Prediction of Core Electron Reactivity and High Oxidation
States in Radium under High Pressure

Yihong Bai,*® Zhen Liu,** Ling-Jun He,® Fernando Ortega,® Rafeed Khleif,* Yuanzheng Chen,*® Yuanhui Sun,®” Dadong
Yan,“" Maosheng Miao®"

“Department of Physics, Beijing Normal University, Beijing 100875, China
®Beijing Computational Science Research Center, Beijing 100193, China
‘Department of Chemistry and Biochemistry, California State University Northridge, California 91330, United States
4School of Physical Science and Technology, Southwest Jiaotong University, Chengdu 610031, China Y.B.
and Z.L. contributed equally to this work.

ABSTRACT: Recent first-principles calculations and crystal structure predictions revealed a striking phenomenon that the 5p
core electrons of Cs can be activated and form covalent bonds with F under high pressure, causing the formation of
unconventional CsF, (n>1) compounds in which Cs can be oxidized up to +5 state. Despite many efforts, CsF, remains the
only example that the core electrons of a main group element become reactive. Here, we conduct an extensive crystal structure
and stability prediction on Ra—F compounds under high pressure, which successfully identifies a series of stable compounds
with high F stoichiometry (RaF,, n =3-8). By various electronic structure and bonding feature analyses, we demonstrate that the
6p core electrons of Ra are activated in most of these compounds and involved in forming covalent bonds with neighboring F
atoms. Many novel phenomena emerge in RaF, compounds whence the core electrons are activated, including oxidation states
as high as +8, covalent Ra-F bonds, high-pressure molecular crystals, mixed-valence in RaFs; and RaF4 compounds, high
coordination numbers, all of which point to a striking fact that Ra become a very different element under high pressure and
exhibit very rich chemistry.
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= INTRODUCTION

The oxidation state of elements in compounds is a key
concept in chemistry and condensed-matter physics.!” A
general doctrine of chemistry is that the oxidation state of
an element is determined by the number of its valence
electrons. Many elements such as alkali metals assume one
typical oxidation state while many others may have several
different states under ambient pressure. Finding a new
oxidation state of an element greatly extends the scope of
chemistry and often opens a route to many new materials.® >
Furthermore, achieving high oxidation state is an attractive
goal in chemistry because the corresponding compounds
could intrinsically be used as strong oxidants that can
compel new types of chemical reactions. High oxidation
states have been found in many species such as AuFs, IF7,
[XeFs]* and [WFs]*.2® Very recently, an unprecedented +8
oxidation state of Ir and I atoms is predicted in pressure-
driven stable IrFs and IFs compounds.”® Besides Ir, another
record of the highest oxidation state of metals in stable
compounds under ambient condition is +7 as found in
Re(VII)F7.” Among all the species, high oxidation states in
noble gases are particularly interesting because these
elements have closed shell configurations and are very
chemically inert. But once their closed shell electrons are
activated by strong oxidants, as experimentally
accomplished for the first time by Bartlett et al. who used
PtFs to oxidize Xe and form Xe'[PtFs],!° there are more
electrons available to achieve higher oxidation states.

To go one step further, it is an attractive conception to
achieve higher oxidation state by activating the core
electrons of main group elements other than noble gases.
This turns out to be exceedingly difficult, and no attempt
under ambient condition has led to a successful result.!’!?
Recently, with the use of first-principles calculations, we
predicted that the inner-shell 5p electrons of Cs were
activated under high pressure and form thermodynamically
stable CsF, (n=2-6) compounds, in which Cs atoms are
oxidized beyond +1 valence state.!*'> This breaks the
doctrine that the oxidation states originate only from the
outermost valance electrons based on the shell model.'®
Moreover, high pressure might also cause the elements with
semi-core 5d electrons to participate in forming bonds. For
example, Hg atom could assume +4 oxidation state by
forming HgFs compound,'”” 1In contrast, the highest
oxidation state of s-block elements currently reported is +5
in CsFs compound under high pressure,'* although there are 9
electrons in 5s, 5p and 6s orbital of Cs atom in total. It is
generally true that higher F composition in a compound
correspond to high oxidation state. The previous studies
show that Ba core electrons are much harder to be activated
comparing with the core electrons of Cs.'"® In order to
activate more electrons to participate in forming bonds at
high-pressure, we need to look for an alkali or alkaline metal
whose first and second ionization potentials are comparable
or even lower than that of Cs.

Radium (Ra) was discovered in 1898 by Pierre and Marie
Curie,!” and later was found almost ubiquitous in soils,

water, geologic materials, plants, and foods at low
concentrations.’’ Owing to its widely application in
radiation therapy,”’®* Ra chemistry has been thoroughly
explored since its discovery.?*?® However, in all of its
compounds, Ra is always in +2 oxidation state, in
accordance to the fact that it has two valence electrons in its
7s orbital. Ra is constantly being produced by the
radioactive decay of Uranium (U) and Thorium (Th) in
Earth’s crust and mantle.”” Therefore, the study of its high-
pressure chemistry can also help to understand the decay of
U and Th in Earth’s interior that is believed the most
important thermos-source of the Earth.

In this work, aiming at exploring the potential high
oxidation states of Ra, we conduct an extensive structure
search based on first-principles calculations for F-rich RaF,
compounds with the compositions of n = 2—8 under high
pressure (0-300 GPa). Our calculations show that Ra and F
can form many stable compounds under pressure, including
not only RaF> in which Ra is in the typical +2 oxidation
state, but also higher F-composition compounds RaFn (n=3 —
8), in which Ra assume higher oxidation states due to the
activation of inner-shell electrons. Such unusual chemical
behavior leads to substantial changes of the chemical
properties of Ra and the structures of the corresponding Ra— F
compounds. Remarkably, many Ra-F compounds contain
molecular species under pressure, for example RaFs
consists of RaFs molecules in which Ra atom exhibits +6
oxidation state, exceeding the highest +5 state reported in s-
block elements. In addition, RaFs is stable above 240 GPa,
which is the most F-rich stoichiometry compound of s-block
metal fluorides. Correspondingly, the coordination number
of Ra reaches an unprecedented value of 12.

=  COMPUTATIONAL DETAILS

The structure searches of Ra—F compounds were carried
out based on a global minimum search of the free energy
landscape with respect to structural variations by combining
particle swarm optimization (PSO) algorithm with first-
principles calculations.’®*! We searched the structures for
RaF, (n=2-8) compounds at 0, 10, 100, 200 and 300 GPa,
respectively. By evaluating the total energy of these
structures, 60% of them with lowest enthalpies, together
with 40% newly generated structures, are used to produce
the structures of next generation by the structure operators
of PSO. Applications of the method in numerous previous
works show high accuracy and efficiency.!>!7323% The
geometry relaxations in the structure search and the
formation enthalpies and electronic properties for the
identified stable structures were calculated using density
functional theory (DFT) as implemented in Vienna Ab initio
Simulation Package (VASP) code.®® The calculations were
performed using a generalized gradient approximation
(GGA)*® within the framework of Perdew—Burke—
Ernzerhof exchange-correlation functional.” The electron-
ion interaction is described by the projector augmented
wave®® method with 6s?6p°7s> and 2s*2p° as valence
electrons for Ra and F atoms, respectively. We adopted a



kinetic energy cutoff of 1400 eV for wave-function
expansion and a k-point mesh of 2z x 0.03 A™! or less for
Brillouin zone integration. The structures (including lattice
parameters and atomic positions) were fully optimized until
the residual forces were converged within 0.02 eV/A. The
dynamical stability of predicted structures was determined
by phonon calculations using the finite displacement
approach® as implemented in the Phonopy code.*’ Bader’s
Quantum Theory of Atoms in Molecules (QTAIM) analysis
is employed for charge transfer analysis.*' The Integrated
Crystal Hamilton Population (ICOHP) was calculated using
the Stuttgart version of the tight-binding LMTOs, atomic
sphere approximation (TB-LMTO-ASA) programme.*?

= RESULTS AND DISCUSSION

The stability of Ra—F compounds. The stability of
RaF, compounds is examined by calculating the
formation enthalpies defined as following:

oo vorayy (8D&CT)

B (RaF.) = 14 !))#(fi )= 0
in which h, is the formation enthalpy per atom. We
choose RaF2 (Fm3m, same crystal form as calcium
fluoride®) as a reactant instead of Ra, because of the
substantial stability of RaF2 throughout the studied
pressure range. The relative thermodynamic
stabilities of Ra—F compounds can be assessed by
convex hulls (Fig. 1a). The compounds locate on
these lines are stable against decomposition.** The
pressure ranges of the stable composition are
presented in Fig. 1b. The results show that besides
RaF2, RaFs can become stable at ambient pressure.
However, the oxidation state of Ra in this compound
is still +2, because it is a mixture of chain-like RaF»
and F2 molecule. Under high pressure, other Ra—F
compounds with different stoichiometry (RaF., n
=3, 5-8) might become stable. RaF3 becomes stable
at pressures of 48 GPa and remains stable up to 255
GPa. As the pressure further increases, the more F-
rich stoichiometry structures RaFs, RaFs, RaF7 and
RaFs become stable at pressures of 78 GPa, 111
GPa, 180 GPa, and 240 GPa, respectively. It should
be noted that some stable Ra—F compounds undergo
a series of structural phase transitions with varying
pressure (Fig. 1b). All the predicted stable
compounds are found to be dynamically stable in
view of the absence of imaginary phonon modes in
the whole Brillouin zone (Figure S1).
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Figure 1. Convex hull and stability of RaF, compounds
under pressure. (a) The enthalpies of formation (eV/atom)
from 0 to 300 GPa with steps of 30 GPa. The solid lines
show the convex hull and the dash lines connect data points.
(b) Predicted stable pressure range for RaF, compounds.

Crystal structures. Seclected structures for various
compositions at their stable pressures are shown in Fig. 2,
and the explicit structural information can be found in Table
S1. RaFs adopts a structure with C2/c symmetry in the
pressure range from 48 to 219 GPa (Fig. 2a). The Ra—F
distances in RaF3 at 90 GPa are in the range of 2.389-2.402
A, shorter than that of RaF> (2.759 A) at ambient pressure.*’
At higher pressure, RaFs undergoes a first-order transition
to a structure with C2/m symmetry, which exhibits a
distinctive crystal structure that consists of two types of Ra
atoms and F atoms. Ra'! forms square-planar RaF4 molecular
units that is similar to the square-planar structures observed
in XeFs, HgF4 and AuF4.%!74® Ra® and neighboring F atoms
present in the structure as non-bonded ions. The charge
calculations and bonding analysis also reveal that Ra' is in
+4 oxidation state whereas Ra’ behaves as Ra’" ions.
Therefore, the C2/m RaFs could be more accurately
formulated as [Ra*"F4]Ra®"(F ). In the same fashion, the
C2/c RaF3 at lower pressure could be formulated as Ra*'F.
In addition, the nearest F-F distance of 1.971 A in C2/m



RaF; (240 GPa) is significantly larger than the F-F bond
length of 1.404 A in F2 molecule.*’ The disappearance of F2
molecular feature in F rich compounds strongly indicates
the involvement of inner-shell electrons in forming Ra—F
bonds.
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Figure 2. Crystal structures of stable RaF, compounds. (a)
C2/c RaFs at 90 GPa. (b) C2/m RaFs at 240 GPa. (c) P2/m
RaF4 at 0 GPa. (d) C2/m(I) RaF4 at 30 GPa. (e) C2/m(1l)
RaF; at 120 GPa. (f) P1 RaFs at 300 GPa. (g) P1 RaFs at
90 GPa. (h) PT1 RaFs at 120 GPa. (i) P1 'RaF7 at 180 GPa. (j)
P1 RaFg at 240 GPa. the green and purple spheres
demote Ra and F atoms, respectively.
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RaF4 undergoes phase transitions from P2/m to C2/m
(I) at 2 GPa (Fig. 2d), to C2/m (II) at 88 GPa (Fig. 2¢),
then to P1 at 142 GPa (Fig. 2f), respectively. Under lower
pressure, P2/m  RaFs contains edge sharing square-
planar RaF4 ribbons and F2 molecules. Moreover, C2/m
(I) RaFs4 contains F2> and linear RaF2 molecules that is
isostructural to XeF2*. The Ra-F distance (2.518 A at 30
GPa) in RaF2 molecules is larger than the Cs—F bond length
(2.358 A at 20 GPa) in CsF2. Both P2/m and C2/m(I) RaF4
could be more accurately formulated as [Ra*"(F)2]F2. At
120 GPa RaFs transforms into a C2/m (II) symmetry
structure and is composed of multiple equivalent RaF4
planar molecules, which are similar to those in C2/m
RaF;. The major difference between them is that the
molecules in RaFs are almost square-planar, whereas those
in RaFs are largely distorted from perfect squares. While
counting the oxidation state, the chemical formula of
C2/m(11) RaF4 becomes Ra*'Fs. Under higher pressure,
RaFs with P1 symmetry consists of two different units of
RaFg and RaF> molecule. The RaFs unit is an 8-fold
polyhedron, containing three types of Ra—F bond length
(Ra—F!, 1.880 A; Ra—F? 1.885 A; Ra—F>, 2.212 A). The
nearest F-F distance is 1.958 A, much larger than the
covalent F-F bond length of 1.440 A, indicating that RaF
with P1 symmetry is a typical molecular crystal. The
charge calculations (see below) also reveal that Ra is mixed-

valent in P1 RaFs which should be formulated as
[Ra®Fs]Ra* (F)..

For more F-rich compounds RaF, (n=5-8), all the
identified structures with lowest enthalpy adopt Pl
symmetry. RaFs contains two RaFs tetrahedrons and a F2
molecule (Fig. 2g) and it can be denoted as [Ra*'F4]2F>. It
has a very narrow stable pressure range from 78 to 113 GPa.
As shown in Fig. 2h, RaFs is stable in a structure consisting
of deformed octahedron molecules. At 120 GPa, six Ra—F
bonds show three different lengths of 1.964, 2.030, and
2.040 A. In addition, the nearest F-F distance between two
RaFs units is 1.984 A, much larger than the covalent F-F
bond length of 1.440 A, showing that RaFs is a molecular
crystal. Therefore, its chemical formula is Ra®'Fs. RaF7
stabilizes into a structure consisting of F edge- and vertex-
sharing RaF12 polyhedra (Fig. 2i). Analogously, RaFs is also
constructed as F edge-sharing RaFi12 polyhedra (Fig. 2j).
The Ra—F distances in these polyhedra are in the range of
1.919-2.140 A. More accurate analysis of the bonding
characteristics will be discussed later. Ra atoms in both
compounds show only one valence.

Electronic structures and the nature of Ra—F bonds. To
investigate the electronic structures of RaF, (n = 2-8), we
calculated the projected density of states (PDOS) by
projecting electron wavefunctions onto the atomic orbitals.
The PDOS of RaFs with P2/m symmetry (0 GPa, Fig. 3a)
and C2/m (I) symmetry (30 GPa, Fig. S2b) shows small
overlap between Ra 6p and F 2p states. This is because these
structures are composed of RaF» ribbon/molecule and F
molecule. Under high pressure, overlaps between Ra 6p and
F 2p states near the Fermi level become more significant,
suggesting charge transfers from Ra 6p to F 2p orbital in
these RaF, compounds (Fig. 3 and S2a-e). As the result of
charge transfer, large Ra 6p components present above the
Fermi level and its amount increases with increasing F
composition.

Furthermore, by analyzing the COHP*, we will show that
once being activated, Ra 6p electrons participate in forming
chemical bonds with neighboring F atoms. Different to
PDOS, COHP can be negative/positive which reveal the
bonding/antibonding nature of the states. = Among the
selected Ra—F, Ra—Ra, and F—F pairs, COHP of Ra—F bond
is the most negative one. The calculated COHP (Fig. 3d, f,
h) shows that the overlaps between 6p states of Ra and 2p
states of its nearest neighboring F atom are around —10.5
eV, —13.0 eV, and —10.0 eV for C2/m (II) RaFs, P1
RaFs, and P1 RaFs, respectively. Moreover, the integrated
COHPs (ICOHPs) up to the Fermi level can be used to
measure the bong strength. The calculated ICOHPs are —
2.640 and —0.524 eV/pair for Ra-F! and Ra—F? bonds in
C2/m (II) RaF4 (120 GPa) and are —2.697, —2.584, and —
0.818 eV/pair for three non-equivalent bonds in P1 RaF4
(300 GPa), respectively. The ICOHPs of Ra—F pair are
found to be —2.695, —2.125 and —1.995 eV/pair for P1
RaFs (120 GPa). Comparing to the —0.335 eV/pair in RaF2 (a
typical ionic crystal) under 30 GPa, the bonds in these



Ra—F compounds are highly covalent. We also notice that
the ICOHP of F—F pair in P1 RaFs is as low as —0.039
eV/pair, which confirms F atoms do not form bonds and the
compound is formed by crystalizing RaFs molecules. The

Ra-F ICOHP in RaFs, RaF7 and RaFs show an overall trend
of enhancement with the increase of coordination number
(Table S2). This is caused by the increasing number of
activated inner-shell Ra 6p electrons, which enhance the
strength of interactions in Ra—F bonds.
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Figure 3. Electronic structures and the nature of Ra—F bonds. (a) PDOS (state/eV/atom) for RaFs at 0 GPa. (b) PDOS for
RaFs at 90 GPa. (c) PDOS and (d) COHP for RaF4 at 120 GPa. (¢) PDOS and (f) COHP for RaF4 at 300 GPa. (g) PDOS and
(h) COHP for RaF¢ at 120 GPa. ELFs of (i) RaFs at 0 GPa [(0 0 1) plane]. (j) RaFs at 120 GPa [(0 1 0) plane]. (k) RaF4at 300

GPa [(0 1 0) plane]. (1) RaFs at 120 GPa [Ra—F'-F plane].

These bonding features of Ra—F compounds are also
supported by the electron localization function (ELF)
analysis.’* > Larger ELF values usually correspond to inner
shell or lone pair electrons and covalent bonds, whereas the
ionic bonds correspond to small ELF values. As shown in
Fig. 3i, the P2/m RaF4 is quite ionic in nature. However,
large ELF values occur between nearest neighboring Ra and
F atoms, indicating a covalent bonding character. More
information about the bonding analysis can be found in
Table S2 and Fig. S3.

Ra oxidation states are beyond +2 state based on above
analysis because Ra exhibits multiple covalent bonds with
neighboring F atoms in RaF, (n = 3-8). To further examine
this view, we calculate the charges using Bader’s quantum
theory of atoms in molecules (QTAIM)* analysis. As
shown in Fig. 4a, the charges of Ra steadily increase with
higher F composition (selected at 120 GPa and 250 GPa),
and are beyond +2 state in RaF, for compounds with #>2.
We note that the Bader charges are usually notably smaller
than the formal oxidation numbers, even for typical ionic
crystals such as RaF2 (1.68 at 30 GPa), and are more so for
covalent or molecular compounds. As an independent
validation, the wavefunction-based Mulliken and Lowdin
charges of Ra—F (Fig. S4) are comparable to the evolutions
of the density-derived Bader charge results in Fig. 4a.

Fig. 4a reveals very different charge transfer trends at the
two calculated pressures. At 120 GPa, the Bader charge
increases with increasing F composition while n<6, except
that RaF¢ shows a similar Bader charge as RaFs, which is
consistent with the fact that Ra in RaFs ([Ra*'Fs]2F2) is
actually in +4 state. The Bader charges in RaF7 and RaFs
under 120 GPa are lower than that of RaF6. However, both

two compounds are not stable at this pressure. Bader
charges at 250 GPa show a striking feature, namely there
are two very different values in RaFs and RaFs,
corroborating with the aforementioned mixed valence of Ra
in these two compounds.

If average Bader charges are used to represent RaF3; and
RaF4, the Bader charges increase quite linearly with the
increasing F composition (Fig. 4a), strongly suggesting the
same increasement of the nominal oxidation state of Ra in
these compounds. Thus, despite the actual charge values
calculated by Bader’s QTAIM method, the nominal
oxidation state of Ra can be assigned. For example, Ra in
RaFs is in +6 state, although the calculated Bader charges
are 3.1 and 3.3 under 120 and 250 GPa. Furthermore, the
Bader charge increases monotonically for #>5, indicating a
continuously growing oxidation number. Therefore, it is
reasonable to assign nominal oxidation states of +7 and +8
to Ra atoms in RaF7 and RaFs.

In addition, the coordination numbers of Ra also increase
with higher F composition, which also corroborate the high
oxidation states, because the activation of more core
electrons from Ra cause the formation of more Ra-F bonds
and prevent the formation of F-F bonds. It is worth
mentioning that the coordination number of Ra in RaFs is
12, which is one of the highest among all s-metal
compounds as Ba*" in Ba(SbF)2-5XeF2.%

The reactivity of the core electrons is driven by the
change and reordering of the orbital energies of s/p-block
electron of Ra and the p-block electrons of F. To reveal this
point, we calculated the atomic orbital energy levels of F 2p,
Cs 5p, Ba 5p, and Ra 6p, under high pressure using a He
matrix model (Figure 4b). Although the energies of all



atomic orbitals increase with pressure, Cs 5p and Ba 5p
orbitals increase more significantly than F 2p, surpassing
the later at ~16 GPa and ~224 GPa, respectively, which
agrees well with the previous atomic orbital calculations'*'®
and with the stable pressure regions of Cs-F compounds as
predicted in the previous studies.'* Similarly, Ra 6p
becomes higher in energy than F 2p at ~92 GPa, which is
consistent with the structure and stability predictions in this
work. In addition, the Ra 6p bands significantly broaden as
the pressure increases, which further elevates the energy
level of 6p orbitals, causing more Ra 6p electrons being
transferred to F atoms. Both points are important for the
gradual stabilization of F-rich compounds (RaFs - RaF7 >
RaFs) with increasing pressure.
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Figure 4. (a) Calculated Bader charge for Ra in RaF,
compounds at 120 GPa (blue line) and 250 GPa (red line).
The number to the right of the symbol indicates the
coordination number of Ra in each Ra—F compound. (b)
Energies of F 2p, Ra 6p, Cs 5p, and Ba 5p orbitals as a
function of the external pressure. Pressure effect is modeled
by putting elements in a face-centered cubic supercell
(3x3x3) He matrix, in which one He atom is replaced by the
atom being examined.>

Recent studies have illustrated that Cs can react with F
and form unusual F-rich compounds under high pressure,
exhibiting the chemical characteristics like p-block
elements.!*>** Ba—F compounds also show large portion of
5p components close to the Fermi level, although they do
not exhibit p-block compound properties such as forming
molecular crystals. Our results clearly show a new example
that an s-metal can behave like a p-block element under
pressure, due to the activation of its core electrons.
Remarkably, the highest nominal oxidation number can be
as high as +8, surpass the previously reported +5 in CsFs,
which sets a new record of oxidation number of alkali and
alkaline metals.

= CONCLUSIONS

To conclude, using swarm-intelligence based
computational structure search, we explored the enthalpy
landscape of RaF, (n = 2—8) under high-pressure condition.
A series of stable RaF, compounds have been predicted, in
which Ra shows a formal oxidation state beyond +2 based
on the analysis of PDOS, ELF and QTAIM charges. In most
of these compounds, the inner-shell Ra 6p electrons are

reactive and are prone to form strong covalent bonds with F
atoms. Strikingly, RaFs exhibits a molecular crystal feature
with +6 oxidation state of Ra. The coordination number of
Ra in RaFs reaches 12, which is among the highest in all s-
block metal fluorides. This coordination number has been
observed before in a complex hexafluorantimoates
Ba(SbFe)2-5XeF2.4
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