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Prediction of stable radon 
fluoride molecules and geometry 
optimization using first‑principles 
calculations
Jaeeun Kang 1, Ina Park 2, Ji Hoon Shim 2, Duck Young Kim 3* & Wooyong Um 1,4,5*

Noble gases possess extremely low reactivity because their valence shells are closed. However, 
previous studies have suggested that these gases can form molecules when they combine with other 
elements with high electron affinity, such as fluorine. Radon is a naturally occurring radioactive noble 
gas, and the formation of radon-fluorine molecules is of significant interest owing to its potential 
application in future technologies that address environmental radioactivity. Nevertheless, because 
all isotopes of radon are radioactive and the longest radon half-life is only 3.82 days, experiments on 
radon chemistry have been limited. Here, we study the formation of radon molecules using first-
principles calculations; additionally, possible compositions of radon fluorides are predicted using 
a crystal structure prediction approach. Similar to xenon fluorides, di-, tetra-, and hexafluorides 
are found to be stabilized. Coupled-cluster calculations reveal that RnF6 stabilizes with Oh point 
symmetry, unlike XeF6 with C3v symmetry. Moreover, we provide the vibrational spectra of our 
predicted radon fluorides as a reference. The molecular stability of radon di-, tetra-, and hexafluoride 
obtained through calculations may lead to advances in radon chemistry.

A noble gas with a fully filled outer shell is not reactive. When argon was first discovered, chemists found that it 
was not reactive with the other elements in the periodic table, and noble gases were generally considered to be 
unreactive. In the 1930s, Pauling1 predicted that xenon (Xe) would be able to form compounds with fluorine. In 
related experiments, they succeeded only in corroding the walls of a quartz flask and were unaware of the pres-
ence of new compounds in it2. After several trials, xenon and fluorine readily reacted and formed the solid XeF4, 
which is stable even at room temperature3. The structures of xenon difluoride (XeF2) and xenon tetrafluoride 
(XeF4) were identified using their vibrational spectra4. However, the structure of xenon hexafluoride (XeF6) is 
controversial regarding the stereo activity of valence electron lone pairs5. Experimental evidence obtained using 
electron diffraction6 and vibrational spectroscopy7 suggests that XeF6 forms a distorted octahedral symmetry8.

Radon (Rn) is a noble gas like Xe; it is a naturally occurring radioactive material (NORM) found in the 
underground environment. It has a high density (9.73 g/L at standard temperature and pressure) and solubility 
(230 cm3/L at 20 °C)9 among the noble gases. When gaseous Rn is inhaled, it either emits alpha rays directly or 
decays into daughter radionuclides, which may cause lung cancer10. In addition, owing to its short half-life (only 
3.82 d), experiments and studies involving radon have been limited thus far. Heavy noble gases, such as Xe and 
Rn, are both rare elements and highly radioactive gases; therefore, they present various challenges to experimental 
researchers. Radon difluoride (RnF2) was synthesized by Fields11; it formed nonvolatile RnF2 when exposed to 
fluorine and heated to 400 °C. RnF2 is currently the only known radon molecule. Owing to high temperature 
and pressure requirements, obtaining a complete solid RnF2 sample in a natural environment is challenging.

Computational studies based on first-principles density functional theory (DFT) are regarded as a practical 
alternative for the study of these gases as DFT has been successfully applied for the detailed analysis of a vast 
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number of materials. The DFT approach can be used to provide qualitative predictions of geometric features and 
determine various chemical and physical properties. However, computational studies based on first-principles 
about interactions of Rn atoms with environments (e. g., Rn·H2O complex)12 or formation of Rn molecules are 
very rare.

A previous study13 used redundancy analysis to determine the Rn content in groundwater, and they found 
a positive correlation with fluorine concentration. This raised the questions of whether Rn can interact with 
fluorine, and how the radon fluoride reaction should be elucidated. Only a few theoretical studies14 have dem-
onstrated the relationship between Rn and fluorine, but most of this literature is focused on Xe or Kr, and Rn 
was not treated as the main subject. Malli15 and Filatov16 suggested the atomization energy and RnF bond length 
of radon hexafluoride (RnF6) at the Hartree–Fock (HF) and MP2 levels of theory. However, they assumed only 
octahedral RnF6 geometry as the initial structure and did not consider other possibilities. Our study aims to 
understand the possible chemical bonding between Rn and fluorine and its geometry through first-principles 
calculations. Additionally, the vibrational frequencies of radon di-, tetra-, and hexafluorides were calculated at 
the coupled-cluster level, suggesting as a reference. Herein, first-principles calculations were performed for Xe 
and Rn fluorides with various basis sets at different methods to compare geometrical parameters. Subsequently, 
the most stable combination describing the Xe and Rn fluorides was provided for geometry optimizations.

Results
Xenon hexafluoride (XeF6).  Gillespie17 and Hedberg18 predicted that the geometry of ground state XeF6 
is a distorted octahedron with C3v point symmetry. According to prior studies, two characteristic bond lengths 
of Xe-F are experimentally determined to be 1.85 and 1.94 ± 0.036 Å19, and the∠F-Xe-F of 114.9° and 81.0° were 
obtained at the self-consistent field (SCF) level20. To calculate the geometries of XeF6, initial symmetries were 
set to C2v, C3v, and octahedral (Oh); subsequently, the bond lengths and angles were fully relaxed. These three 
symmetries of XeF6 were calculated using the DFT, Møller–Plesset second-order perturbation theory (MP2)21, 
and coupled cluster singles and doubles (CCSD)22–25 methods. The calculated structures by DFT and MP2 are 
described in Supplementary Tables S1 and S2 of the Supplementary Information (SI).

Certain calculated structures converged equivalently to the Oh molecular geometry, even though they started 
at different initial point groups such as C2v or C3v, according to the DFT and MP2 results. Other calculated struc-
tures stay at their initial symmetry and they tended to slightly overestimate the bond length compared with the 
experimentally obtained values by ~ 0.06 Å. Note that bond lengths determined using the MP2 method were 
rather closer to the experimental values compared with those provided by the DFT method. The angles obtained 
from these two methods tend to be underestimated compared with other calculated values, and the C3v structure 
was stable at the lowest energies for all basis sets, except in the case of the Oh-converged structure. The energy 
differences for other symmetries compared with that of C3v are denoted as ΔE. The bond angles calculated using 
the DFT and MP2 methods are deviated noticeably from other calculated values up to 9.55%.

In case DFT and MP2 gave the same answer, we additionally applied CC method as a cross-check to validate 
our calculation results. The XeF6 structure was determined at the CCSD level, as presented in Supplementary 
Table S3. At the CCSD level, the relativistic effect of Xe was not considered, and three initial symmetries were 
the same as those in the DFT and MP2 results. The initial symmetries were maintained during the relaxation 
and C3v symmetry is predicted to be the ground state for all basis sets. For the LANL2DZ and CEP-31G basis 
sets, the calculated lengths have a good agreement with experimental data, with a small difference of the order 
of two decimal places in angstrom. The angles for the C3v symmetry were different from other calculated values 
only by approximately 1° for these basis sets.

In summary, the bond lengths and bond angles determined using the DFT and MP2 methods were overes-
timated and underestimated respectively, implying stabilizing the metastable stereo-isomers was challenging. 
When it comes to XeF6, CCSD level calculations with non-relativistic effect gave quantitative agreement with 
experimental data, which is consistent with several previous studies26,27.

In the case of many-electron atoms, the relativistic contraction of inner-shell orbitals by screening affects the 
outer-shell orbitals28. This may result in a significant impact on the chemical and physical properties of heavy 
inert gases in the lower half of the periodic table29. Therefore, the relativistic effect of Xe was further considered 
at the CCSD level using the DKH Hamiltonian. Supplementary Table S4 summarizes the bond length and total 
energies of XeF6 for the three geometries with DK3 basis sets. The relativistic effect did not significantly affect 
geometric parameters. The C3v structure possesses lower total energy than the Oh structure and by C2v structure 
by 18.88 kcal/mol and 8.28 kcal/mol, respectively using the cc-pVTZ-DK3 basis set. For aug-cc-VTZ-DK3, the 
overall energy differences, �E were lower than those of cc-VTZ-DK3, although there was a tendency to overesti-
mate the bond length by approximately 2.06%. In the DKH calculation, the angle was reduced by approximately 
5º compared with the case employing the LANL2DZ basis set in the NR calculation. Although the NR calcula-
tion produced values that were in better agreement with the experimental results for XeF6, the DKH calculation 
also exhibited small differences that were within 0.01 Å. Even when relativistic effects were not considered, the 
CCSD level was found to be consistent with the experiment for XeF6 (C3v). Our calculation of XeF6 parameters 
can be used for the following computational study to determine the effective computational level depending on 
initial symmetry in Rn-F chemistry.

Radon difluoride (RnF2) and radon tetrafluoride (RnF4).  The atomization energies of argon, krypton, 
and xenon difluoride indicate that these molecules tend to become stable with increasing atomic number30. 
Following this trend, radon difluoride is expected to be more stable than the corresponding xenon molecules31. 
Therefore, the simpler structures of radon difluoride (RnF2) and radon tetrafluoride (RnF4) were first deter-
mined. However, the only reported experimental values for radon molecules are those for RnF2, which were 
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proposed by Fields11. Therefore, first, the stability was investigated by calculating the formation energies of radon 
fluorides. The convex hull diagram in Supplementary Fig. S1 indicated that the lowest energy can occur between 
the Rn and binary F2 phases. The energy convex hull graph helps to understand that RnF6 is the most stable 
molecule along the thermodynamic route while RnF2 and RnF4 may exist as metastable forms. Speculatively, as 
there is an experimental observation of RnF2, we can easily speculate the possible formation of RnF4 and RnF6 
as well. For structural optimization, the geometry of RnF4 and RnF6 were determined by CCSD, with relativistic 
effects (DKH). As presented in Table 1, the bond lengths of RnF2 and RnF4 were estimated to be 2.04–2.05 Å 
and 2.00–2.01  Å, respectively, depending on the basis sets employed. The optimized structures of RnF2 and 
RnF4 were obtained as linear and square planar, as in the case of xenon fluoride, respectively. The bond lengths 
of radon fluorides were longer than those of xenon fluorides, which is a predictable result considering the larger 
atomic size of radon. In addition, radon di- and tetrafluoride retained a similar structure to xenon fluorides.

Radon hexafluoride (RnF6).  The symmetrically optimized structures and energies for C2v, C3v, and Oh 
obtained using DFT are summarized in Supplementary Table S5. Several previous studies15,16,20 predicted the 
bond lengths of RnF6, but they exhibited large differences in bond length depending on the type of calcula-
tion employed. For the DFT simulations, all basis sets converged equivalently to Oh, and the bond lengths of 
RnF6 differed by up to 0.09 Å compared with the experimental XeF6 structures19. In general, the stronger the 
attraction between bonding atoms, the shorter the bond, and the greater the atom size, the longer the bond. As 
expected, the bond lengths of RnF6 were greater than those of xenon, although the difference between these was 
only 0.09 Å. As Rn has an atomic radius that is approximately 0.12 Å larger than that of Xe, the calculated bond 
lengths for radon fluoride were predicted to be shorter, as expected. Using the enthalpy of RnF2 formation14,32, 
Rn was theoretically demonstrated to form relatively strong covalent bonds compared with other noble gases33. 
In that study, Rn was expected to form shorter and more stable bonds with fluorine than XeF6, and these results 
are consistent with our calculations.

The calculated structures and relative energies for RnF6 for the MP2 method are described in Supplementary 
Table S6. For all converged Oh structures, the RnF6 bond length varied between 1.98 and 2.03 Å, and these values 
tended to be slightly underestimated compared to the DFT results.

Unlike XeF6, all converged geometries exhibited Oh symmetry in the case of RnF6, irrespective of initial sym-
metry. Although stabilization of the metastable C2v and C3v state was attempted, this was only possible using a 
fixed bond angle, as shown in Fig. 1. These results reveal that the energy barrier between the Oh ground state 
and the other metastable states (C3v and C2v) was particularly small, and therefore, the initial states easily relaxed 
into the Oh symmetry state. The bond lengths and total energies that were fully relaxed at the CCSD level are 
presented in Table 2. The radon fluoride bond lengths obtained using CCSD were slightly shorter for all basis sets 
compared with the other two methods (DFT and MP2). Unlike the DFT and MP2 results, the CEP-31G basis set 
was used to predict that C3v symmetry was the most stable structure at the CCSD level, and this differed from 
the second most stable structure of C2v by approximately 5 kcal/mol.

Table 1.   Geometric parameters were determined with relativistic effect by CCSD of RnF2 and RnF4.

Molecules Basis set Bond length (Å) Bond angle (º) Energy (Hartree)

RnF2
aug-cc-pVTZ-DK3A 2.05 180  − 483.13

cc-pVTZ-DK3A 2.04 180  − 483.07

RnF4
aug-cc-pVTZ-DK3A 2.01 90  − 682.24

cc-pVTZ-DK3A 2.00 90  − 682.17

Figure 1.   Comparison of the total energy (keV) for RnF6 calculated by the CCSD method. aanglefix is the fixed 
given angles and f symmfollow is the freely relaxed bond length.
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Additionally, DKH calculations were conducted considering the relativistic effect on the structural parameters 
of Rn. Table 3 summarizes the bond length and total energies of RnF6 for the three initial geometries (C2v, C3v, and 
Oh). All initial geometries with different basis sets were converged to Oh, and the bond lengths were estimated to 
be approximately 1.97 Å. Note that the relativistic effect on heavy atoms destabilizes the d and f orbitals because 
the inner (core) orbitals of the atom are strongly attracted to the nucleus. However, the outer orbitals are subject 
to minimal relativistic effects because the effective nuclear charge felt by the electrons decreases due to the screen-
ing effect. This usually causes the s and p orbitals to contract further and the d and f orbitals to expand, thereby 
stabilizing the 6p orbitals slightly but the 6s orbital strongly for Rn16. Therefore, this effect reduces the covalent 
radius of Rn and consequently induces a shorter radon fluoride bond length16, following the typical trend of 
bond shrinkage in molecules15. The relativistic effect leads to the presence of shorter bond lengths because of 
the stabilization of Rn atom inner orbitals.

Also, it is worth to note that the ground-state geometry of XeF6 is rather different from that of RnF6 when 
computed using the same methods and basis sets. To compare relativistic effects between Xe and Rn molecules, 
the molecular electrostatic potential (MEP) of RnF6 and XeF6 was mapped, as shown in Fig. 2. The molecular elec-
trostatic potential surfaces describe the charge distribution of molecules in three dimensions34. Figure 2a shows 
a sigma hole (σ-hole), a region with a positive surface electrostatic potential35 in the MEP of XeF6(C3v). The lone 
pair of Xe experiences an electron shielding effect that shields a partial positive charge in the Xe nucleus, inducing 
a σ-hole due to the repulsive force between the Xe lone pair and the three F atoms36. In contrast, RnF6 has evenly 
distributed σ-holes in the middle of each face of the octahedral37, as shown in Fig. 2b. The bond lengths of RnF6 
calculated using NR and DKH calculations and the CCSD method are shown in Fig. 3. Evidently, RnF6 converged 
equivalently to Oh symmetry for all basis sets, except for CEP-31G, even in the case of the DKH calculations.

Vibrational spectra.  Infrared (IR) vibrational spectra were obtained at the CCSD level, considering the 
relativistic effect, for the optimized structures of radon fluorides with different stoichiometries. The calculated 
vibrational spectra obtained with the aug-cc-pVTZ-DK3 basis set are tabulated in Table 4, wherein the calcu-
lated IR spectra are plotted against the wavenumbers. As no studies conducted thus far have reported the IR 
spectra of Rn molecules, these could not be compared with experimentally obtained frequencies. For RnF6, the 

Table 2.   Geometric parameters determined by CCSD for C2v, C3v, and Oh structures of RnF6. Except for 
CEP–31G, other basis sets were converged equivalently to Oh.

Basis set Initial symmetry Bond length (Å) Bond angle (º) Energy (Hartree) ΔE (kcal/mol)

aug-cc-pVDZ

C2v a, b, c = 2.01
α = 89.98

− 883.58 Oh

β = 90.02

C3v a, b = 2.01
α = 89.98

β = 90.02

Oh r = 2.01 θ = 90

def2-SVP

C2v a, b, c = 1.97
α = 89.91

− 883.65 Oh

β = 90.08

C3v a, b = 1.97
α = 89.96

β = 90.00

Oh r = 1.97 θ = 90

CEP-31G

C2v

a = 2.00
α = 115.86
α = 115.86 − 610.68 − 4.89b = 1.96

c = 1.93

C3v
a = 1.99 α = 110.22

− 610.69
b = 1.92 β = 80.72

Oh r = 1.97 θ = 90 − 610.67 − 11.29

Table 3.   Geometric parameters were determined with relativistic effect by CCSD for C2v, C3v, and Oh 
structures of RnF6.

Basis set Initial symmetry Bond length (Å) Energy (Hartree) Converged symmetry

aug-cc-pVTZ-DK3A

C2v a, b, c = 1.98

− 881.36 OhC3v a, b = 1.98

Oh r = 1.98

cc-pVTZ-DK3A

C2v a, b, c = 1.97

− 881.29 OhC3v a, b = 1.97

Oh r = 1.97
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all given initial structures converged to Oh symmetry, and therefore, a frequency comparison for each struc-
ture was meaningless. In the case of XeF6, the C2v structure had one imaginary frequency, the Oh structure 
had a three-fold degenerate imaginary frequency, whereas Rn had no imaginary frequency. The presence of an 
imaginary frequency implies that the optimized structure under investigation is not stable26. This suggests that 
the optimized structures of radon fluoride were harmonically stable on the potential energy surface of the mol-
ecules. Note that the calculated frequencies at 648.28 cm−1, consistent with the eu (double degeneracy) mode, 
accounted for most of the IR active frequency of RnF4. The calculated vibrational spectra for RnF6 indicated 

Figure 2.   Molecular electrostatic potential (MEP) surface mapped (a) XeF6 (C3v) and (b) RnF6 (Oh).

Figure 3.   The bond lengths of RnF6 including all calculations by the CCSD method. *The calculated values29 
with relativistic effect (Rel) and non-relativistic effect (NR).

Table 4.   IR spectroscopy with relativistic effect by CCSD of RnF2, RnF4, and RnF6. The basis set of radon used 
in this calculation is aug-cc-pVTZ-DK3A.

Harmonic frequencies (cm−1)

RnF2 RnF4 RnF6 (Oh)

136.64 (t1u)

145.24 (t2g)

155.73 (eu)

166.92 (b2u)

195.64 (Bending)
224.71 (b1g) 224.87 (t1u)

265.78 (a2u)

585.33 (Symmetrical stretch)

610.49 (Asymmetrical stretch)

609.55 (b2g)

631.67 (a1g) 631.33 (eg)

648.27 (eu) 663.93 (t1u)

678.72 (a1g)
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that the t1u bending mode (at 663.93 cm−1) contributed to the greatest extent to the intensity. As RnF4 and RnF6 
have not been characterized experimentally, our predicted vibrational spectra can play as a critical reference for 
future studies.

Dissociation energy.  The dissociation energy of radon fluorides was predicted at CCSD levels with DKH 
calculations. Previous studies described the dissociation energies of xenon fluoride, which were obtained using 
classical thermodynamic equilibrium measurements with predicted entropies38. Likewise, this study described 
the thermodynamic reaction and dissociation energy of MF6 (M = Xe or Rn) using the following expressions.

Previous studies have described the heat of formation calculations for XeF6, and obtained – 62.1 ± 1.4 kcal/
mol at 0 K and − 64.0 ± 1.4 kcal/mol at 298 K26. In this study, the dissociation energy of XeF6 (C3v) → Xe + 3F2 
for the most stable structure, which was obtained consistently with the measured values, was 5.04 kcal/mol 
smaller than the experimentally obtained equilibrium value38, and 26.94 kcal/mol lower than that from the 
photoionization experiment39, as shown in Supplementary Fig. S2. Several previous studies reported errors in 
the experimental equilibrium values of 1–2 kcal/mol, which depended on structural differences8. However, the 
difference in the total dissociation energy in this study was relatively large, depending on symmetry. For exam-
ple, the total dissociation energy of the CF4

+ ion exhibited a variation of approximately 50 kcal/mol according 
to structural differences at the same level owing to the Jahn–teller effect40. Therefore, providing experimental 
evidence that addresses the question of energy differences according to XeF6 structures is challenging. The cal-
culation results for XeF6 (C3v) using aug-cc-pVTZ-DK3A may be reasonable as these are rather similar to the 
equilibrium experimental values.

Dissociation energy was calculated according to various reactions of radon fluoride, and the results are pre-
sented in Supplementary Table S7; additionally, the dissociation energy of RnF6 → Rn + 3F2 is shown in Fig. 4. In 
general, the loss of F2 from RnF2 is slightly harder than the F2 loss from RnF4, and the loss of F2 in RnF4 is much 
harder than that in RnF6. This is consistent with the presence of a growing steric community as more fluoride 
is added to the central Rn8. Because convergence to Oh was achieved for all basis sets, no difference in the dis-
sociation energy between Rn molecule structures was observed. There are no significant differences between 
previous studies16 with the MP2 method and our calculated values (aug-cc-pVTZ-DK3A: 139.62 kcal/mol and 
cc-pVTZ-DK3A: 122.85 kcal/mol, see Fig. 4).

Discussion
Despite the necessity of studying the behavior of radioactive materials, such as Rn, which naturally occur in the 
environment, only radon difluoride (RnF2) and its complexes are known. Both a short half-life and radiological 
risks challenge the experimental assessment of Rn, and the existence of Rn molecules remains controversial. 
This study described the molecular geometry, vibrational spectra, and dissociation energies of the RnF2, RnF4, 
and RnF6 family of molecules using ab initio calculations.

(1)MF6 → MF4 + F2,

(2)MF6 → MF2 + 2F2,

(3)MF6 → M + 3F2.

Figure 4.   The dissociation energy of RnF6 → Rn + 3F2 with relativistic calculation by CCSD method. *The 
calculated values16 with relativistic effect (Rel) and non-relativistic effect (NR).
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Detailed parameters employed to describe xenon fluoride were used to obtain an optimized computational 
approach. For the XeF6 structure, the geometric parameters obtained at the CCSD level indicated a difference 
between calculated bond lengths of approximately 0.98% and angles that differed from other calculated values 
by only 1°. In addition, the dissociation energies for Xe + 3F2 were in good agreement with the experimental38,39 
and other calculation references26. Using these calculations as a base, the geometry, dissociation energies, and 
vibrational spectra of RnF2, RnF4, and RnF6 were predicted.

CCSD-level calculations with relativistic effects provided radon fluoride bond lengths of 2.04 and 2.00 Å 
for radon di- and tetrafluoride, respectively. Unlike XeF6, which maintained C3v symmetry, all possible initial 
group symmetries of RnF6 converged to an octahedral structure, with estimated bond lengths of approximately 
1.97 Å. The dissociation energies for Rn and 3F2 were approximately 139.62 kcal/mol, which is higher than that 
of Xe. This may be assumed to be an accurate value, considering the high reactivity of Rn. This study can be 
extended by adding other anionic elements that can be possibly encountered in nature to the studied system, 
such as oxygen and chlorine, particularly in an aqueous environment. In addition, this study was the first to 
address the vibrational frequencies of radon di-, tetra-, and hexafluoride, and this information can be used as a 
basis for future radon-based experiments.

Methods
Computational methods.  The initial molecular structures and formation energies of radon di-, tetra-, and 
hexafluoride were obtained via ab initio random structure searching (AIRSS)41 using the projected augmented 
plane-wave method (PAW) embedded in the Vienna ab  initio simulation package (VASP)42–44. For structure 
searching, we placed a supercell with a volume of 10 × 10 × 10 Å3 and randomly generated Rn and F atoms for 
various Rn/F ratios. We searched ~ 5000 trial structures and 17 compositions. For formation energy calculations, 
the Perdew−Burke−Ernzerhof (GGA-PBE) exchange-correlation functional45 was used with a plane-wave basis 
set energy cutoff of 550 eV and the self-consistent-field energy convergence criteria of 1E−6 eV. Only a gamma-
point k-mesh and a cubic unit cell with a lattice constant of 15 Å were used in this study.

All ab initio calculations for structural optimization and vibrational spectra were performed using the Gauss-
ian09 simulation package46. The optimized molecular geometries of Xe and Rn fluorides were obtained using 
DFT and two different levels of the post Hartree–Fock (HF) theory method: MP221, and the coupled-cluster 
(CC) method. In this study, the B3LYP hybrid function, which is one of the hybrid functionals provided by the 
combination of Becke’s three-parameter functional47 with the Lee, Yang, and Parr correlation functional48, was 
used for DFT calculations. In addition, MP2 was developed by Moller and Plesset21 to address HF theory in 
the case of many-electron systems. This approach was used in this study because it is known to correct minor 
deficiencies in the HF method and has been widely applied to molecular energy correlation. The CC method 
is one of the most prevalent post-HF methods and applies to sufficiently large molecules. A feature of the CC 
method is that, as opposed to other calculation methods, it can be systematically improved by including a higher 
excitation operator49.

The CCSD22–25 was used in our study, with higher excitations approximated by a product of lower excitations. 
Further, Gaussian09 was used at all levels in these calculations, with an SCF energy cutoff of 1E–6 Hartree.

Nonrelativistic calculations (NR).  Three basis sets were used for Xe and Rn. For nonrelativistic calcula-
tions, all methods (DFT, MP2, and CCSD) were used with a variety of basis sets, namely LANL2DZ50, def2-
SVP51, and CEP-31G52–54 for Xe. Furthermore, the aug-cc-pVDZ-PP55, def2-SVP51, and CEP-31G52–54 basis sets 
were defined for Rn. For comparison, using the same basis sets for both elements produced better results. How-
ever, LANL2DZ could not be used for radon because the largest atom was defined as bismuth (Bi).

Relativistic calculations (DKH).  Relativistic effects were considered within the 2nd-order Douglas–
Kroll–Hess (DKH) Hamiltonian implemented in the Gaussian09 software. Although this method does not 
involve spin–orbit coupling (SOC), the inclusion of SOC usually does not alter the molecular geometry qualita-
tively significantly56. The aug-cc-pVTZ-DK3 and cc-pVTZ-DK3 basis sets were selected for Xe and Rn, which 
is the only possible basis set both can be used for Xe and Rn. In addition, the effective core potential (ECP) 
was employed with both basis sets used to describe Rn. These extended ECP valence basis sets are denoted as 
“DK3A”. In each calculation that involved NR and DKH, the 6-31G++57 basis set with polarization and diffuse 
functions was used for fluorine in the molecules.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable 
request.
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