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intermolecular interactions correctly. This is seen linearly to increase with fluorine
concentration. In crystal structure prediction, modern algorithms are usually
combined with first-principles methods employed for global solution, which
sometimes fail to describe systems as in the case of strongly correlated materials.
Fluorine is one of the tricky elements, which is characterized by relativistic effects and no overlap between the DFT exchange hole
and the exact exchange hole. Thus, no relativistic exchange—correlation functional was seen to adequately describe fluorine. In this
work, we have found an excellent compromise to investigate fluorinated materials using a combination of SCAN (exchange) and
rVV10 (correlation) functionals. This was found through the fundamental study of a- and S-fluorine phases, showing a-fluorine as
the most stable structure at temperatures lower than 35 K and 0 GPa with respect to f-fluorine. Further, we have computed crystal
structure evolution under pressure looking for new stable fluorine allotropes using the USPEX evolutionary algorithm coupled with
the SCAN-rVV10 exchange—correlation functional discovering two phase transitions: one from C2/c (i.e., a-fluorine) to Cmca at
~5.5 GPa and from Cmca to the P42,c phase at 220 GPa; all these structures possess metallic behavior. The achievements of this
work lie far beyond the thermodynamic of fluorine crystals under pressure. It will give the right instrument to understand the
chemical behavior of fluorinated materials under pressure with consequent great speed up to the crystal structure prediction of
fluorinated and fluorine-based materials.

Temperature, K

B INTRODUCTION

Fluorine is mostly seen as a key element of the 21% century
being combined with other elements to generate a class of
fluorinated materials employed in several ways. This is because

fluoroethylene (PTFE), and (iii) pharmaceutical drugs. PTR
glasses are (oxy)fluorinated glass-ceramics that are composed
of nanocrystals of fluorinated rare earth metals embedded in
the oxygenated vitreous matrix."~'" They are used to produce

fluorine is the most reactive and lightest element of the
halogen group. Due to the high reactivity of fluorine and its
position in the Mendeleev periodic table, it is considered as a
reference point for the determination of relative electro-
negativity by Tantardini and Oganov' and previously by
Pauling” in thermochemical scales of electronegativity.

Despite the fact that fluorine is an electron-withdrawing
fragment that can be easily incorporated into materials due to
its small size and high reactivity, the difficulty in handling
fluorine and its toxic properties limited the progress in the
chemistry of fluorine. It is noteworthy that fluorine was
extracted by electrolyzing a solution of potassium hydrogen
fluoride into hydrogen fluoride in 1886 by French chemist
Henri Moissan” who was awarded the Nobel Prize in
Chemistry for such a discovery in 1906.

Fluorine showed curious laboratory behavior when it
interacts with uranium in uranium hexafluoride to separate
the uranium isotopes that allowed fluorine to be subsequently
combined with organic compounds exponentially growing up
its use.”~” Three of the most important fluorinated materials
are (i) photo-thermo-refractive (PTR) glasses, (ii) polytetra-
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a broad variety of optical devices, including extra narrow-band
filters, wavelength division multiplexing devices, etc.,' 13
where the photoluminescence of nanoparticles of rare earth is
increased by the presence of fluorine."' ™"

PTFE, commercially known as Teflon AF, is an attractive
material not only for automotive but also for bioindustry."*
Expanded PTFE provides fabric-like properties with controlled
pores and high surface area to alter device-related mechanics,
processing, and tissue responses while promoting rapid blood
clotting. Solid fluoropolymers are also attractive for precise
engineering and device processing properties essential to
produce several classes of medical devices where fine

dimensional tolerances and biocompatibility are required.
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Table 1. Crystal Structure of Bulk a-F, Calculated by Using Different Functionals and Different Optimized Norm-Conserving
Vanderbilt Pseudopotentials,35 Norm-Conserving Troullier—Martins,*® and Gauge Included Plane Augmented Wave

(GIPAW)*” in Comparison with Experimental Data”

lattice parameters

functional a, A b, A

BP — TM-NC 5.462 3.256
PBE — GIPAW S5.611 3.341
PBE — TM-NC 5.432 3.237
PBE — ONCVP 5.846 3.511
PBESOL — TM-NC 5.395 3.211
PW91 — TM-NC 5.437 3.236
PZ — TM-NC 4.819 3.045
REVPBE — TM-NC S.512 3.291
SCAN — GIPAW 5.513 3.371
SCAN — TM-NC 5.216 3.239
SCAN — ONCV 5.945 3.548
WC — TM-NC 5.443 3.243
SCAN-RVV10 — GIPAW 5.494 3.364
PBE from ref S0 5.400 3.265
experiment”’ 5.478 3.270

¢ A B, ° volume per cell, A3
7.185 101.94 125.07
7.423 101.97 136.15
7.122 101.90 122.55
7.075 99.82 143.13
6.984 101.62 118.51
7.158 101.95 123.26
6.029 89.08 88.48
7.331 101.96 130.14
7.129 103.53 128.87
6.542 98.96 109.21
7.878 102.08 162.53
7.146 101.88 123.48
7.113 103.41 12791
9.478 133.54 124.58
7.265 102.08 127.13

“The SCAN-RVV10 functional with the GIPAW pseudopotential is in bold, which was chosen for further calculations.

This enables the fabrication of multilumen, high-tolerance,
small dimensional tubing for advanced catheters. "

In the last few decades, fluorinated pharmaceutical drugs
were develolped and represent ~20% of all pharmaceutical
compounds. '® Worthy to be mentioned are antidepressant
fluoxetine (Prozac),'” the cholesterol-lowering drug atorvasta-
tin (Lipitor),'® and the antibacterial ciprofloxacin (Cipro-
bay)."”

Despite the widespread use of fluorinated compounds,
researchers are still not able to explain the behavior of either
pure fluorine or fluorine-based compounds Ieading to
modulation of their chemical and mechanical properties.' >
The deficiency in theoretical studies of fluorine is caused by its
unexpected relativistic effects that largely dominate over
electron correlation”” and are very well known for heavier
halogen iodine.”” The Breit-Pauli approximation was seen to
describe adequately the relevant atomic levels and the
hyperfine structure of fluorine.”” In this approximation, radial
orbitals are frozen from nonrelativistic calculations, while
relativistic effects are captured only through the L-S term
mixing for a J-value.”> The necessity of using a Dirac
Hamiltonian to solve the relativistic Schrodinger equation
made it impossible to successfully use heuristic density
functional theory (DFT) to study solid fluorine at both zero
and high pressures.

In this work, we would like to correctly describe the
structure of solid fluorine as a function of pressure and
temperature using a nonrelativistic Hamiltonian in the
framework of DFT. This idea came to us from a previous
study by Mattsson et al** where the post-Hartree—Fock
approach without a relativistic Hamiltonian was seen to
describe the loss of o-hole interaction in the fluorine alpha
phase, which makes the C2/c phase of fluorine (a-phase) more
stable with respect to the Cmca phase. Thus, the symmetry of
a-fluorine (C2/c) differs from the symmetry of the heavy
halogen a-phase (Cmca).”*

Here, we found that the rVV10?® correlation DFT functional
in combination with exchange DFT functional meta-GGA of
Perdew—Burke—Ernzerhof, so called SCAN,*® is the best
choice for DFT without a relativistic Hamiltonian to describe

the structure of bulk fluorine. This approach (SCAN-rVV10)
was subsequently used for crystal structure prediction of bulk
fluorine at pressures from 0 to 300 GPa combined with the
evolutionary algorithm USPEX. Predicted phases at 0 GPa
were carefully studied, and temperature dependence of the
stability of the a- and S-F, phases was defined showing that a
major contribution to the stability of the f-F, phase comes
from configurational entropy.

B COMPUTATIONAL DETAILS

a-Fluorine structure from the neutron diffraction experiment
was used to validate several combinations of DFT functionals
and pseudopotentials. The criterion for correctness of the
chosen approach was to obtain results comparable to the
experiment with an error below 2%.” We used different
combinations of Perdew—Burke—Ernzerhof (PBE),*® PBE-
sol,”’ Perdew—Zunger (Pz),* Perdew—Wang (Pwo1),*!
Becke—Perdew (BP),**** W(C,** SCAN,*® and rvv10*
functionals together with norm-conserving pseudopotentials:
optimized norm-conserving Vanderbilt pseudopotential,®
norm-conserving Troullier—Martins,*® and gauge included
plane augmented wave (GIPAW).”

Prediction of crystal structures of solid fluorine at a pressure
range from 0 to 300 GPa was performed by using the fixed-
composition evolutionary algorithm USPEX,**~*’ which was
interfaced with the Quantum Espresso package*"* to relax
crystal structures during the search. If the found structures are
optimized without constrains, the space group is assigned
considering the tolerance on the atomic positions (reduced
coordinates), primitive vectors, equal to 107%. The first
generation of 120 structures was generated using random
symmetric’’ and random topological generators.*’ The
succeeding generations were obtained by applying the heredity
(40% of each generation), soft-mutation (20%), and trans-
mutation (20%) operators; 20% of each generation was
produced using random symmetric and random topological
generators. The structure relaxations and total energy
computations were performed using Quantum ESPRESSO.
The meta-GGA SCAN’® with GIPAW was used for the
exchange—correlation functional in combination with the

https://doi.org/10.1021/acs.jpcc.2c02213
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Figure 1. Dependencies of the enthalpy difference (E — Ec,,.) on the pressure for pressure ranges (a) 0—300 GPa, (b) 0—10 GPa to show
transition from a-F, to the Cmca phase and (c) 200—300 GPa; (d) top, side, and isometric views of the crystal structure of P42,c fluorine. Solid

lines are a guide to the eye.

rVV10 DFT functional®® for vdW correction. A plane-wave
energy cutoff of 90 Ry and a Gaussian smearing of electronic
occupations of 0.005 eV together with a generated I'-centered
k-point grid with the length of the smallest vector in k-space
equal to 0.025 A™' ensured the convergence of total energies
equal to 107° Ry and forces cutoff equal to 107° Ry.

The temperature stability of a- and $-F, allotropes at 0 GPa
was studied by using Born-Oppenheimer ab initio molecular
dynamics (BOMD) that was performed with the same SCAN-
rVV10 DFT functional. This was done because it was not
possible to calculate phonon spectra with density functional
perturbational theory (DFPT) using the SCAN-rVV10 DFT
functional due to the different formalism of algorithms of
SCAN (meta-GGA)**™*® and rVV10.*” The efficiency of
BOMD to determinate the temperature stability was confirmed
by results obtained in the “Results and Discussion” Section
that agreed with experimental results of a- and f-F, allotropes.
We performed BOMD simulations at temperatures 20 and 50
K executing 5000 steps with a timestep of 20 a.u. (~1 fs). The
relaxation of the system was performed according to the
Beeman dynamics with the damped Beeman algorithm for the
ionic dynamics®® and the Parrinello—Rahman-extended
Lagrangian for the cell dynamics.*’

Evolution of Helmholtz free energy with time allowed us to
calculate the average energy at finite temperatures (20 and 50
K). These data were extrapolated to 0 K to determine the
ground state energy of a- and f-F, allotropes at 0 K, which
contains zero-point energy (ZPE) contribution. Thus, ZPE of
both phases was calculated from the difference between DFT
and extrapolated BOMD energies at 0 K.

11360

B RESULTS AND DISCUSSION

Optimal DFT Approach for Calculation. To define the
optimal DFT functional, we have tested all DFT functionals
known up-to-date to relax the crystal structure of the a-F,
phase coming from neutron diffraction,”* and SCAN-rVV10
showed symmetry preservation (C2/c) with the difference in
volume compared to the experiment of about 0.5%. Data about
the calculated crystal structure of a-fluorine are presented in
Table 1. This can be considered as an accurate result being a
common acceptable error due to DFT in the order of 2%. All
other DFT functionals and SCAN without rVV10 increased
the volume by more than 2%, and most importantly, they did
not preserve the symmetry. As we know, the mean radii of
Dirac—Hartree—Fock and Hartree—Fock (HF) orbitals, {r)?HF
=0.17543 and (r){F = 0.17567 bohr, and a difference of 0.14%
are corrected by Breit-Pauli approximation.”” This relativistic
contraction in fluorine seems to make its exact exchange hole
close to its electron, and it can be actually described by the
SCAN exchange functional because it contains a local term
(i.e., electronic localization function), which allows the overlap
between the DFT exchange hole and the exact exchange
hole.”®

If the exchange term is correctly reproduced by SCAN, the
correlation term needs a different functional to measure how
much the movement of each electron is influenced by the
presence of all other electrons. This issue is efficiently solved
by the rVVI10 functional that is a gradient-generalized DFT
functional with a nonlocal correlation term.”> Such a DFT
functional was explicitly developed to include the dispersion
interactions that originate from correlations between charge
fluctuations in different parts of an extended system, which can
be taken into account via the full frequency-dependent
electronic polarizability in the formally adiabatic-coupling

https://doi.org/10.1021/acs.jpcc.2c02213
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Figure 2. Calculated electronic density of states for (a) a-F, (C2/c), (b) -F, (Pm3n) at 0 GPa, and (c) Cmca at 10 GPa, and (d) P42c and 220

GPa. Fermi energy is shifted to zero.

fluctuation-dissipation formalism.>>>* Furthermore, the combi-
nation of SCAN with rVV10 is documented to fit vdW
interactions very well that are present in fluorine structure.”*

It is worth noting that a feasible approach to treat long-range
dispersions allows the right understanding of vdW interactions
that rule the chemical bonding within the crystal structure and
that they can fully described by topological study.”>~>*

High-Pressure Stability. The achieved success of SCAN-
rVV10 allowed us to subsequently study the crystal structure of
bulk fluorine under pressure within a range between 0 and 300
GPa. During the searches at different pressures, nine structures
were chosen for further consideration having various space
groups, namely, 14,22, Cmca, Pbca, P42;c, C2/m, C2/c (a-
fluorine), Pc, P1, and P2. We have also added and considered
the f-phase in the high-pressure search. This phase of fluorine
is experimentally known to be characterized by disordered
crystal structure with a Pm3n space group.” Crystal data of
considered structures are presented in Table S1, Supporting
Information. Several local structures of f-fluorine were
constructed based on the average disordered structure from
an experiment by Jordan et al’’ We found that all the
calculated p-fluorine approximants have similar energies. Thus,
for further calculations of the f-phase, we have considered only
one local structure.

Dependencies of enthalpies on the pressure for predicted
fluorine structures are shown in Figure 1. One can note that -
fluorine is ~1.5 meV/atom higher in energy than a-fluorine at
0 K and 0 GPa (zero-point energy contribution was not taken
into account). Such a small energy difference may be overcome
by insufficient entropy contribution. Moreover, as the pressure
increases, a-fluorine remains the most thermodynamically
stable phase from 0 to S GPa (see Figure lab). A previous
study”* showed that the Cmca phase is more stable than C2/c
for halogens except for fluorine. This is due to the lack of
significantly stabilizing o-hole interactions in fluorine that
makes the C2/c phase more energetically favorable with
respect to the Cmca counterpart in a vacuum. As we increase
the pressure, the proximity between the F, molecules at ~5.5
GPa allows the formation of o-hole interactions and Cmca
becomes more thermodynamically stable with respect to C2/c
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(see Figure lab). At higher pressures, the only dominant
phase is the Cmca until the pressure exceeds 220 GPa, where
the transition to the tetragonal P42,c phase was observed (see
Figure 1c). The crystal structure of the P42,c phase, shown in
Figure 1d, contains two symmetrically inequivalent fluorine
atoms both occupying two 8¢ Wyckoff positions. The detailed
information about crystal data of the P42 c phase is presented
in Table S1 (Supporting Information). All other predicted
phases are metastable (have a higher enthalpy compared to a-
fluorine). In the pressure range SO—100 GPa, the second
lowest-energy structure has a Pbca space group with the
enthalpy difference with C2/c structure of ~0.05 eV/atom (see
Figure 1a). We would like to note that our results contradict
recent data obtained by Lv et al,,*” which were performed with
a PBE DFT functional that, as we explained at the beginning of
our study, is not the right choice in the case of the fluorine
system.

Albeit a- and B-phases are molecular crystals, we can see that
at 0 GPa they have a different electronic behavior. We showed
that a-F, behaves as a metal, i.e., nonzero density of state at the
Fermi level (Eg = 6.975 eV) and f3-F, is a semiconductor with a
band gap equal to 0.834 eV (Ep = 11.825 eV) as shown by
calculated densities of states (DOS) in Figure 2ab. The
observed phase transition from a-F, to Cmca (both are
molecular crystals) keeps the metallic behavior unchanged as
seen from calculated DOS at 10 GPa for Cmca (see Figure 2c).
At 220 GPa, the most stable phase is P42,c, which is a
molecular crystal showing metallic behavior (nonzero density
of state at the Fermi level of 21.573 eV), see Figure 2d.

Temperature Stability at 0 GPa. Another issue that
should be addressed is the temperature stability of a- and f-
fluorine at 0 GPa, which can be estimated by calculations of
entropy contributions. It is noteworthy that the long-range
correction is not available in the formalism of DFPT.®”!
Thus, the only possibilities were to perform ab initio molecular
dynamics at finite temperatures in order to obtain energy
changes of each phase with the increasing temperature. As the
melting temperature of fluorine equals to 53.48 K, we
performed MD simulations at 20 and 50 K for a- and f-
fluorine at 0 GPa. Results of simulations are shown in Figure

https://doi.org/10.1021/acs.jpcc.2c02213
J. Phys. Chem. C 2022, 126, 11358—11364
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Figure 3. (a) Evolution of Helmholtz free energy with time during Born-Oppenheimer molecular dynamics for a- and f-phases (red and blue
colors) at 20 and SO K. Horizontal dashed lines denote average values; (b) calculated dependence of averaged Helmholtz free energies on
temperature. Red and blue horizontal lines represent the total energy of a- and S-fluorine calculated by DFT at 0 K.

3a. One can see that at 20 K, a-fluorine has a lower energy
compared to f-fluorine with an energy difference of about 4
meV/atom. Only at a simulated temperature of S0 K, the
energy of the f-phase becomes lower than that of the a-phase.
The averaged values of energies depending on temperature are
shown in Figure 3b. Detailed information is presented in the
Supporting Information (see Table S2). The obtained
dependence was extrapolated to 0 K to determine the energy
that contains ZPE. Thus, the difference between DFT-
calculated energy and extrapolated one determines ZPE of
each fluorine phase (see Figure 3b). As a result, the zero-point
energy of the a-phase is 27.42 eV/atom, while for the S-phase,
ZPE = 33.31 eV/atom. The ZPE value for a-F, agrees well
with reference data for the zero-point energy of the isolated F,
molecule, which equals to 55.42 eV/F, (447 cm™!).”

Such a good agreement ensures us correct results in the
computation of transition temperature, which was obtained to
be ~35 K (see Figure 3b). The obtained transition
temperature is lower than that measured in experiments
(45.6 K°'), which can be explained by insufficient length of
MD simulation, or MD simulations should be carried out at
lower temperatures, which are further from the melting
temperature of fluorine.

B CONCLUSIONS

This work is the first DFT study where we correctly describe
the interatomic and intermolecular interaction of the fluorine
crystal with high accuracy by using the SCAN-rVV10 DFT
functional. Our study opens the possibility to improve crystal
structure prediction of fluorinated and fluorine-based materials.
In fact, the combination of SCAN-rVV10 and evolutionary
algorithm USPEX was fruitfully used to predict the high-
pressure chemistry of fluorine seeing two-phase transition,
namely, C2/c—Cmca at 5§ GPa and Cmcu—)PZZlc at 220 GPa.
Electronic structure calculations show the metallization of the
Cmca phase at high pressures, indicating the formation of
atomic crystals instead of molecules as @-F,. The transition
temperature from a- to B-phases was found to be 35 K by
using ab initio molecular dynamics with the SCAN-rVV10
DFT functional, which agrees well with experimental results.
Thus, our study opens the door for further investigations of
fluorinated and fluorine-based materials by using crystal
structure prediction algorithms with the proposed DFT
functional.
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