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Abstract

The study of the binding in clusters with closed subshell atoms is
performed. The study is based on the accurate calculations of the Bey,
Mgy, and Ca, (n =2, 3) clusters at the Mgller-Plesset electron correla-
tion level (MP4) and the SCF level, using a reasonably large basis set
[6-311 + G(3df)]. The 2-and 3-body decompositions of the interaction
energy at the MP4 and SCF levels, the NBO population analysis and
the electron density difference maps allow to elucidate the nature of
bonding in alkaline-earth clusters ©2001by Academic Press,
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1 Introduction

Many definitions of the phenomenon of chemical bonding are used. One ap-
propiate definition can be formulated in the following way:

chemical bonding is the attraction between atoms due to the redistribution

(collectivization, charge transfer) of their valence electron density.

According to this definition, a two-atom molecule can be bound by a co-
valent bond (collectivization of valence electrons), by an ionic bond (charge
transfer between atoms), and by so-called polar bond (intermediate case: col-
lectivization + charge transfer), see also Ref.[1].

Compounds, constructed with atoms having closed electronic shells or sub-
shells have no valence electrons and do not fulfil the chemical bond definition.
A well known example is the noble-gas atoms. They are stabilized by the
van der Waals (dispersion) forces. The van der Waals bond is caused by the
quantum mechanical fluctuations in the electron density of interacting atoms.
On an average, the atomic electron density is not changed. Thus, according to
the definition above, the van der Waals bond cannot be attributed to chemical
bonding but rather to physical bonding. The binding by the van der Waals
forces is very weak in comparison with the chemical bonding. The weakest
measured bond was found in He,: the dissociation energy is Dy = 1.2 mK or
2.38 0107% kcal/mol (2] (the well depth is larger and equals 0.02 kcal/mol).
Even in bulk, the noble gas atoms have such small cohesive energy that can
form solids only at low temperature and He remains liquid at all temperatures.
This is a consequence of the closed-shell electronic structure of the noble gas
elements.

On the other hand, the alkaline earth elements Be, Mg, Ca, etc. have
a closed electronic subshell, (ns)?, but form solids with quite large cohesive
energy, see Table I. The cohesive energy in solid Be equals 3.32 eV/atom
which is larger than that in solids of open one-valence ns shell atoms: Li (1.63
eV/atom) and Na (1.10 eV /atom).

The dimers of Be, Mg and Ca are very weakly bound by the electron corre-
lation effects, at the self-consistent field (SCF) level they are not stable. The
binding energy of alkaline earth dimers is only 2-4 times larger than that in
Kry and Xes dimers. Thus, alkaline dimers can be attributed to the van der
Waals molecules. The situation is changed in many-atom clusters, even in
trimers (Table II). This is evidently a manifestation of the many-body effects.
The crucial role of the 3-body forces in the stabilization of the Be, clusters
was revealed at the SCF level previously [3-5], and more recently was estab-
lished at the Mgller-Plesset perturbation theory level up to the fourth order
(MP4) [6,7]. The study of binding in the Be, clusters [8-10] reveals that the
3-body exchange forces are attractive and give an important contribution to
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the attractive 2-body dispersion forces. At equilibrium distances, the latter
are almost completely compensated by the repulsive 2-body exchange forces.
This makes the role of 3-body exchange attraction even more important. In
alkaline earths we meet with a many-body binding.

Table I: Some properties of alkaline earth atoms and solids.

ATOMS SOLID

E Tr.

Polarizability ¢
kcal/mol ¢ K¢

10_24 Cm3 a AEat, kcal/m()l b (Tn[>c

Be 5.6 252 —3 252p 3P0 (ras) = 2.65 76.5 1562
62.84

Mg 10.6 352 — 3s3p 3PY  (rs,) =3.25 34.7 922
62.47

Ca 22.8 - 25.0 45> — 4s4d 3D (ras) = 4.22 42.5 1113
43.34

452 — 4s3d 3D

58.14

¢ Ref.23 b Ref.24 ¢ Ref.25 7 Ref.26

In order to reveal the details of binding in alkaline-earth clusters, it is im-
portant to carry out a comparative study of binding in clusters of Be, Mg, and
Ca. There are many publications, in addition to those cited above, devoted to
calculations of alkaline-earth clusters (see Refs. [10-21] and references therein).
But in most of these studies, different computational approaches were applied
to calculate the geometry and binding energy.



9911 ¢I'p PIC 99F  TlL ¢ge 60T 26€  06'ST FTT €8T 99¢  (braskdw  [zal

9I'T  68°¢ juswrtiadxy  [67°8¢)

92T S¥C ewtedxy  [Lg]

0131 9T'F YN [21]

€T L6€ [
gra-zdIN uo

08 lg€ 692 02T poseq suon  [g1]
-RUII}SO 989¢]

91z €3¢ (bras)ram sl

€9 g€ v'ee  ooe YN [p1)

Z06T €2T 98T 0%%  ID/AOSSVD  [e1)

g 01 el 01 g 01 g 01 i 01 i 0x UolRINO[Rd "SIy
2D %) SN SN tog g Jo spoyIey

g — = 99 ‘jowr/[edy ur ore

SA1S10Ud ‘Y Ul 9Ie SP0UR)SIP ‘A110MI008 WNLIQI{INDS 213 10j BYRP SINYRINT] [)Im SUOTIR[NO[RD INo Jo uoistredwio)) ;[ 9[qR],



Binding in Clusters with Closed-Subshell Atoms 261

The nature of binding in these clusters was not studied. The only exception,
to the best of our knowledge, are two works by Bauschlicher et al.[10,11]. In
their study of alkaline-earth clusters, the authors came to the conclusion that
the promotion of atomic electrons from ns to np vacant orbitals, leading to
hybridization, is a major mechanism responsible for the binding in alkaline-
earth compounds. As shown below, this is not the case. The binding in
alkaline-earth clusters has more complicated nature and depends on many
factors.

Our analysis is based on accurate calculations performed in Ref.[22] at
the Mgller-Plesset electron correlation level of the interaction energy and its
many-body decomposition for Be,, Mg,, and Ca,, (n= 2 and 3) clusters using a
reasonably large basis set [6-311 + G (3df)]. All calculations were also carried
out at the SCF level which allowed to study separately the SCF and electron
correlation contributions and give a physical analysis of each term in the dimer
and trimer energy decompositions.

2 Calculation scheme and its check

In variational methods, the interaction energy is not calculated directly even
if the Mgller-Plesset perturbation theory is used. We have to calculate the
interaction energy at all calculation levels as a difference

Emni(N)=E(N) - NE, (1)

where E(N) is the total energy of cluster Ay; E, is the atomic energy calculated
at the same level of accuracy as E(N). For taking into account the basis set
superposition error (BSSE), the atomic energy in Eq. (1) was calculated using
the dimer basis set for N = 2 and the trimer basis set for N = 3.

All calculations in Ref.[22] were performed utilizing the Gaussian-98 code
[30]. The potential energy scan was performed by means of the Mgller-Plesset
perturbation theory up to the fourth order (MP4) in the frozen core approxi-
mation. The electronic density distribution was studied within the population
analysis scheme based on the natural bond orbitals [31,32]. A population anal-
ysis was performed for the SCF density and MP4(SDQ) generalized density
determined applying the Z-vector concept [33].

We tested the quality of the calculations [22] by applying several different
approaches. Firstly, the calculations were compared with Mgller-Plesset cal-
culations with no frozen core, 1s? frozen, and 1s°2s*2p® frozen core electrons
for Be, Mg, and Ca clusters, respectively. The inclusion of more electron in
the correlation energy calculations slightly lowers two- as well as three-body
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interaction energies. The largest frozen space in the case of Ca, clusters leads to
total energy changes around 10% and does not affect the qualitative picture of
the studied interactions. Test calculations were also performed by the coupled
cluster method with single and double substitutions from the Hartree-Fock
determinant and with inclusion of triple excitations non-iteratively, CCSD(T)
[34,35]. The calculated interaction energies are within a few percent of those
of Mgller-Plesset calculations, indicating that the choice of the MP4(SDTQ)
approach is well justified as a basic tool for the presented analysis.

In Table II the results of our calculations [22] of the equilibrium geometry
and binding energy together with the published data are presented. A compar-
ison with literature data indicates a quite satisfactory agreement. The values
of the binding energy for the trimers Be; and Mgs are very close to the best
estimations in Ref. [18].

In order to check the convergence of the MP perturbation series, the per-
turbation contributions 65{,})13 to the interaction energy in each order have to be
calculated:

(2 _ MP2 SCF

emp = Ep " —En (2)
3 _ MP3 MP?2

Emp = By ® — By ©
4 _ MP4 MP3

emp = Bpy —Eni°

According to its definition, the correlation energy at the MP4 level is equal to

int

4
AE*T = EJPt — BEJF =3 ") 3)
n=2

Let us express the MP series as the ratios to the second order contribution

3 @

orr 2 € €

AE“T =@, (1+TM2§+—(I;'TP> . (4)
Emp Eump

At the equilibrium distance (Table III), the MP series (4) are the following:
Bey : ep(140.1240.06)

Mgy : P.(1+0.14+0.03), (5)
Cay : ePn(140.18+0.07) .

Thus, the limitation of our calculation at the MP4 level looks quite justified.
As shown in Ref. [22], the convergence is good at all calculated distances.
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Table III: Interaction energy for dimers at the equilibrium distance at different
levels of calculation, in kcal/mol.

Dimer EgLCt’F 55‘24)}3 ES\BJ)P 65\:11)P AFcorT E%tPti
Bey 612 671 -0.81 -043 -7.94  -1.83
1o = 2.56 A ’ : . . . .
Mga
e h 162 234 -032 -0.06 -272  -1.09
Ca, 105 -256 -046 -0.17 -3.19  -2.14
ro = 4.56 A ’ : : . . .

The many-body decomposition of the interaction energy at different ap-
proximation is performed according to the general definitions, see Refs [36,
6]. For trimers we have only 2- and 3-body interaction energies. In the ho-
moatomic case they are represented by the following formulae:

Ey(4;3) = Z%b , (6)

a<b
e = E(ab) —2E, (7)

where E(ab) is the total energy of two atoms at a particular distance they have
in trimer abc. In the general case of a nonsymmetrical triangle, the sum (6)
contains three different 2-body interaction energies.

The 3-body energy is defined as a difference

E3(A3) - E(Ag) - Ez(Ag,) - 3Ea (8)

where E(A3) is denoted as the total energy of trimer Aj.
‘ The formulae (6)-(8) were applied for the calculations of the 2- and 3-body
contributions to the interaction energy at the SCF and MP4 levels and for the
decomposition of the electron correlation energy.

3 Discussion

3.1 Dimers

As was shown in Ref.[22], the interaction energy at the SCF level is posi-
tive for all three dimers at all distances. It is the electron correlation energy
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that stabilizes the close-subshell-atoms dimers. The interaction energy at the
equilibrium distances are presented in Table III. The equilibrium distance rises
from ry = 2.56 A for Be, to ry = 4.56 A for Ca,. The increase of the equilibrium
-distance in the row Bes, Mgy, and Cay is well correlated with an increase in
the average radius of the atomic valence shell (Table I). However, the binding
energy does not have such monotonic behavior. The decrease of E; from 1.83
kcal/mol for Be; to 1.09 kcal/mol for Mg, changes with an increase of E, to
2.14 keal/mol for Ca,. The equilibrium distance for Cay, is very large (4.56 A),
and it could be expected that the bond will be weaker than in Mg,. But this
is not the case; the increase of the equilibrium distance compared with that
in Mg, does not lead to weaker bond. It is explained by the smaller repulsive
SCEF energy and the larger correlation attraction at the equilibrium distances
in the Ca, dimers, with respect to the Mgy dimer (see Table IIT). The same
non-monotonic behavior takes place for the binding energy of the trimers: E,
=25.9, 7.12, and 11.66 kcal/mol for Bes, Mgs, and Cag, respectively (Table II).
It can be expected that this trend is also preserved in large clusters because in
solid alkaline earths the cohesive energy and melting temperature show similar
behavior (Table I).

The SCF interaction energy can be decomposed in different ways [36-38].
One possible decomposition is

ESCF — (D (D A ppdef . (9)

wnt el exch ind.exch
The electrostatics, eé}) , and exchange, egi)ch, energies correspond to the first or-
der of the perturbation theory; so, they are defined in the undisturbed atomic
wave functions. The third term, AE‘?;{ exchy Contains the induction interac-
tions which cannot be separated from the exchange interactions. The induc-
tion forces polarize the SCF orbitals; accordingly, AEf;i ezch 18 defined on the
deformed orbitals.

Atoms with closed subshells have no multipole moments and their elec-
trostatic and induction interactions have a pure overlap origin; from which
follows their short-range character. The main contribution to ES¢F gives the
exchange interaction 5220,‘. Between atoms with closed subshells, it is repul-
sive (as in the noble-gas atom systems). This determines the unstability of the
alkaline earth dimers at the SCF approximation. They are stabilized by the

attractive electron correlation forces.

At large distances, the electron correlation energy can be interpreted as a
dispersion energy. At intermediate distances where the overlap of the atomic
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Table IV: Comparison of ES?, BEq. (10), with AE®" for equilibrium and
large distances, in kcal/mol.

Bey Mg, Cag

I‘,A Ezdisp AEcorr Eé“-?l’ AEcorT Egisp AFcorr

2.56 -79.62 -7.94

3.92 -8.95 -2.27

4.56 -14.40 -3.19
5.00 -0.35 -0.36 -1.29  -0.87 -6.85  -2.23
6.00 -0.10 -0.11 -0.35  -0.33 -1.68  -0.92
7.00 -0.03 -0.04 -0.11  -0.12 -0.55  -0.39
8.00 -0.04 -0.04 -0.22  -0.17
9.00 -0.10  -0.08
10.0 -0.05  -0.04

valence shells becomes essential, the dispersion forces cannot be defined with-
out allowing for exchange effects. At these distances the multipole expansion
is not valid [36]. It is instructive to compare the magnitudes of the pure
dispersion energy and the electron correlation energy at different distances.

The energy of the dispersion interaction between two atoms can be pre-
sented with fine precision as a sum of three terms:

B3P = - (% = C“’) , (10)

rbé r8 r10

where the dipole-dipole (r~®), dipole-quadrupole (r~#), and dipole-octupole
plus quadrupole-quadrupole (r~'°) dispersion interactions are taken into ac-
count. The dispersion coefficients C, for the Be, Mg, and Ca atoms were
estimated in Refs.[39] by the Padé approximant method. Using the values of
C,, converted to [%A "] units, we have found the sum (10) at equilibrium
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and at large distances and presented it in Table IV together with AFE,,,, cal-
culated in Ref.[22]. As follows from Table IV, at large distances the electron
correlation energy coincides with the pure dispersion energy with very good
precision: for Bey at r > 5 A, for Mg, at r >6 A, and for Ca, at r >9 A. Note:
this coincidence takes place for quantities calculated by different methods and
at different approximations. From this follows that it is based on the physical
ground: the dispersion forces have the electron correlation origin.

At equilibrium distances, the absolute value of the pure dispersion energy
is much larger than AFE,,.,. (in the case of Bey, 10 times!). The exchange and
overlap contributions to the electron correlation energy are repulsive and cause
a decrease in dispersion attraction. At large distances, the dispersion energy
in Cag is about 5 times larger than that in Mg,. This is correlated with the
larger value of polarizability for the Ca atom compared with the Mg atom
(Table I).

3.2 Trimers

In Table V we present the interaction energy at the SCF and MP4 levels
for trimers Bes, Mgs, and Caz in the equilateral triangle conformation. The
trimers as well as dimers are not stable in the SCF approximation. According
to Ref. [22], the SCF energy is positive at all calculated distances. On the other
hand, the electron correlation corrections are negative and lead to stabilization
of the alkaline-earth trimers. The binding in trimers is much stronger than in
dimers. Especially in Bes where the value of E, =25.9 kcal/mol is 14 times
larger than the binding energy for Bey which has the van der Waals origin.

A more detailed analysis of the nature of binding is based on the many-body
decomposition of the interaction energy

EMPY(Ag) = EYFY(Ay) + E}P(4s) (11)

int

which is also presented in Table V. The extremely large values of the ratio
of the 3-body to 2-body energy for the equilibrium conformations of Bes and
Mgs is connected with almost zero values of the 2-body interaction energies
(the equilibrium distance in the Bes and Mgs equilateral triangle is located in
the vicinity of the intersection of the E,(3) potential curve and the abscissa
axis). Thus, in the frame of the many-body decomposition of the interaction
energy, we have to conclude that for the Bey and Mgz trimers, the dominant
factor of their stability are the 3-body forces. For the Caz trimer the 2-body
contribution to the interaction energy is non-negligible and amounts to 38%,
although the 3-body interactions are a main contributor to the stability of the
cluster.
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As discussed above, the equilibrium distances for the dimers are rather
large, especially for Mgy and Ca,. The addition of one more atom leads to a
decrement in the equilibrium interatomic distance. In an equilateral triangle
(the conformation which is the most stable conformation in the case of close-
subshell-atom trimers) according to our calculations, the largest reduction 0.6
A is revealed for Mgs. However, for Bes and Cas, the reduction is also large
enough: 0.32 A and 0.44 A, respectively. The explanation of this decrement is
based on the interplay of the 2- and 3-body interactions in the cluster formation
[6]: the attractive 3-body forces become larger with a decrease in the atom-
atom distances while the 2-body forces undergo small changes because of the
relative flatness of the 2-body potential curves.

In the same manner, as was done for the full interaction energy, the 2- and
3-body interaction energies can also be decomposed on the SCF and electron
correlation parts:

EMPY =BT + AEST ,n=2,3 . (12)

The 2-body SCF energy for an equilateral triangle is equal to

ESCF(A3) = 3E;CF (4,) . (13)

int

It indicates that, the physical sense of the 2-body SCF energy in trimers is
the same as the SCF interaction energy in dimers: it is predominantly the
exchange interactions which are repulsive for two interacting atoms with closed
subshells. The attractive contributions from the electrostatic and induction
energies are less than the repulsive exchange contribution. This is the reason
that E5CF(A;) is positive for the alkaline trimers in all calculated distance
regions [22].

The situation is different in the case of the 3-body SCF energy. The main
contribution to E5°T(Aj3) is given by the 3-body exchange forces. These forces
originate from the three-atomic electron exchange which mixes electrons of all
three atoms. In closed-shell atom systems, contrary to the 2-body exchange
forces, the 3-body exchange forces are attractive and make a contribution
to the stabilization of trimers. Thus, for trimers there are two stabilization
factors: AESCF and AEL™ .

The 2-body electron correlation energy, AFE$”"(Aj), as in the case of
dimers, is reduced at large distances to the dispersion energy. At interme-
diate distances, it contains both the exchange and dispersion contributions
which cannot be separated. The exchange effects decrease the dispersion at-
traction; nevertheless, the 2-body electron correlation appears as a main factor
of stabilization, especially for the Mgz and Cag trimers. -
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The 3-body electron correlation energy, AFE$"(Aj3), at large distances can
be represented as the Axilrod-Teller 3-body dispersion energy [40]

E$5(A3)= —§(3£—3—(1+30050a0059b00306) . (14)

abTac be

For an equilateral triangle, Eq (14) is transformed to

11 Cg

Edzs ( As) 8 T
ab

(15)

According to Eq.(15), the 3-body dispersion energy is positive as is AEST
at large distances. At intermediate distances, the negative contributions from
the 3-body exchange and overlap effects can lead to negative values for AES™,
This is what is revealed for Caz and, close to the equilibrium distances, for
Mgg

Note that the larger value of binding energy E, (Cas) = 11.66 kcal/mol
compared with E, (Mgs)=7.12 kcal/mol in spite of the greater equilibrium
distance in the Caz trimer is due to the smaller value of the repulsive SCF en-
ergy for Caz : E5° (Cag)=9.15 kal/mol and ESCF (Mg;)=15 kcal/mol. This
results in a greater stability of Cas because the total attractive contribution
for Cag is smaller than for Mgz : AE$™ + E5CF + AES™™ = -20.8 and -22.12
kcal/mol for Caz and Mgs, respectlvely (see Table V).

3.3 Population of vacant atomic orbitals and electron
density distribution

It is instructive to study the vacant atomic orbital population in dimers and
trimers. As mentioned in the Introduction, in the 80°s Bauschlicher et al.
[10,11] came to the conclusion that the promotion of ns-electrons to np-orbitals
leading to sp-hybridization is the main mechanism responsible for binding in
alkaline-earth clusters. This conclusion was based on a study of the SCF
Mulliken population analysis for tetramers, which are stable at the SCF level.
At present, we can perform more precise analysis using the Natural Bond
Orbital Analysis and calculate it at the electron correlation level.

In Table VI we present the net population of valence orbitals in dimers and
trimers. We see that not only the p-population but even the d-population,
especially for the Ca clusters, are not negligible. The latter is correlated with
the experimental atomic excitation energies AE,; [24]. According to Table I,
the energy of the 4s—3d excitation in the Ca atom is even smaller than the
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Table VI: The net valence population, An{, for the isolated atoms and clusters
at the equilibrium geometry, obtained by the Natural Bond Orbital Analysis
at the SCF and MP4 levels.

SCF MP

A/l ns (n+1l)s np nd ns (n+1)s np nd

Be 0.000  0.000 0.000 0.000 -0.135 0.004 0.130 0.001
Be, -0.044 0.006 0.037 0.001 -0.199  0.008 0.185 0.006
Be; -0.257 0.005 0.246 0.005 -0.315 0.009 0.288 0.016
Mg 0.000  0.000 0.000 0.000 -0.112  0.004 0.105 0.003
Mg, -0.007 0.001 0.005 0.000 -0.123  0.004 0.113 0.005
Mgz -0.045 0.002 0.040 0.002 -0.173  0.005 0.154 0.012
Ca 0.000 0.000 0.000 0.000 -0.138  0.003 0.124 0.011
Ca; -0.016 0.002 0.011 0.003 -0.161  0.005 0.139 0.018

Caz -0.074 0.003 0.057 0.015 -0.229 0.006 0.184 0.039

“For atoms AnMP4(4) = nMFP4(A) — nfOF(A), for clusters AnMP4(A,) = nMP4(4,) —
nyF(A4), the similar definition is for nF, therefore nyCF(A) = 0.

ns—np excitation energies in Be and Mg atoms. On the other hand, there
is no quantitative relation between AE,; and the net population numbers An,
in Table VI. The magnitude of AE,, (ns—np) in Be is larger than that in
Ca; nevertheless, the np-population in the Be clusters is larger than in the Ca
clusters.

We have also calculated the NBO valence population at the MP4 level for
the isolated atoms. It could be expected that the inclusion of the electron
correlation effects leads to some population of vacant (in the SCF approxi-
mation) atomic orbitals. But the values obtained are surprisingly large. The
p-population in the Mg and Ca atoms are only slightly smaller than that in
their dimers, and in the Be atom the population is 0.7 of the p-population in
Bez.
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It is important to check: is the effect of a rather large population of vacant
atomic orbitals at the electron correlation level specific for alkaline-earth atoms
or it has a general character. In Table VII we present the results of net
valence population calculations for noble-gas atoms performed by the Natural
Bond Orbital Analysis at the MP4 level. *+ We found non-negligible valence
orbital population, especially for the d-orbitals. The results obtained for three
different basis sets are quite close. Thus, the population of vacant orbitals
in noble-gas atoms is not an artifact of the calculations. From this follows
that elements traditionally assumed as closed-shell (noble gases) or closed-
subshell (alkaline earths) atoms can to some extent manifest an anisotropic p-
or d-symmetry behavior. It would be very interesting to obtain experimental
evidence confirming this theoretical prediction.

Table VII: The net valence population, Ang, for isolated noble-gas atoms,
obtained by the Natural Bond Orbital Analysis at the MP4 level.

atoms ns np Y(n+m)s Y(n+m)p nd nf

m m

a) The Sttutgart / Dresden basis set [41]

Ne -0.011  -0.062 0.009 0.040 0.023 0.002
Ar -0.019 -0.129 0.007 0.028 0.105 0.008
Kr -0.018 -0.119 0.006 0.024 0.095 0.012
Xe -0.020 -0.131 0.006 0.021 0.106 0.019
b) The Stevens et al. basis set [42,43)
Ne -0.010 -0.060 0.008 0.037 0.023 0.002
Ar -0.019 -0.130 0.007 0.026 0.107 0.008
Kr -0.018 -0.123 0.006 0.023 0.100 0.012
Xe -0.020 -0.134 0.006 0.020 0.109 0.019
c) 6-311+G (3df) basis set [44]
Ne  -0.010 -0.061 0.008 0.039 0.022  0.002
Ar -0.018 -0.126 0.007 0.027 0.101  0.009
Kr -0.018 -0.119 0.006 0.024 0.095 0.012

Xe no basis set available

*An (A= " (A)-nFOF (&)

We have to take into consideration that some atom-atom interactions,
which enhance the excited orbital population, do not lead to a bonding state.
The last statement is confirmed by the valence orbital population in the
alkaline-earth clusters at the SCF level. According to Table VI, at the SCF
level there is a non-negligible p-population, especially for trimers. But in the



272 l. G. Kaplan et al.

SCF approximation, the dimers and trimers are not stable. Thus, the repul-
sive SCF interactions also lead to the vacant orbitals population, although this
kind of hybridization does not lead to binding.

The calculations in Ref. [10] were performed at the SCF level. In the
frame of the latter, the isolated atoms do not have populated excited orbitals.
The authors [10] found the ratio of p-population in different tetramers (which
are stable at the SCF level) proportional to the ratio of their dissociation
energies. However, at an election correlation level because of the p-population
in the isolated atoms, we cannot expect such proportionality. It is evident
for dimers: the p-population is largest in Bey, although the bond strength is
largest in Ca,. For dimers, the p-population is not very different from that
in the isolated atoms whereas for trimers the increase of the p-population
is rather large. It is not directly proportional to the bond strength, but its
amount qualitatively reflects a trend toward a more strong bond formation by
the sp-hybridization.

More insight into the bonding comes from the density difference maps.
The partitioning of the total density difference into 2- and 3- body terms was
performed in the analogy to interaction energy expressions. In Figs. 1 and 2 we
present the total density difference maps and its 2- and 3-body contributions in
the Bes plane and in the perperdicular plane passing through the Be-Be bond.
For 2-body density difference, we have positive values along the Be-Be bond
which can be attributed to the o-type bonding (the latter is more clear from
the plot in the plane perpendicular to the Bes plane, Fig. 2a). The 2-body
dispersion interactions do not change the density distribution. Thus, the o-
type redistribution originates from the SCF 2-body interactions, inside which
there are two attractive interactions: electrostatic and induction. Because of
the larger 2-body exchange repulsion, these attractions are not sufficient for the
stabilization of Bes, and we have to conclude that the o-type redistribution of
the 2-body density difference does not lead to a real bonding. This is analogical
to the atomic p-population at the SCF level which also does not lead to trimer
stability.

Figs. 1a and 2a also reveal a positive density difference in the nonbonding
region (the area outside the atoms attached to the vertices of the triangle Bes).
This reflects the antibonding character of the 2-body exchange interactions.
The 3-body interactions shift the electron density from nonbonding to bonding
regions because in the total density difference plots, the electronic density gain
is observed only in the bonding area (Fig. 1c).

As follows from Fig. 1b and 2b, the 3-body density difference is posi-
tive outside of the Be-Be line in a direction perpendicular to it, whereas it is
negative beyond the Be; plane. So, the density difference has the 7-in-plane
character but is shifted outside the triangle Be3. The total density difference
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resembles the interstitial orbital picture obtained in Liy clusters

plot (Fig 1c)

[45,46]. This can also be connected with

the rather large p-population of Be atoms in trimers.

by spin-coupled valence bond method
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