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The oxidation state (OS) holds significant importance in the field of chemistry and serves as a crucial para-
meter for tracking electrons. Lanthanide (Ln) elements predominately exhibit a +i1 oxidation state, with a
few elements such as Ce, Pr, Nd, Tb, and Dy able to achieve a +iv oxidation state. Over the past century,
numerous attempts to synthesize Pr(v) have been made without success until recent reports on Pr(v)
oxides and nitride-oxide in the gas phase expanded our understanding of Ln elements. However, the for-
mation of Pr(v) in the condensed phase remains an open question. In this work, based on advanced
quantum chemical investigations, we predict that formation of the solid-state CsPrFg from Pr(in) and Pr(i)
complexes is exothermic, indicating that CsPrVFg is stable. The crystal structure comprises [PrFg]™ octa-
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hedral clusters occupying the interstitial spaces of Cs cations. Electronic structure analysis reveals that the
CsPrFg crystal has a closed-shell structure and that Pr reaches its highest oxidation state of +v. The results
indicate that the existence of Pr(v) in solid-state Ln fluorides is not impossible, which enriches our under-
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Introduction

The concept of oxidation state (OS) stands out as one of the fun-
damental principles in chemistry."™ Exploring the upper limits
of an element’s OS has long captured the interest of chemists.> >
Investigating compounds with high OS deepens our comprehen-
sion of chemical elements and paves the way for developing novel
oxidants,"*'* catalysts,">'® and other chemical entities."”*® In
recent decades, the study of Ln chemistry has attracted increased
attention, driven by advancements in experimental technologies
that facilitate the synthesis of high OS complexes.*'*?*° Ln com-
pounds are predominantly characterized by the prevalence of the
+m OS, primarily due to the inert nature of 4f orbitals resulting
from contracted radial distribution and the relatively low
energy.>'>* Only a handful of elements exhibit a high-valent +,
such as Ce, Pr, Nd, Tb, and Dy.***°

Regarding Ln elements with a higher +v OS, Langmuir pre-
dicted as early as 1919 that it could appear in the element Pr,
which has the fifth lowest ionization energy.*’ However, the
inertness of the 4f orbitals in Ln elements makes achieving a
+v OS in compounds a challenging task. The report in 1938
suggested the possibility of Pr(v) formation at 15 bar

“Department of Chemistry and Engineering Research Center of Advanced Rare-Earth
Materials of Ministry of Education, Tsinghua University, Beijing 100084, China.
E-mail: hshu@mail.tsinghua.edu.cn, junli@tsinghua.edu.cn

bFundamental Science Center of Rare Earths, Ganjiang Innovation Academy, Chinese
Academy of Sciences, Ganzhou 341000, China

tElectronic supplementary information (ESI) available: theoretical and compu-
tational details. See DOI: https://doi.org/10.1039/d4dt02063d

15198 | Dalton Trans., 2024, 53, 15198-15204

standing of high-valence Ln compounds.

pressure.*”> However, subsequent research in 1950 conclusively
demonstrated that Pr(iv) is the highest OS formed under a
higher pressure of 50 bar of oxygen. This was observed when
mixtures of Pr,0;-Nd,O; and Pr,0;-CeO, were heated at
300 °C.*** In 2015, efforts using the highly electronegative
element fluorine aimed to generate PrFs molecules through the
laser ablation method. However, conclusive evidence of their
formation has not been obtained.>® Up until 2016, both experi-
mental and theoretical studies have unveiled the existence of Pr
(v) in the gas phase, exemplified by oxide species PrO, and
PrO,", and nitride-oxides NPrO.'>?° Theoretical research con-
tinues to explore potential gas phase Pr(v) molecules,**"® while
the next objective is to propose an alternative strategy for
expanding the Ln OS beyond the gas phase (Scheme 1).

In pursuit of solid-state Pr(v), we confined octahedral [PrFg]|”
clusters within the Cs" lattice to achieve CsPrF, (Scheme 2). A
global-minimum search algorithm based on first-principles
plane-wave density functional theory (DFT) was employed to elu-
cidate the crystal structure. A comprehensive analysis was con-
ducted, covering stability, electronic structure, chemical bonding,
and notably, oxidation state. This discovery provides concrete evi-
dence for the first instance of Pr(v) within a solid state.

Results and discussion
Structure and stability of CsPrF,

To find the stable structure of CsPrFg, the evolutionary algor-
ithm USPEX (Universal Structure Predictor: Evolutionary

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 The highest OS of the 4f-block Ln elements. (®) Highest
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Scheme 2 A schematic structure of the [PrFg]™ octahedral cluster.

Xtallography) was used, which has been successfully utilized
to search for the most thermodynamically stable structures of
systems with a fixed composition. The trial structures gener-
ated by USPEX were fully relaxed and their final energies evalu-
ated based on first-principles density functional theory (DFT).
The density functional computations were carried out using
the Vienna ab initio simulation package (VASP). A total of 246
trial structures were calculated, and Fig. 1 shows the most
stable predicted CsPrFg structure.

The CsPrF¢ structure shown in Fig. 1 belongs to the rhom-
bohedral R3 phase, which is a KAsF4-type structure and is also
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Fig. 1 Prediction of the crystal structure of CsPrFe. Left: the progress of
an evolutionary simulation (black line shows the lowest energy as a
function of generation, light blue to dark purple circles present different
generations). Right: the most stable R3 CsPrFg structure (colour scheme:
blue: Cs; yellow: Pr; green: F).
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observed in KPF, and CsNbF, crystals. Detailed lattice para-
meters are provided in Table S1,f and the atomic coordinates
are given in the ESI, section VI.f The distance between Pr and
F atoms is 2.079 A, representing a moderate bond length com-
pared to the Pr-F distances ranging from 1.994 to 2.109 A in
PrF,(n = 1-5) molecules.”® This observation indicates the for-
mation of [PrFs]” clusters within the interstitial spaces of Cs
cations. The Madelung energy in this arrangement is calcu-
lated to be —145.3 eV for the CsPrF, primitive cell, stabilizing
the [PrFq]” cluster and enabling the existence of the penta-
valent praseodymium anion cluster [PrFs]” in the CsPrFs
crystal. This provides a further explanation for the presence of
[PrFs]”. The optimal CsPrFg structure from global-minimum
searching has been further confirmed to be stable in dynamics
using phonon spectrum calculations along the high-symmetry
lines in the Brillouin zone, as shown in Fig. S2.1 There are no
obvious imaginary vibrational frequencies in the phonon spec-
trum, suggesting the dynamic stability of the structure.

To demonstrate the thermodynamic stability of the CsPrFs
crystal, a possible synthetic pathway is depicted in Table 1,
eqn (1) and (2). The Gibbs free energy of formation (AG;g x) at
a temperature of 300 K was calculated using the formula
AG300 x = G(CsPrFg) — G(PrF;) — G(F,) or AG3¢ x = G(CsPrFg) +
G(CsF) — G(Cs,PrFs) — 1/2 G(F,), respectively. Here, G rep-
resents the energy with entropy and zero-point energy correc-
tion for different species. Importantly, all calculated AGzg x
values are negative, signifying that the formation of the CsPrF,
solid is energetically favourable under these conditions.
Notably, the reactants F,, CsF*” and PrF; *® mentioned in eqn
(1) are naturally occurring, with PrF; being a common raw
material for synthesizing Pr fluorides in the laboratory,>
which outlines plausible methods for synthesizing CsPrFs.
Comprehensive thermodynamic free energy data for the reac-
tants in the equations can be found in Table S2.7

To further examine the thermal stability of the predicted
CsPrFg, a series of AIMD simulations was carried out at
various temperatures of 300 K, 600 K, 900 K and 1200 K for a
duration of 10 ps, respectively. Since the distances between Pr
and other atoms reflect the structural integrity, the radial dis-
tribution function (RDF) of the neighbouring Pr-F and Pr-Cs
distances is a good parameter for quantitatively evaluating the
structural deformation of CsPrFs. The RDFs of AIMD simu-
lations at different temperatures are shown in Fig. 2, with a
sharp Pr-F peak around 2.1 A and clear Pr-Cs peak around 4.0
and 4.6 A at 300 K after 10 ps simulations, indicating stability
at room temperature. As expected, at a relatively high tempera-
ture of 600 K, the peaks show a little more dispersion, and
much more disorder appears at 900 K. Once the temperature

Table 1 Plausible methods for synthesizing CsPrFg and its reaction free
energy (kcal mol™)

Reaction AG;00
PrF;(s) + F(g) + CsF(s) - CsPrFq(s) -74.1 (1)
Cs,PrF(s) + 1F,(g) — CsPrFg(s) + CsF(s) -133.2 @)

Dalton Trans., 2024, 53, 15198-15204 | 15199
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Fig. 2 The radial distribution function (RDF) of Pr and other atoms such
as F and Cs respectively at different temperatures for spin-polarized
calculations.

reaches 1200 K, the Pr-Cs peak becomes indistinguishable
and the Pr-F peak disperses even further, indicating that the
structure is not stable at this high temperature.

Chemical bonding and oxidation state analysis

The stability of the CsPrFg crystal relies on its electronic struc-
ture. A detailed examination of the electronic structure was
conducted, using the band structure, density of states (DOS),
spin density, crystal orbital Hamiltonian population (COHP),
and Bader charge analysis. Furthermore, the electronic struc-
tural properties of CsPrF, were compared with those of Pr-con-
taining complexes featuring different OS, specifically
CsPr'"F;,*° Cs;P™rFg,*! and Cs,Pr'VFe.*! In the subsequent
analyses, we conducted a comprehensive comparison of the
properties of Pr across formal OS +1 to +v compounds, delving
into electron occupancy, orbital interactions, and chemical
bonding in various Pr complexes

The band structure and related properties of CsPrF are pre-
sented in Fig. 3. A sizable band gap appears in the CsPrFs
crystal between the filled and empty states, of approximately
3.5 eV at the HSE06 hybrid functional level, indicating that it
is a potential semiconductor material. The band structures of
different Pr-containing complexes were calculated along the
high-symmetry directions in the Brillouin zone (BZ) as illus-
trated in Fig. S11-13.F

The interactions between different orbitals can be illus-
trated through the DOS analysis shown in Fig. 3. The inner 4f
orbitals are a distinctive characteristic of Ln elements, deemed
“core-like” due to their minimal participation in chemical
bonding, as evident from the sharp distribution in DOS. Until
Pr reaches its highest OS, unpaired electrons occupy the 4f
orbitals below the Fermi level (Fig. S14-161). However, in the
CsPrF, compound, the majority of Pr 4f orbitals extend beyond
the Fermi level (approximately 4 eV), indicating significant
hybridization with the F 2p orbitals (Fig. 3). This implies that
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Fig. 3 The HSEO06 band and partial density of states (pDOS) of the
CsPrVFg crystal. The Fermi level is assigned at O eV.

the 4f orbitals of Pr are unfilled, contributing to Pr attaining
its highest +v OS. The results are attributed to the higher
energy of Pr 4f orbitals compared to F 2p in CsPrFg, facilitating
electron transfer from Pr to F. The Pr 5d orbitals exhibit a
greater dispersion than 4f orbitals, allowing for enhanced
interaction with the F element. In the CsPrFs compound, the
bonding and antibonding orbitals of 5d show significant sep-
aration. The 5d antibonding orbitals of Pr are located approxi-
mately 11 eV above the Fermi level, while the bonding orbitals
are distributed in the energy range of —4 to —1 eV. This dis-
persed band indicates a non-negligible interaction with F 2p
(Fig. 3). Similar trends are observed in other Pr compounds
(Fig. S14-167), indicating a prevalent utilization of Pr 5d orbi-
tals for bonding. Further quantitative analysis of the COHP to
emphasize the importance of the 5d orbitals in the bonding
mechanism of CsPrFg can be found in the next section.

Due to the inherently inner and unpaired nature of 4f elec-
trons, the analysis of spin density serves as another powerful
tool to illustrate their localization. The spin densities of
different Pr-containing compounds are depicted in
Fig. $17-20.1 Unpaired electrons are not observed in CsPr'F,
whereas they are prominently displayed in CsPr'F3, Cs;P"'rFg,
and Cs,Pr'VFe. This suggests that the inner 4f electrons of Pr
in CsPrFg have been removed, indicating a +v OS.

To elucidate the bonding mechanism in the CsPrFq crystal,
COHP analysis was applied to evaluate the population of wave-
functions on the atomic orbitals’ overlap of selected atom
pairs. The integrated COHP (ICOHP) for the bonded Pr-F in
CsPrFg is —5.94 eV per pair up to the Fermi level, indicating
some covalent interaction between the Pr and F atoms, as
shown in Fig. 4. Specifically, the covalent interaction between
Pr 5d and F 2p is stronger than that of Pr 4f, where the 4f orbi-
tals of Pr play an insignificant role in chemical bonding due to
their inner nature. The COHP analysis for other compounds
with different OS of Pr is provided in Fig. S21-23.f For
example, the ICOHP value for the Pr-F bond is —2.58 eV for

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 The crystal orbital Hamilton population (COHP) analysis of Pr—F
interactions in solid-state CsPrFg. Zero line (dotted) represents the Fermi
level. The ICOHP values (in eV per bond) are listed here to show the
corresponding interactions (black) and main orbital-pair contributions to
these (coloured). There are six Pr—F bonds in a CsPrF¢ cell.

CsPrF;, —2.09 eV for Cs;PrFe, and —5.04 eV for Cs,PrFq. The
CsPrFg crystal exhibits a moderate ICOHP value among them.

Usually, the formal OS of a central atom in a coordination
sphere is defined as the charge of the central atom when every
ligand of the coordination sphere is removed in its most stable
form. The bonding electron pairs between the metal center and
the ligand are therefore exclusively assigned to the more electro-
negative fragment, resulting in a negative 0S.° Therefore, the OS
of fluorine and cesium are considered as —1 and +1, respectively.
According to these rules, the oxidation number of praseody-
mium in the CsPrF, solid is +v. To further support this, we cal-
culated the charges using Bader’s quantum theory of atoms in
molecules (QTAIM) for the CsPrFs solid.*>** In QTAIM analysis,
the charges of an atom are calculated by integrating the charge
density in the surrounding basin, partitioned by the stationary
points of the charge density.

In Fig. 5, various Pr-containing complexes are presented.
The Bader charges for the central Pr atom are 1.97, 2.20, 2.37,
and 2.66 for CsPr''F;, Cs;Pr''Fs, Cs,Pr''Fs, and CsPr'F,
respectively. The CsPrFs solid exhibits the highest Bader
charge, which is consistent with the formal OS of Pr in the
CsPrF; solid which is +v as mentioned above. It is common for
the Bader charge to increase as the OS increases in similar
compounds. This trend is evident in Bader charges of 1.35,
1.86, 2.28, and 2.66 for the standard compounds, Pr'F,,
Pr''F;, Pr'VF,, and CsPr'Fg, respectively. Additionally, the
bond lengths between Pr and F are reported to be 2.411, 2.275,
2.141, and 2.097 A for the respective complexes. It is observed
that as the OS increases, the bond length decreases, and the

This journal is © The Royal Society of Chemistry 2024
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compounds.

charge on the praseodymium atom becomes more positive.
These findings further confirm that CsPrFs exists with the Pr
(v) formal OS.

Conclusions

In summary, an unexpected solid-state CsPrFy with Pr(v) was
designed and predicted using a global-minimum search
method. The crystal structure features a hexahedral [Pr'Fg]
anion cluster embedded within the Cs" lattice. Cs" contributes
to the Madelung energy, enhancing the stability of the Pr(v)
cluster. Gibbs free energy calculations confirm the thermo-
dynamic stability of the crystal, suggesting its potential for
experimental synthesis. Phonon calculations provide evidence
of its dynamic stability, while AIMD simulations conducted at
different temperatures indicate that the crystal remains stable
up to 900 K. As anticipated, Bader charge analysis indicates
that Pr in CsPrFs exhibits a +v OS, confirmed by comparing it
with different OS of Pr-containing crystals. This finding is
further supported by its closed shell electronic structure,
where nearly all of the 4f bands are situated above the Fermi
level, and no spin density is located at the Pr atom. The predic-
tion of the CsPrF, crystal suggests that the highest known OS
of Ln(v) is achievable in the solid state and proposes a stabiliz-
ing strategy for obtaining high-valent fluorides.

Computational details

The structure of complexes CsF (mp-1784),”" PrF;
(ICSD-77741),>® CsPrF; (OQMD-1706464),"° Cs;PrF, (mp-
1206084),*" and Cs,PrF, (OQMD-1282041)*" were obtained from
different databases. The lowest-enthalpy CsPrFg structure was
searched using the evolutionary algorithm USPEX 9.4.4.*>™*%
The calculations were carried out for the best structure that no

Dalton Trans., 2024, 53, 15198-15204 | 15201
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longer changed for 8 generations and each generation of struc-
tures was obtained by applying heredity (50%), softmutation
(20%), and lattice mutation (10%) operators, while some were
produced randomly from the space group (20%).

The geometry of these structures was further optimized
based on first-principles density functional theory (DFT) elec-
tronic-structure calculations involving the projector-augmen-
ted wave (PAW) method? as implemented in the Vienna
ab initio simulation package (VASP)*° version 5.4.4. The
Perdew-Burke-Ernzerhof (PBE) functional®® was utilized for
both structural search and structural relaxation. The energy
cutoff for the plane-wave basis was set to 450 eV. The Brillouin
zone was sampled using uniform I'-centered meshes with a
resolution of 2x x 0.04 A™". Electronic degrees of freedom were
considered converged when the total energy change between
two steps was smaller than 1077 eV. All atoms were fully
relaxed until the Hellmann-Feynman forces fell below 0.01 eV
A™'. The Madelung energy of the optimized CsPrF, primitive
structure was calculated using VESTA software.>® To explore
the thermal stability, ab initio molecular (AIMD) simulations
were carried out using VASP with the canonical (NVT) ensem-
ble and a Nosé-Hoover thermostat.>>* The simulations lasted
for 10 ps at temperatures of 300, 600, 900, and 1200 K, with a
time step of 1 fs. To assess the dynamic stability, the finite dis-
placement method was used for phonon dispersion calcu-
lations within the Phonopy program.’®> For the chemical
bonding analysis, we utilized the COHP method®*®” as calcu-
lated using the LOBSTER package.*®>° During the orbital pro-
jection, the basis sets pbeVasp2015°° were used with
additional functions fitted to atomic VASP GGA-PBE wave func-
tions. For charge population analysis, Bader’s quantum theory
of atoms in molecules (QTAIM) was used for the solids.*>™**

In order to account for the correlation effects involving 4f elec-
trons and obtain a more accurate electronic structure, the Heyd-
Scuseria-Ernzerhof (HSE06) hybrid functional was applied to
obtain more accurate band structures and density of states (DOS).
The Brillouin zone was sampled using uniform I-centered
meshes with a resolution of 2z x 0.04 A~ For the band structure
calculations, 78, 65, 50, and 56 k-points were used for the CsPrF;,
Cs3PrFs, Cs,PrFs, and CsPrF crystal structures, respectively. The
self-consistent field convergence criterion was set to 107> eV.®
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