (3.63) • 
p 0.4B (0.36) 0.55 (0.36) 0.44 (0.34) 0.J8 (0.29) 

T.,tal 3.97 (3.99) 4.05 (4.05) 3,89 (3.86) 3.92 (3.93) 

Belw Be a 3.08 (3.38) 2.91 (3.07) 2.92 (3.06) 2.94 (3.06) 
p 0.B6 (U.61) 1.01 (0.82) 1.09 (0.90) 1.04 (0.86) 

Total 3.95 (3.93) 3.92 (3.90) 4.01 (3,96) 3.98 (3.92) 

II a 1.00 (1.00) 1.06 (1,32) 1,02 (1,27) 1.01 (1.24) 
o 0,00 (0.00) (0,01) fO.01) (0.01) 

T o t a l l . o n ( i . 0 0 ) '• . v ' . . . i : . ) , '. ••): :; -'•';;• i . o i ( i . ? f ) 



9'i 

TABLE F. Comparison oi Be, + H with Be,H for tvo di f ferent 3e . c l u s t e r s . 

All c a l c u l a t i o n s employed a minimum Basis s e t . 

Total Energy 

Relative energy 

r e 
Valence 
Orbital 
Energies 

Bea(3,3) + H Be.H o 
Spatially 
Unrestricted 

-86.8524 -86.9124 

- 0.06CQ 

1.947 

-86.9405 

- 0.0881 

2.107 
2a g - 0.535 3 3 1 - 0.644 7a - 0.642 
2e u - 0.360 4 al - 0.479 8a - 0.481 
2a 
u 

- 0.338 3e - 0.36J 9a, 10a - 0.364, -0.361 

2e 
g 

- 0.207 4e - 0.210 11a, 12a - 0.248, -0.21Q 

ls„ - 0.484 5a, - 0.294 13a - 0.229 

Populations 

Above 3 Be a 2.78 2.64 2.78, 2.78, 2.74 

p 1.22 1.37 1.24, 1.24, 1.31 

Total 4.00 4.01 4.02, 4.02, 4.05 

Below 3 Ee s 2.78 2.70 2.73, 2.65, 2.74 

p 1.22 1.28 1.22, 1.31, 1.22 

Total 4.00 3.98 3.96, 3.95, 3.96 

H s 1.00 1.01 1.05 



TABL2 F. Continued 

Total Energy-

Relative Energy 

Be 6(6,0) + H 

-85.8205 

Be,H o 

-B6.8S17 

- C.0512 

1.958 

Spatially 
Unrestricted 

-86.8958 

- 0.0753 

2.224 

Valence 
Orbital 
Energies 

3a, 

Populations 

Inner 3 Be 

Total 

Outer 3 Be 

Total 

H 

3e 

0.527 

0.407 

4a x - 0.264 

4e - 0.224 

3a. - 0.639 7a - 0.612 

3e - 0.411 8a, 9a - 0.410, -0.404 

4a x - 0.357 10a - 0.353 

4e - 0.222 11a, 12a - 0.239. -0.220 

ls H - 0.484 Saĵ  - 0.276 13a - 0.272 

2.92 2.89 2.69, 2.69, 2.92 

1.14 1.23 1.39. 1.39, 1.26 

4.07 4.12 4.07, 4.08, 4.13 

3.24 3.15 3.24, 3.26, 3.24 

0.69 0.72 0.63, 0.66, 0.63 

3.93 3.87 3.87, 3.92, 3.87 

1.00 1.03 1.00 



TABLE C. Comparison of Be (6,1) + H with Be 7H. 

Tocal Energy 

Relative Energy 

Valence 
Orbital 
Energies 

B *7 (6, ,1) + H =«] rH 

-101.2435 -101.3085 

- 0.0650 

2.099 

*»1 - 0.590 - 0.666 

3e - 0.415 - 0.423 

5 a l - 0.309 - 0.419 

«"l - 0.263 - 0.305 

4e - 0.223 - 0.230 

l 8 H - 0.484 ( 7 a x ) - 0.270 

Populations 

Inner 3 Be 3 2.93 2.94 

p 1.26 1.27 

Total 4.19 4.21 

Outer 3 Be s 3.27 3.19 
I 

p 0.61 0.63 

Total 3.88 3.82 

Below Be s 3.22 2.99 

p 0.58 0.90 

Total 3.79 3.89 

H s 1.00 1.02 



TA3L2 H. Comparison of Be (7,0) + E with Be H. 

Valence 
Orbital 
Energies 

Be (7,0) + H 

Tcta*l Energy -101.2675 

Relative tnergy 

3a, lg - 0.554 

2 e l u - 0.447 

2 e 2 g - 0.302 

2u - 0.235 

Aa, 
Ig - 0.217 

1 S H - 0.484 

te7 ,H 

-101.3813 

" 
0.1138 

2.694 

3 a l - 0.584 

2 e l - 0.431 

2 C 2 - 0.297 

l b 2 - 0.234 

4 a l - 0.371 

5 a l - 0.234 

Populations 

Six Equivalent Be a 2.97 2.94 

p 1.04 1.01 

Total 4.01 3.95 

Unique Be a 2.97 2.67 

p 0.97 1.67 

Total 3.94 4.35 

H s 1.00 0.93 



TAJLE I. Comparison of Et; (6,3) + H wich Be gH. 

Spatially 

I'ucaL Energy 

Relative Energy 

r 

V.ilenctf 

Orbital 

Energies 

B *9 (6, ,3) + H ** 
H Unres t r ic ted 

L30.0614 -130.1142 - 1 30.141'. 

~ 
" 

0.0528 

2.C03 

0.0300 

2.144 

S - 0.663 - 0.703 10a - 0.697 

4e - 0.438 - 0.493 11a. 12a - 0 . 5 0 1 , - 0 . .498 

5 3 1 - 0.399 - 0.505 13a - 0.494 

6 a l - 0.298 - 0.337 14a - 0.344 

5e - 0.282 - 0.280 15a, 16a - 0 . 2 8 1 , - 0 . .280 

6e - 0.212 - 0.211 17a, IBa - 0.245, -0 . .215 

l 3 H - 0.484 (7a 1 ) - 0.288 19a - 0.268 

Populations 

Inner 3 Be a 2.90 2.85 2 .79, 2 .72 , 2.79 

p 1 1 1 1.26 1.32, 1 .32 . 1.32 

Total 4.00 4 .10 4 . 1 2 , 4 .04 . 4.12 

Outer 3 Be a 2.92 2.99 3 .09 , 3 .09, 3.00 

p 1.00 0.89 0 .83 , 0 .83 . 0.92 

Total 3.92 3.88 3 .92 , 3 .92, 3.92 

Below 3 B.! 3 3.00 2.93 2 .88, 2 .88 , 2.73 

p 1.07 1.13 1.14, 1.14, 1.25 

Total 4.08 4.05 4 .02 , 4 .02 , 3.93 

H s 1.00 0.S9 0.94 



MS 

TABLz J. Comparison ;>E "e (10 ,0) .+ K with Be. H. Atoms ace labelled according Co 

/V\A 
\ / \ / \ / 

fc10 (10,0) + H Be 10 H 

Spat ia l ly 
Unrestricted 

Total Energy -144.5449 _ i .44.5951 -144.6172 
Relative Energy - 0.0502 - 0.0723 
r e 2.182 2.203 
Valence 

5 3 g - 0.545 5 a l - 0.626 11a - 0.627 
Orbital 4 b 3 u - 0.490 4b, - 0.493 12a - 0.500 
Energies 3 b 2 u - 0.439 3b 2 - 0.456 13a - 0.458 

6a 
g 

2 b l g 
5 b 3 u 

_ 
0.401 
0.386 

6 a l 
2 a 2 

— 0.454 
0.393 

14a 
15a _ 

0.453 
0.394 

6a 
g 

2 b l g 
5 b 3 u - 0.234 5b, - 0.293 16a - 0.340 

4 b 2 u - 0.278 4 b 2 - 0.275 17a - 0.293 

7 3 g 
3 b l g 
l b l u 

- 0.249 7 a l - 0.339 18a - 0.283 
7 3 g 
3 b l g 
l b l u 

- 0.240 3 a 2 - 0.240 19a - 0.248 
7 3 g 
3 b l g 
l b l u - 0.211 8a , - 0.249 20a - 0.233 

l 3 H - 0.484 9a, - 0.176 21a - 0.227 

Populations 
End 2 Be < » ) s 

P 

2.93 
1.09 

2.92 
1.07 

2 .91 ,2 .94 

1 .08,1 .05 

Total 4.01 4.00 3 .98 .3 .98 

4 Kqiitvalent Be (}2) s 

p 

2.89 
1.09 

2.87 
1.08 

2 .96 .2 .37 ,2 . 
1 . 02 ,1 .14 ,1 . 

.89, 

.05, 
,2.S7 
,1.0>> 

Total 3.97 3.96 3 .98 ,4 .01 ,3 , .94, ,3.94 

2 Above and Below (03) s 

p 

2.76 
1.23 

2.84 
1.13 

2 .80 ,2 .86 
1 .17 ,1 .10 

Total 3.99 3.98 3-97,3.96 

2 Left and Right (?4) s 

p 

2.57 
1.48 

2.53 
1.59 

2 .56 ,2 .56 
1 .54.1 .59 

Total 4.05 4.12 4 .10 ,4 .15 

1.00 0.98 0.98 



TA3LE K. Comparison c£ Be (7,3) + H with Be H. 

Spatially 
Unrestricted 

-144.5690 

- 0.0434 

2.710 

11a - 0.681 

12a,13a - 0.522, -0.519 

14a - 0.492 

15a,16a - 0.346, -0.341 

17a - 0.332 

18a - 0.259 

19a,20a - 0.248, -0.231 

21a - 0.258 

Popular long 

6 Be 3 2.88 2.89 2.92,2.87,2.89,2.89,2.87,2.93 

p 1.09 1.05 1.03,1.06,1.05,1.05,1.06,1.01 

Total 3.97 3.94 3.95,3.93,3.94,3.94,3.93,3.95 

3 Be s 2.93 2.90 2.95,2.84,2.96 

P 1.13 1.15 1.07,1.15,1.07 

Total 4.05 4.05 4.02,3.99,4.03 

1 Be s 2.74 2.71 2.73 

p 1.26 1.63 1.69 

Tjtal 4.00 4.39 4.41 

H s 1.00 0.S6 0.39 

irgy 

" l o " ,3) + H 

-1 

B e i o H 

Total Ene irgy -1 44.5456 -1 44.5725 
Relative Energy - 0.0269 . 

r i 2.695 

Valence *»1 - 0.673 4 a l - 0.678 

Orbital 4e - 0.513 4e - 0.519 
Energies 5a - 0.409 5 al - 0.491 

5e - 0.331 5e - 0.336 

6 a l - 0.290 6 a l - 0.329 

7 al - 0.240 7 al - 0.243 
6e - 0.239 6e - 0.232 

8 al - 0.484 8*1 - 0.288 



TAS1Z t . Comparison of BnuClU.l) Cluster A (see Flgurt 1) vtth thru different cheoluorbed apecles Baĵ U. 

Energies ere given Ir. hortreaa (1 hartree - 627.3 kcal/oole) and bond diotaocee r e In bolira (1 bohr 0.5292 A). 

Total Energy -187 8713 
Relative Energy 0. 0000 
'e — Valence 9a -0.61J 
Orbital 6a' -0.502 
Kn^rgtea 10J -0.4 77 

11a -0.415 
7a -0.390 

J2a -0.349 
13a -0.299 
8a ' -0.285 
la. -0.769 
9. -0.227 
10a -0.216 
13a -0.208 
16a -0.182 
l»li -0.484 

Population* 
l»li 

be 11 • 2.93 
P 1.04 

Total 3.97 
8e « • 2.94 

P 0.98 
Total 3.92 

8e 1) a 2.SO 
P 1.36 

Total 4.16 
Be »4 a 2.57 

P 1.46 
Total 4.03 

Sa tS a 2.68 
P 1.13 

Total 4.01 
be 16 a 2.78 

P 1.29 
Total 4.07 

Be 11 a 2.79 
P 1.11 

Total 1.90 
tu tS a 2.84 

V 1.16 
Total 4.00 

Hydrogen 9 1.00 

9a 
6a' 

10a 
11a 
12a 

7a 
13a 

Sa 
14a 

9a' 
l i a 
10a 
16a 
17a 

Open S i t e 

-187.9334 
- 0.0621 

1.868 
-0 .662 
-0.512 
-0 .492 
-0.477 
-0 .422 
-0.394 
-0.306 
-0 .291 
-0.284 
-0.232 
-0 .231 
-0 .218 
-0 .192 
-0.215 

2.96 
1.01 
3.97 
2.96 
0.97 
3.93 
2.SO 
1.32 
4.12 

50 
56 
06 
96 
04 
00 
65 
49 
14 
78 
08 
86 
79 

1.18 
3.97 
1.00 

Eclipsed Site 

-187.9624 
- 0.0911 
. 1.708 

K -0.659 
10a* -0.544 
6a" -0.507 
11a' -0.425 
12a' -0.419 
7a" -0.392 

13a' -0.299 
Ba' -0.2D8 

14a' -0.283 
15a' -0.259 

'»!! -0.228 
10a -0.218 
16a' -0.19B 
17a' -0.208 

2.94 
1.02 
3.96 
2.95 
0.97 
3.92 
2.79 
1.36 
4.15 
2.51 
1.52 
4.03 
2.88 
1.13 
4.01 
2.71 
1.40 
4.U 
2.76 
1.11 
3.89 
2.90 
1.0S 
3.98 
1.02 

Bond Midpoint S i te 

-187 .9427 
- 0 .0)14 

1 .981 
9a' -0.652 
10a' -0.112 
6a" -0.^08 

11a' -0.455 
12a' -0.421 
7a" -0.3»3 

13a' -0.309 
Bn" -0.2U9 

14»' -0.281 
15a' -0.244 
9a" -0.230 

10o' -0.218 
ltn' -0.1B7 
17a' -0.218 

2.97 
1.00 
3.97 
2.95 
0.99 
3.94 
2. BO 
1.27 
4.07 
2.49 
1.60 
4.09 
2.S2 
1.09 
4.01 
3.69 
1.40 
4.09 
2.73 
1.15 
3.86' 
2.B6 
1 13 
3.95 
0.95 



7JUL2 M. Cosparison of B* 1 3 (10,3J Cluster B {see Figure 2) with two models for 
liven la atonic uolC3. 

" 1 3 T n 
Total Energy -187.8638 
Relative Kaergy 1 3.0000 
r e 

14a -0 .621 
Valence 15» -0 .503 
Orbital 16a -0.477 
Energlea 17a -0.426 

18a -0 .381 
19a -0 .374 
20a -0 .282 
21a -0 .272 
22a -0 .260 
20a -0 .240 
24a -0 .214 
25a -0 .204 
26a -0 .193 
l a H -0.484 

Populatlaoa 
Se r l a 2.97 

P 1.02 
Total 3.39 

Be 12 a 2.92 
P 1.02 

Total 3.94 
Be #3 a 2 .31 

P 1.22 
Total 4.03 

Be fa e 2.61 
P 1.39 

Total 4.00 
Be »5 a 2.95 

P 1.02 
Total 3 . 9 ' 

Be It B 2.78 
P 1.27 

Total 4.05 
Be #7 a 2.68 

P 1.31 
Tocai 3.99 

Be fS a 2.89 
P 1.J0 

Total 3.99 
Be «» a 2.83 

P 1.16 
Total 3.99 

Be #10 • 2.B8 
P 1.09 

Total 3.97 
Be 111 a 3.00 

P 1.06 
Total 4.06 

Be 111 a 2.82 
P 1.17 

Total 3.99 
Be #13 e 2.93 

? 1.13 
Tot.il 4.05 

Hydrogen 

Directly Overhead S i te 
-187.9133 
- 0.0495 

2.66 
-0.633 
-0.515 
-0.433 
-0.453 
-0.427 
-0.391 
-0.311 
-0.291 
-0.276 
-0.251 
-0.228 
-0.217 
-0.198 

27a -0.221 

2.96 
1.02 
3.93 
2.92 
1.01 
3.93 
2.80 
1.19 
3.99 
2.53 
1.38 
3.96 
2.89 
1.04 
3.93 
2.52 
1.19 
4.01 
2.66 
1.68 
«.J4 
2.93 
0.97 
3.95 
2.92 
l.Oi 
3.98 
2.91 
1.02 
3.93 
3.04 
0.98 
4.02 
2.86 
1.13 
3.99 
2.91 
1.12 
4.03 
0.94 

Eclipsed Site 
-187.9617 
- 0.0929 

1.77 
-0.662 
-0.553 
-0.496 
-0.455 
-0.413 
-0.391 
-0.312 
-0.287 
-0.273 
-0.263 
-0.241 
-0.211 
-O.200 
-0.223 
2.97 
1.00 
3.97 
2.91 
1.01 
: .92 
79 
24 
03 
55 
45 
00 
97 
97 
94 
75 

1.33 
4.08 
2.63 
1.43 
4.06 
2.94 
1.06 
4.00 
2.92 
1.07 
3.99 
2.97 
1.02 
3.99 
2.97 
1.06 
4.03 
2.73 
1.22 
3.95 
2.90 
1.14 
4.04 
J.01 

http://Tot.il
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Appendix II. Geometries of the r.etal clusters studied. The figure 

captions describe the site or sites studied on each 

cluster. The Be,, (14,8) cluster is pictured and described 

in the text (see Figure I). A separate figure of Be,, was 

not included. The Be cluster is merely the top layer 

of the Be9„(14,8) and the Be,,,, figure and site description 

should be used. 



F i g u r e Ci-JCior'.a 

h - : < - 1- i'-.- H , 0 } a s i t e f j r cher^i so rpc i o n . 

iv.;ti;!s witr i .-, •-•.trover. ;:!,v C s \ — a e t r v . 

Figure 2. 2e,(3,l) a a'.le; lot the =cli?ic! sic-- Cor cheru^orpt ion. 

"3v 
Figure 3. Be, (4,0) a model for Che bond midpoint sice. The system with 

hydrogen h^s C ? syitir.etry. 

Figure i. 3e_(4,l) a model used Co scud;/ Che opr-n , eclipsed and bend 

midpoint sices for chemisorption. The system with hydrogen 

has C S'-Tjr.ecry. s ' 

Figure 5. Be (6,0) a codex for Che open site. C v , symmetry is present 

for che system with hydrogen. 
3v 

Figure 6. Be,(3,3) a aodel used to study c 

sice. The system with hvdrcser 

Figure 7. Ee_(6,31 a model used to study 

hemisorption ac Cne open 

has C- svmmetrv. 

le o?:-r. site. The cluster '..ich 

hydroaen has C, svmmecrv. 

Figure 8. Be-,(6,1) a model for Che eclipsed site for chemisorpCion. 

The cluster with hydrogen has C, s--—.-etrv. 
3v - -

Figure 9. Be (10,0) a model for che bond midpoint site. The cluster with 

hydrogen has C ? < symmetry. 

Figure 10. Be_(7,0) a nodel for the directly o"-rhead sice. The cluster 
with the hvdrogen has Cr svrraetrv. 6v 

Figure 11. Be (7,3"> a model for the directly overhead site. The cluster 

with :he h"drc;en has C, symmetry. 



io; 

Figure 12. Be1_(10,3)A, a model for the open, elcipsed, and bond midpoint 

sites for chemisorption. The cluster with and without hydrogen 

has C symmetry. The open site is the center of the triangle 

formed by 4, it synur̂ try equivalent partner and 6. The 

eclipsed is tha center of the triangle formed by 4, its 

symmetry equivalent partner and 3; with 7 the atom on the 

second layer. The bond midpoint slta is the bisector of the 

bond between atars 4 and its syicnecry equivalent partner. 

Figure 13. Be.,(10,3)3, the systen has no symmetry. The directly overhead 

site is studied by the approach of hydrogen to atom 7, while the 

eclipsed site was studied by the approach of a hydrogen to the 

center of the triangle fortaed by 4, 7, and 6, where 12 is the 

atom in the second layer. 
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A'jotsniis ill. A tabulation of basis sets used 1„ the present work. 



11') 

Hininum basis set I 

a b 

A three gaussian fit to a Slater Is function with 5=3.683 

exponent coefficient 

30.249596 0.154329 

5.510056 0.535328 

1.441243 0.444635 

A three gaussian fit to a Slater 2s function with £=0.956 

exponent coefficient 

2.359399 -0.059945 

0.143270 0.596039 

0.055003 0.458179 

k three gaussian fit to a Slater 2p function with ?=0.89 

exponent coefficient 

0.728128 0.162395 

0.186371 0.566171 

0.063446 0.422307 

Reference 35. 

b* c Reference 3b. 

Reference 37. 



l.'"l 

Minimum Sasis Ila 

The Is function is Che same as Minimum basis set I a three gaussian 

expansion of a Is Slater function with £=3.685 

exponent coefficient 

30.249996 0.154329 

5.510056 0.535323 

1.491243 0.444635 

The 2s and 2p functions are a constrained 3 gaussian fit . The same 

three gaussians were used to fit a Slater 2s and Slater 2p function 

with c~1.00 

exponent 2s coefficient 2p coefficient 

0.994203 -0.099672 0.155916 

0.231031 0.399513 0.607684 

0.0751386 0.700115 0.391957 

SW. J. Hehre, R. F. Stewart, and J. A. Pople, J. Cheai. Phys. 5J., 2657 

(1969). 
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Miaiaua 3asis lib 

The Is function is the same 3 gaussian expansion of a Slater Is with 

C=3.635 as ciniacn basis I and H i . 

exponent coefficient 

30.249396 0.154329 

5.510056 0.535323 

1.491243 0.444635 

The 2a and 2p are 3 gaussian expansions of 2s and 2p Slater functions 

with 5=1.00 as in minimum ba^^s H a , except each is fit separately 

to the best 3 gaussians. 

The 2s function, 

exponent coefficient 

2.581580 -0.059945 

0.156762 0.596039 

0.060133 0.45S179 

The 2p function 

exponent coefficient 

0.919238 0.162395 

Q.235919 0.566171 

0.080098 0.422307 



Minlaua Baals Sec I I I 

The Is function is a thres gaussian expansion of a Slater la function 

with ^=3.635. Tnis i s the same Is function as the other 3 minimum 

basis sets. 

exponent coefficient 

30.249396 0.154329 

5.510056 0.535328 

1.491243 0.444635 

The 2s function is a 3 gaussian expansion of a 2s Slater function with 

5-1.01. 

exponent coefficient 

2.633470 -0.059945 

0.159913 0.596039 

O.OS1393 0.45B179 

The 2p function used is a 3 gaussian expansion of a 2p Slater function 

with t=0.98 

exponent coefficient 

0.832836 0.162395 

0.226577 0.5o6171 

0.076926 0.422307 



Hydrogen Minimum Basis Set 

A three gauss iar. fit to a Slater Is function with C=1.15 

exponent coefficient 

2.9460S 0.154329 

0.536632 0.535323 

0.145234 0.444635 

Hydrogen Double Zeta Basis Set 

The four la functions of van Duijneveldt scaled by 1.2 and contracted 

31 to form 2s contracted functions, 

exponent coefficient 

18.73925 0.019673 

2.825994 0.137952 

0.S4Q179 0.473313 

0.175612 l.OCUQQ" 

The one uncontracted 2p function. 

exponent coefficient 

1.00000 1,000000 

a« -Racerence 33. 



Double Zeta t 

Th=; nlr.e 13 function of van Duijneveldt cont rac ted 6111 to forra 49 

contracted funct ions . 

Coefficient 

0.000745 

0.005724 

0.02SS83 

0.107092 

0.230109 

0.446039 

Exponent 

2732.323H5 

410.319311 

93.672648 

26.537957 

8.629560 

3.056254 

1.132424 

0.131732 

0.059170 

The two unconcracced 2? funct ions" 

Exponent Coef f ic ien t 

0.509 1.000COO 

0.113 1.000000 

1 .000000 

1 .000000 
i .000000 

Reference 38. 

Reference £Q. 



Ducble Zeta II 

The sane s function- were used as Double Zeta I, however rour 2p functions 

contracted 31 replaced the two ur.ccr.tracted 2p functions . 

Exponent Coefficient 

2732.323145 0.000745 

410.319311 0.005724 

93.672643 0.023338 

23.537957 0.107092 

8.629560 0.280109 

3.056264 0.446089 

1.132424 1.000000 

0.181732 

0.059170 1.000000 

The 2p funcclons. 

Exponent Coefficient 

3.202 0.052912 

0.6923 0.267659 

0.2016 0.792C85 

0.05331 l.OO'.'OOO 

Reference 42. 


