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ABSTRACT: If in atoms only one type of the electron affinity (EA) can be defined, in
molecules there are three types of EAs: the vertical electron affinity (VEA), adiabatic
electron affinity (AEA), and vertical electron detachment energy (VEDE). These three types
of EAs for beryllium, magnesium, and calcium dimers and trimers are calculated at the all-
electron MP4(SDTQ) level employing the Dunning-type basis sets. All obtained EAs satisfy
the following inequality VEDE � AEA � VEA and are quite large to be observed in
experiment, especially in the trimer case: VEDE (Be3

�) � 1.63 eV, VEDE (Mg3
�) � 0.72 eV,

and VEDE (Ca3
�) � 0.95 eV. The decomposition of VEDE into physical components

(Koopmans, relaxation, and correlation) and the atomic orbital population analysis (at the
NBO level) are used to elucidate the nature of the outer electron binding in studied anions.
© 2009 Wiley Periodicals, Inc. Int J Quantum Chem 111: 103–110, 2011
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1. Introduction

T he study of binding of an excess electron to
clusters of the alkaline-earth elements is im-

portant as an instructive example of the negative
cluster formation in the case of atoms not possess-
ing the valence electrons. The alkaline-earth atoms

Be, Mg, Ca, etc. in the ground state have a close
outer subshell (ns)2. It is quite natural that their
dimers are very weakly bound only by the electron
correlation forces and at the self-consistent field
(SCF) level they are not stable. Thus, they can be
attributed to the van der Waals molecules, as the
rare-gas dimers.

The situation is changed in the alkaline-earth
many-atom clusters, even in trimers. This is evi-
dently a manifestation of many-body effects. The
crucial role of the three-body forces in the stabili-
zation of the alkaline-earth trimers and tetramers
was established at the Møller–Plesset perturbation
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theory level up to the fourth order [MP4(SDTQ)] by
Kaplan et al. [1–3].

As a result of many-body interactions, the alka-
line-earth elements form solids with a quite large
cohesive energy. For instance, the cohesive energy
of 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) or Na (1.10 eV/atom).

It is well known that the rare-gas atoms (He, Ne,
Kr, etc.) in ground state repel an additional elec-
tron, their negative ions are not stable. The same
behavior takes place in the case of the alkaline-earth
atoms. The Be atom binds an additional electron
only in the excited state 1s22s2p 3P. The experimen-
tal electron affinity, 0.291 eV [4] corresponds to the
1s22s2p2 4P state of the Be� anion. The theoretical
calculation [5] predicted a rather close value of 0.29
eV. One may expect Ben clusters and other alkaline-
earth clusters as well to form stable anions in their
ground states. As was shown in calculations of Ben

and Mgn anion clusters at different levels of theory
[6–16], it is really the case, see also the experimental
measurements of the photoelectron spectra of Mgn

�

by Bowen et al. [17].
The binding energy of an attached electron (the

electron affinity, EA) is equal to

�Ee � EA � En�N� � Ea�N � 1� (1)

where N denotes a neutral system and N � 1 de-
notes an anion; n and a label the electronic states of
neutral and charged systems, respectively. For mol-
ecules and clusters, depending at the internuclear
distances, at which E(N) and E(N � 1) are calcu-
lated, three kinds of EA can be defined:

▪ Vertical Electron Affinity (VEA)—both energies
in Eq. (1) are calculated at the equilibrium
structure of the neutral system.

▪ Adiabatic Electron Affinity (AEA)—energies in
Eq. (1) are calculated at the equilibrium struc-
tures of the neutral and charged systems, re-
spectively.

▪ Vertical Electron Detachment Energy (VEDE)—
energies in Eq. (1) are calculated at the equi-
librium structure of the charged system.

In Figure 1, we represented the typical potential
curves for a neutral and a stable anionic dimer. The
potential curve for the stable anionic dimer is
deeper than that of the neutral dimer and its equi-
librium distance is usually reduced in comparison

with the neutral dimer, that is, R0�A2
�� � R0�A2�.

For this disposal of potential curves, as follows
from Figure 1, the electronic affinities must satisfy
the inequality:

VEDE � AEA � VEA (2)

Theoretical studies of the electron affinities of
beryllium and magnesium dimers and trimers at
the MP4(SDTQ) and CCSD(T) levels were per-
formed in Refs. [13, 14] (for beryllium the calcula-
tion were carried out up to the CCSDT level [13]).
The electron affinities of the beryllium and magne-
sium tetramers were studied in Ref. [15] at the
ROMP2 level. A reliable calculation of EAs de-
mands the employment of large flexible basis set
with diffuse functions of high angular momentum
[18]. All EAs obtained in Refs. [13–15] satisfy Eq. (2)
and are of the right magnitude to be observed with
the standard photo-detachment technique.

In the present study, we calculated the EAs of
Can (n � 2, 3) clusters at the all-electron MP4(SDTQ)
level with the Dunning-type QZ basis set [19, 20],
that is, we do not use the frozen core approximation
as it was in Refs. [13, 14]. To the best of our knowl-
edge, it is the first ab initio calculation of the cal-
cium cluster anions. For performing the compari-

FIGURE 1. Electron affinities for a typical disposal of
the potential curves of neutral and anionic dimers. 1 �
EA2

(R0,A2

� ); 2 � EA2�R0,A2�; 3 � EA2
� �R0,A2�; 3 � EA2

� �R0,A2
� �.
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son with the corresponding beryllium and
magnesium clusters, the latter were recalculated at
the same level of accuracy. The decomposition of
VEDE into three components (Koopmans, relax-
ation, and correlation) with clear physical sense and
the atomic orbital population analysis at the NBO
level are used to elucidate the nature of outer elec-
tron binding in all studied anions.

2. Methodology

All presented results were performed using the
Gaussian 03 Revision D.02 suite of programs [21].
The potential energy surfaces (PES) were obtained
by means of Møller–Plesset perturbation theory at
MP4(SDTQ) level with all electrons involved (with-
out the frozen-core approximation). The electron
density distribution analysis was studied by the
Natural Bond Orbital (NBO) analysis [22, 23] at the
MP4(SDTQ) level. The ground state geometries
were found varying only the interatomic distances
and maintaining the symmetry in the case of trim-
ers. For the anionic cluster, the spin contamination
was monitored at the UHF and MP4 levels. To
eliminate the spin contamination, the PMP4, s � 1,
spin projection procedure [24] embedded in Gauss-
ian suite, was employed.

As we noted in “Introduction” section, to de-
scribe the reliable charge distribution of an attached

electron in the anionic clusters, the employed basis
set (BS) in addition to standard valence basis func-
tions must contain diffuse functions with high an-
gular momentum. In Table I, the basis set depen-
dence of the total energy and AEAs for neutral and
anionic dimers is presented. We checked three BS:
(a) 6-311�G(3d2f) [25], (b) cc-pVQZ [19, 20], and (c)
aug-cc-pVQZ [19, 20]. BS labeled by (b) and (c) were
taken directly from EMSL Basis Set Exchange web
site [26–28] and (a) from Gaussian 03 suite. As fol-
lows from Table I, for beryllium and magnesium
dimers the best results are given by aug-cc-pVQZ
basis set, but for Ca it is not elaborated. Thus, we
performed all calculations exploiting aug-cc-pVQZ
basis set for Be and Mg clusters and cc-pVQZ for the
Ca clusters. Let us mention that the Ca2 anion is
unstable (AEA �0) when the 6-311�G(3d2f) basis
set is employed.

In Table II, the equilibrium distances and bind-
ing energies at ground state geometry are presented
in the frozen core approximation and all electrons
approach at the MP4(SDTQ) level. The inclusion of
all electrons in the perturbation procedure leads to
a more complete account of the electron correlation.
This provides, as follows from the presented data, a
more deep energy for the ground state. Especially
large increase is in the Ca2 case. It can be expected
because of a large number of inner electrons in Ca2.
The all-electron MP4(SDTQ) calculations yield the
equilibrium distances Ro very close to the experi-

TABLE I ______________________________________________________________________________________________
Dependence of the ground state dimer energy (Eo) and adiabatic electron affinity (AEA) on the basis set (BS);
energy calculated at the MP4(SDTQ) level.

Cluster Ro (Å) BS Eo (a.u.) AEA (eV)

Be2 2.54 6-311 � G(3d2f) �29.229312953 0.512
Be2 2.54 cc-pVQZ �29.232621398 0.420
Be2 2.54 aug-cc-pVQZ �29.232746062 0.530
Be2

� 2.23 6-311 � G(3d2f) �29.248134950
Be2

� 2.23 cc-pVQZ �29.248060781
Be2

� 2.23 aug-cc-pVQZ �29.252237442
Mg2 3.91 6-311 � G(3d2f) �399.27868620 0.189
Mg2 3.91 cc-pVQZ �399.29448481 0.135
Mg2 3.91 aug-cc-pVQZ �399.29455465 0.207
Mg2

� 3.22 6-311 � G(3d2f) �399.28562728
Mg2

� 3.22 cc-pVQZ �399.29942863
Mg2

� 3.22 aug-cc-pVQZ �399.30216567
Ca2 4.40 6-311 � G(3d2f) �1354.0814079 �0.407
Ca2 4.40 cc-pVQZ �1353.5757018 0.330
Ca2

� 3.85 6-311 � G(3d2f) �1354.0664496
Ca2

� 3.85 cc-pVQZ �1353.5878280
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mental values for the Be2 and Ca2 dimers, although
for Mg2 the result is opposite. It is interesting to
note that for Be2 the all-electron AEA is larger than
the frozen core one, but for the other two dimers the
more account of the electron correlation decreases
AEAs. The latter means that the additional electron
correlation contribution in the neutral Mg and Ca
dimers is larger than in their anions.

3. Results and Discussion

In Table III, we represent the equilibrium dis-
tances, ground state energies, and obtained values
of three types of the electron affinities for the alka-
line-earth dimers and trimers. All calculations were
performed at the MP4(SDTQ) all-electron level us-
ing aug-cc-pVQZ BS for beryllium and magnesium
clusters and cc-pVQZ BS for calcium clusters. The

equilibrium distance for neutral dimers rises from
R0 � 2.46 Å for Be2 to R0 � 4.24 Å for Ca2. The
increase of the equilibrium distance in the row Be2,
Mg2, and Ca2 is well correlated with the increase of
the average radius of atomic valence shell, which
is equal 2.65 Å for Be, 3.25 Å for Mg, and 4.22 Å
for Ca, see Ref. [32]. The equilibrium distances for
trimers are also increased in the row Be3, Mg3,
and Ca3. But the addition of one more atom leads
to the decrement in the equilibrium interatomic
distance in comparison with dimers. The expla-
nation of this decrement is based on the interplay
of the two- and three-body interactions in the
cluster formation [1].

However, EAs do not have such monotonic be-
havior. They decrease for Mgn in comparison with
Ben but then increase for Can, although they are still
less than in the Ben case. EAs for trimers are larger
than for dimers and all EAs satisfy the condition (2),

TABLE II _____________________________________________________________________________________________
Comparison of the equilibrium distance, ground state energy, and adiabatic electron affinity (AEA) of the
alkaline-earth dimers calculated at the frozen core and the all-electron MP4(SDTQ) level.

Cluster

Ro (Å) Eo (a.u.) AEA (eV)

Exper. Frozen All Frozen All �Eo (eV) Frozen All

Be2 2.45a 2.54 2.46 �29.232746 �29.276523 �1.191 0.528 0.563
Mg2 3.89b 3.91 3.75 �399.294555 �399.360439 �1.793 0.207 0.201
Ca2 4.227c 4.40 4.24 �1353.575716 �1354.064364 �13.296 0.330 0.314

a Ref. [29].
b Refs. [29, 30].
c Ref. [31].

TABLE III ____________________________________________________________________________________________
Total ground state energies (Eo, a.u.) and the electron affinities (in eV) of alkaline-earths clusters calculated at
the MP4(SDTQ) all-electron level.

Ro (Å) Eo VEA AEA VEDE

Be2 2.46 �29.276523 0.473 0.563 0.627
Be2

� 2.20 �29.297223
Be3 2.19 �43.958333 1.522 1.576 1.629
Be3

� 2.09 �44.016253
Mg2 3.75 �399.360439 0.095 0.201 0.271
Mg2

� 3.19 �399.367840
Mg3 3.29 �599.052466 0.693 0.718 0.722
Mg3

� 3.18 �599.078698
Ca2 4.24 �1354.064364 0.313 0.314 0.390
Ca2

� 3.73 �1354.075917
Ca3 3.87 �2031.118088 0.885 0.919 0.951
Ca3

� 3.71 �2031.151858
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VEDE is the largest among the three calculated
affinities.

All values of EAs are quite large for being ob-
served in experiment, especially for trimers: VEDE
(Be3

�) � 1.629 eV, VEDE (Mg3
�) � 0.722 eV, and

VEDE (Ca3
�) � 0.951 eV. As was demonstrating in

Ref. [13], where AEs for beryllium clusters were
calculated at three levels of theory: MP4(SDTQ),
CCSD(T), and CCSDT, the MP4(SDTQ) calculations
slightly overestimate the EA’s, whereas the
CCSD(T) approximation underestimates the values
of EA’s. Thus, we may expect that the reliable val-
ues of EAs should be less than that represented in
Table III.

For study of the nature of the excess electron
binding in anions, it is useful to decompose its
binding energy (EA) into tree components

�Ee � EA � �Ee
KT � �Erelax

SCF � �Ee
corr. (3)

The Koopmans approach corresponds to the SCF
method, in which both energies in Eq. (1) are cal-
culated with the same SCF orbitals. According to
the Koopmans theorem (KT)[33], the difference be-
tween the HF energies is equal to the negative of
the relevant orbital energy. For the VEDE the Koop-
mans contribution is determined at the anion equi-
librium geometry as

�Ee
KT�VEDE�

� E0
SCF�N� � E0

SCF�N � 1�non-relax � � �e�An� (4)

where �e�An� is the energy of the vacant orbital in
the neutral system at its ground state occupied by
the attached electron in an anion. The KT approxi-
mation does not take the relaxation effects into
account and includes only the electrostatic and ex-
change interactions at the first order of the pertur-
bation theory (it corresponds to the Heitler-London
approximation). The remainder of the binding en-
ergy at the SCF level, we denote as the relaxation
energy

�Erelax
SCF � �Ee

SCF � �Ee
KT, (5)

which stems from the relaxation of the orbitals of
the neutral system in the field of the attached elec-
tron. �Erelax

SCF consists mostly of the induction (polar-
ization) energy, but contains also the exchange en-
ergy that cannot be separated from the induction
energy.

The electron correlation contribution is defined
following the general definition of Lőwdin [34]

�Ee
corr � �Ee � �Ee

SCF (6)

and depends on the correlation method used. In our
calculation the MP4(SDTQ) method is employed, so

�Ee
corr�MP4�SDTQ�� � �Ee

MP4�SDTQ� � �Ee
SCF. (7)

At large distances where the exchange effects are
negligible, the correlation contribution to the bind-
ing energy reduces to the dispersion energy, as was
demonstrating in the calculation of the alkaline-
earth dimers in Ref. [2]. The relaxation energy at
large distances reduces to the classical induction
energy.

In Table IV, the decomposition (3) of VEDE at the
MP4(SDTQ) level for the alkaline-earth anions is
represented using Eqs. (4)–(7). Let us discuss the
conclusions according the binding of the excess
electron, separately for dimers and trimers.

3.1. DIMERS

For all anionic dimers, the Koopmans contribu-
tion, which includes the electrostatic and exchange
interactions, is negative; so it plays a destabilizing
role. On the other hand, the relaxation energy,
which includes induction and exchange energies, is
large enough to stabilize these anions at the SCF
level. The anionic dimers are stabilized by the re-
laxation and correlation energies. The main contri-
bution for Be2

� and Mg2
� comes from the correlation

energy, while in the Ca2
� case the relaxation energy

contributes more.

TABLE IV _____________________________________
Decomposition of VEDE (in eV) in the ground states
of Be, Mg, and Ca anions at the MP4(SDTQ) all-
electron level.

�Ee
KT �Erelax

SCF �Ee
corr VEDE

Be2
� �0.054 0.228 0.453 0.627

Be3
� 0.148 0.581 0.900 1.629

Mg2
� �0.210 0.315 0.166 0.271

Mg3
� �0.014 0.288 0.448 0.722

Ca2
� �0.141 0.438 0.101 0.390

Ca3
� 0.052 0.526 0.373 0.951
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3.2. TRIMERS

All anionic trimers are stable at the SCF level.
The main contribution to the Be3

� and Mg3
� stability

yields the correlation energy, while, as for the cal-
cium dimer, for Ca3

� the contribution of the relax-
ation energy is larger. At large distances the relax-
ation and dispersion terms reduce to the induction
and dispersion energies, respectively, between the
excess electron and the neutral trimers, but at dis-
tances in anions they cannot be separated from the
exchange and overlap effects [35].

It is important to mention that three-atomic clus-
ters, especially anions, can undergo the Jahn–Teller
distortion [36] and not be stable at the considered
equilateral triangular geometry (the point symme-
try group D3h). As follows from our calculations for
all studied anion trimers the ground state belongs
to the one-dimensional representation, A2�. The out-
most electron occupied orbital with the symmetry
A2� (see Figs. 3, 5). Thus, the anionic trimers can be
studied at the adiabatic approximation without tak-
ing into account the Jahn–Teller effect. On the other
hand, we may not exclude the pseudo Jahn–Teller
effect, the second-order Jahn–Teller distortions,
which can lead to transformation of the equilateral
triangle into the isosceles triangle. But this is a

subject for a separate vibronic calculation and is
beyond the scope of our study.

It is instructive to study the atomic orbital pop-
ulation in anions and compare it with the atomic
orbital population in neutral clusters. We studied it
by the Natural Bond Orbital (NBO) analysis that is
more precise than the Mulliken population analy-
sis. In Table V, we represented the atomic orbital
population for neutral and anionic alkaline-earth
dimers and trimers. It is useful to mention that the
atomic orbital population in the neutral alkaline-
earth dimers and trimers is discussed in details in
Refs. [2, 3]. As follows from these studies, while in
the isolated atoms at the SCF approximation only
the ns subshell is populated (it is closed, (ns)2), the
correlation effects and interatomic interactions in-
duce the population of np shell This gives rise to the
sp-hybridization in the alkaline-earth clusters. In
our study, we are interested in the nature of the
anion stabilization. Therefore, it is important to
study the distribution of the excess electron among
the atomic states. It is described as the difference
between the anionic and neutral atomic orbital pop-
ulations

�el� A� � nl� An
�� � nl� An� (8)

TABLE V _____________________________________________________________________________________________
Atomic orbital population nl(A) in neutral and anionic alkaline earths, obtained by the natural bond orbitals
(NBO) analysis at the MP4(SDTQ) all-electron level, and the atomic orbital distribution of the excess electron
�el, Eq. (8).

2s 2p 3s 3p 3d 4s 4p 4d 4f 5s

Be2 1.95 0.04 — — — 0.01 — — — —
Be2

� 1.90 0.57 — 0.01 0.02 — — — — —
�el�Be� �0.05 0.53 — 0.01 0.02 �0.01 — — — —
Be3 1.72 0.26 — 0.01 — — — — — —
Be3

� 1.74 0.55 — 0.01 0.02 — — — 0.01 —
�el�Be� 0.02 0.29 — 0.00 0.02 — — — 0.01 —
Mg2 — — 1.99 — — — 0.01 — — —
Mg2

� — — 1.97 0.51 0.01 — — — — —
�el�Mg� — — �0.02 0.51 0.01 — �0.01 — — —
Mg3 — — 1.95 0.04 — — — — — —
Mg3

� — — 1.92 0.37 0.03 — — — 0.01 —
�el�Mg� — — �0.03 0.33 0.03 — — — 0.01 —
Ca2 — — — — — 1.98 0.01 — — —
Ca2

� — — — — 0.11 1.90 0.49 — — —
�el�Ca� — — — — 0.11 �0.08 0.48 — — —
Ca3 — — — — — 1.90 0.08 0.01 — 0.01
Ca3

� — — — — 0.10 1.90 0.32 — — —
�el�Ca� — — — — 0.10 0.00 0.24 �0.01 — �0.01
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This difference is presented in Table V for all
studied clusters.

The excess electron is equally distributed among
atoms. Multiplying the values of �l�A� in Table V
by 2 for dimers and 3 for trimers, we obtain the
orbital population of the outer electron in anions An

�

(the negative population of some orbitals means
that the population of these orbitals in anion is less
than it is in the neutral cluster):

�
�el�Be2

��: 2s�0.12p1.063p0.023d0.044s�0.02

�el�Be3
��: 2s0.062p0.873d0.064f0.03

�el�Mg2
��: 3s�0.043p1.023d0.024p�0.02

�el�Mg3
��: 3s�0.093p0.993d0.094f0.03

�e1�Ca2
��: 3d0.224s�0.164p0.96

�el�Ca3
��: 3d0.304p0.724d�0.035s�0.03

(9)

Thus, in the beryllium and magnesium anions
the attached electron mostly occupies the p-type
orbitals. In calcium anions it is distributed among
4p-orbitals and 3d-orbitals. In Ca3

�, the population
of 3d-orbital is quite large, 0.3 e.

The alkaline-earth anions are evidently may be
considered as valence-bound and the excess elec-
tron must occupy one of the valence vacant orbitals
in the neutral cluster. In Figs. 2–5, we represented
plots of two lowest unoccupied molecular orbitals
(LUMO and LUMO � 1) in neutral clusters and
highest occupied molecular orbitals in correspond-

ing anions. From the symmetry of the orbitals it
follows that for magnesium and calcium dimers the
outer electron in anions occupies LUMO � 1 or-
bital, while in trimers it occupies LUMO.

As follows from the orbital population analysis
and presented molecular orbital diagrams (Figs.
2–5), the studied anions must be attributed to the
valence-bound anions.

FIGURE 2. Molecular orbital diagrams in the magne-
sium dimer: (a) Mg2 LUMO, (b) Mg2 LUMO �1, (c) Mg2

�

HOMO, symmetry �u. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.
com.]

FIGURE 3. Molecular orbitals in the magnesium tri-
mer: (a) Mg3 LUMO, (b) Mg3 LUMO �1, (c) Mg3

�

HOMO, symmetry A2�. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.
com.]

FIGURE 4. Molecular orbitals in the calcium dimer: (a)
Ca2 LUMO, (b) Ca2 LUMO �1, (c) Ca2

� HOMO, symme-
try �u. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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FIGURE 5. Molecular orbitals in the calcium trimer: (a)
Ca3 LUMO, (b) Ca3 LUMO �1, (c) Ca3

� HOMO, symme-
try A2�. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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