
 

 

 University of Groningen

Theoretical predictions of properties of group-2 elements including element 120 and their
adsorption on noble metal surfaces
Pershina, V.; Borschevsky, A.; Anton, J.

Published in:
Journal of Chemical Physics

DOI:
10.1063/1.3699232

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2012

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Pershina, V., Borschevsky, A., & Anton, J. (2012). Theoretical predictions of properties of group-2 elements
including element 120 and their adsorption on noble metal surfaces. Journal of Chemical Physics, 136(13),
[134317]. https://doi.org/10.1063/1.3699232

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

https://doi.org/10.1063/1.3699232
https://research.rug.nl/en/publications/4c387a36-3ee3-4e8f-8fb9-3af16fc8819f
https://doi.org/10.1063/1.3699232


Theoretical predictions of properties of group-2 elements including element 120 and
their adsorption on noble metal surfaces
V. Pershina, A. Borschevsky, and J. Anton

Citation: The Journal of Chemical Physics 136, 134317 (2012); doi: 10.1063/1.3699232
View online: https://doi.org/10.1063/1.3699232
View Table of Contents: http://aip.scitation.org/toc/jcp/136/13
Published by the American Institute of Physics

Articles you may be interested in
Erratum: “Theoretical predictions of properties of group-2 elements including element 120 and their adsorption
on noble metal surfaces” [J. Chem. Phys. 136, 134317 (2012)]
The Journal of Chemical Physics 139, 239901 (2013); 10.1063/1.4847855

Fermion Monte Carlo without fixed nodes: A game of life, death, and annihilation in Slater determinant space
The Journal of Chemical Physics 131, 054106 (2009); 10.1063/1.3193710

Quantum chemistry by random walk. H 2P, H+
3 D3h 1A′1, H2 3Σ+

u, H4 1Σ+
g, Be 1S

The Journal of Chemical Physics 65, 4121 (1976); 10.1063/1.432868

Communication: The description of strong correlation within self-consistent Green's function second-order
perturbation theory
The Journal of Chemical Physics 140, 241101 (2014); 10.1063/1.4884951

http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1858055942/x01/AIP-PT/MB_JCPArticleDL_WP_0818/large-banner.jpg/434f71374e315a556e61414141774c75?x
http://aip.scitation.org/author/Pershina%2C+V
http://aip.scitation.org/author/Borschevsky%2C+A
http://aip.scitation.org/author/Anton%2C+J
/loi/jcp
https://doi.org/10.1063/1.3699232
http://aip.scitation.org/toc/jcp/136/13
http://aip.scitation.org/publisher/
http://aip.scitation.org/doi/abs/10.1063/1.4847855
http://aip.scitation.org/doi/abs/10.1063/1.4847855
http://aip.scitation.org/doi/abs/10.1063/1.3193710
http://aip.scitation.org/doi/abs/10.1063/1.432868
http://aip.scitation.org/doi/abs/10.1063/1.4884951
http://aip.scitation.org/doi/abs/10.1063/1.4884951


THE JOURNAL OF CHEMICAL PHYSICS 136, 134317 (2012)

Theoretical predictions of properties of group-2 elements including
element 120 and their adsorption on noble metal surfaces

V. Pershina,1,a) A. Borschevsky,2 and J. Anton3

1GSI Helmholtzzentrum für Schwerionenforschung, Darmstadt, Planckstr. 1, D-64291 Germany
2Centre for Theoretical Chemistry and Physics, New Zealand Institute for Advanced Study,
Massey University, Private Bag 102904, 0745 North Shore MSC, Auckland, New Zealand
3Institut für Elektrochemie, Universität Ulm, Albert-Einstein-Allee 47, D-89069 Ulm, Germany

(Received 22 December 2011; accepted 14 March 2012; published online 5 April 2012)

Trends in properties of group-2 elements Ca through element 120 and their M2 and MAu dimers were
determined on the basis of atomic and molecular relativistic density functional theory calculations.
The relativistic contraction and stabilization of the ns AO with increasing atomic number were shown
to result in the inversion of trends both in atomic and molecular properties in group 2 beyond Ba, so
that element 120 should be chemically similar to Sr. Due to the same reason, bonding in (120)2 and
120Au should be the weakest among the considered here M2 and MAu. Using calculated dissociation
energies of M2, the sublimation enthalpy, �Hsub, of element 120 of 150 kJ/mol was estimated via
a correlation between these quantities in group 2. Using the M-Au binding energies, the adsorption
enthalpies, �Hads, of element 120 of 172 kJ/mol on gold, 127 kJ/mol on platinum, and 50 kJ/mol
on silver were estimated via a correlation with known �Hads in the group. These moderate values of
�Hads are indicative of a possibility of chromatography adsorption studies of element 120 on these
noble metal surfaces. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3699232]

I. INTRODUCTION

The modern periodic table contains 118 elements, though
the discovery of elements 113, 115, 117 and 118 has not yet
been approved by the IUPAC and IUPAP commissions.1 Re-
cently, experiments on the production of element 120 were
conducted at the GSI, Darmstadt.2 The most promising nu-
clear reaction appears to be 50Ti + 249Cf giving the 295120
and 296120 isotopes in the 3n and 4n evaporation channels,
respectively.3 Another nuclear reaction, though with a lower
cross-section, is 54Cr + 248Cm giving the 298120 and 299120
isotopes in the 3n and 4n evaporations channels, respectively.
The indicated isotopes of element 120 are very short-lived,
with half-lives between 7 and 40 μs.4

Not less important than the production of the heaviest
elements are studies of their chemical properties, which are
expected to be unusual due to very strong relativistic ef-
fects on their electron shells.5–10 One of the important prop-
erties is volatility, which is related to the sublimation process
of substances in conventional chemistry. For single species,
experimental studies of volatility of the heaviest elements
are performed with the use of gas-phase chromatography
techniques.11, 12 According to one of them, thermochromatog-
raphy, the deposition temperature, Tads, of a heaviest-element
species on the surface of (e.g., gold plated) detectors located
along a chromatography column is measured with respect to
that of its lighter homolog in a chemical group. The adsorp-
tion enthalpy, �Hads, obtained on the basis of Tads is then used
to deduce the sublimation enthalpy, �Hsub, or formation en-
thalpy of the elemental state, �Hf, using an assumed linear

a)Author to whom correspondence should be addressed. Electronic mail:
V.Pershina@gsi.de. Tel: (+49) 6159 71 2461. FAX: (+49) 6159 71 3463.

correlation between these quantities in a chemical group. (The
validity of such a correlation is, however, questioned in our
works7, 8). Recently, using this technique, volatility of Cn and
element 114 was investigated.13, 14 It was shown that Cn and
element 114 adsorb on gold with the formation of an inter-
metallic bond, a behaviour typical of their homologs Hg and
Pb in groups 12 and 14 respectively.

For element 120, after its discovery, volatility studies
might become an important subject of future experimental
investigations. Some new techniques, such as, e.g., vacuum
chromatography, are, however, to be developed to cope with
extremely short life-time of its isotopes.

Traditionally, our theoretical research has been devoted
to predictions of properties and experimental behaviour of
the heaviest elements, as well as to elucidation of role of
relativistic effects (see Refs. 7–10 for reviews). In our recent
work,15 we have predicted adsorption behaviour of element
119 and its lighter group-1 homologs on gold and other noble
metals for gas-phase chromatography experiments. (Element
119 might be produced next at one of big international
facilities). We have also given an estimate of �Hsub of
element 119.

In this work, we study atomic and molecular properties
of group-2 elements Ca through element 120, whose knowl-
edge is important for the chromatography experimental stud-
ies. Thus, we consider electronic structures and bonding of
M2 and MAu, where M = Ca, Sr, Ba, Ra, and element 120,
and use them to estimate �Hsub of element 120 and its �Hads

on gold and other noble metals.
The homonuclear dimers, M2, of Ca through Ra were

a subject of experimental16–18 and theoretical19–25 studies in
the past because of their weakly bound ground states at large
interatomic distances. There are, to our knowledge, fewer data
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on MAu: only experimental26–28 and theoretical26 on CaAu,
and theoretical29 on BaAu.

For element 120, mostly atomic properties were pre-
dicted. The results of earlier Dirac-Slater (DS) and Dirac-
Fock (DF) calculations are summarized in Ref. 5. DF ener-
gies, E, and radii of the maximal charge distribution, Rmax, of
all atomic orbitals (AOs) of this element are given in Ref. 30.
Recently, the first and second ionization potentials, IPs, of el-
ement 120 were calculated using the relativistic Hartree-Fock
(HF) configuration interaction method combined with many-
body perturbation theory (CI-MBPT).31 The first IP of ele-
ment 120 was also calculated using the Dirac-Coulomb Fock
space coupled cluster (DC FSCC) approach.32 Since in those
DC FSCC calculations32 a rather small basis set and a mini-
mal model space were used, more elaborate Dirac-Coulomb-
Breit (DCB) FSCC calculations of the IP and EA, as well as
DC CCSD(T) ones of polarizability, α, of element 120 are
required and already in progress.33, 34

Properties of the lighter homologs of element 120, both
experimental and calculated, are given in Refs. 35–38.

Details of the present calculations are given in Sec. II.
Results and discussion of the atomic and molecular properties
are presented in Sec. III. Conclusions are in Sec. IV.

II. COMPUTATIONAL DETAILS

For calculations, we used our 4c (fully relativistic) Den-
sity Functional Theory method developed within the non-
collinear spin-polarized formalism, whose description can be
found elsewhere.39 The method is based on the relativistic
Kohn-Sham equations, which are solved self-consistently for
the RLDA functional. Various exchange-correlation poten-
tials, such as B88/P86, PW91, PBE, TPSS, etc., are treated
perturbatively on top of the SCF solutions. The results are

available for all of them, though will be shown in the fol-
lowing only for the relativistic B88/P86.40–42 These potentials
were found to give very reasonable values for various molec-
ular properties, particularly bond lengths, and have been sys-
tematically used by us. The results for other potentials, like
PBE or TPSS, are similar. A comparison of calculations with
the use of various potentials can be found in some earlier
works.39, 40, 43

All-electron calculations were performed with optimized
numerical 4c-basis functions giving an overall basis set er-
ror in the total energy below 0.01 eV. The optimized basis
sets are minimal sets of AOs plus some optimized “atomic-
like” functions. The optimization procedure is described in
Ref. 39. For example, the basis set used for element 120 is
[118]8s8p1/28p3/27d3/27d5/25g7/25g9/26f5/26f7/2.

The Mulliken population analysis44 was used to obtain
effective charges, QM. Vibrational frequencies were obtained
by fitting the calculated potential energy curve to the Morse
potential.45

III. RESULTS AND DISCUSSION

A. Atomic properties

Knowledge of wave functions and atomic properties is
very helpful in understanding bonding interactions in com-
pounds. Thus, Figs. 1(a) and 1(b) show the calculated in this
work RLDA E and Rmax of the valence ns AOs, as well as of
the vacant np and (n-1)d AOs of the group-2 neutral atoms
(M), while Figs. 2(a) and 2(b) – of their positively (MQ) (QM

≈ +1, as obtained in the calculations for MAu, see further)
and negatively (M−0.35) (this is the maximum negative charge,
where the AO energies are still in the range of negative values)
charged ions.
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FIG. 1. Calculated in this work: (a) energies E and (b) radii of the maximal charge distribution, Rmax, of the ns(M) (filled rhomboids), np1/2 (filled squares),
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One can see that the ns valence electrons of the neutral
atoms (Figs. 1(a) and 1(b)) become less bound from Ca to Ba,
while Rmax(ns) increase. This trend is, however, reversed be-
yond Ba due to the relativistic stabilization and contraction of
the ns AO. As a result, E(ns) of element 120 is on the order of
that of Ca, and its Rmax(ns) is similar to that of Sr. The (n-1)d
AOs are next vacant in Ca through Ra, while the relativistic
stabilization of the np1/2 AO results in the inversion of the
(n-1)d and np1/2 levels in element 120 (Fig. 1(a)). Also Rmax

of the 8s AO of element 120 is smaller than of the 7d5/2 AO
(Fig. 1(b)).

As expected, the np AOs and (n-1)d AOs show an in-
creasing SO splitting, and the np3/2 and (n-1)d AOs expansion
and destabilization with Z.

In MQ+, the (n-1)d AOs become much more stabilized
approaching the ns AOs (Fig. 2(a)), especially in the lighter
elements in the group, while in M−0.35, the (n-1)d AOs are
rather destabilized and mixing up with the np AOs (Fig. 2(b)).
Thus, the (n-1)d AOs are very sensitive to the changes in the
charge distribution and should play an important role in the
bond formation, as is shown below.

Table I contains IPs of the elements under discussion.
The values for Ca to Ra are experimental,35, 36 while those
for element 120 are calculations.31, 32 They are also shown in
Fig. 3(a) One can see that IPs follow the trend set by E(ns)
AOs (Fig. 1(a)), with a reversal at Ba, so that IP(120) is simi-
lar to IP(Sr). Thus, element 120 is expected to be more chem-
ically inert than Ba and Ra.

EAs of group-2 elements are given in Table I and shown
in Fig. 3(b). The values for Ca through Ba are experimental,35

while those for Ra and element 120 are results of the DCB
FSCC calculations.34 (These are estimates obtained by fitting
the preliminary DCB FSCC results to the experimental data
for the lighter homologues and extending this fit to Ra and

element 120. For the calculations, the TRAFS-3C relativistic
code46 was used with the Faegri basis sets47 for Ra and the
Universal one48 for element 120.) One can see that EAs in-
crease from Ca to Ba and then decrease beyond Ba. This trend
could be qualitatively understood by looking at the energies
of the highest occupied AOs of the M− ions. Since we cannot
obtain DFT binding energies of the valence electrons of the
−1 state, we can try to bring some arguments by looking at
the AO energies of M−0.35 (Fig. 2(b)). Fig. 2(b) shows strong
influence of relaxation effects on the AOs upon addition of
a fraction of an “electron”: the sequence in the np and (n-1)d
levels changes in Ca and Sr, so that the highest occupied (HO)
AO in the negative ions of these atoms is np1/2 instead of (n-
1)d. In Ba, there will be definitely the strongest influence of

TABLE I. Atomic properties of M (M = Ca, Sr, Ba, Ra, and element 120):
ionization potentials, IP (in eV), electron affinities, EA (in eV), absolute
electronegativities, χ (in eV), atomic radii, AR (in Å), ionic radii, IR(M2+)
(in Å), and polarizabilities, α (a.u.).

Atom IPa EAa χb ARc IR(M2+)d αa

Ca 6.113 0.025 3.069 1.80 1.00 168.7
Sr 5.695 0.052 2.873 2.30 1.18 186.3
Ba 5.212 0.145 2.678 2.15 1.35 267.9
Ra 5.278 0.099e 2.689 2.15 1.47b 258.5

259b

120 5.684f 0.052e 2.862 2.01b 1.63b 211b

5.470g

aReferences 35 and 36.
bThis work.
cReference 37.
dReference 38 for CN = 6.
ePreliminary values (Ref. 34).
fReference 31.
gReference 32.



134317-4 Pershina, Borschevsky, and Anton J. Chem. Phys. 136, 134317 (2012)

5

5,2

5,4

5,6

5,8

6

6,2

0 50 100 150

Z

IP
,e

V
Ca

Sr

Ba
Ra

120

0

(b)(a) (c)

0,04

0,08

0,12

0,16

0 50 100 150

Z

E
A

,e
V

Ca

Sr

Ba

Ra

120

2,6

2,7

2,8

2,9

3

3,1

0 50 100 150

Z

χ ,
eV

Ca

Sr

Ba Ra

120

FIG. 3. (a) Ionization potentials, IPs; (b) electron affinities, EA; and (c) absolute electronegativities, χ , of the group-2 elements. The data for Ca though Ra are
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the 5d3/2 AO having the most negative energy value in the row.
In element 120, the 8p1/2 level will definitely define the EA.
Thus, though the AO picture is complex, EAs show a clear
trend with a reversal at Ba (Fig. 3(b)). The obtained trend is
opposite to that of the group-1 elements set by the behaviour
of the ns AOs.

The values of the absolute electronegativity, defined as χ

= 1/2 (IP+EA),49, 50 are also given in Table I. The shape of
the plot of χ (Fig. 3(c)) follows the one of IPs with minimum
at Ba, since the IPs are predominant. The trend is reversed
beyond Ba, as that in IPs and EAs. Thus, element 120 should
be about as electronegative as Sr.

Atomic radii, AR of the group-2 elements are given in
Table I and shown in Fig. 4(a). Those for Ca-Ra are from
Ref. 37, while AR(120) of 2.01 Å is obtained here via a linear
correlation with Rmax(ns) in group 2. One can see that AR
increase from Ca to Ba, and then decrease towards element
120, in accordance with Rmax(ns) (Fig. 1(b)).

Ionic radii, IR(M2+) are also given in Table I and shown
in Fig. 4(b). IR(1202+) was obtained in this work via a lin-
ear correlation of IR (experimental values are from Ref. 38)
with Rmax[(n-1)p3/2]30 in the group (Fig. 4(c)). The IR steadily
increase from Ca to element 120 in line with expanding
(n-1)p3/2 AOs.

Polarizabilities of group-2 elements are given in
Table I and shown in Fig. 5(a). The values for Ca through Ba
are experimental,35 while those for Ra and element 120 were
obtained in this work via a linear correlation with [Rmax(ns)]3

of Ref. 30 (Fig. 5(b)). The α also show a reversal of the in-
creasing trend at Ba, so that α(120) is about that of Sr.

Thus, a reversal of trends in all the atomic proper-
ties in group 2 is observed beyond Ba due to the increas-
ing stabilization of the ns AO, so that element 120 should
be approximately as electronegative and chemically reactive
as Sr.

B. Properties of M2 and sublimation enthalpies
of group-2 metals

Knowledge of bonding in the homonuclear dimers is im-
portant for understanding bonding in the metallic state, or es-
timating �Hsub of metals, which are of interest for the ex-
perimental chemical studies. Keeping this in mind, we have
calculated spectroscopic properties of M2, where M = Ca,
Sr, Ba, Ra, and element 120. The obtained equilibrium bond
lengths, Re, dissociation energies, De, and vibrational fre-
quencies, ωe, of the ground states along with the experi-
mental values and those from other calculations are given in
Table II. Trends are shown in Figs. 6(a)–6(c). The calcu-
lated in this work De(M2) are in excellent agreement with
experimental values,16–18 and some of other relativistic cal-
culations for Ca2, Sr2 and Ba2

19–23 (see Table II).
The group-2 homonuclear dimers have a 1∑

g
+ (0g

+ in
the relativistic representation) ground state of a closed-shell
σ 2

gσ*2
u configuration, where the σ -MOs are composed of

the ns MOs of the interacting atoms. A Mulliken population
analysis shows that their contribution is 93.8% in Ba2, 96.8%
in Ra2 and 99.2% in (120)2. Thus, the dimers are bound essen-
tially by van der Waals forces, because the number of bond-
ing and antibonding electrons is the same. There is, however,
a small participation of the np1/2 and np3/2 AOs (1% and 1.4%
in Ba2, 1% and 0.8% in Ra2 and 0.4% and 0% in (120)2, re-
spectively), as well as of the (n-d) AOs: (3.6% in Ba2, 1.2%
in Ra2 and 0.4% in (120)2), thus reducing the Pauli-repulsion
between the ns2 electron pairs.

The De(M2) plot in Fig. 6(a) shows that bonding in-
creases from Ca2 to Ba2 and then decreases towards (120)2,
so that the latter is the most weakly bound. Details of the
plot can, however, be understood by looking at the behaviour
of both the ns and (n-1)d AOs (Fig. 1(a)). Even though the
main trend is defined by the behaviour of the ns AOs, the
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saw-teeth behaviour of the (n-1)d AOs at the beginning of
the series causes a similar saw-teeth trend in De(M2) (in the
opposite direction, of course, since the closer the (n-1)d AOs
come to the ns AO, the larger their contribution to bonding,
and the stronger the bond, and the other way around). The
contribution of the np1/2 AOs is also noticeable, but is
partially compensated by the destabilization of the np3/2 AOs.

The group-2 M2 bond energies are about half of that of
the group-1 elements,15 with the trend being opposite. This
is due to the fact that bonding in the group-1 M2 is covalent,
so that the 8s(119) AO contraction results in the largest
De[(119)2], while the group-2 M2 are bound preferentially by
van der Waals forces, so that (120)2 is the most weakly bound
among the considered here dimers. Re(M2) steadily increase
in the group (Fig. 6(b)), which can also be explained by the
involvement of both the np3/2 and (n-1)d AOs expanding
with Z.

Figure 6(a) shows also the behaviour of �Hsub(M) in
group 2, which follows in general the one of De(M2). A cer-
tain correlation is, therefore, observed in this group between
De(M2) and �Hsub(M), so that �Hsub(120) ≈ 150 kJ/mol is
obtained on its basis. The �Hsub values are given in Table III.
Thus, an overall decrease in �Hsub(M) is observed in group 2
beyond Ba, so that the solid state of element 120 would have
even been weaker bound than that of Ra. The reason for that
is the strongest relativistic stabilization and contraction of the
8s(120) AO in group 2.

C. Properties of MAu and adsorption
of M on noble metals

The calculated De, Re, and ωe of MAu (M = Ca through
element 120) along with those from other calculations are
given in Table IV. The obtained in this work values are in



134317-6 Pershina, Borschevsky, and Anton J. Chem. Phys. 136, 134317 (2012)

15

(a)

(b)

0

200

250

300

0 50 100 150

Z

α
,a

.u
.

Ca

Sr

Ba
Ra

120

FIG. 5. (a) Polarizabilities of group-2 elements: the data for Ca through Ra
are from Ref. 35, while for element 120 is from this work; (b) correlation
between α and [Rmax(ns)]3 of Ref. 30 in group 2.

very good agreement with available experimental data26–28

and those of the ECP + BP86 calculations26 for CaAu. For
BaAu, the obtained here bonding energy is higher than that of
the PP CCSD(T) calculations.29

All the molecules, including 120Au, were found to be
rather stable. They have a 2∑ (1/2 in the relativistic represen-
tation) ground state of the σ 2σ*1 configuration, where the σ

MOs are composed preferentially of the ns MOs of the group-
2 elements and the 6s and 6d5/2 AOs of gold (see Table V). In
120Au, the σ 1/2 MO has, however, an additional contribution
of the 8p1/2(120) AO due to its relativistic stabilization. (For a
comparison, there is no 7p1/2(Ra) AO contribution in RaAu).

Trends in properties of MAu (M = Ca through element
120) are shown in Figs. 7(a)–7(c). Since the M-Au bond is
formed by the charge transfer from the ns(M) AO to the
6s(Au) AO of −6.1 eV, the larger the energy difference be-
tween these orbitals is, the stronger the bond is. The trend
in De(MAu) is, therefore, largely defined by the trend in
the energies of the ns(M) AOs (Fig. 1(a)) with a reversal
at Ba. As in the case of M2, the behaviour of the (n-1)d
AOs defines, however, the peculiarities. The MO composition

TABLE II. Spectroscopic properties of M2 (M = Ca, Sr, Ba, Ra, and ele-
ment 120): equilibrium bond lengths, Re (in Å), dissociation energies, De (in
eV), and vibrational frequencies, ωe (in cm−1).

Re De ωe Method Ref.

Ca2 4.236 0.141 66 4c DFT (B88/P86) This
4.292 0.117 61.7 PP MRCIa 19
4.27 0.144 72.3 DFT (B3PW91) 20
4.275 0.13 72.2 DFT (BP) 24
4.277 0.137 64.4 exp. 16

Sr2 4.493 0.133 44 4c DFT (B88/P86) This
4.593 0.133 40.7 PP-CCSD(T) 21
4.418 0.132 39.2 R-CI 22
4.503 0.150 47.6 DFT (BP) 24
4.498 0.137 39.6 exp. 17
4.445 0.132 40.3 exp. 18

Ba2 4.831 0.226 43 4c DFT (B88/P86) This
4.881 0.202 35 PP-CI 23
4.546 0.29 46.4 DFT (BP) 24
4.92 0.38 55 NR-DFT(LDA)b 25

Ra2 5.193 0.106 25 4c DFT (B88/P86) This
5.202 0.40 45 NR-DFT (LDA)b 25

(120)2 5.646 0.018c 9 4c DFT (B88/P86) This

aPseudo potentials (PP) with multireference configuration interaction (CI).
bNon-relativistic (NR) local density approximation (LDA).
cThis value could be considered as a lower limit, since a fraction of the van der Waals
interaction is probably not taken into account by the DFT method.

(Table V) shows that in addition to the ns AOs both the
(n-1)p3/2(M) and (n-1)d(M) AOs take also part in the bond
formation. The behaviour of these AOs at MQ (the QM values
are given in Table VI) is reflected by Fig. 2(a). One can see
that the (n-1)d AOs are very close in energy to the ns AOs and
contribute significantly in determining the trend, in a similar
pattern as in the case of M2.

The trend in the group-2 De(MAu) is similar to that in the
group-1 De(MAu), with the maximum at the element of the
6th row. (The binding energies of group-2 MAu are, however,
smaller than those of group-1 MAu due to the availability of
one antibonding electron). Thus, De(120Au) is the smallest
out of all considered in this work De(MAu) due to the rel-
ativistic stabilization of the 8s(120) AO, which is the main
orbital defining the bonding, even though there is some con-
tribution of the 8p1/2(120) AO.

Re(MAu) steadily increase from Ca to element 120
(Fig. 7(b)), similar to Re(M2) and to group-1 Re(MAu),15

which is also explained by the additional participation
of the (n-1)d and (n-1)p3/2 AOs expanding with Z (Fig.
1(b)). The ωe values (Fig. 7(c)) reflect those of De(MAu)
and Re(MAu) in a reversed order. Thus, the 120-Au bond
should be the weakest among all the group-2 congeners and
this is a consequence of the strong influence of relativity.

TABLE III. Sublimation enthalpies, �Hsub (in kJ/mol), of group-2 metals
Ca through element 120.

Ca Sr Ba Ra 120

�Hsub
a 178.3 164.4 179.9 159.0 149.5

aThe values for Ca-Ra are from Ref. 35, while for element 120 from present work.
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FIG. 6. (a) Dissociation energies, De(M2) and sublimation enthalpies �Hsub of group-2 metals (those for Ca through Ba are experimental,35 while for element
120 – estimated here); (b) equilibrium bond lengths, Re; and (c) vibrational frequencies, ωe, of M2 (M = Ca, Sr, Ba, Ra, and element 120). (The solid lines are
present calculations, dashed lines – experiment16–18).

TABLE IV. Spectroscopic properties of MAu (M = Ca, Sr, Ba, Ra, and
element 120): equilibrium bond lengths, Re (in Å), dissociation energies, De

(in eV), and vibrational frequencies, ωe (in cm−1).

Re De ωe Method Ref.

CaAu 2.627 2.706 221 4c DFT (B88/P86) This
2.669 2.557 216.6 ECP (BP86)a 26

– 2.545 – exp. 26
2.67 – 220.9 exp. 27, 28

SrAu 2.808 2.629 159 4c DFT (B88/P86) This
BaAu 2.869 3.006 145 4c DFT (B88/P86) This

2.930 2.557 123 PP CCSD(T)b 29
RaAu 2.995 2.564 105 4c DFT (B88/P86) This
120Au 3.050 1.902 97 4c DFT (B88/P86) This

aEffective core potentials (ECP).
bPseudo potentials (PP).

As indicated, we give here Mulliken effective charges
and electric dipole moments, μ (Table VI and Figs. 8(a) and
8(b)). The QM values are indicative of a bond of medium ion-
icity. Since the M-Au charge separation indicated by the elec-
tronegativities (Fig. 3(a)) increases from Ca to Ba, the QM

also increases in this direction, while the decreasing charge
separation from Ba towards element 120 results in a reversal
of the trend in QM beyond Ba. The peculiarities of the trend
can again be understood by looking at the behaviour of the
(n-1)d AOs, Fig. 2(a). Thus, Q120 is the smallest among all
the group-2 elements considered in this work, which means
that 120Au is the least ionic.

The dipole moments are in the middle range of values for
molecules. They demonstrate an overall increase from Ca to
Ra, and a slight decrease towards element 120. The reason for
the increase is a steady increase in Re(MAu), while in 120Au,
this increase is compensated by a decrease in QM, so that its
μ is slightly smaller than that of RaAu.

TABLE V. MO composition (Mulliken analysis) of the σ and σ* MOs in RaAu and 120Au.

MO Occupation Energy MO composition

RaAu
σ* 0.0 − 2.77 0.77 〈7s(Ra)〉 + 0.11 〈6s (Au)〉 + 0.04 〈7s(Au)〉
σ* 1.0 − 3.22 0.75 〈7s(Ra)〉 + 0.10 〈6s (Au)〉 + 0.04 〈7s(Au)〉
σ 1.0 − 5.32 0.67 〈6s(Au)〉 + 0.19 〈5d5/2(Au)〉 + 0.08 |7s (Ra)〉a

σ 1.0 − 5.42 0.63 〈6s(Au)〉 + 0.23 〈5d5/2(Au)〉 + 0.10 〈7s (Ra)〉a

120Au
σ* 0.0 − 3.31 0.69 〈8s(120)〉 + 0.19 〈6s(Au)〉 + 0.05〈8p1/2(120)〉
σ* 1.0 − 3.64 0.66 〈8s(120)〉 + 0.22 〈6s(Au)〉 + 0.04〈8p1/2(120)〉
σ 1.0 − 5.35 0.54 〈6s(Au)〉 + 0.27〈5d5/2(Au)〉 + 0.15 〈8s(120)〉b

σ 1.0 − 5.41 1.0 〈5d5/2(Au)〉
*- antibonding MO.
a+ 0.012 〈6p3/2(Ra)〉 and 0.013 〈6d5/2(Ra)〉.
b+ 0.02 〈7p3/2(120)〉 and 0.005 〈7d5/2(120)〉.
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Thus, the MAu properties provide an additional evidence
that electronegativity of the elements increases from Ba to el-
ement 120 (see Fig. 3(c)). A similar situation was found in
group 1, where χ increases from Cs towards element 119.
The group-2 MAu are, however, less ionic than group-1 MAu,
which is seen from their QM (much less than +2) and μ values
(Table VI).

�Hads of group-2 elements Ca through Ba on various
metals were calculated in the past using a semi-empirical the-
ory of metals.51 They were used here to estimate �Hads of
Ra and element 120 on some noble metals via a correlation
with the calculated De(MAu): It was shown by us that a trend

TABLE VI. Mulliken effective charges, QM, and dipole moments, μ (in D),
of MAu, where M = Ca, Sr, Ba, Ra, and element 120.

CaAu SrAu BaAu RaAu 120Au

QM 0.99 0.97 1.05 0.97 0.84
μ 3.17 (3.0a) 4.09 4.08 5.02 4.96

aECP (BP86) calculations (Ref. 26).
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TABLE VII. −�Hads (in kJ/mol) of group-2 elements on noble metal
surfaces.

Adsorbent

Element Au Pt Ag Ref.

Ca 247.0 225.4 139.9 51
Sr 255.2 219.0 142.5 51
Ba 275.9 232.6 154.6 51
Ra 237.3 192.9 115.9 This
120 171.7 127.4 50.4 This

in De(MAu) in a row of elements M is related to a trend
in Eb(M-Aun), where Aun is a gold cluster, and to that in
−�Hads(M) on gold.52 It was also shown that a trend in
De(MM′) in a row of elements M is about the same for vari-
ous M′, e.g., M′ = Au, Ag, Pt, Pd, etc.53 Thus, De(MAu) can
be used to estimate �Hads of Ra and element 120 not only
on gold, but also on other noble metals via a correlation with
�Hads(M) on these metals. �Hads of Ra and element 120 on
Au, Ag and Pt obtained in this way are given in Table VII and
shown in Fig. 9 together with �Hads of the lighter homologs.
(One can see from Fig. 9 that �Hads(M) and De(MAu), in-
deed, change in a similar way with Z). Thus, out of consid-
ered here group-2 elements, element 120 will adsorb most
weakly on these noble metals, especially on Ag. These mod-
erate values of �Hads of element 120 on gold, platinum and
silver could be measured by thermochromatography, so that
element 120 could be identified in this way.

The obtained trend in −�Hads(M) on Au, Ag and Pt in
group 2 (Fig. 9) is similar to that in �Hsub(M) (Fig. 6(a)), as
the one in De(MAu) (Fig. 7(a)) is similar to that in De(M2)
(Fig. 6(a)). Thus, in this group, there is a correlation between
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cles). (Open symbols connected by the solid lines are semi-empirical values
(Ref. 51), while those connected by the dashed lines are present estimates).

�Hsub(M) and −�Hads(M) on a metal surface, which was not
the case for group-1 elements.

IV. CONCLUSIONS

Trends in atomic and molecular properties of group-2 el-
ements, Ca, Sr, Ba, Ra, and element 120, have been revealed
using results of DC and 4c-DFT atomic and molecular 4c-
DFT calculations. It was shown that a reversal of the trends
in atomic properties occurs in the group at Ba due to the rel-
ativistic stabilization of the ns AO. Thus, element 120 should
be as electronegative as Sr, while Ba is the most electroposi-
tive element in the group.

Spectroscopic properties and their trends were deter-
mined for M2 and MAu (M = Ca through element 120). It
was shown that the relativistic contraction and stabilization of
the ns(M) AOs result in the trend reversal in bonding in M2

and MAu at Ba, so that the dimers of element 120 are the
most weakly bound out of all considered here. This is differ-
ent to group-1 dimers of the M2 type, where (119)2 is bound
most strongly by the covalent bond, while (120)2 is the most
weakly bound by preferentially van der Waals forces.

Using the calculated here De(M2), �Hsub(120) of about
150 kJ/mol was determined via a correlation with �Hsub(M)
in group 2. The �Hsub(M) shows also a decrease in this group
beyond Ba, so that element 120 metal should be even weaker
bound than Ra.

Using a linear correlation with the calculated De(MAu),
−�Hads of element 120 of 172 kJ/mol on gold, 127 kJ/mol
on platinum, and 50 kJ/mol on silver were predicted. It was
shown that −�Hads(M) on a noble metal surface has also a re-
versal of the trend in group 2 beyond Ba, so that −�Hads(120)
is the smallest among the considered homologs. These mod-
erate values are indicative of the possibility of measuring of
�Hads of element 120 on these noble metal surfaces by means
of vacuum chromatography. In group 2, there is a correlation
between �Hsub of metals and −�Hads(M) on noble metal sur-
faces, in difference to the group-1 elements.

ACKNOWLEDGMENTS

The authors are thankful to A. Yakushev and C. E.
Düllmann for fruitful discussions of physics and chemistry of
these elements and experimental techniques. A.B. thanks the
GSI Helmholtzzentrum Darmstadt, HI Mainz and the Mars-
den Fund, administered by the Royal Society of New Zealand,
for financial support. J.A. gratefully acknowledges the fi-
nancial support from the Deutsche Forschungsgemeinschaft
(DFG).

1R. C. Barber, P. J. Karol, H. Nakahara, E. Vardaci, and E. W. Vogt, Pure
Appl. Chem. 83, 1485 (2011).

2Ch. E. Düllmann, A. Yakushev, J. Khuyagbaatar, et al., GSI Annual Report
2011; S. Hofmann, S. Heinz, D. Akermann, et al., GSI Annual Report 2011
(see http://www.gsi.de/library/GSI-Report-2012-1/).

3V. Zagrebaev and W. Greiner, Phys. Rev. C 78, 034610 (2008).
4A. Sobiczewski, Acta Phys. Pol. B 42, 1871 (2011).
5B. Fricke, Struct. Bond. 21, 89 (1975).
6P. Schwerdtfeger and M. Seth, “Relativistic Effects on the Superheavy
Elements,” in Encyclopedia on Calculational Chemistry (Wiley, New York,
1998), Vol. 4, pp. 2480–2499.

http://dx.doi.org/10.1351/PAC-REP-10-05-01
http://dx.doi.org/10.1351/PAC-REP-10-05-01
http://www.gsi.de/library/GSI-Report-2012-1/
http://dx.doi.org/10.1103/PhysRevC.78.034610
http://dx.doi.org/10.5506/APhysPolB.42.1871
http://dx.doi.org/10.1007/BFb0116496


134317-10 Pershina, Borschevsky, and Anton J. Chem. Phys. 136, 134317 (2012)

7V. Pershina, “Electronic Structure and Chemistry of the Heaviest
Elements,” in Relativistic Methods for Chemists, edited by M. Barysz and
Y. Ishikawa (Springer, Dordrecht, 2010), pp. 451–520.

8V. Pershina, Radiochim. Acta 99, 459 (2011).
9D. C. Hoffman, D. M. Lee, and V. Pershina, in “Transactinide Elements
and Future Elements,” in The Chemistry of the Actinide and Transactinide
Elements, 3rd ed., edited by L. R. Morss, N. M. Edelstein, and J. Fuger
(Springer, New York, 2006), Ch. 14, pp. 1652–1752.

10V. Pershina, “Theoretical chemistry of the transactinides,” in The Chem-
istry of the Superheavy Elements, edited by M. Schädel (Kluwer,
Dordrecht, 2003), pp. 31–94.

11A. Türler and K. E. Gregorich, “Experimental Techniques,” in The
Chemistry of the Superheavy Elements, edited by M. Schädel (Kluwer,
Dordrecht, 2003), pp. 117–158.

12H. W. Gäggeler and A. Türler, “Gas-Phase Chemistry,” in The Chemistry of
the Superheavy Elements, edited by M. Schädel (Kluwer, Dordrecht, 2003),
pp. 117–158.

13R. Eichler, N. V. Aksenov, A. V. Belozerov, G. A. Bozhikov, V. I. Chepigin,
S. N. Dmitriev, R. Dressler, H. W. Gäggeler, V. A. Gorshkov, F. Haenssler,
M. G. Itkis, A. Laube, V. Ya. Lebedev, O. N. Malyshev, Yu. Ts. Oganessian,
O. V. Petrushkin, D. Piguet, P. Rasmussen, S. V. Shishkin, S. V. Shutov,
A. I. Svirikhin, E. E. Tereshatov, G. K. Vostokin, M. Wegrzecki, and
A. V. Yeremin, Nat. Lett. 447, 72 (2007).

14A. Yakushev, et al., private communication (2011).
15V. Pershina, A. Borschevsky, and J. Anton, Chem. Phys. 395, 87 (2012).
16O. Allard, C. Samuelis, A. Pashov, H. Knöckel, and E. Tiemann, Eur. Phys.

J. D 26, 155 (2003).
17C. T. Bergeman and P. F. Liao, J. Chem. Phys. 72, 886 (1980).
18D. G. Geber, R. Möller, and H. Schneider, J. Chem. Phys. 81, 1538 (1984).
19T. Bouissou, G. Durand, M.-C. Heitz, and F. Spiegelman, J. Chem. Phys.

133, 164317 (2010).
20J. W. Mirick, C.-H. Chien, and E. Blaisten-Barojas, Phys. Rev. A 63,

023202 (2001).
21E. Czuchaj, M. Krosnicki, and H. Stoll, Chem. Phys. Lett. 371, 401 (2003).
22S. Kotochigova, J. Chem. Phys. 128, 024303 (2008).
23A. R. Allouche, M. Aubert-Frécon, G. Nicolas, and F. Spiegelmann, Chem.

Phys. 200, 63 (1995).
24G. Ortiz and P. Ballone, Phys. Rev. B 43, 6376 (1991).
25R. O. Jones, J. Chem. Phys. 71, 1300 (1979).

26G. Balducci, A. Ciccioli, and G. Gigli, J. Chem. Phys. 121, 7748 (2004).
27J. Schiltz, Ann. Phys. (Paris) 8, 67 (1963).
28C. Coquant and R. Houdart, C. R. Seances, Acad. Sci., Ser. B 284, B-171

(1977).
29R. Wesendrup and P. Schwerdtfeger, Angew. Chem. Int. Ed. 39, 907 (2000).
30J. P. Desclaux, At. Data Nucl. Data Tables 12, 311 (1973).
31T. H. Dinh, V. A. Dzuba, V. V. Flambaum, and J. S. M. Ginges, Phys. Rev.

A 78, 054501 (2008).
32C. Thierfelder, P. Schwerdtfeger, A. Koers, A. Borschevsky, and B. Fricke,

Phys. Rev. A 80, 022501 (2009).
33A. Borschevsky, V. Pershina, E. Eliav, U. Kaldor, GSI Annual Report 2012,

see http://www.gsi.de/library/GSI-Report-2012-1/.
34A. Borschevsky, V. Pershina, E. Eliav, and U. Kaldor, private communica-

tion (2011).
35CRC Handbook of Chemistry and Physics, 86th ed., edited by D. R. Lide

(CRC, Boca Raton, FL, 2005).
36C. E. Moore, “Ionization potentials and ionization limits derived from the

analysis of optical spectra,” Natl. Stand. Ref. Data Ser. (U.S., Natl. Bur.
Stand.) NSRDS-NBS 34, pp. 1–8 (1970).

37J. C. Slater, J. Chem. Phys. 41, 3199 (1964).
38R. D. Shannon, Acta Cryst. A 32, 751 (1976).
39J. Anton, B. Fricke, and E. Engel, Phys. Rev. A 69, 012505 (2004).
40E. Engel, S. Keller, and R. M. Dreizler, Phys. Rev. A 53, 1367 (1996).
41A. D. Becke, Phys. Rev. A 38, 3098 (1988).
42J. P. Perdew, Phys. Rev. B 33, 8822 (1986); 34, 7406(E) (1986).
43J. Anton, B. Fricke, and P. Schwerdtfeger, Chem. Phys. 311, 97 (2005).
44R. S. Mulliken, J. Chem. Phys. 23, 1833 (1955).
45P. M. Morse, Phys. Rev. 34, 57 (1929).
46Tel-Aviv Relativistic Atomic Fock-Space coupled cluster code, written by

E. Eliav and U. Kaldor, with contributions from Y. Ishikawa, A. Landau,
A. Borschevsky and H. Yakobi.

47K. Faegri, Theor. Chim. Acc. 105, 252 (2001).
48G. L. Malli, A. B. F. da Silva, and Y. Ishikawa, Phys. Rev. A 47, 143 (1993).
49R. S. Mulliken, J. Chem. Phys. 2, 782 (1934).
50R. G. Pearson, J. Am. Chem. Soc. 107, 6801 (1985).
51H. Rossbach and B. Eichler, Akademie der Wissenschaft der DDR, Report

No. ZFK-527, 1984.
52V. Pershina, J. Anton, and T. Jacob, J. Chem. Phys. 131, 084713 (2009).
53V. Pershina, J. Anton, and T. Jacob, J. Chem. Phys. 127, 134310 (2007).

http://dx.doi.org/10.1524/ract.2011.1855
http://dx.doi.org/10.1038/nature05761
http://dx.doi.org/10.1016/j.chemphys.2011.04.017
http://dx.doi.org/10.1140/epjd/e2003-00208-4
http://dx.doi.org/10.1140/epjd/e2003-00208-4
http://dx.doi.org/10.1063/1.439244
http://dx.doi.org/10.1063/1.447883
http://dx.doi.org/10.1063/1.3503655
http://dx.doi.org/10.1103/PhysRevA.63.023202
http://dx.doi.org/10.1016/S0009-2614(03)00268-9
http://dx.doi.org/10.1063/1.2817592
http://dx.doi.org/10.1016/0301-0104(95)00204-2
http://dx.doi.org/10.1016/0301-0104(95)00204-2
http://dx.doi.org/10.1103/PhysRevB.43.6376
http://dx.doi.org/10.1063/1.438430
http://dx.doi.org/10.1063/1.1793971
http://dx.doi.org/10.1002/(SICI)1521-3773(20000303)39:5<907::AID-ANIE907>3.0.CO;2-M
http://dx.doi.org/10.1016/0092-640X(73)90020-X
http://dx.doi.org/10.1103/PhysRevA.78.054501
http://dx.doi.org/10.1103/PhysRevA.78.054501
http://dx.doi.org/10.1103/PhysRevA.80.022501
http://www.gsi.de/library/GSI-Report-2012-1/
http://dx.doi.org/10.1063/1.1725697
http://dx.doi.org/10.1107/S0567739476001551
http://dx.doi.org/10.1103/PhysRevA.69.012505
http://dx.doi.org/10.1103/PhysRevA.53.1367
http://dx.doi.org/10.1103/PhysRevA.38.3098
http://dx.doi.org/10.1103/PhysRevB.33.8822
http://dx.doi.org/10.1016/j.chemphys.2004.10.012
http://dx.doi.org/10.1063/1.1740588
http://dx.doi.org/10.1103/PhysRev.34.57
http://dx.doi.org/10.1007/s002140000209
http://dx.doi.org/10.1103/PhysRevA.47.143
http://dx.doi.org/10.1063/1.1749394
http://dx.doi.org/10.1021/ja00310a009
http://dx.doi.org/10.1063/1.3212449
http://dx.doi.org/10.1063/1.2770712

