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Abstract

A priori electronic structure theory has_been:used to model to (0001)
Ial . .

surface of beryllium metal. A cluster of 22 Be atoms was chosen for this

purpose, and four distinct sites for the chemisorption of atomic hydrogen

‘were investigated. Three of the sites yield chemisorptive bond distances

band energies of v 1 A and v 50 kcal/mole, while for the fourth (the'directly

overhead site) %.1.4 A and Vv 30 kcal/mole ‘are predicted.

Work performed under the auspices of the U. S. Energy Research and

Development Administration.
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The searcﬁ fé; a distinctly moleéular understaﬁding of catalysis,
surfacé chemiétry?vand surface physics has greatly accelerated over the
past few years.l' Until recently theory has played ohly_é limited
role2 in the development'of surface chemistry.3 However during the pést
five years, quantitative molecular orbital theories have been used to
provide considerable insight:(“_25 into tﬁe properties'of small metal clusters
and the nature of the chemisorptive bond. ‘Although moét of these theoretical
studies have employed semiempirical methods, ab initio teéhniques have been

7,9,10,17-19,23,25 Among the more important questions

used in several cases.
addressed theoretically have been (a) the convergence of metal cluster
properties to the analogous properties ofvthe infinite metal surface; (b)
the nature of and number of surface atoms participaﬁihg in- the chemisorptive
bond; and‘(c) the energetics and structures of various plausible sites (on
the surfaée) for chemiéorption.

18,25 the chemisorption of atomic hydrogen on

In our previoﬁs work,
the (0001) surfaée2 of Be metal was studied. The surface was modeled by
ﬁetal clusters Bgn (n = 1-13) and f?ur different sites for chemisorption -
considered. The choice of the Ben—H system was discuésed in detail in the
earliest paper,ls'where we pointed out that the single4¢onfigurati9n Hartree-
Fock approximation is particularly appropriate for this system. Although
~ the H—(Be Surface)-system has not been investigated'experimentally (the
Itoxicity of berYliium is one obvious inhibiting factor), such studies are
feasible26 and should be forthcoming. LEED experiments_'z7 have already been
reported for the (QOOl) sﬁrfage of beryllium and show that the surface is not

reconstructed--i.e., the surface atoms maintain the approximate positions

given by the'crYStal‘structure of the metal. In addition the Auger electron



spectra of Be surfaces have been reported recentlj.28 Thus we.remain
optimistic that the beryllium surfaces will in the near future serve as
an important interface between experiment and rigorous theoretical
methods.

Criticism o.f‘previousz*_25 cluster model studies of chemisorption
centers about two psints. First, the inherent reliability of some of
the semi-empirical methods has been called into question. Secondly,
and mdre germane to the present work, is the assumption that a surface
can be realistically modeled by.a small cluster of metal atoms. In this
regsrd we note that the largest metal clusters studied to date involve

21,25 The suspicion of cluster models seem strongest among

only thirteen atoms.
physicists accustoﬁed ts using energy band methods. However, even among
chemists there is disagreement concerning the size -0of the smallest
realistic metal cluster model. For example, one well-thought-out response
to our previous BelO—H studies18 was that the ten atom cluster was about
half as large as would be required for a truly realistic model.

The model adopted here for the (0001) surfa‘ce3 of beryllium consists
of 22 atoms and is shown in the figure. Thid model allows a reasonable
number of atoms in both the surface (14) and second (8) layers. The most

serious‘deficiency of the Be,, model is the absence of any third layer

22
atoms. = Nevertheless, we feel that most chemists and physicists wbuld
agree that this'model is sufficiently large that the results of carefully
designed ab initio calculations should represent meaningful predictions
concerning the nature of the chemisorptive bond.

The theoretical approach adopted here is essentially the same as that

used in the study.of‘the Be13 clusters.25 That is, the structure of the



Be,, cluster is that of Be metal,30 and a minimum basis set (ls, 2s, 2p_,
22 _ X

Zpy, 2pz on Be, ls on H) was used within the single-configuration self-

consistent-field (SCF) approximation. The latter approximation in terms

18,31 for systems as

of limited basis set size has been extensively tested
large as BelO—H.and found to be qui;e reasonable. Specifically, it appears
that the gype of hinimum basis set adopted here yields SCF predictions
within v 5 kcal/mole for chemisorptive bond energies and within v 0.1 Z

for chemisorptivecbond,distances of ‘the true Hartree-Fock limit32 results.
The four sites fbr chemisorption are18 the open site (above the center of
the triangle of atoms 5, 6, and 9), the-eclipséd sité (directly'abové the
second-layer atom.e), the bond midpoint site (above the bond connecting
atoms 6 ahd‘9); and the directly overhead site (above atom 6).

The present Be,,-H results are summarized and compared with results

18,25

22
for the smallgr_clusters in the Tabie. There it is apparent that
the best convergence with respect to cluster size occurs for the directly
overhead site.‘ Specifically, the predicted chemisorptive bond énergy is
pnly 0.3 kcal/moie.greater than that obtained with the Be13 model. 1In

addition the predicted bond distance (in all cases the perpendicular

distance from the H atom to the plane of the Be surface layer) is only

[+ . .
0.02 A shorter than in Be,.,-H. Perhaps most important, it is clear that

13
chemisorption at the directly overhead site is qualitatively different from
the_thtee other sites.
As seen in the Tébles, thé open, eciipsed, gnd bond ﬁidpoint sites all
have bond distances 1VZ and bond energies v 50 kcal/mole. As déscribéd

e ' 33
by Horiuti and Toya, these three sites all correspond to 's states of

chemisorbed hydrogén", for which the 's adatom is interstitially located’



5

between the electronic surface (perhaps defined in terms of <r> for the

isolated metal atom) and the metal surface. This classification is

especially useful since (a) such similar results are predicted for thé three

s sites and (b) the other type of site ("r adatom'", same as our directly

overhead site) described by Horiuti and Toya has very different characteristics.

However, while this separation into r and s sites is quantitatively verified

here, our ordering (s adatoms more strongly bound than r adatoms) with respect to

chemisorptive bond énergy is quipe the reverse of that brédic;ed by these workers.
An important 6bservation is that some of.the Be22—H predictions are

significantly different from those of the largest systems previously studied.

Most strikingly, thé.energetic near-equivalence of the open, eclipsed, and

. . . : : . : i 2
bond midpoint sites was not obvious from the Be.  -H predictions. 3 ‘Interest-—

13
ingly, however, we noted this near-equivalence in our original studyl8 of
systems Ben—H, n = 1-10. Thus it appears that there are éignificaht
oscillations in predicted chemisorption characteristics as a function of
metal cluster size.

Finally we note that the Be22 cohesive energy of 22.0 kcai/mole is much
greater than that predicted for the smaller clustérs. The largest cohesive

25
energy predicted previously was for Be 14.2 kcal/mole. As noted earlier,

13°

there is a correlation between the realism of a particular cluster for
chemisorption studies and that cluster's predicted cohesive enefgy (the
larger the better) and ionization potential (low values being preferred).

The predicted ionization potential of Be is 4.60 eV, compared with

22

that for the two Be13 models, 4.70 and 4.32 eV. Thus for Ben—H systems,

these two criterion for gauging the effectiveness of a cluster model are

given further credibility.



- Model

Be3(3,0)
Be5(4,l)
Be, (6,0)
Be6(3,3)
Be9(6,3)
~ Be (10,

Be22(14,

a .
Note that in

TABLE.

Open Site ;
r

1.25
1.02
1.18
1.11
1.13

3)° 0.99

8) . 0.94

Models of the chemisorption of atomic ‘hydrogen by the (0001) surface of beryllium
metal. The cluster notation 3810(733)Aimplies é mddei with séféh atoms for the
[+

surface layer and three atoms for the second layer. Bond distances r_ are in A and o

chemisorptive bond energies D‘e in kcal/mole.

) . . £
Eclipsed Site , Bond Midpoint Site Directly Overhead Site n
' 2
D Model T D Model r D Model r D
e e e e e . e e -
: C
19.1 Be, (3.1) 1.24 28.7 . Be, (4,0) 1.26  70.1 Be, (1,0) 1,42 46.4 g
| ]
23.2 Beg (4,1) 1.15 30.1 Bes(5,1) 1.14  32.4 Be,(7,0) 1.43  71.3 ¥'&
47.3 Be_ (6,1) 1.11  40.8 Be,,(10,0) 1.17  45.3 Be, (7,3) 1.43 27,3 00N
' ' , _ K o
a . .
55.3 ‘Be ,(10,3)% 0.90  57.2 Be,;(10,3) 1.05  44.8  Be4(10,3) 1.4l 3Ll T
50,2 - 0.94 58.3 Be,,(14,8) 1.04 53.4 Be,,(14,8) 1.39 31.4
©39.0 Be,,(14,8)  0.97 51.9

reference 25 that two distinct Be_,(10,3) clusters were studied.

13
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Figure Caption. Model of the Be22 clustér used in the present theoretical
. . . o
study. The distance between adjacent atoms within a layer is 2.2866 A, while
o
that between adjacent atoms in different layers is 2.2255 A. Surface atoms

are labeled by the numbers 1-14, while second-layer atoms are labeled by the

letters a-h.
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