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Abstract

A projection procedure is described, as a tool to separately analyze the electronic states of surface and bulk regions of
nanometer-sized particles. It allows to discuss surface states in terms of specific atoms, coordination numbers, oxidation
states, and connectivities and it gives insight into the size quantization of clusters. The procedure is general and can be used
for studying clusters up to respectable size, of different composition and different structure. Molecular orbital calculations on
D,, — (M0S,)5,:S,(H,S),. n=12,- - clusters, cluster chains and the band structure of 2[MoS,] are reported. The
HOMO and LUMO are separated by only about 0.1 eV in Mo,,S;3H,,. Even this small splitting vanishes in the larger
clusters. However, in the limiting infinite case, i[MoSz], the expected semiconductor band gap evolves. Applying the
projection procedure to the clusters we find that surface states, originating from the outermost molybdenum atoms and being

of mainly 4d .. ., 4d,,
expected quantum-size behaviour.

4d,,, and 4d.. type with some S(3p) contributions, fil] up the band gap and that the bulk shows the

1. Introduction

The discussion of surface states has continued
since the memorable 1932 paper of 1. Tamm in
which he created this expression [1]. Tamm consid-
ered the wave functions for an idealized semi-in-
finite, one-dimensional crystal in which the atomic
fields were represented by square potential wells. He
found that it is possible to have energy levels the
wave functions of which are localized at the surface
of the crystal and that one surface level is possible
for each energy gap between the ordinary allowed
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bands of energies. The theoretical studies on surface
states were continued by Goodwin [2], Shockley [3],
Koutecky [4], Hoffmann [5], and others. On the other
side the special properties of small particles have
occupied the minds of chemists for nearly a century
now [6). However, the understanding of the quan-
tum-size effect, for which the dramatic colour change
of CdS particles as a function of their size is an
example [7], has been advanced by the theoretical
work of Brus published in 1983 [8]. He presented a
simple model for the ionization potential, the elec-
tron affinity and the aqueous redox potential of small
semiconductor crystallites. The eigenvalue solutions
of the particle in a box motion were combined with
an electrostatic potential for dielectric polarization
inside a charged sphere. The model describes the
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behaviour of ‘‘bulk’’ states in the limit of small
crystallites. Finite depth well potentials were dis-
cussed later by Rajh et al. [9], by Nosaka [10], and
others.

The surface states as described in the early studies
and the particle in a spherical box model of Brus are
based on general quantum mechanical considera-
tions. They do not convey straightforward chemical
information, which means assignment of the result-
ing states to specific atoms, molecules, coordination
numbers, oxidation states, and connectivities. Mess-
mer and Watkins published an EHMO (extended
Hiickel molecular orbitals) study on the vacancy in
diamond already in 1971 [11], and a theoretical
approach to surface structure and reactivity that is
within the framework of solid-state theory, yet strives
for chemical ways of interpretation, was developed
by Hoffmann [5]. In this successful way to look at
bonding on surfaces one begins at highly delocalized
band structures. Interpretational tools - density-of-
states decompositions and crystal orbital overlap
populations — allow a tracing of local, chemical acts
[12]). The reciprocal space approach to the orbitals of
truncated crystals as described by Hoffmann et al. is
another top-down approach to derive the orbitals of
large finite systems such as clusters from crystal
orbitals of a solid [13]). On the other hand EHMO
calculations on clusters of remarkable size have re-
cently become relatively easy and inexpensive [14,15]
and the question arises how and to what extent such
calculations can help to improve our understanding
of nanometer-sized particles. Interpretational .ools to

Scheme 1. MoS, layer structure with trigonal prismatic coordina-
tion of the Mo.
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Scheme 2. Dy, —(Mo0S,),,2S,(H,S),, clusters. Clusters with n
=2, 3, and 4 are shown. Atoms assigned to the surface shell are
shaded.

decompose surface states from the bulk states are
needed because of the large number of states of such
particles. In this report we focus on a projection
procedure of the molecular orbitals of clusters based
on Mulliken population analysis as an instrument to
analyze the electronic states of surface and bulk
contributions separately. Clusters of layered materi-
als with equivalent top and bottom surface atoms are
easier to be described than other structures because
only the periphery atoms have to be considered
apart, and they have been chosen in the present
report for this reason.

Many transition-metal dichalcogenides display a
characteristic layered structure [16]. Two-dimen-
sional slabs are formed by two layers of close-packed
chalcogenide atoms sandwiching one metal layer
between them in MX, (X = S,Se). Then these MX,
slabs are stacked, with just van der Waals contacts
between them. The two chalcogenide layers forming
a slab can be stacked directly above each other,
making trigonal prismatic holes for the metals. This
is shown in Schemes 1 and 2 for MoS,. Alterna-
tively, the layers may stagger forming octahedral
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holes. The general features of the energy bands of
these two structures have been discussed [17]. These
layered materials have demonstrated respectable sun-
light to electrical energy conversion efficiencies and
remarkable stability to photocorrosion when em-
ployed in photoelectrochemical cells [18,19]. They
are catalysts [20] and they show interesting intercala-
tion properties [21]. In this study we focus on the
trigonal prismatic structure and we discuss MoS,,
for which the formation of quantized colloids by
simple dissolution of crystalline powder in acetoni-
trile has been reported [22]. An ideal stoichiometric
MoS, layer can terminate with 6-fold, 4-fold and
2-fold Mo** coordinations to S~ [23]. Out of them,
the 6-fold coordination is the only one in which the
“‘inner’’ Mo atoms have the same coordination shell
as the “‘outer’”” ones. This means that it is the
idealest and therefore simplest case to be studied.
Coordination of the free valence of the outer S atoms
with H serves to saturate the dangling bonds. It
simplifies the calculations and the discussion but
does not affect the states dealt with here. This leads
to the Dy — (MoS,),,:S,(H,S),, n=12, -
clusters illustrated in Scheme 2. These particles do
not display size quantization. However, applying the
projection procedure, we will show that their one-
electron states can be divided into bulk- and shell-
localized states, and that the bulk shows the expected
quantum-size behaviour [24].

2. Computational procedure

Structure. The structure of a i[MoSz] layer as
determined by Dickinson and Pauling already in
1923 is shown in Scheme 1 [25]. The distance be-
tween two sulphur atoms within and across the
chalcogenide plane is about 3.16 A. The clusters in

Table 2

Coulomb integrals H,; (eV) and Slater exponents {;

Element Orbital g () H;; (eV)

Mo 5s 1.96% —8.94
Sp 1.90% —5.60
ad, 3.814(0.512)* —10.43
4d, 1.864 (0.641) %

S 3s 2.283% —19.85
3p 1.817% -10.93

H Is 13 —~136

Scheme 2 are based on this structure with constant
Mo-S bond distances of 2.41 A. The free valence of
the outermost sulphur atoms is saturated with hydro-
gen, the 1.33 A hydrogen—sulphur bonds pointing to
the cluster center. Thus the symmetry is Dy, and the
stoichiometry can be expressed as
(MoS,),,:S,(H,8),,, n=1,2, - - -, where n denotes
the number of molybdenum shells. We report calcu-
lations on clusters with » up to 4. Table 1 shows
how they grow with increasing n. It also contains the
number of valence atom orbitals (AQs) that form the
basis for the molecular orbital (MO) and the band
structure calculations.

MO calculations. MO calculations have been car-
ried out by the extended Hiickel method [26], with
the parameters listed in Table 2. The off-diagonal
elements were calculated as [30]

HijZ%kSij(Hii+Hjj) (1)

by using the weighted Wolfsberg—~Helmholz formula
[31] with a distance-dependent Hiickel constant
[14,32] and the parameters k = 0.64, § = 0.35 A
The Coulomb integrals H,; for the molybdenum and
the sulphur atoms were obtained by charge iteration
on the cluster Mo,S, ,,H, with the parameters
from Refs. [33,34].

Table 1
Properties of the clusters shown in Scheme 2
Cluster Bulk Surface Total number Number of Number of Cluster

of valence AQs bulk valence AOs surface valence AOs diameter (nm)
Mo,, Sz H,, Mo.S,, Mo,S,,H,, 284 83 201 1.6
Mo,;S7.Hz Mo,S;; Mo, S, H,, 575 260 315 22
Moy S 2, Hyg Mo,; S5, Mo, , S ;sH 4 968 539 429 2.9
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Projection. As an initial guess, clusters were sep-
arated on an intuitive basis into a part belonging to
the bulk and a part described as shell. The so defined
bulk and shell formed the fragments for an LCFMO
[14,35] (linear combination of fragment molecular
orbitals) calculation. The initial guess was then re-
fined based on the criterion that the bulk part should
be made as large as possible and the shell as thin as
possible. According to Mulliken population analysis
[36] the charge contribution Q,; of the fragment
MO R, to the cluster MO | is given by

QiszzciRA Cig, t Z CiS\SRASI ’ (2)
S, #R,

c;g, and ¢ are the FMO coefficients of the frag-
ment MOs R, and S, on the fragments R and S,
respectively. Sg ¢ is the overlap integral between the
fragment MOs R, and S,. The first contribution is
the charge density coming from the fragment R. The
second contribution is half of the charge density
between the fragments R and S, which is an indica-
tor for the interaction between them. The charge
contributions of the bulk and of the shell are the sum
over all bulk and over all shell FMO contributions,
respectively:

Q,(bulk) = Z Qig, (3)
R, € bulk

Q(shell) = Y} Q.
R, € shell

The sum of the bulk and the shell charge contribu-
tions is 2, which is the total electron occupation of
each orbital i.

0,(bulk) + Q,(shell) = 2. (4)

The charges Q,(bulk) and Q(shell) served as
sorting criterion for the classification of the levels
into states where the wave function is mainly local-
ized on the bulk and on the shell, respectively. If the
charge contribution of the shell atoms was larger
than the ratio of the number of shell atom AOs to the
total number of cluster AOs, the cluster MO was
attributed to the shell, otherwise to the bulk. This
makes the criterion independent of the cluster size,
which means that different clusters can be compared

Scheme 3. Hexagonal Brillouin zone.

with each other. We will show that it is useful to plot
the quantity AQ,; for each level i.

AQ, = Q,(shell) — Q,(bulk). (5)

Band structure calculations. The cluster chain and
the i[MoSZ] calculations were performed within the
framework of the extended Hiickel tight-binding
method [37,38] in its ASED modification [39], with
the same parameters as used for the MO investiga-
tions. For the infinite monolayer the hexagonal Bril-
louin zone shown in Scheme 3 was used. The density
of states was obtained by fitting Gaussian lobes
Nexpl—(E, — E;)*/o?] with half-width o to the
energy level distribution, counting the levels E; cen-
tered around a mesh point E; within the range
E;—30---E;+30. A large half-width of the
Gaussians therefore averages the DOS contributions
over a bunch of levels, a very small half-width of
about 1-2 meV allows to trace single levels.

Cluster chains. To apply the band structure pro-
gram package [38] for the clusters in Scheme 2 one
can stack them to form an infinite chain with transla-
tional symmetry perpendicular to their planes. The
distance between the clusters can be chosen so large
that cluster—cluster interactions become negligible.
10 A was applied in our calculations. The transla-
tional symmetry allows to use the language of solid
state physics, turning from MOs to crystal orbitals
(COs) and from single energy levels to energy bands
and the corresponding density of states (DOS). The
information obtained is the same as in the MO
calculations, only the language is slightly different.
The properties were averaged over 6 equally dis-
tributed k-points in the first irreducible linear Bril-
louin zone. Since the crystal orbitals are expressed as
linear combinations of Bloch sums over atomic or-
bitals, orbital contributions of a single atom or sev-
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eral atoms can be projected out of the total DOS,
which was done for the shell of the cluster chains.
Assignment of the states to the shell and to the bulk
was based on the ratio of the number of shell atom
orbitals to the total number of cluster AOs as in the
MO calculations. If in a given energy range the ratio
of projected shell density to the total density of states
was larger than this ratio, the total DOS was at-
tributed to the shell, else to the bulk.

3. Results and discussion

Molybdenum sulphide is an indirect optical d—d
band gap semiconductor [17,18,40]. This is well
reflected in the band structure of an infinitely ex-
tended 2[MoS, ] slab along the hexagonal Brillouin
zone symmetry lines, Scheme 3, and in the DOS plot
shown in Fig. 1. Stacking several of these layers
with just van der Waals contacts between the slabs
has only little influence on the results of our calcula-
tions. The position of the Fermi level and the trigo-
nal prismatic coordination of the Mo** is typical for
a d* transition metal chalcogenide as was discussed
by Hoffmann [17]. The top of the valence band is
situated at I". The smallest direct transition is found
at the point K of the Brillouin zone. From the DOS

plot, where the S(3s), S(3p) and the Mo(4d) contri-
butions have been projected out, it is evident that the
lowest band is mainly composed of S(3s) derived
states. At the top of the valence band is the so-called
d,: band. It overlaps slightly with the binding part of
the valence band, which is predominantly of S(3p)
character with mixed-in Mo(4d) contributions. The
Fermi level is calculated to be at —9.87 eV. The
smallest direct gap is situated at K and the smallest
indirect gap goes from I' to K, with values of 0.68
and 0.47 eV, respectively. The calculated charges are
+0.30 on Mo and —0.15 on S. These results are in
good agreement with the experimental data and also
with more sophisticated calculations [40-42]. The
calculated band gaps are too small, but they can be
adjusted by optimizing the Slater orbital coefficients.
We have not done this, but we have verified that the
too small calculated band gap does not affect our
conclusions.

The ideal infinitely extended 2[MoS,] is free of
surface states. This means that no states are present
within the energy gap between the valence and the
conduction band. Another way to express this is to
say that the van der Waals surface is saturated. We
now consider the energy level diagrams of
Mo,,S35H,,, M04;S7,Hyg and MogS 5, H g in Fig.
2 and concentrate on the left rows for a moment. The

4 m— T = )
2 % S — 1,83 1S3 |Mo 44 jﬁm
r I3 M T K T DOS— DOS— DOS— DOS—

Fig. 1. Band structure along the hexagonal Brillouin zone symmetry lines and density of states of a 2[MoS,] layer. The S(3s), S(3p) and

Mo(4d) contributions to the DOS are projected out.
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number of one-electron states calculated equals the
total number of valence AQOs in Table 1. Comparison
with Fig. 1 shows, that many surface states are
present in these clusters. Which atoms of the clusters
are responsible for the surface states? Applying the
projection procedure as explained in the computa-
tional section to the cluster MOs leads to the result
that the outermost Mo and S atoms, which are
shaded in Scheme 2, are responsible for the surface
states and thus form the shell, including the H atoms
which only serve to saturate the dangling bonds. The
shell is fundamentally different from the ‘‘saturated’’
van der Waals surface. Its stoichiometric formula is
Moq, _3S,;,H,;, and that of the unshaded bulk is
MoOs,— 1)2S6n2-6n+2-

The smallest cluster Mo,S,,H,, of the D;, ~
(MoS,),,:S,(H,S),, n=12,--- family is not
shown in Fig. 2 because it consists only of surface
atoms. On the left side of each of the three diagrams
the positions of the cluster one-electron energy levels
in the range from — 12 to —6 eV are indicated by a
bar. The position of the HOMO as obtained by
applying the aufbau principle is marked by an arrow.
For a growing cluster up to an infinite layer the
HOMO becomes the I" point in Fig. 1, indicated as
Fermi energy €, and the indirect band gap should

M. Briindle et al. / Chemical Physics 201 (1995) 141-150

become visible as HOMO/LUMO splitting of the
cluster. For quantum-sized particles this
HOMO/LUMO splitting is expected to be largest
for the smallest clusters and to approach the limiting
minimum value of 2[MoS,] with growing size. How-
ever, we observe that the HOMO and LUMO are
separated by only about 0.1 eV in Mo,,S;3H,, and
that even this small splitting vanishes in the larger
clusters. This means that they are paramagnetic with-
out bearing any quantum-size character. In the limit-
ing i[MoSz] case, however, a band gap evolves, see
Fig. 1. Applying the procedure as described in the
computational section, Egs. (2)-(5), the levels be-
longing to the bulk and to the shell can be projected
out. This separates levels belonging to wave func-
tions localized on the bulk from those localized on
the shell. Fig. 3 explains how it works. On its right
side we show the AQ, charge, Eq. (5), for each
energy level of the Mo S ,,H, cluster from —12
to —6 eV. This difference is —2 if the wave func-
tion is completely localized on the bulk, it is zero if
half of the charge is on the bulk and half on the shell
and it is 2 if all charge is on the shell. As in any kind
of projection there are instances for which the as-
signment is to some extent arbitrary. In the present
case, however, the assignment of the levels of the

Moszqua MonSuHas M°4as122H4a

E [eV]T “ _ = e p—
= —_— = p———reed E ] —

_ — — = —_ = —

74— 4 1 = — —
= = = = _ = =

-84 _ - ——— - r— - —_— -1 et —_— —_
— ——— p— = _ —_—

— I e— — — I ——— i —_—

NEE = I E = ﬁ - =

1.04 eV 0.86 oV 0.73 eV
104 — — a— | v oo S— N ad ;

— T e = = - 1

== __ = _—— —— e . =

] = == J ! - = . ! ! =

= Tm— —_— — —

= / l —_—— == == ——

.12 —= = i —_—

Ciuster  Bulk Sheli Cluster  Bulk Shell Ciluster  Bulk Shell

Fig. 2. Comparison of the Mo,,S8:3H,,, Mo,,5,,H., and

Mo 4S,,,H, s cluster energy levels from ~12 to —6 eV before and after

projecting out the bulk- and the shell-localized states. The HOMO is marked with an arrow, the band gap of the bulk is indicated and the

shell-localized states falling into this band gap are framed.
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Fig. 3. Left: Part of the Mo S ,,H 4 cluster energy levels before
and after separation of the bulk- and the shell-localized states. The
HOMO is marked with an arrow, the band gap of the bulk is
indicated and the shell-localized states falling into this band gap
are framed. Right: AQ; according to Eq. (5) for each energy level
i. The values are connected with a straight line.

HOMO/LUMO region to the shell, shaded in
Scheme 2, is straightforward. This means that the
surface states, the nature of which we will analyze
below, can be attributed to the shell Mo and S atoms.
The assignment of the one-electron energy levels to
bulk- and to shell-localized states leads to the clus-
ter /bulk /shell bar diagram on the left side of Fig. 3.
The previously missed energy gap is present in the
bulk. Fig. 2 has been constructed in the same way.
The band gap of the bulk decreases with increasing
cluster size and it finally reaches the liiniting fc[MoSZ]
value as reported in Table 3. The bulk can be named
as Brus part of the cluster because the development
of the band gap fits into the quantum-size picture.

Table 3

E [eV]
-9.6 |
974 — T
-9.8 -
-9.9 —
- fll .
-10.0 —

* x:_ya x xy ® 7

Scheme 4. Surface state Mo(4d) orbitals of the Mo,,S;3Hy,
cluster.

We note that the energy of the HOMO changes only
little with increasing cluster size. It lies above the
HOMO of the bulk. We therefore conclude that the
surface of the considered clusters is paramagnetic
while the bulk is diamagnetic.

The surface states falling into the band gap of the
clusters are framed in Figs. 2 and 3. They can be
identified as 4dx2_y2, 4dxy, and 4d,. orbitals of the
shell Mo atoms with some S(3p) contributions. This
is illustrated in the simplified Scheme 4 for
Mo, S;3H,, which carries four single and four dou-
ble degenerate Mo(4d) type levels within the band
gap. In the bulk of the clusters and in the infinite
’[MoS,] slab the Mo(4d,:_,»,4d,,,4d ) orbitals
are split to the valence and to the conduction band.
This means that the shell Mo atoms of the cluster

Energy gap between the highest occupied and the lowest unoccupied bulk states; in the last column the HOMO (clusters) or the Fermi level

(monolayer) are listed

Cluster Energy gap (eV) HOMO or Fermi level (eV)
lower limit upper limit gap width

Mo, S H,, ~10.2 ~9.16 1.04 993

Mo, S, H ~10.13 927 0.86 -99

Mo S, 2, H g -10.03 -931 0.73 -99

monolayer -9.87 —94 0.47 -9.87
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Fig. 4. Correlation diagram of the 12 surface Mo(4d) states
localized at the 9 shell Mo atoms of the Mo,,5;3H,, cluster
shown in Scheme 4 and of the corresponding states in the larger
Mo,,;S,,H;, cluster where the same 9 atoms now belong to the
bulk. Also shown is the stabilization of the three S(3p ,3p ) type
surface states by coordination with the added molybdenum atoms.

‘“feel’”” a weaker field than the bulk ones. All of
them are sixfold coordinated by sulphur, however. In
addition to the 12 Mo(4d) type levels three sulphur
localized states, a), and e”, are present, less than one
tenth of an eV above the HOMO of the bulk. They
originate from antibonding interactions of S(3p,,3p,)
type orbitals of the upper and lower slabs of surface
sulphur atoms with some Mo(4d) mixing in. To keep
Scheme 4 as simple and general as possible they are
not shown. The reason why the surface states disap-
pear in the infinite slab can be understood from the
correlation diagram in Fig. 4 which illustrates how
the 12 surface Mo(4d) states of the Mo,,;S;H,,
cluster transfer to bulk states in the larger
Mo,,S;,H,¢ cluster. We see which Mo(4d) type
orbitals shift upwards and downwards due to anti-
bonding and bonding interactions with the 4d or-
bitals of the added 15 Mo atoms which form them-
selves the surface states in the larger cluster. The
Mo—Mo distances of 3.16 A allow sufficient overlap
to cause this splitting. The surface states belonging
to the S(3p,.3p,) type orbitals are stabilized by the
new Mo atom shell and shift deep into the valence
band.

The ratio of shell Mo atoms to bulk Mo atoms
SC, for the D, — (MoS,),:S,(H,S),, n=

1,2, - - - clusters is
sc 2n—1 6
" i —2n+ 1] (6)

which becomes equal to 2 /n for large n. This means
that for example a cluster of 30000 Mo atoms
contains about 600 Mo atoms which act as surface
states. We can imagine that there are instances where
the bulk states act to some extent independently of
the shell, depending on the strength of coupling
between the bulk and the shell atoms involved. In
luminescence experiments the surface states may act
like quencher molecules, and competition between
thermal and radiative decay is expected to depend on
the cluster size.

This is the place to add some observations con-
cerning the charges of the shell atoms, which are of
importance in the context of chemical reactivity. The
charges of the shell sulphur atoms show a strong
dependence on the coordination to Mo. The corner S
atoms of MoS,,,H,, are charged by —0.30, and
the other S atoms coordinated to only one Mo are
charged by —0.36. The bridging surface S, coordi-
nated to two Mo, are positively charged by +0.30,
however. The corner Mo atoms are charged quite
strongly, by +0.71. The other surface shell Mo
atoms carry a charge of +0.19 up to +0.40, de-
pending on the exact location. The charges of the
bulk Mo and S atoms are more homogeneous. The
Mo and S of the inmost core shell of Mo 4S5, H g
are charged by +0.16 and —0.08, respectively. The
smaller clusters show similar features. This is to be
compared with the charges obtained for the infinite
layer 2[MoS,] which are +0.30 and —0.15 on Mo
and S, respectively.

We now come to the link between the MO cluster
calculations and the CO treatment of stacked clus-

Cluster Bulk Shell

DOS —+ DOS — DOS -

Fig. 5. MoS,,; Hys cluster density of states (DOS) of the whole
cluster and projection of the bulk and the shell contributions in the
range of —12 to —6 eV. The Fermi level is indicated with an
arrow. An energy gap opens up around the Fermi energy in the
bulk-localized DOS.
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Fig. 6. Densities of states (DOS) between — 12 and — 6 eV in the Fermi level region of the cluster chains ;[Mo,,S3,H,,1 1[Mo,;8;,Hse ),
7[Mo,4S 2, H 5], and the infinite layer ;[MoS,], from left to right. For a projection of the S(3s), S(3p), and the Mo(4d) contributions to the
total DOS of i[MoSz] we refer to Fig. 1. The contributions of the shell of the chains are shaded and the energy gap of the bulk is indicated.
The surface states falling into the band gap of the clusters and the narrowing of the bulk-localized energy gap with increasing cluster size

are distinct.

ters. Instead of drawing the energy levels resulting
from MO calculations as bars we can draw them as
number of energy levels per energy interval. This is
the equivalent to the DOS plot in CO computations.
The larger the cluster, the smoother the plot will
appear. A MO-DOS plot without smoothing is shown
in Fig. 5 for the Mo,S,,, H,; cluster. The informa-
tion in this plot is the same as in the bar diagram of
Fig. 3. Inspection of the different contributions shows
that the energy levels are distinguished into a region
between —20.9 and —19.8 eV consisting of S(3s)
mainly and a S—H bonding region between —14.4
and — 13.9 eV, which are not shown. Then we find
the S(3p) contributions between —12.7 and - 10.0
¢V overlapping slightly with the Mo{4d) region be-
tween —10.4 and — 6.0 eV, where the HOMO (or
Fermi level) at —9.9 eV is falling into. The S~-H
antibonding levels and Mo{5s) and Mo(5p) contribu-
tions stretch out above —1.0 eV. The LUMO is
nearly degenerate with the HOMO in the cluster and
the surface states can be projected out as already
discussed. The strong surface localization of the
levels around the HOMO can readily be recognized.

This partitioning can also be nicely illustrated in
the infinite cluster chain where the shell atoms lie on
the periphery of an infinite tube. The information is
the same as before. In Fig. 6 we show from left to
right the DOS plots of .[Mo,,S;3H,,],
'[Mo0,,S,4Hs,], [Mo0,4S 5, H 4], and 2[MoS,]. The

Fermi energy is marked with an arrow in each case
and the shell-localized states are projected out as
described in the computational section. They are
shaded and can therefore be distinguished from the
bulk-localized states. For the clusters we find, as
before, that in the region of the Fermi level surface
states fill up the band gap. The band gap of the bulk
calculated for the different cluster chains is the same
as that for the isolated clusters, as expected since the
distances between the individual clusters is 10 1&,
and the aim of this figure is to illustrate the close
link between CO and MO results.

4. Conclusions

EHMO calculations on clusters of respectable size
have become relatively easy and inexpensive. Be-
cause of the large number of states of such particles
interpretational tools to decompose surface states
from the bulk states are needed. Such tools are
expected to be helpful to advance the understanding
of nanometer-sized particles, which have gained in-
creasing interest recently. In this report we describe a
projection procedure as an instrument to separately
analyze the electronic states of surface and bulk
regions. It allows to discuss surface states in terms of
specific atoms, coordination numbers, oxidation
states, and connectivities and it gives new insight
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into the size quantization of clusters. The procedure
is general and can be used for studying systems of
different composition, different structure and differ-
ent size up to a few hundred or thousand atoms.
Since layered compounds with equivalent top and
bottom surface atoms are easier to be described than
other structures, because only the periphery atoms
have to be considered apart, we have chosen D, —
(MoS,);,2S,(H,S)s,, n=1,2, - -+ clusters as an il-
lustrative and interesting example. We show that
these clusters can be divided into a bulk region,
bearing the expected quantum-size behaviour, and a
shell, responsible for the surface states originating
from the outermost molybdenum atoms and being of
mainly 4d,:_,:, 4d,,, and 4d: type with some
S(3p) contributions. These surface states are also
present in an ideal but real MoS, crystal and one can
estimate their number from our calculations.
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