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Ab initio quantum chemistry methods are great modeling tools to predict material properties, as
well as rationalizing experimental data. One overlooked yet important application finds place in the
study of chemical species for which handling or synthesis can be rather hazardous, such as radiotoxic
materials. This is for instance the case of 210Po based molecules, which presents a potential safety
concern for new Accelerator driven nuclear reactors. Extraction of these species from the gas phase
is necessary to ensure a safe handling of the reactor. However, the lack of accurate knowledge about
the polonium species formed by the interaction of the spallation target and the proton beam limits
the development of efficient radiotoxic molecules traps. Therefore, we present in this computational
work an ab initio study on octahedral HxPoO6-chemically equivalent molecules, namely HxTeO6.
We found out that not all the molecules of the HxTeO6 family are likely to be formed, and that
the larger the number of hydrogen atoms, the lower is the corresponding formation energy. The
insights drawn from this study will pave a way for full relativistic, first principle study of octahedral
HxPoO6 based molecules.

I. INTRODUCTION

Nuclear technology and nuclear research represent the
foundation of all nuclear applications. It contributes in
many ways to health, development and security world-
wide. Nuclear technologies, in fact, can be found not
only in power production, but also in medicine, agricul-
ture, food safety, environment, forensics, industry, and
the analysis of artefacts. Continuous research in this area
are hence necessary in order to expand nuclear techno-
logical innovation, which in turn brings countless benefits
for society. In this regard, the project MYRRHA, which
stands for Multi-purpose HYbrid Research Reactor for
High-tech [1], represents one-of-a-kind nuclear research
infrastructure driven by a particle accelerator. The main
advantage of the technology is that due to the subcritical
concentration of fission material, the nuclear reaction is
sustained by the particle accelerator only. This trans-
lates in great control on the reactor. Most importantly,
the nuclear reactions can be immediately halted by turn-
ing off the proton beam.
The MYRRHA research reactor aims to demonstrate the
feasibility of the Accelerator driven System project and
the Lead-cooled fast reactor concepts, with various ap-
plications in nuclear medicine, trasmutation of spent nu-
clear fuel and fundamental and applied physics investi-
gations [1]. The reactor relies on a linear accelerator,
that provides a beam of fast proton that hits a spal-
lation target, producing neutrons. In particular, lead
bismuth eutectic (LBE) will be used simultaneously as
spallation target and coolant. Due to the high neutron
flux, a small fraction of the bismuth will transmute to
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radiotoxic 210Po [1]. Part of this radiotoxic element, as
well as 210Po containing molecules, will evaporate into
the gas above the coolant. Handling and removal of 210Po
species represents a critical step in ensuring safe opera-
tion of the MYRRHA reactor. The main challenge in
the development of suitable separation processes is the
lack of accurate knowledge on the chemical properties
of the polonium or polonium containing molecules, and
any experimental work is problematic due to the high ra-
diotoxicity of polonium.
The challenges regarding the impracticality of any ex-
perimental investigation on this molecular system can
be partially tackled by relaying on first-principle com-
putational calculations. Ab-initio simulations, in fact,
can be used not only to model experimental data and
make prediction about material and molecular proper-
ties, but they find elegant applications in dealing with
troublesome and/or hazardous physical chemical stud-
ies. Therefore, we present in this paper a preliminary
first-principles study on Po-equivalent based molecules.
In particular, we focused on tellurium, a lighter element
that is chemically equivalent to Po and therefore can pro-
vide important insights for Po based molecules before
setting up a full relativistic molecular framework. We
investigated the stability of a subset of tellurium (Te),
oxygen (O) and hydrogen (H) based molecules using Den-
sity Functional Theory (DFT) via the Quantum Espresso
repository [2–4]. The base structure of this investiga-
tion is the TeO6-octahedron, and the different molecules
were assembled by adding one H atom at a time, up to
H6TeO6. The insights drawn from this study will pave a
way for full relativistic, first principle study of octahedral
HxPoO6 based molecules.

II. METHODS

The electronic structure calculations are performed
within the DFT framework using the Perdew-Burke-
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Ernzehof (PBE) approximation for the exchange-
correlation functional as implemented in the Quantum
Espresso (QE) code [4],[3]. The pseudopotential used
for the study were:

Te: Te pbe v1.uspp.F.UPF
O: O.pbe-n-kjpaw psl.0.1.UPF
H: H.pbe-rrkjus psl.1.0.0.UPF

The kinetic energy cutoff were set after convergence
tests (reported in Results section), while the k-point
mesh (computational mesh in the reciprocal space) was
set to 3x3x3 for the solid H6PoO6 and 1x1x1 for the free
molecules.
Ion positions and cell parameters were optimized in a
progressive way for crystalline Te and H6TeO6. Ground
state energies for H2 and O2 were computed by means
of supercell, optimized in size in order to have negligible
interaction between adjacent molecules (see section
Convergence tests). Bond length optimization on free
molecules was performed in QE code using the ’relax’
calculation (minimization of interatomic forces) once
fixed the dimension of the cell. Similarly, calculations on
HxTeO6 molecules (x = 0, 1, 2, 3, 4, 5, 6) were performed
by relaxing the geometry obtained for H6TeO6 species
in the crystal calculation once placed as single molecule
in a fixed supercell (see Convergence testing). Finally,
the formation energy (∆HxTeO6

E) for the molecules of
the family HxTeO6 was calculated as follows:

∆HxTeO6
E = EHxTeO6

− 3EO2
− x

2
EH2

− ETe

where EHxTeO6
is the total energy calculated for the

HxTeO6 molecule, EO2
and EH2

the total energy of the
oxygen and hydrogen molecule, respectively, and finally
ETe is the total energy of the Te primitive cell divided
by the number of atoms in the corresponding cell.

III. RESULTS AND DISCUSSION

In this section, we are going to present results of our
DFT calculations. In the first subsection, results of con-
vergence test are reported. This test yields a computa-
tional setting which ensures high accuracy for DFT cal-
culations. Formation energy of crystalline H6TeO6 was
hence computed and the result is reported later in the
text. It was found that the formation energy of the
H6TeO6 crystal is in line with the formation energy of
the same crystal from Materials Project. In the final
subsection, the formation energy for the whole Te-O6-Hx

family is reported.

A. Convergence testing

The first step in determining the most optimal settings
for the crystal calculations is by running convergence

test on the k-point mesh. The basis set size was chosen
by means of maximum energy cutoff found between
the suggested value reported for the H, O and Te
pseudopotentials. The value of the cutoff were: ecutwfc
= 60Ry; ecutrho = 480Ry. The target parameter for
convergence testing was chosen to be the hydrostatic
pressure. This corresponds to the pressure necessary
to keep the cell stable at a specific geometry and cell
parameters, and it is the most sensitive value that can
be computed via DFT for a solid. Using this strategy,
a 3x3x3 k-mesh was chosen based on the Self-Conistent
Field calculations plotted in FIG. 1.

FIG. 1. Convergence tests for Te(OH)6: hydrostatic pressure
vs K-plot mesh size.

.

FIG. 2. Convergence tests for Te(OH)6: hydrostatic pressure
vs energy cutoff of the system wavefunction.

.

The second and third convergence test were performed
on the energy cutoffs, in order to determine the basis set
size for the calculations. First, the energy cutoff for the
wavefunction was tested. This is done by fixing the mul-
tiplicative factor between the ecutrho and ecutwfc, here
a factor of 8 was chosen (an ecutrho equal to multiples
of ecutwft, for istance x5, leads to stable results). FIG.
2 displays the hydrostatic pressure computed as function
of the energy cutoff for the wavefunction. As it can be
observed, constant hydrostatic pressure is achieved for
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ecutwfc values above 60Ry. In order to have high accu-
racy, a value of 87Ry was hence chosen for ecutwfc.
As final step, the energy cutoff for the density was com-
puted. As specified above, the value of ecutrho is usually
a multiple of ecutwfc. A value of 435Ry (i.e. factor 5) for
ecutrho was in this case chosen (see FIG. 3 for the hydro-
static pressure vs energy cutoff for the electron density
data).

FIG. 3. Convergence tests for Te(OH)6: hydrostatic pressure
vs energy cutoff for the electron density.

.

B. Formation energy of crystalline Telluric acid
(H6TeO6)

The Crystal Information File (CIF) of the
solid telluric acid (H6TeO6) at 0 K was ob-
tained from the Materials Project repository [5]
(https://materialsproject.org/materials/mp-30981/).
Figure 4 shows the primitive cell of the crystalline
telluric acid at 0k [6]. The lattice parameters are a
= 6.54252100Å, b = 9.44044000Å, c = 8.38834746Å,
α = 90, β = 100.06037978, γ = 90.

FIG. 4. Primitive cell of Telluric acid crystal obtained from
Materials Project repository [5]. Tellurium, Oxygen and Hy-
drogen atoms are represented by brown, red and white spheres
respectively.

The primitive cell from the Materials Project repos-

itory was used as initial guess for further optimization
studies. These were performed in two steps: i) inter-
atomic distance optimization; ii) crystal cell geometry
optimization. These are executed via the ’relax’ and
’vc-relax’ commands in the QE repository. The result
leads to the distribution of the nuclei in the primitive cell
which minimize the energy of the crystal. The energy
of the optimized crystal turned out to be -1134.007064
Ry/cell. However each cell contains four molecular
units of H6TeO6 therefore the energy per molecule is -
283.5017661 Ry/molecule. Total energy calculations on
isolated H2, O2 and solid Te were performed in order
to calculate formation energy of solid H6TeO6 and com-
plementary HxTeO6 molecules. Specifically, H2 and O2

molecules total energy calculations were performed by
means of supercell, optimized in size in order to have neg-
ligible inter-molecular interactions (constant total energy
vs. supercell size). The total energy of the cubical su-
percell was obtained for a cell parameter of 6Å for both
H2 and O2 (data here not shown). The Total Energy of
the cell was calculated by relaxing the geometry of the
molecules (bond optimization). The data are reported
in TABLE I. Finally, the formation energy of the crys-
talline H6TeO6 was found to be -0.920 eV/atom. The
results is in good agreement with the formation energy
reported on Materials Project (-1.387 eV/atom).

C. Formation energies of Te-O-H family

The formation energies of Te(OH)6, H5TeO6, H4TeO6,
H3TeO6, H2TeO6, H1TeO6 and TeO6 molecules calcu-
lated via relaxation of the ion positions in the supercells
are given in FIG. 6 as well as in Appendix A. In partic-
ular, each molecule was placed in a supercell of 6Å and
the atomic positions were optimized. The parameters
used for these calculations were: k-point mesh = 1x1x1,
ecutwfc = 87, ecutrho = 435.

FIG. 5. Optimized molecular structures for (from top-left to
bottom-right): TeO6, H1TeO6, H2TeO6, H3TeO6, H4TeO6,
H5TeO6, H6TeO6. Red = oxygen atom, cyan = hydrogen
atom and indigo = tellurium atom.
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TABLE I. This table summerize formation energy energy calculation of crystalline Te(OH)6 when is formed from its elemental
phases namely solid Te, H2 and O2

Molecule Total Energy (Ry/cell) Number of atoms in cell Formation Energy (eV/atom)
Solid Te -79.494 3 0.0

O2 -83.041 2 0.0
H2 -2.334 2 0.0

Te(OH)6 -1134.007 54 -0.920
*Te(OH)6 -1.387

*From MaterialsProject.org [5]

FIG. 6. Formation energies for the investigated molecules as
function of the H atoms. NOTE: not all the isomers were
investigated in this study.

IV. CONCLUSION

The formation energies of the Te-O6-Hx family was de-
termined by DFT using the QuantumESPRESSO suite.
The formation energy of the molecules increased along
with the hydrogen content. In particular, we found out
that the molecules containing less than three hydrogen
atoms are predicted to be unstable (positive formation
energy), while molecules containing three or more hydro-
gen atoms all possess negative formation energy (namely
H3TeO6, H4TeO6, H5TeO6, H6TeO6). The findings in

this preliminary work can provide more insight regard-
ing the stability of Po-based molecules, as well as possible
structures that can be further investigated.
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Appendix A: The total energy and formation energy
for the Te-O6-Hx family.

Molecule Total Energy
(Ry/cell)

Formation
Energy(eV/atom)

H6TeO6 -283.412 -0.826
H5TeO6 -282.052 -0.677
H4TeO6 -280.649 -0.446
H3TeO6 -279.264 -0.195
H2TeO6 -277.934 0.030
H1TeO6 -276.568 0.372
TeO6 -275.141 0.931
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