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Convergence from clusters to the bulk solid: an ab initio investigation
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The electronic structures of a series of sodium chloride clusters (NaCl),, (n = 2-40) cut out from the NaCl
solid have been investigated by means of ab initio calculations. The calculation results demonstrated a good
correlation of the topologic parameters Ng4 (the total amount of dangling bonds of a cut-out cluster) and f (the
average dangling bonds on each in-cluster atom) with the stability of clusters as well as an evident convergence
from clusters to the bulk solid. Particularly, we found that the effective charges on the Cl anions are more site

dependent than size dependent.

1. Introduction

Clusters are intermediates in the transition between gaseous
and condensed phases that make them an attractive and
valuable subject of experimental and theoretical investigation
of the emergence of condensed-matter properties. On the other
hand, the cluster approach has been widely employed to study
the properties of bulk solids and the chemisorptions and reac-
tions on solid surfaces, and many successful applications have
been made in the recent years.'2° On both accounts, an impor-
tant question is to what extent a cluster consisting of only a few
atoms behaves like a respective bulk solid. To look for the
answer to this question, much effort has been made by both
experimentalists and theoreticians in the past decades. Some
basic rules to justify the cluster approach and to guarantee a
reasonable cluster modeling have been proposed by theoreti-
cians. For example, for the cluster modeling of an ionic solid, a
reasonable cluster model should at least fulfill the following
principles, i.e., neutrality principle, stoichiometry principle and
coordination principle. The reliability of these practical prin-
ciples has been verified previously in the ab initio studies on the
(MgO), (x = 2-16) and (ZnO), (x = 3-13) clusters.' In the
present work, we deal systematically with the structures and
electronic properties of stoichiometric clusters Na,Cl, for
n up to 40. The main purpose of our study is to determine the
cluster properties over a sufficient range of n to ascertain the
convergence — e.g. of charge, structure, bond distances, binding
energy — towards bulk solid properties.

In the course of the study on the cluster—solid similarity,
alkali halide clusters have been widely studied due to its
structural simplicity.*'> Based on SIMS (secondary ion mass
spectroscopy) and other mass spectroscopic probes,?'** which
show stability islands among the alkali halide cluster cations
corresponding to closed segments of the bulk lattice, it has been
generally assumed that even quite small alkali halide clusters
maintain the global features of bulk-like structure and ionic
bonding. This view has been supported by theoretical calcu-
lations ranging in different sophistication.'™'* 4b initio inves-
tigations of clusters Na,Cl, and K,Cl, (n = 1-32) by
Ochsenfeld er al*’ revealed that the energetically most
stable isomers of even smaller clusters show a clear preference
for geometries which are fragments of the solid state lattice.
Similar preference has also been found by Ayuela er al 53
using the ab initio perturbed-ion (PI) model, which is formu-
lated within the restricted Hartree-Fock (RHF) approximation,
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in studies of neutral stoichiometric alkali halide®'* and
(MgO),, clusters.'® In their semi-empirical SINDOI study of
the (NaCl), (16 < x < 168) clusters, Jug and Geudtner'®
established a quasilinear relationship between normalized
binding energies or average bond distances and relative average
coordination numbers. In our previous paper, we proposed
three practical rules, ie., neutrality principle, stoichiometry
principle and coordination principle, for a better cluster
modeling of ionic solid and justified these rules by case studies
on a series of (Zn0), (n = 3-13)! and (MgO), (n = 2-16)>3
clusters. A good correlation of the stability of the metal oxide
clusters with the topological parameters Ny (the total amount
of dangling bonds of a cut-out cluster) and f (the average
dangling bonds on each in-cluster atom) were found in these
case studies. In the present work, these three principles are
applied to the cluster modeling of NaCl solid and, accordingly,
ab initio calculations on a series of (NaCl),, (n = 2-40) clusters
have been performed. The size effect, as well as the site effect, of
the clusters to the structures and electronic properties has been
investigated systematically.

II. Details of computation

As a typical ionic-bonding crystal, the sodium chloride crystal
has a rock-salt (cubic) structure where each bulk Na or Clion is
coordinated by six counterions respectively and the measured
interionic distance (dna 1) is 2.814 A.2 In the present work, a
series of neutral, stoichiometric (NaCl), (n = 2-40) clusters
whose geometries are cut out from the bulk solid have been
systematically investigated.

Various methods and basis sets have been used to calculate
the structures and electronic properties of (NaCl), clusters.
Since sodium chloride solid is generally believed to be highly
ionic, the ground states of these (NaCl), clusters considered
were supposed to be in closed shells. In this way, the restricted
Hartree-Fock (RHF) method has been safely employed. As
alkali halides clusters are ideal candidates for an application
of the ECP (effective core potential) approximation,”* we have
used CEP-31G*,%° which paves the way for an efficient treat-
ment of the larger clusters, as the basis sets for Na and Cl
atoms. In addition, the possibility of correlation effects has
been investigated by B3LYP,*%?7 the applicability of which to
ionic systems has been validated, for example, in a recent
theoretical study on (MgO),, (n = 1-16) and (Ca0),, (n = 1-12)
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Fig. 1 Geometries of the (NaCl), (n = 2-16) clusters.

clusters® by comparing the B3LYP predictions with the refer-
ence calculations at the MP2 and MP4 levels of theory?®-*° and
experimental results. What is more, to test the reliability of the
effective core potential approximation, larger basis sets, ie., the
standard 6-31G* for RHF method and 6-311G* for B3LYP
method, have been employed. All calculations were performed
with the Gaussian98 package.®

III. Results and discussion
IIIA. Structures and electronic properties of (NaCl), clusters

The calculated structures of (NaCl), clusters are shown in
Fig. 1 where small spheres represent cations and large spheres
represent anions. It should be noted that there are a number of
different choices to cut out a cluster for a given cluster size n
from the perfect NaCl solid, in which every Na or Cl atom is
six-fold coordinated, and such procedure will inevitably give
border atoms of lower coordination numbers. On this account,
Ng4 and ,' which are related to the coordination number «,"°
can be easily established. Table 1 presents the calculated pro-
perties of (NaCl), clusters, including NaCl-unit RHF energy
(i.e. RHF/n), bond distance, cluster dissociation energy to ions,
average Mulliken charge, NaCl removal energy and cluster
atomization energy.

Table 1 Electronic properties of (NaCl),, (n = 2-16) clusters calculated
at RHF/CEP-31G* level

A (NaCly/

Cluster Symmetry Ng f Elnl Ey, A,V eV?
2a Dy, 16 4.0 —14.980443 7.88 2.10
2b Ciy 18 4.5 —14.962430 6.89 1.12
3a Cyy 22 3.67 —14.990744 12.64 1.89
4a T4 24 3.0 —15.000390 17.91 2.38
4b Con 28 3.5  —14.993894 17.20 1.67
4c Cyy 32 40 —14.993655 17.17 1.65
5a C 30 3.0 —14.999643 22.28 1.49
Sb Cyy 34 34 —14.996573 21.86 1.07
6a Dy, 32 2.67 —15.004843 27.58 242
Ta 1 38 271 —15.004750 32.16 1.70
7o C, 38 2.71 —15.003708 31.97 1.50
8a Doy 40 2.5 —15.008158 37.50 245
8b Cs 40 2.5 —15.006761 37.20 2.15
9a Cyy 42 233 —15.009455 42.51 2.12
10a Dy, 48 24  —15.009652 47.28 1.89
10b C 48 24  —15.008798 47.05 1.66
10c C 48 24  —15.008682 47.02 1.63
lla C 50 227 —15.009736 52.04 1.87
12a Con 52 217 —15.011615 57.38 2.46
12b Doy 56 233 —15.010651 57.07 2.15
16a Doy 64 2.0 —15.013514 77.34

“Cluster atomization energ 4,7 = nE(Cl) + nE(Na) — E((NaCl),).
PNaCl removal energy 4" (NaCl) = E((NaCl), _ ;) + E(NaCl) —
E((NaCl),).
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Some interesting properties of the (NaCl), clusters can be
seen from Fig. 1 and Table 1. These are:

1. The cluster, e.g., (2a), (3a), (4a), (5a), (6a), (7a), (8a), (9a),
(10a), (11a), (12a) and (16a), having the least dangling bonds
(the smallest Ny) is the most stable (having the lowest NaCl-
unit energy) among those of the same size. Such result may be
due to the well-known edge effect. For a given cluster size n,
the cluster, which has minimum Ny (or the highest coordina-
tion number), should have the smallest edge effect and should
be the most stable. The present result fully supports the quite
popular model**'3 that (NaCl), clusters preferably occur as
k x I x m (with km = 2n) fragments of the solid, especially
when k = [ = m. In other words, (NaCl), clusters prefer
densely packed structures as in the solid.

2. Compared to the other clusters, those clusters, as for
(NaCl),, (NaCl);, (NaCl)s and (NaCl);, where no densely
packed structure like in the bulk lattice is possible have reduced
stability. Such a result can be easily explained by using the
topological parameter N4. To maintain a low Ny, cluster atoms
with coordination number smaller than 3 should be avoided.
Actually, no atoms coordinated with fewer than three coun-
terions exist in the real NaCl solid, while cluster atoms with
coordination numbers of fewer than three are unavoidable for
those clusters whose sizes are 2, 3, 5 and 7. Owing to the
presence of the lower coordinated cluster atoms, those clusters
are unstable with higher NaCl-unit energy. As a consequence,
this kind of cluster would not offer a good model of NaCl solid.
In this way, it provides a simple but efficient means to exclude
some cluster models from detailed consideration.

3. Along with the increase of n, there are more and more
inner atoms that are fully coordinated, the corresponding
p decreases and the cluster becomes more stable. In other
words, the largest f corresponds to the highest NaCl-unit
energy, while the smallest  corresponds to the lowest NaCl-
unit energy, evidencing that the topological parameter f§ can be
a measurement of the relative stability of the clusters of
different size.

4. For those clusters with the same Ny, e.g., (8a, 8b) or (10a,
10b, 10c), the one with higher symmetry is more stable with
lower NaCl-unit energy. This clearly demonstrates that the
edge effect could be further divided into two effects, i.e., the size
effect (dependent on the size of the cluster) and the shape effect
(dependent on the shape of the cluster). In this regard, the
topological parameters Ny and f§ provide a way to keep the
shape effect under control.

5. The energy required to remove a NaCl molecule from the
cluster (4 (NaCl) = E((NaCl), _ ;) — E((NaCl),)) is larger
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for clusters (4a), (6a), (8a), (12a) while it is interesting to see
that there is a destroy of the cubic-like structure from (NaCl),
to (NaCl), — ; (n = 4a, 6a, 8a, 12a). On this account, the non-
monotonic variation of 4”(NaCl) with n may be correlated
with such a change; ie. removing a NaCl molecule from
(NaCl), to form (NaCl), _ ; (that is, 4"’ (NaCl)) when (NaCl),
is 4a, 6a, 8a or 12a involves a transformation from a cubic-like
structure to form a non-cubic one. On the other hand, the other
smaller values of 4”’(NaCl) are just associated with transfor-
mations between two cubic-like clusters or non-cubic clusters.
Such a trend demonstrates that densely packed structures like
fragments of the solid-state f.c.c. lattice are favored.

IIIB. Convergence from the clusters to the bulk solid

It is of particular importance to investigate the convergence of
the calculated structural and electronic properties of a cut out
cluster with the increase of cluster size. However, from Table 1,
it is hard to draw a clear conclusion if the shapes of the clusters
are chosen arbitrarily. We then focus on the (NaCl), (n = 4a,
6a, 8a, 9a, 12a, 16a) clusters, believing that the set of clusters
with smallest Ny of each given size provides a suitable starting
point to study the cluster size dependence of the computed
properties since the shape effect is under control. From Table 2
and Fig. 2, interesting convergence, based on the NaCl-unit
energy, bond distance, binding energy, as well as the effective
charges in Cl atom, for this specific set of (NaCl),, clusters has
been shown.

1. The NaCl-unit energy of a cluster decreases monotonously
with the increase of the cluster size (see Fig. 2), while the NaCl-
unit energies of those clusters in arbitrary shapes oscillate. The
more severely the shapes differ, the larger the oscillation (see
Table 1).

2. The average distance between neighboring alkali and
halogen atom, i.e., dna_c1, increases with the cluster size n. In
clusters (4a), (6a), (8a), (9a) and (12a), dna_c1 is 2.701, 2.728,
2.738, 2.758 and 2.766 A, respectively. We note that in cluster
(162) dnaci is 2.776 A, which is similar to the measured
interionic distance in the bulk cubic crystal, 2.814 A% and to
the predicted values around 2.90 A by periodic HF calcula-
tions.**° The increasing Na—Cl distance could be a hint of the
increasing ionicity of the in-cluster atoms.

3. With the cluster size n increases, there are more and more
high coordinated atoms and the effect of the ionic binding must
be stronger. As a consequence, the binding energy per ion-pair
also increases. Thus we note that the binding energy per ion-
pair (4,"/n, from Table 1) increases monotonically, starting

Table 2 Convergence of the structural and electronic properties of (NaCl), (n = 4-16) clusters calculated at RHF/CEP-31G* level as well as the

theoretical and experimental bulk values available

Cluster A{"(eV)” A47leV? A,PleVe dnacilA 00! 0°

4a 28.99 6.37 7.25 2.701 3c: —0.635 —0.635

6a 44.22 10.29 7.37 2.728 3c: —0.630 —0.642
4c: —0.667

8a 59.68 14.44 7.46 2.738 3c: —0.632 —0.655
4c: —0.678

9a 67.45 16.56 7.49 2.758 3c: —0.641 —0.666
4c: —0.681
5c: —0.703

12a 90.64 22.79 7.55 2.766 3c: —0.636 —0.672
4c: —0.683
Sc: —0.711

16a 121.68 31.21 7.61 2.776 3c: —0.633 —0.680
4c: —0.685

) ) 5¢: —0.717

Bulk HF 7.64/ 2.90/,2.89¢ —0.985¢

Expt 7.98" 2.814

“Cluster dissociation energy to ions 4" = nE(Cl") + nE(Na™) — E((NaCl),). ®Cluster dissociation energy to NaCl 44" = nENaCl) —

E((NaCl),). “Binding energy 4, = 4,"/n = E(CI7) + E(Na") — E((NaCl),)/n. dMulliken charges Q, for different fold coordinated Cl
atoms. “Average Mulliken charges O for all inner Cl atoms. /Ref. 34. Ref. 35. "Ref. 36. 'Ref. 23.
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Fig. 2 Convergence of the structural and electronic properties of
(NaCl),, (n = 4a, 6a, 8a, 9a, 12a, 16a) clusters. (a) RHF/n (RHF
calculation); (b) RHF/n (B3LYP calculation); (c) binding energy
A4, = A = E(C1I7) + E(Na™) — E((NaCl),.)/n; (d) bond distance
dna ci; (e) average Mulliken charges Q for all inner CI atoms.

from 7.25 eV for the cluster (4a) and through 7.37, 7.46, 7.49,
7.55 and 7.61eV for cluster (6a), (8a), (9a), (12a) and (16a),
respectively, and approaching the measured lattice energy
of 7.98 eV of bulk solid,*® and the predicted lattice energy of
7.64 ¢V by periodic HF calculation.>

4. Although the atomic charges depend largely on the model
used to calculate them and they are not physically observable
as well, it is still of great interest to investigate the convergence
of atomic charges. As a typical ionic-bonding crystal, sodium
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chloride solid is highly ionic. It is natural for one to expect
that with the increase of cluster size n, the magnitude of the
in-cluster atomic charges will also increase and will approach to
the bulk value, which should be around the formal charge
4+1,% in the long run. From Table 2 and Fig. 2, it has been
shown that although the atomic charges in clusters (NaCl),
differ significantly from the formal charge + 1, they increase in
magnitude as »n increases. Similar trend has been found in
(MgO),, (n < 4) by Bildyrev er al.*” However, through careful
inspection of the calculated charges (see Table 2), we may find
that by keeping the clusters in the same shape, the atomic
charges show not only size dependence, but also noteworthy
site dependence, similar to the (MgO), case.>*"*® That is, the
average Mulliken charges of Cl atoms increase with the
increase of the cluster size n, while for any given fold coor-
dinated Cl atoms the magnitude of the Mulliken charges are
always around a constant regardless of the size of the clusters.
For instance, the Mulliken charges for the three-fold coor-
dinated Cl atoms are always around —0.63, while the Mulliken
charges for the four-fold and five-fold coordinated Cl atoms
are always around —0.68 and —0.71, respectively. On the other
hand, along with the increase of n, there are more and more
inner atoms and the percent of the higher fold coordinated
atoms also increases. As a consequence, the average charge of
the in-cluster atoms increases with the increase of the cluster
size. Thus we find the average Mulliken charges of anions in
clusters (4a), (6a) and (8a) are —0.635, —0.642 and —0.655,
respectively, while those of (9a), (12a) and (16a) are —0.666,
—0.672 and —0.680, respectively.

Furthermore, such convergence has also been investigated by
means of B3LYP method, which is a hybrid method including
a mixture of the HF exchange with the DFT exchange-
correlation. The results that incorporate the correlation effects
have been shown in Table 3 and Fig. 2. From the comparisons
to those from the HF calculations, we have found the same
convergence as that we get from the HF calculations. Again we
found that the NaCl-unit energies decrease monotonously with
the increase of cluster size for the set of clusters with the fewest
dangling bonds.

The B3LYP-predicted bond distance also increases with the
increasing of cluster size n, identical to the trend predicted by
HF calculations. However, the incorporation of electron corre-
lation leads to a longer Na-Cl distance. For example, the
B3LYP predicted dna_c) of (2a) is 2.626 A compared to the HF
value of 2.620 A, whereas the B3LYP bond distance of (16a) is
2.783 A compared to the HF value of 2.776 A. It is noteworthy
that both the RHF and B3LYP predicted bond distances for
the (NaCl), cluster (2a) agree well with the experimental value
of 2.584 + 0.034 A*° measured for the gas-phase (NaCl),

Table 3 Convergence of the structural and electronic properties of (NaCl), (n = 4-16) clusters calculated at B3LYP/CEP-31G* level

Cluster Eln | E, A7leVe 447V’ A,leVe dnacilA 0o 0°

4a —15.255228 29.30 6.18 7.32 2.712 3c: —0.578 —0.578

6a —15.260401 44.79 10.11 7.47 2.736 3c: —0.583 —-0.592
4c: —0.608

8a —15.262836 60.25 14.01 7.53 2.746 3¢c: —0.578 —0.594
4c: —0.609

9a —15.264107 68.10 16.07 7.57 2.766 3¢c: —0.585 —0.602
4c: —0.614
Sc: —0.620

12a —15.266156 91.47 22.10 7.62 2.775 3¢c: —0.580 —-0.604
4c: —0.614
Sc: —0.624

16a —15.267986 122.75 30.26 7.67 2.783 3¢c: —0.576 —-0.607
4c —0.613
Sc: —0.625

“Cluster dissociation energy to ions 4" = nE(Cl") + nE(Na®*) — E((NaCl),). °Cluster dissociation energy to NaCl 44" = nE(NaCl) —

E((NaCl),). “Binding energy 4, = 4"/n = E(CI") + E(Na") — E((NaCl),)/n. “Mulliken charges Q, for different fold coordinated Cl

atoms. “Average Mulliken charges Q for all inner Cl atoms.
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Table 4 Mulliken charges of (NaCl), (n = 4-40) clusters single-point
calculated at RHF/CEP-31G* and B3LYP/CEP-31G* levels

RHF/CEP-31G* B3LYP/CEP-31G*

Cluster 0 0 Qo 0

View Online

ones. In spite of that, it is still true that the atomic charges are
more site dependent than size dependent. For instance, the
Mulliken charges for the three-fold, four-fold and five-fold
coordinated Cl atoms are always around —0.58, —0.61 and
—0.62, respectively, while the average magnitude of the
Mulliken charges increases with the increase of the cluster

4a (2x2x2) 3c: —0.680 —0.680  3c: —0.619 —0.619 size n, stating from —0.578 for (4a) to —0.607 for (16a).
6a (3x2x2) 202 —8ggé —0.687 ZCZ —823(7) —0.622 Seeing that the clusters favor the densely packed structures,
e 0. ¢ =9 we have employed single-point calculation for (NaCl), (n =
8a (4x2x2) 4312 :82;3 —0.689 4312 :82;; —0.621 4-40), which are cubic with the nearest Na—Cl distance being
9a (3x3x2) 3 —0.680 0695 3c —0616 0623 fixed to the bulk value of 2.814 A, to investigate the convergence
4¢c: —0.705 4c: —0.627 of the larger clusters. The results are shown in Table 4. In the
5c: —0.716 5¢; —0.630 single-point HF calculations, the Mulliken charges for the
12a (4x3x2)  3c: —0.678 —0.698  3c: —0.613 —0.623 three-fold, four-fold, five-fold and six-fold coordinated Cl
‘S‘C :82%) 2‘: :82% atoms are always around —0.68, —0.70, —0.73 and —0.77, res-
16a (4x4x2) 3Zj 0,676 0702 3Zj 0612 0.624 pectively, while the average Mulliken charges increase mono-
4 —0.704 ’ 4 —0.628 ’ tonously with the increase of the cluster size, from —0.680 for
5¢: —0.725 5¢: —0.630 (NaCl); (2 x 2 x 2)to —0.724 for (NaCl)4g (4 x 4 x 5). Inthe
24 (4x4x3) 3c: —0.676 -0.715  3c: —0.610 —-0.630 single-point B3LYP calculations, the Mulliken charges of the
4c: —0.707 4c: —0.629 three-fold, four-fold, five-fold and six-fold coordinated Cl
gm —8;2 201 —8231 atoms are always about —0.61, —0.63, —0.63 and —0.64,
Cc. —U. C. —U. . . .
: : respectively, whereas the average Mulliken charge increases
32 (4x4x4 3c: —0.674 —0.722 3c: —0.606 —0.627
Uxaxd  Jo—0674 o —0.606 from —0.578 for (NaCl), (2 x 2 x 2) to —0.730 for (NaCl)
5c: —0.734 5¢: —0.632 (4 x 4 x5).
6¢c: —0.776 6¢c: —0.637
D@x4x5) 06T 0TH 30606 060 IC Bagis et effects
291 _8;;‘3‘ 203 _8222 To test the reliability of the effective core potential approx-
c: —0. c: —0.

“Mulliken charges Q, for different fold coordinated Cl atoms. *Aver-
age Mulliken charges Q for all inner Cl atoms.

cluster. Such agreement demonstrates the applicability of the
B3LYP functional to ionic systems such as NaCl.

Generally speaking, the atomic charges are sensitive to
the methods and basis sets employed and the inclusion of
correlation effects seemly tends to decrease the magnitude of
the atomic charges. From Table 2, Table 3 and Fig. 2, it can be
seen that the magnitudes of the B3LYP-predicted atomic
charges are constantly smaller than the corresponding HF

imation, larger basis sets, ie., the standard 6-31G* for RHF
calculations and 6-311G* for B3LYP calculations, have been
employed. The results are given in Table 5 and Table 6,
respectively, which are roughly the same as those obtained by
using the CEP-31G* basis set.

IV. Conclusion

The structure and electronic properties of a series of sodium
chloride clusters (NaCl), (n = 2-40) have been investigated by
means of the ab initio method. The main results are:

(i) Whenever possible, densely packed structures like

Table 5 RHF calculations for (NaCl),, (n = 4, 6, 8, 9) clusters with 6-31G* basis sets

Cluster Elnl Ey, A{PfeVe A4™levt A,Plevt 0! 0°

4a —621.456437 29.51 6.18 7.38 3c: —0.685 —0.685

6a —621.461069 45.03 10.03 7.50 3c: —0.684 —0.698
4c: —0.725

8a —621.463501 60.56 13.91 7.57 3c: —0.682 —0.705
4c: —0.727

% —621.464784 68.45 15.96 7.61 3¢ —0.686 —-0.713
4c: —0.726
5¢: —0.771

“Cluster dissociation energy to ions 4\ = nE(Cl") + nE(Na™) — E((NaCl),). °Cluster dissociation energy to NaCl 44" = nE(NaCl) —
E((NaCl),). “Binding energy 4,") = 4,"/n = E(CI") + E(Na™) — E((NaCl),)/n. “Mulliken charges Q, for different fold coordinated Cl
atoms. “Average Mulliken charges Q for all inner Cl atoms.

Table 6 B3LYP calculations for (NaCl),(n = 4, 6, 8, 9) clusters with 6-311G* basis sets

Cluster Eln | E, 4,"/eve AP/eV? A,MeVe 0! 0°

4a —622.653884 28.92 5.83 7.23 3c: —0.704 —0.704

6a —622.658441 44.13 9.50 7.35 3c: —0.715 —0.732
4c: —0.767

8a —622.660881 59.37 13.19 7.42 3c: —0.715 —0.751
4c: —0.788

9a —622.662190 67.11 15.16 7.46 3¢: —0.730 —0.766
4c: —0.783
5c: —0.847

“Cluster dissociation energy to ions 4" = nE(Cl") + nE(Na™) — E((NaCl),). ®Cluster dissociation energy to NaCl 44" = nENaCl) —
E((NaCl),). ‘Binding energy 4," = 4"/n = E(CI") + E(Na’) — E(NaCl),)/n. “Mulliken charges Q, for different fold coordinated CI
atoms. “Average Mulliken charges Q for all inner Cl atoms.
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fragments of the solid-state f.c.c. lattice are favored. Clusters
with unrealistically low coordinated atoms are of reduced
stability and would not be good models to represent the solid.

(ii)) The topologic parameters N4 and f can be good
measurements to judge the stability of clusters. For any
given size, the cluster with the smallest Vg is the most stable. On
the other hand, with the increase of the cluster size, the
corresponding f§ decreases and the cluster is more stable with
lower NaCl-unit energy and smoothly approaches the solid.

(iii) For the set of clusters with the smallest N4 in each given
size, the NaCl-unit energy, binding energy, as well as bond
distance, show a convergence from the cluster to the bulk solid.
The effective charges in Cl atoms are more site dependent than
size dependent. That is, the Cl atom with higher coordination
number accommodates more charge, while for any given degree
of coordination of a Cl atom the magnitudes of the Mulliken
charges are always around a constant. In this way, with the
increasing of cluster size n, the number of the high fold coor-
dinated atoms increases and the average charge of the in-cluster
atoms becomes larger.

Acknowledgement

This work was supported by the National Natural Science
Foundation of China, Fok Ying-Tung Educational Founda-
tion, Xiamen University and the State Key Laboratory for
Physical Chemistry of Solid Surfaces.

References

1 X. Lu, X. Xu, N. Wang, Q. Zhang, M. Ehara and H. Nakasuji,
Chem. Phys. Lett., 1998, 291, 457.

2 X.Lu, X. Xu, N. Wang and Q. Zhang, Int. J. Quant. Chem., 1999,
73, 377.

3 X. Xu, H. Nakatsuji, X. Lu, M. Ehara, Y. Cai, N. Q. Wang and
Q. E. Zhang, Theor. Chem. Acc., 1999, 102, 170.

4 P. Weis, C. Ochsenfeld, R. Ahlrichs and M. Kappes, J. Chem.
Phys., 1992, 97, 2553.

5 R. Ahlrichs and C. Ochsenfeld, Ber. Bunsen-Ges. Phys. Chem.,
1992, 96, 1287.

6 C. Ochsenfeld and R. Ahlrichs, J. Chem. Phys., 1992, 97, 3487.

7 C. Ochsenfeld and R. Ahlrichs, Ber. Bunsen-Ges. Phys. Chem.,
1994, 98, 34.

8 A. Ayuela, J. M. Lopez, J. A. Alonso and V. Luana, Z. Phys. D,
1993, 26, S213.

9 A.Ayuela, J. M. Lopez, J. A. Alonso and V. Luana, An. Fis., 1994,
90, 190.

10 A. Ayuela, J. M. Lopez, J. A. Alonso and V. Luafa, Physica B,
1996, 212, 319.

11 A. Aguado, A. Ayuela, J. M. Lopez and J. A. Alonso, J. Phys.
Chem., 1997, 101B, 5944.

12 A. Aguado, A. Ayuela, J. M. Lopez and J. A. Alonso, Phys. Rev.
B, 1997, 56, 15353.

31

32

33

34

35
36

37
38

39

View Online

E. de la Puente, A. Aguado, A. Ayuela and J. M. Lopez, Phys.
Rev. B, 1997, 56, 7607.

T. P. Martin, Phys. Rep., 1983, 95, 167.

X. Li and R. L. Whetten, J. Chem. Phys., 1993, 98, 6170.

D. O. Welch, O. W. Lazareth, G. J. Dienes and R. D. Hatcher,
J. Chem. Phys., 1976, 64, 835.

J. Diefenbach and T. P. Martin, J. Chem. Phys., 1985, 83, 4585.
N. G. Phillips, C. W. S. Conover and L. A. Bloomfield, J. Chem.
Phys., 1991, 94, 4980.

K. Jug and G. Geudtner, Chem. Phys. Lett., 1993, 208, 537.

F. Bawa and 1. Panas, Phys. Chem. Chem. Phys., 2001, 3, 3042.
J. E. Campana, T. M. Barlak, R. J. Colton, J. J. De Corpo,
J. R. Wyatt and B. 1. Dunlap, Phys. Rev. Lett., 1981, 47, 1046.
W. Ens, R. Beavis and K. G. Standing, Phys. Rev. Lett., 1983,
50, 27.

A. F. Wells, Structural inorganic chemistry, Clarendon Press,
Oxford, 1984, 5th edn., p. 444.

M. Krauss and W. J. Stevens, Annu. Rev. Phys. Chem., 1984, 35,
357.

W. J. Stevens, H. Basch and M. Krauss, J. Chem. Phys., 1984,
81, 6026.

C. Lee, W. Yang and R. G. Parr, Phys. Rev. B, 1988, 37, 785.
A. D. Becke, J. Chem. Phys., 1993, 98, 5648.

C. Moller and M. S. Plesset, Phys. Rev., 1934, 46, 618.

M. Head-Gordon, J. A. Pople and M. J. Frisch, Chem. Phys. Lett.,
1988, 153, 503.

M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, V. G. Zakrzewski,
J. A. Montgomery, Jr., R. E. Stratmann, J. C. Burant,
S. Dapprich, J. M. Millam, A. D. Daniels, K. N. Kudin,
M. C. Strain, O. Farkas, J. Tomasi, V. Barone, M. Cossi,
R. Cammi, B. Mennucci, C. Pomelli, C. Adamo, S. Clifford,
J. Ochterski, G. A. Petersson, P. Y. Ayala, Q. Cui, K. Morokuma,
D. K. Malick, A. D. Rabuck, K. Raghavachari, J. B. Foresman,
J. Cioslowski, J. V. Ortiz, B. B. Stefanov, G. Liu, A. Liashenko,
P. Piskorz, I. Komaromi, R. Gomperts, R. L. Martin, D. J. Fox,
T. Keith, M. A. Al-Laham, C. Y. Peng, A. Nanayakkara,
C. Gonzalez, M. Challacombe, P. M. W. Gill, B. G. Johnson,
W. Chen, M. W. Wong, J. L. Andres, M. Head-Gordon,
E. S. Replogle and J. A. Pople, Gaussian98, rev. A.10, Gaussian,
Inc., Pittsburgh, PA, 1998.

E. C. Honea, M. L. Homer, P. Labastie and R. L. Whetten, Phys.
Rev. Lett., 1989, 63, 394.

G. Rajagopal, R. N. Barnett, A. Nitzan, U. Landman, E. C. Honea,
P. Labastie, M. L. Homer and R. L. Whetten, Phys. Rev. Lett.,
1990, 64, 2933.

R. Pflaum, P. Ptau, K. Sattler and E. Recknagal, Surf. Sci., 1985,
156, 165.

M. Prencipe, A. Zupan, R. Dovesi, E. Apra and V. R. Saunders,
Phys. Rev. B, 1995, 51, 3391.

A. Shulka, Phys. Rev. B, 2000, 61, 13227.

J. E. Huheey, Inorganic Chemistry, Harper International, New
York, 1983, 3rd edn., SI edn., p. 67.

A. 1. Boldyrev and J. Simons, J. Phys. Chem., 1996, 100, 8023.
S. Veliah, R. Pandey, Y. S. Li, J. M. Newsam and B. Vessal, Chem.
Phys. Lett., 1995, 235, 53.

R.J. Mawhorter, M. Fink and J. G. Hartley, J. Chem. Phys., 1985,
83, 4418.

PhysChemComm, 2002, 5(12), 82-87 87


http://dx.doi.org/10.1039/b202278h

