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Unraveling the hydration-induced ground-state
change of AtO+ with relativistic and multiconfigu-
rational wave-function-based methods†

Dumitru-Claudiu Sergentu,a,b Florent Réal,c Gilles Montavon,a Nicolas Galland,∗b and
Rémi Maurice∗a

The AtO+ cation is one of the main chemical forms that appear in the astatine Pourbaix diagram.
This form can react with closed-shell species in solution while in the gas phase, it has a spin-
triplet ground spin-orbit-free (SOF) state. Spin-orbit coupling (SOC) mixes its MS=0 component
with the 1Σ+ singlet-spin component while keeping an essentially-spin-triplet SOC ground-state.
Therefore, it was suggested that AtO+ undergoes a hydration-induced ground-state change to
explain its reactivity in solution with closed-shell species [J. Phys. Chem. B, 2013, 117, 5206–
5211]. In this work, we track the natures of the low-lying SOF and SOC states when the hydration
sphere of AtO+ is stepwise increased, with relativistic and multiconfigurational wave-function-
based methods. This work clarifies previous studies by (i) giving additional arguments justifying
a solvation-induced ground-state change in this system and (ii) clearly identifying for the first time
the nature of the involved SOF and SOC many-electron states. Indeed, we find at the SOF level
that AtO+ undergoes a ground-state reversal between 3Σ− and the closed-shell component of 1∆,
which leads to an essentially-spin-singlet and closed-shell SOC ground-state. This explains the
observed reactivity of AtO+ with closed-shell species in solution.

1 Introduction
In most cases, environment effects only moderately affect the na-
ture of the ground-state of molecular systems. This is why it
is usually wise to study such systems in vacuum to get a first
picture on their ground-state electronic structures. However, in
some peculiar cases, such a picture may be qualitatively incorrect,
e.g. when an environment-induced ground-state reversal occurs.
Molecular systems which are prone to such phenomena typically
exhibit small energy gaps between their ground-state and one or
more excited states in the gas phase, as in actinide-containing
systems. For instance, CUO and UO2 are notorious examples that
exhibit ground-state reversals upon interactions within argon ma-

a SUBATECH, UMR CNRS 6457, IN2P3/EMN Nantes/Université de Nantes,
4 Rue A. Kastler, BP 20722, 44307 Nantes Cedex 3, France. E-mail:
remi.maurice@subatech.in2p3.fr
b CEISAM, UMR CNRS 6230, Université de Nantes, 44322 Nantes Cedex 3, France.
E-mail: nicolas.galland@univ-nantes.fr
c PhLAM, UMR CNRS 8523, Université de Lille 1, 59655 Villeneuve d’Ascq Cedex, France
† Electronic Supplementary Information (ESI) available: Energies of the S0(1∆) and
S1(1∆) electronic states of the AtO+(H2O) system computed at the NEVPT2/AVTZ
level of theory and compositions of the five lowest spin-orbit coupled states at
the equilibrium spin-restricted-singlet AtO+(H2O)n (n=3–5) geometries. See DOI:
10.1039/b000000x/

trices.1–4 In these cases two electronic states are reversed, which
correlate with 1Σ+ and 3Φ for CUO, and with 3Φu and 3Hg for
UO2. We note that in these two cases, the electronic states in-
volved in the reversal are separated by less than ∼0.2 eV in vac-
uum.

Recently, the AtO+ cation was suggested to undergo a
solvation-induced ground-state change in aqueous solution.5,6 In
the gas phase, this cation has a 3Σ− ground spin-orbit-free (SOF)
state, separated by ∼0.6 eV from the first singlet-spin state, 1∆.7,8

Spin-orbit coupling (SOC) leads to an X 0+ ground-state that es-
sentially consists of the MS=0 component of 3Σ− (∼70%) and of
1Σ+ (∼25%), another SOF singlet-spin state that appears ∼1 eV
above 3Σ− in the SOF spectrum.7,8 However, in aqueous solu-
tion, the AtO+ cation readily reacts with simple closed-shell an-
ionic species such as Cl−, Br−, SCN− and OH−,9–11 which im-
plies that the involved reactions are not spin forbidden. Although
SOC already leads in the gas phase to a noticeable singlet-spin
character in the ground-state of AtO+, a feature which was later
found compatible with four-component calculations,7 Ayed et al.
extensively discussed the role of hydration on the nature of the
ground-state of this species by means of relativistic density func-
tional theory (DFT).5,6 They hypothesized that hydration induces
a ground-state change in AtO+, leading to an essentially-spin-
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singlet SOC ground state. Their work can be the subject of two
main critics, (i) the use of single-determinental calculations may
lead to incorrect natures of the obtained electronic states, and
(ii) the choice of the exchange-correlation functional may not be
the most appropriate one.7 In this work, we thus aim at clarify-
ing the origin of the non-spin-forbidden complexation that occurs
in solution by assessing the respective roles of water molecules
belonging to solvation shells and of SOC.

Actually, the AtO+ cation is an important species in the asta-
tine Pourbaix (E–pH) diagram,10–13 since it can predominate,12

and since it is the basic unit of the hydrolyzed AtO(OH) and
AtO(OH)−2 species that also appear in this diagram.10,11 Note
that the exploration of the physico-chemical properties of asta-
tine compounds hardly advanced in the last decades due to the
experimental difficulties that trigger the radioactive nature and
the actual half-life times of its most stable isotopes.14 Indeed,
the 210At (t1/2 = 8.1 h) and 211At (t1/2 = 7.2 h) radionuclides
can only be studied at ultra-trace scales, typically after artificial
production by irradiation of bismuth targets with alpha beams.15

However, since the 211At isotope is recognized as a promising can-
didate for nuclear medicine,16 a strong and recent interest ap-
peared for more fundamental studies on the chemistry of astatine
and its compounds.14,17–19 In this context, it appears crucial and
timely to (i) provide new arguments to justify the occurrence of
a hydration-induced ground-state change in AtO+, and (ii) prop-
erly characterize the nature of the involved many-electron states,
which are the two main objectives of the present work. To avoid
the potential issues of the previous studies,5–7 we study the step-
wise hydration of AtO+ with relativistic and multiconfigurational
wave-function-based approaches, which proved to be accurate
enough to study the zero-field splittings (ZFSs) of various 6p di-
atomics,8,20 as well as to properly discuss the role of SOC on the
chemical bonding in these systems.8

The paper is organized as follows: first, the computational de-
tails are given; then, the results are discussed in three steps, in
which we deal with (i) the gas phase electronic structure of AtO+,
(ii) the role of solvation on its SOF many-electron states, and (iii)
its consequence on the SOC states; finally, conclusions are given.

2 Computational details

2.1 Spin-orbit-free calculations

The most stable AtO+(H2O)n (n=1–6) clusters were previously
optimized with scalar-relativistic DFT (SR-DFT) and spin-orbit
DFT by Ayed et al..5,6 Two types of spin configurations were con-
sidered in the SR-DFT calculations, namely spin-restricted-singlet
and spin-unrestricted-triplet ones. Note that these earlier stud-
ies were done using the M06-2X functional,21 a choice that has
been recently criticized in the literature.7,22 In the present work,
we consider the same type of clusters, which have however been
optimized with the PBE0 hybrid generalized gradient approxima-
tion (GGA) functional.23,24 We chose this functional since it was
previouly proven to provide very accurate geometries for various
At-containing systems.22,25

The GAUSSIAN program package26 was employed to per-
form all the SR-DFT calculations. The scalar-relativistic many-

electron-fit effective core potential ECP60MDF27 was used to
mimic the role of the 60 core electrons of the At atom. The
remaining valence electrons of the At atom were dealt with the
aug-cc-pVDZ-PP basis set modified for two-component calcula-
tions,9,27,28 while for the H and O atoms, the aug-cc-pVDZ basis
sets were used.29,30 For the sake of simplicity, these basis sets will
be referred to as “AVDZ" in the remainder of the text. Harmonic
vibrational frequencies were determined in order to establish the
nature of the obtained structures.

The obtained geometries were used in subsequent wave-
function-based calculations. The state-averaged complete active
space self-consistent field (SA-CASSCF) method31,32 has been
used to build multiconfigurational SOF wave functions. As in
previous studies of the AtO+ free cation,7,8 we have used an
active space comprising 8 electrons and 6 molecular orbitals
(generated by the 6p and the 2p atomic orbitals of the At and
O centers of AtO+), leading to CASSCF(8/6) calculations. We
tested that enlarging the active space by introducing some ligand-
centred orbitals does not significantly improve the description of
the SOF electronic states of interest. An equal-weighted orbital
average between several states of different spin multiplicities has
been done (6 spin-singlet states, 9 spin-triplet states and 2 spin-
quintet states).8 Note that, in view of subsequent SOC calcula-
tions, the state-averaging space cannot be restricted to just a few
SOF states. In practice, this state-averaging space must be lim-
ited as much as possible while maintaining a good representation
of the SOC operator. To recover more electron correlation, we
have employed the n-electrons valence state perturbation theory
at second order (NEVPT2) method in the partially contracted for-
mulation.33 Note that the Dyall’s Hamiltonian34 is used as the
zeroth-order Hamiltonian in NEVPT2, which limits the occurrence
of intruder states (in comparison with other implementations of
multiference second-order perturbation theories).

For all the wave-function-based calculations, we have re-
tained the above-mentioned ECP60MDF effective core potential
to mimic the effect of the 60 core electrons of the At atom. Its
remaining electrons were dealt with the aug-cc-pVTZ-PP basis
set27, while for the H and O centers we have used the the aug-
cc-pVTZ ones.29,30 For the sake of simplicity, these basis sets will
be referred to as “AVTZ". In the NEVPT2 calculations, we have
frozen the 5s5p5d semicore shells of the At atom and the 1s core
shell of the O one. All the CASSCF and NEVPT2 calculations were
performed with the MOLPRO program package.35

2.2 Spin-orbit coupling calculations

The (relativistic) two-component DFT (2c-DFT) method36 imple-
mented in the TURBOMOLE program package37 was employed
to relax the geometries under the influence of SOC. The previ-
ously optimized AtO+(H2O)n (n=1–6) structures were used as
the starting points for the 2c-DFT geometry optimizations. For
these calculations, we have used the a priori calculated scalar-
relativistic wave functions as initial guesses. Naturally, we have
retained the aforementioned PBE0 hybrid GGA functional and the
AVDZ basis sets. To avoid the treatment of the 60 core electrons
of At, we have used the ECP60MDF spin-dependent potential,27
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such that scalar relativistic effects and SOC are both included in
the calculations. Numerical frequencies were computed to deter-
mine the nature of the obtained 2c-DFT structures.

The obtained 2c-DFT geometries were used in subsequent
two-step wave-function-based calculations within a contracted
spin-orbit configuration interaction (c-SOCI) scheme. SA-
CASSCF(8/6) wave functions were built as zeroth-order wave
functions for the SOC calculations, i.e. they are used to compute
the off-diagonal matrix elements of the Eel + ĤSOC interaction
matrix. The diagonal of this matrix is “dressed" with calculated
NEVPT2 energies. The c-SOCI wave functions are obtained by di-
agonalizing this interaction matrix, which is expressed in terms of
the MS components of the considered SOF SA-CASSCF(8/6) solu-
tions. All the c-SOCI calculations were performed with MOLPRO,
and the aforementioned ECP60MDF and AVTZ basis sets were
used. Note that the SOC integrals have been determined with the
spin-dependent part of the ECP60MDF pseudopotential.

3 Results and discussions

3.1 Comments on the AtO+ free-cation electronic spectra

The AtO+ free cation exhibits a 3Σ− SOF ground-state that is sep-
arated by ∼0.6 eV from 1∆ and ∼1 eV from 1Σ+. Since in this
work we use a different computational setup than the ones used
in previous studies,7,8 we start by briefly reviewing this case by
means of single-point wave-function-based calculations. At the
NEVPT2/AVTZ//2c-PBE0/AVDZ level of theory, the 3Σ−→1∆ and
3Σ−→1Σ+ SOF excitation energies are 0.56 and 1.00 eV, respec-
tively. When SOC is introduced, the X 0+→ a 1 and X 0+→ a
2 excitation energies are 0.42 and 0.98 eV, respectively. Since
all these values are in good agreement with reference values that
are available in the literature,7,8 we conclude that no major basis
set or geometrical artifact affects the present values, which vali-
dates the NEVPT2/AVTZ//2c-PBE0/AVDZ and c-SOCI/AVTZ//2c-
PBE0/AVDZ levels of theory to study the AtO+ free cation.

The following compositions of the SOF wave functions,∗
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and of the SOC wave functions,

∗ In the determinental expansion of the wave function corresponding to the
∣∣1∆
〉(2)

state, the second CSF that is shown carries a coefficient with opposite sign.
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have been obtained for the lowest-lying electronic states of inter-
est. Again, we note a good agreement of the NEVPT2/AVTZ//2c-
PBE0/AVDZ and c-SOCI/AVTZ//2c-PBE0/AVDZ wave functions
with the reference ones that are available in the literature.7,8

If AtO+ undergoes a ground-state change in water, leading to
a closed-shell singlet-spin ground-state as suggested by Ayed et
al.,5,6 two main hypotheses can be formulated from eqs. 1 and
2, (i) a closed-shell configuration, correlating most likely with
one component of 1∆, becomes the SOF ground-state and most
contribute to the ground SOC state, or (ii) a closed-shell config-
uration is stabilized in such a way that it does not become the
SOF ground-state while being the most important contribution to
the ground SOC state. We will first discriminate between these
two hypotheses by monitoring the electronic states that correlate
with 3Σ−, 1∆ and 1Σ+ in different AtO+(H2O)n (n=1–6) clus-
ters by means of NEVPT2/AVTZ calculations. After this, using
c-SOCI/AVTZ calculations, we will scrutinize the SOC states to
firmly justify the occurrence of a hydration-induced ground-state
change in AtO+.

3.2 Spin-orbit-free calculations

In this section we discuss the electronic structures of
the AtO+(H2O)n (n=1–6) systems by means of single-point
NEVPT2/AVTZ calculations performed at the PBE0/AVDZ geome-
tries. For each system, two geometries are considered, corre-
sponding to the equilibrium structures of the lowest-energy spin-
restricted-singlet and spin-unrestricted-triplet SR-DFT solutions
(see Fig. 1). Note that more extensive discussions concerning
these geometries can be found elsewhere.5,6 We just recall briefly
that the hydration spheres corresponding to the different spin-
symmetry solutions for each system significantly differ. For in-
stance, in the spin-restricted-singlet clusters, the water molecules
lead to charge transfer to At and may form hydrogen bonds with
the O atom of the AtO+ unit. In contrast, the conformation of
the surrounding water molecules in the spin-unrestricted-triplet
clusters is ruled by halogen bonding with At, while hydrogen
bonds are only formed between water units. Moreover, the in-
teratomic distances are different in both types of clusters, with
shorter water–AtO+ distances in the spin-restricted-singlet clus-
ters. We will split the discussion in two parts, by first analyz-
ing the AtO+(H2O) system, and then discussing the AtO+(H2O)n

(n=2–6) cases. Note that SOF excitation energies corresponding
to all the studied clusters are reported in Table 1.

3.2.1 The AtO+(H2O) system

In agreement with the previous M06-2X/AVDZ studies,5,6 we find
that the equilibrium geometry for the spin-unrestricted-triplet
cluster belongs to the C2v symmetry point group, while the spin-
restricted-singlet one has a Cs symmetry. At first, we check that
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Fig. 1 PBE0/AVDZ lowest-energy structures for the spin-restricted-singlet (top) and spin-unrestricted-triplet (bottom) AtO+(H2O)n clusters (n=1–6).
Interatomic distances are given in Angstroms. Color code: blue stands for At and red for O.

Table 1 Calculated scalar-relativistic excitation energies (in eV) for the different equilibrium structures displayed in Fig. 1. The ∆E (non-adiabatic)
energy difference between the spin-restricted-singlet state and the spin-restricted-triplet state is also given in each case (a positive value means that
the spin-unrestricted-triplet cluster is more stable).

AtO+(H2O) AtO+(H2O)2 AtO+(H2O)3 AtO+(H2O)4 AtO+(H2O)5 AtO+(H2O)6

Spin-unrestricted-triplet clusters
NEVPT2/AVTZ T0(3Σ−) 0.00 0.00 0.00 0.00 0.00 0.00

S0(1∆) 0.54 0.53 0.45 0.48 0.30 0.29
S1(1∆) 0.55 0.54 0.54 0.54 0.54 0.54

S2(1Σ+) 0.97 0.96 1.09 1.02 1.24 1.25
Spin-restricted-singlet clusters
NEVPT2/AVTZ T0(3Σ−) 0.17 1.09 1.76 2.26 2.45 2.71

S0(1∆) 0.00 0.00 0.00 0.00 0.00 0.00
S1(1∆) 0.70 1.58 2.25 2.80 3.00 3.40

S2(1Σ+) 2.08 4.01 >4.97a >5.42a >5.60a >5.76a

Energy differences
NEVPT2/AVTZ ∆E 0.55 (0.57)b 0.23 (0.26)b -0.02 (-0.03)b -0.26 -0.52 -0.64

a When S2(1Σ+) is out of the state-averaging space, we only report a lower limit for the corresponding excitation energy.
b The values in parenthesis are calculated at the NEVPT2/AVTZ//PBE0/AVTZ level of theory. These values show that there is no bias introduced by the use of equilibrium
geometries calculated with the smaller AVDZ basis set.

these SR-DFT stationary points nearly correspond to stationary
points of the NEVPT2/AVTZ potential energy surfaces. For this,
we study the dependence of the energy of various states with
respect to the two main coordinates that are at play, i.e. the
H2O–AtO+ bond distance and the OAtO bond angle. We fix all
the other geometrical parameters to the values they have in the
PBE0/AVDZ spin-unrestricted-triplet structure. As can be seen in
Figs. 2 and S1 (where only S0 and S1 are displayed for a sake of
clarity), we found a spin-restricted-triplet C2v minimum, a spin-
restricted-singlet C2v minimum, and a spin-restricted-singlet Cs

minimum, the latter being the global minimum for the singlet
multiplicity.

Fig. 2A evidences that the lowest-energy electronic states cor-
relate with the states of the free AtO+ cation: one spin-restricted-
triplet state correlate with 3Σ−, two spin-restricted-singlet roots
correlate with 1∆, and one spin-restricted-singlet state corre-
lates with 1Σ+. Therefore, we label these states as T0(3Σ−),
S0(1∆), S1(1∆) and S2(1Σ+). Note that at the PBE0/AVDZ spin-
unrestricted-triplet geometry, the degeneracy lift between S0(1∆)
and S1(1∆) is very small (∼0.01 eV), as expected. It can be seen
from Fig. 2B that the S2(1Σ+) state is largely destabilized while
going toward the equilibrium Cs geometry. Also, due to the de-

generacy lifting of the frontier π∗ orbitals, the S1(1∆)–S0(1∆) en-
ergy gap increases when one considers a minimum energy path
between the C2v and Cs geometries. Indeed, while going to the
spin-restricted-singlet geometry, the π∗ orbital that belongs to the
OAtO plane is relatively destabilized with respect to the other one
because of the ligand-field created by the water molecule.

At the equilibrium PBE0/AVDZ Cs geometry, the T0(3Σ−),
S1(1∆) and S2(1Σ+) states lie 0.17, 0.70 and 2.08 eV above
S0(1∆), respectively (see Table 1). The CASSCF wave func-
tion of the S0(1∆) state is essentially constituted of the
[...]σ2π2π2π∗2π∗0σ∗0 configuration (81%), the T0(3Σ−) state of
the [...]σ2π2π2π∗1π∗1σ∗0 configuration (87%), the S1(1∆) state of
the [...]σ2π2π2π∗1π∗1σ∗0 configuration (81%), and the S2(1Σ+)
state of the [...]σ2π2π2π∗0π∗2σ∗0 configuration (82%). Since at
this geometry the S0(1∆) state is the ground-state, the premise
of the hydration-induced ground-state change are already ob-
served in the AtO+(H2O) system. However, the spin-unrestricted-
triplet cluster is more stable than the spin-restricted-singlet one
by 0.55 eV (see Table 1). Therefore, one has to pursue the
micro-hydration in order to determine if AtO+ undergoes an
hydration-induced ground-state change at the scalar-relativistic
NEVPT2/AVTZ level.
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Fig. 2 Evolution of the relative energies of the lowest-lying electronic
states of the AtO+(H2O) system computed at the NEVPT2/AVTZ level of
theory as a function of the H2O–AtO+ distance and of the OAtO angle;
A: the angle is fixed to 180◦ while the distance is varied; B: both the
angle and the distance are varied.

3.2.2 The AtO+(H2O)n (n=2–6) systems

We start by discussing the nature of the electronic states that cor-
relate with the 3Σ−, 1∆ and 1Σ+ of the free AtO+ cation. At the
spin-unrestricted-triplet geometries, these states are not strongly
perturbed by hydration since the water units tend to create a net-
work between themselves through hydrogen bonding (see Fig.
1). For all these structures, we find that T0(3Σ−) is the ground-
state. The corresponding CASSCF wave functions in each case
reveal that they are mainly single-configurational, with weights
of more than 80% on the [...]σ2π2π2π∗1π∗1σ∗0 configuration. In
each case, we have identified three spin-restricted-singlet states
right above T0(3Σ−). The first two of them are nearly degener-
ate in the n=2 case, and the energy gap between them increases
with increasing n, up to 0.25 eV in the n=6 case (see Table 1).
The CASSCF wave functions of the lowest-energy ones have, in all
the cases, ∼80% weights on the closed-shell [...]σ2π2π2π∗2π∗0σ∗0

and [...]σ2π2π2π∗0π∗2σ∗0 configurations. When n is increased,
due to the degeneracy lift of the π∗ orbitals, the weight of the for-
mer configuration increases up to 78% for these states, which thus
becomes essentially single-configurational. The CASSCF wave
functions of the second spin-restricted-singlet roots have ∼80%
weight on the [...]σ2π2π2π∗1π∗1σ∗0 configuration. Thus, these
sets of states clearly correlate with the 1∆ state of the free AtO+

cation. The CASSCF wave functions corresponding to the third
spin-restricted-singlet root have ∼80% weights on the closed-

shell [...]σ2π2π2π∗2π∗0σ∗0 and [...]σ2π2π2π∗0π∗2σ∗0 configura-
tions, with the weight of the latter configuration increasing with
n. Therefore, these third spin-restricted-singlet roots correlate
with 1Σ+, and we note that these states are relatively destabilized
with increasing n (see Table 1).

We now continue by analyzing the electronic states of the spin-
restricted-singlet equilibrium structures. As in the AtO+(H2O)
spin-restricted-singlet case, the obtained spectra are expected to
largely differ from the one of the AtO+ free cation. Obviously, one
cannot play with all the degrees of freedom that arise from the
water positions to track states from the free AtO+ cation to each
AtO+(H2O)n structure of interest. A simple approach consists in
calculating the lowest-lying electronic states at the equilibrium
geometries corresponding to these spin-restricted-singlet clusters
and to back-trace them up to dissociating the water molecules.
We monitored the evolution of the states correlating with 3Σ−, 1∆,
and 1Σ+ while the 2(6) water molecules are moving away in the
C2v(Cs) symmetry point group (see Fig. 3). Note that in the n=6
case, the parameters which are scanned correspond to the two
bonds between the water molecules and the At center (see the
spin-singlet AtO+(H2O)6 cluster in Fig. 1), the 6 water molecules
moving simultaneously away from the AtO+ unit in a symmetric
fashion. Notably, the closed-shell electronic state that correlate
with 1∆, which we label as S0(1∆), crosses T0(3Σ−) at distances
bellow∼3.0 Å and becomes the ground-state for shorter distances
such that it reaches its minimum at distances smaller than ∼2.5
Å. Note that the differential stabilization of S0(1∆) and T0(3Σ−)
with increasing n can be easily explained: the energy gap between
the two orbitals that correlate with π∗ increases with increasing
n; therefore, it costs more energy to promote an electron to the
other π∗ orbital than to pair two electrons in the lowest-energy
π∗ orbital to form the closed-shell configuration.

In all the AtO+(H2O)n (n=2–6) spin-restricted-singlet clus-
ters, the CASSCF ground-state wave functions are dominated by
the closed-shell [...]σ2π2π2π∗2π∗0σ∗0 configuration (with weights
larger than 80%). The states labeled as T0(3Σ−) are always
the first excited states and the corresponding excitation energies
increase with increasing n (see Table 1). Their CASSCF wave
functions are essentially single-configurational and have weights
larger than 80% on the [...]σ2π2π2π∗1π∗1σ∗0 configuration. The
S1(1∆) states are also relatively destabilized with increasing n (see
Table 1), as their CASSCF wave functions have weights larger
than 82% on the [...]σ2π2π2π∗1π∗1σ∗0 configuration. We found
that the S2(1Σ+) states are so much destabilized with increasing
n that starting from n=3, they go out of the used state-averaging
space, which is not surprising since this root essentially corre-
sponds to the [...]σ2π2π2π∗0π∗2σ∗0 configuration.

From Table 1, it is clear that the spin-restricted-singlet clus-
ters quickly become more stable than the spin-unrestricted-triplet
ones when n is increased. Therefore, at the SOF level, hydra-
tion induces a ground-state reversal between T0(3Σ−) and S0(1∆),
and therefore, one of the two aforementioned hypotheses can be
dropped out. We thus conclude from this part that hydration in-
duces a ground-state change at the SOF level, which supports the
results of Ayed et. al.5,6
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3.3 Spin-orbit coupling calculations

In this section we discuss the influence of SOC on the geome-
tries and electronic structures of the essentially-spin-triplet and
essentially-spin-singlet AtO+(H2O)n (n=1–6) clusters. The ge-
ometries optimized for the AtO+(H2O)n (n=2–6) systems the 2c-
PBE0/AVDZ level of theory are shown in Fig. 4. The vertical ex-
citation energies obtained at the NEVPT2/AVTZ//2c-PBE0/AVDZ
and c-SOCI/AVTZ//2c-PBE0/AVDZ levels are gathered in Table
2. Note that the n=1 case will be discussed separately as it de-
serves special attention. The influence of SOC on the geometries
of the two types of clusters is different: while in the essentially-
spin-singlet clusters the water–AtO+ distances generally increase,
in some of the essentially-spin-triplet clusters such water–AtO+

distances can decrease (see Figs. 1 and 4). Therefore, SOC is
susceptible for strengthening specific water–AtO+ interactions in
these clusters.

3.3.1 The AtO+(H2O) system

In line with previous results,6,7 we found at the 2c-PBE0/AVDZ
level of theory that the equilibrium geometry of the essentially-
spin-triplet AtO+(H2O) cluster belongs to the C2v symmetry point
group, with a larger H2O–AtO+ distance than the one obtained at
the SOF level (i.e. 2.63 Å). We have not identified a Cs-like equi-
librium geometry for the essentially-spin-singlet cluster. There-
fore, we performed c-SOCI calculations in order to study the de-
pendence of the energy and the nature of the lowest-lying SOC
states, with respect to the H2O–AtO+ distance and to the OAtO
angle (see Fig. 5). In order to identify these states, we have
tracked them while the water molecule approaches toward the
essentially-spin-triplet equilibrium geometry (in a similar way as
what was done at the scalar-relativistic level). As expected, they
clearly correlate with the X 0+, a 1 and a 2 states of the free
AtO+ cation, and therefore, we label them accordingly. As can be
seen in Fig. 5A, the five lowest-lying SOC states all raise in en-
ergy toward the region of the potential energy surface where the
equilibrium scalar-relativistic spin-singlet geometry was found.

At first, we focus on the Ψ(X 0+) SOC ground-state and the
evolution of its composition as a function of H2O–AtO+ distance
and the OAtO angle (see Fig. 5B). At the essentially-spin-triplet

equilibrium geometry (C2v), this state is very similar to the one
of the free AtO+ cation: it is essentially composed of the MS=0
component of T0(3Σ−) (68%) and of S2(1Σ+) (25%). Since the
T0(3Σ−) and S2(1Σ+) states are relatively destabilized when go-
ing toward the scalar-relativistic spin-singlet equilibrium geom-
etry (see Fig. 2B), their contributions to the Ψ(X 0+) ground-
state wave function is diminished (see Fig. 5B). In contrast, as
S0(1∆) is at the same time relatively stabilized (see Fig. 2B), its
contribution to Ψ(X 0+) is enhanced (see Fig. 5B). At the scalar-
relativistic spin-singlet equilibrium geometry (Cs), we find that
the ground SOC state (Ψ0) has a mixed singlet-triplet character,
with 45% of T0(3Σ−), 5% of S2(1Σ+) and 41% of S0(1∆).

The two Ψ(a 1) states lie ∼0.40 eV above Ψ(X 0+) at the
essentially-spin-triplet geometry (C2v) and are mainly composed
of MS=−1 (43%) and MS=+1 (43%) components of T0(3Σ−).
Toward the scalar-relativistic spin-singlet geometry (Cs), these
states raise in energy and appear at 0.67 (Ψ1) and 0.68 eV (Ψ2)
above the ground SOC state while keeping their compositions.
Since these states are not involved in the ground-state change un-
der study, we continue by discussing the evolution of the Ψ(a 2)
states. At the essentially-spin-triplet geometry, they lie ∼0.95 eV
above Ψ(X 0+). Their wave functions are essentially composed
of the S0(1∆) and S1(1∆) states (82% and 83%, respectively). To-
ward the scalar-relativistic spin-singlet geometry, the energy gap
between the two Ψ(a 2) states gradually increases (see Fig. 5A),
these states being at 0.93 (Ψ3) and 1.20 eV (Ψ4) above Ψ0 at this
geometry. The composition of the Ψ3 SOC state shows a decrease
in its S0(1∆) component from 82% in the essentially-spin-triplet
geometry (C2v) to 46% in the scalar-relativistic spin-singlet struc-
ture, while the weight of the MS=0 component of the T0(3Σ−)
state increases from 0 to 31%. At the same time, the composi-
tion of the Ψ4 state is almost unaffected. Note that the Cs ge-
ometry does not correspond to a minimum for neither Ψ3 nor Ψ4

(see figure 5A), which explains that we failed in optimizing an
essentially-spin-singlet structure at the 2c-PBE0 level. As stated
by Ayed et al.,5,6 a fierce competition between SOC and hydra-
tion occurs, the former being dominant in the AtO+(H2O) sys-
tem. As a consequence, no essentially-spin-singlet structure can
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Table 2 Calculated electronic excitation energies (in eV) for the different equilibrium structures displayed in Fig. 4. The ∆E (non-adiabatic) energy
difference between the essentially-spin-singlet state and the essentially-spin-triplet state is also given in each case (a positive value means that the
essentially-spin-triplet state is more stable).

AtO+(H2O)2 AtO+(H2O)3 AtO+(H2O)4 AtO+(H2O)5 AtO+(H2O)6

Essentially-spin-triplet clusters
NEVPT2/AVTZ T0(3Σ−) 0.00 0.00 0.00 0.01 0.21

S0(1∆) 0.53 0.43 0.44 0.00 0.00
S1(1∆) 0.54 0.54 0.54 0.54 0.74

S2(1Σ+) 0.95 1.10 1.06 1.63 2.08
c-SOCI/NEVPT2/AVTZ Ψ0 0.00 0.00 0.00 0.00 0.00

Ψ1 0.37 0.43 0.44 0.62 0.71
Ψ2 0.37 0.44 0.45 0.64 0.74
Ψ3 0.91 0.97 0.96 1.01 1.03
Ψ4 0.91 0.98 0.97 1.14 1.22

Essentially-spin-singlet clusters
NEVPT2/AVTZ T0(3Σ−) 0.50 1.14 1.80 2.08 2.28

S0(1∆) 0.00 0.00 0.00 0.00 0.00
S1(1∆) 1.01 1.63 2.33 2.61 2.81

S2(1Σ+) 2.74 3.94 >4.90a >5.16a >5.34a

c-SOCI/NEVPT2/AVTZ Ψ0 0.00 0.00 0.00 0.00 0.00
Ψ1 0.89 1.44 2.04 2.21 2.31
Ψ2 0.89 1.44 2.12 2.33 2.45
Ψ3 1.05 1.47 2.21 2.36 2.48
Ψ4 1.37 1.83 2.34 2.45 2.51

Energy differences
c-SOCI/NEVPT2/AVTZ ∆E 0.33 (0.32)b 0.30 (0.30)b 0.10 -0.10 -0.23

a When S2(1Σ+) is out of the state-averaging space, we only report a lower limit for the corresponding excitation energy.
b The values in parenthesis are calculated at the c-SOCI/NEVPT2/AVTZ//2c-PBE0/AVTZ2-2c level of theory. These values show that there is no bias introduced by the use of
equilibrium geometries calculated with the smaller AVDZ basis set.

be obtained in this system.

3.3.2 The AtO+(H2O)n (n=2–6) systems

At first, we discuss the energy levels obtained at the essentially-
spin-triplet geometries of the AtO+(H2O)n (n=2–6) clusters.
While we noticed only little changes in the SOF states for n≤4, a
ground-state reversal between T0(3Σ−) and S0(1∆) occurs in the
n=5–6 cases. One should note that this ground-state reversal did
not occur at the scalar-relativistic spin-triplet geometries, mean-
ing that the geometrical changes induced by SOC matter. In Table
2 we have denoted as Ψn, n=0–4, the lowest five SOC states. At
the equilibrium geometry of the n=2 essentially-spin-triplet clus-
ter, the compositions of the c-SOCI wave functions of these states
read:



|Ψ0〉= 69%
∣∣T0(

3Σ−)
〉

MS=0 +24%
∣∣S2(

1Σ+)
〉
+ ...

|Ψ1〉= 43%
∣∣T0(

3Σ−)
〉

MS=+1 +43%
∣∣T0(

3Σ−)
〉

MS=−1 + ...

|Ψ2〉= 43%
∣∣T0(

3Σ−)
〉

MS=+1 +43%
∣∣T0(

3Σ−)
〉

MS=−1 + ...

|Ψ3〉= 81%
∣∣S0(

1∆)
〉
+ ...

|Ψ4〉= 82%
∣∣S1(

1∆)
〉
+ ...

(3)

In terms of composition, they clearly correlate with the lowest five
SOC states of the free AtO+ cation. Ψ0 has a dominant spin-triplet
character and correlates with the X 0+ state of AtO+. The nearly-
degenerate Ψ1 and Ψ2 states are placed 0.37 eV above Ψ0; they
have dominant spin-triplet characters and correlate with the two-
fold degenerate a 1 state of AtO+. The nearly-degenerate Ψ3 and
Ψ4 states, 0.91 eV above Ψ0, have dominant spin-singlet charac-

ter and correlate with the two-fold degenerate a 2 state of AtO+.
We note that the vertical excitation energies to these Ψn (n=1–
4) states are very similar to the ones observed in the free AtO+

cation, suggesting that the two water molecules do not perturb
that much the AtO+ unit. While n increases, the near degenera-
cies between the Ψ1 and Ψ2 and between the Ψ3 and Ψ4 states
are more and more lifted, all these SOC states being destabilized
with respect to the Ψ0 states (see Table 2). Also, the composi-
tion of the corresponding SOC wave functions evolve with n. For
the n=6 essentially-spin-triplet cluster, the compositions of the
c-SOCI wave functions are:



|Ψ0〉= 46%
∣∣T0(

3Σ−)
〉

MS=0 +40%
∣∣S0(

1∆)
〉
+ ...

|Ψ1〉= 43%
∣∣T0(

3Σ−)
〉

MS=+1 +43%
∣∣T0(

3Σ−)
〉

MS=−1 + ...

|Ψ2〉= 44%
∣∣T0(

3Σ−)
〉

MS=+1 +44%
∣∣T0(

3Σ−)
〉

MS=−1 + ...

|Ψ3〉= 29%
∣∣T0(

3Σ−)
〉

MS=0 +14%
∣∣S2(

1Σ+)
〉

+46%
∣∣S0(

1∆)
〉
+ ...

|Ψ4〉= 84%
∣∣S1(

1∆)
〉
+ ...

(4)

By comparing the c-SOCI wave functions shown in Eq. 3 and
Eq. 4, it is clear that the Ψ1, Ψ2 and the Ψ4 states are nearly
unchanged while n is increased from 2 to 6. On the other hand,
interesting changes appear in the composition of the Ψ0 and Ψ3

states: with increasing n, the (MS=0)T0(3Σ−) contribution to the
Ψ0 wave function is decreased while the one of the Ψ3 one is
increased, and the S0(1∆) contribution to Ψ3 is decreased while
the one of Ψ0 is increased. In the n=6 essentially-spin-triplet
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Fig. 3 Evolution of the energy of low-lying electronic states as a
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(C2v symmetry); B: in the AtO+(H2O)6 system (Cs symmetry). The
geometries of the spin-restricted-singlet clusters are taken as
references.

cluster, the Ψ0 and Ψ3 states have mixed singlet/triplet characters
(see eq. 4). The concerted change in the dominant compositions
of the Ψ0 and Ψ3 wave functions is in line with the change in the
relative energies of the corresponding SOF states (see Table 2).

Now, we discuss the energy levels obtained at the essentially-
spin-singlet geometries. Following the geometrical changes in-
duced SOC, we noticed that the SOF states are largely affected in
terms of relative energies: the S0(1∆) states remain the ground-
states in each case while the vertical excitation energies from
these states to the T0(3Σ−) and S1(1∆) ones are significantly re-
duced (see Tables 1 and 2). The compositions of the c-SOCI wave
functions for the n=2 case read:



|Ψ0〉= 34%
∣∣T0(

3Σ−)
〉

MS=0 +53%
∣∣S0(

1∆)
〉
+ ...

|Ψ1〉= 43%
∣∣T0(

3Σ−)
〉

MS=+1 +43%
∣∣T0(

3Σ−)
〉

MS=−1 + ...

|Ψ2〉= 43%
∣∣T0(

3Σ−)
〉

MS=+1 +43%
∣∣T0(

3Σ−)
〉

MS=−1 + ...

|Ψ3〉= 42%
∣∣T0(

3Σ−)
〉

MS=0 +35%
∣∣S0(

1∆)
〉
+ ...

|Ψ4〉= 83%
∣∣S1(

1∆)
〉
+ ...

(5)

The Ψ1 and Ψ2 states are degenerate in energy and they lie at
0.89 eV above the ground-state. In terms of composition, these

T0(
3∑–)

S2(
1∑+)

S0(
1∆)

T0(X 0+)

T±(a 1)

S0(a 2) 0.0

0.4
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Ψ(a 2)

B

A

Ψ0

Ψ1,2

Ψ3

Ψ4
1.8

1.2

0.6

0.0

Fig. 5 Evolution of the lowest-lying energy levels of the AtO+(H2O)
system computed at the cSOCI/AVTZ level of theory as a function of the
H2O–AtO+ distance and of the OAtO angle; A: relative energies (in
eV); B: composition of Ψ0 in terms of the MS components of T0(3Σ−),
S0(1∆), and S2(1Σ+).

states have dominant spin-triplet characters and clearly correlate
with the two-fold degenerate a 1 state of AtO+. Ψ4 lies 1.37 eV
above the ground-state, its wave function has a dominant spin-
singlet character (it correlates with the open-shell component of
a 2). The wave functions of Ψ0 and Ψ3 have mixed singlet/triplet
characters instead of dominant spin-triplet and spin-singlet char-
acters, respectively, as was the case at the n=2 essentially-spin-
triplet equilibrium geometry (see Eq. 2). The compositions of the
c-SOCI wave functions for the n=6 case are:



|Ψ0〉= 84%
∣∣S0(

1∆)
〉
+ ...

|Ψ1〉= 28%
∣∣T0(

3Σ−)
〉

MS=+1 +28%
∣∣T0(

3Σ−)
〉

MS=−1

+42%
∣∣T1(

3Π)
〉

MS=0 + ...

|Ψ2〉= 21%
∣∣T1(

3Π)
〉

MS=+1 +21%
∣∣T1(

3Π)
〉

MS=−1

+42%
∣∣T0(

3Σ−)
〉

MS=0 + ...

|Ψ3〉= 39%
∣∣T0(

3Σ−)
〉

MS=+1 +39%
∣∣T0(

3Σ−)
〉

MS=−1 + ...

|Ψ4〉= 35%
∣∣S1(

1∆)
〉
+31%

∣∣T1(
3Π)

〉
MS=+1

+31%
∣∣T1(

3Π)
〉

MS=−1 + ...

(6)

As a consequence of the stabilization of the S0(1∆) SOF state with
respect to the T0(3Σ−) one, Ψ0 as a dominant spin-singlet char-
acter, i.e. 84% of its wave function corresponds to the S0(1∆)
state. This Ψ0 state clearly correlate with the closed-shell com-
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ponent of the a 2 state of the free AtO+ cation. The remaining
SOC states, namely Ψ1, Ψ2, Ψ3 and Ψ4, are more and more desta-
bilized with respect to Ψ0 with increasing n (see Table 2). Actu-
ally, when going from the n=2 to the n=6 essentially-spin-singlet
cluster, the composition of their wave functions gradually change
(see Eq. S1). For instance, in the n=6 case, the wave functions
corresponding to Ψ1, Ψ2 and Ψ3 exhibit mixtures of the MS com-
ponents of the lowest two SOF triplet states, T0(3Σ−) and T1(3Π),
while the one of Ψ4 exhibits a mixture of S1(1∆) and the |MS|=1
components of T1(3Π).

Finally, we discuss the nature of the ground-states of the
AtO+(H2O)n (n=2–6) systems. Clearly, beyond n=4 water
molecules in the first hydration sphere, the lowest-energy struc-
tures exhibit essentially-spin-singlet closed-shell ground-states.
Therefore, when SOC is included in the calculations, AtO+ un-
dergoes a hydration-induced ground-state change, leading to an
essentially closed-shell ground-state that can readily react in a
spin-allowed fashion with closed-shell species. Note that in this
work, we have not taken into consideration a continuum solva-
tion model to introduce long-range bulk effects. Nonetheless,
these effects have been lengthy discussed by Ayed et. al5,6 and
were shown to strongly stabilize the AtO+–water species that ex-
hibit (essentially-)spin-singlet ground-states relatively to the ones
exhibiting (essentially-)spin-triplet ones. Our results are thus in
qualitative agreement with this trend. Therefore, we confirm the
recent M06-2X results of Ayed et. al5,6 and complements them
by clearly establishing the nature of the electronic states that are
involved in this ground-state change.

4 Conclusions
Although recently suggested, the fact that AtO+ undergoes a
hydration-induced ground-state change was recently questioned
in the literature.7 In this work, we have used relativistic density
functional theory and wave function theory methods to revisit
this phenomenon. While in the gas-phase and in the absence
of spin-orbit coupling, AtO+ adopts a spin-triplet ground-state
(3Σ−), we showed that hydration leads to a closed-shell ground-
state, even when relatively small hydration spheres (n=3 and be-
yond) are considered. We have determined for the first time the
nature of these states, showing that they clearly correlate with
the closed-shell component of free-cation 1∆ state. When spin-
orbit coupling is accounted for, AtO+ adopts, in the gas-phase, an
essentially-spin-triplet ground-state, X 0+, with a strong weight
on the MS=0 component of the 3Σ− SOF state. As a consequence
of the hydration effects, the AtO+(H2O)n (n≥5) clusters adopt
essentially-spin-singlet closed-shell ground-states. We have deter-
mined, for the first time, that these ground-states are dominated
by the closed-shell S0(1∆), originating from the closed-shell com-
ponent of 1∆ of the free AtO+ cation. We showed that this spin-
orbit-coupled state correlate with one component of the a 2 state
of AtO+, meaning that a hydration-induced ground-state change
definitely occurs in AtO+, which supports the studies of Ayed et
al.5,6

The AtO+ species is one of the cationic forms that appears
to predominate in acidic conditions in the Pourbaix (E–pH)
diagram of astatine. This species readily reacts with closed-

shell species, which can be explained by the abovementioned
hydration-induced ground-state change. The fact that it under-
goes a ground-state change in aqueous solution is clearly a pe-
culiarity which further shows once more that the chemistry of
astatine and its species can be very different from the one of the
other halogens.10,25,38–40 Therefore, it remains crucial and timely
to pursue chemical studies concerning this “invisible” element.
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Synopsis:
The hydration-induced ground-state change of AtO+ is confirmed
by means of relativistic and multiconfigurational wave-function-
based calculations. The involved spin-orbit-free states are found
to correlate with 3Σ− and 1∆, while the spin-orbit-coupled ones
correlate with X 0+ and a 2. Therefore, the complexation of AtO+

with closed-shell ligands is not spin forbidden.
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