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ABSTRACT: Molten NaF-BeF2 salt is widely considered a
promising candidate to replace FLiBe in molten salt reactor
applications, which is crucial to reducing the operating costs of the
molten salt reactor. Studies on beryllium compounds are rarely
conducted due to their volatility and high toxicity. Herein, the Be−
F coordination structure of NaF/BeF2 mixed salts was investigated
in-depth through various HT-NMR and solid-state NMR methods,
which are optimized to be appropriate for the detection of
beryllium compounds. It was found that Na2BeF4 and NaBeF3
crystals were transformed into amorphous tetrahedral coordinated
networks when there was an increase in the BeF2 concentration in
the mixed salts. The main coordinate structure comparisons
between FNaBe and FLiBe were analyzed, which exhibit high similarity due to the covalent effect of Be−F bonding, demonstrating
the theoretical feasibility of applying FNaBe salts as a substitute for FLiBe in MSR systems. In addition, the transition from the
crystal phase to the amorphous phase occurred at a lower BeF2 concentration for FNaBe than that for FLiBe. This was further
verified by the results of ab initio molecular dynamics (AIMD) simulation that FNaBe melts had more disordered structures, thus
causing slight changes in their physical properties.
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■ INTRODUCTION
With the significant progress of the thorium molten salt reactor
(TMSR) system, widespread attention has been paid to it as a
novel nuclear energy technology to address the current energy
shortages.1−4 As a major candidate of coolant and fuel salt for
TMSR, FLiBe (2LiF-BeF2) demonstrates various advantages,
including low melting and high boiling points, high heat
capacity and thermal conductivity, high stability under
irradiation, as well as excellent neutron performance and
high radiation flux.5 However, the high cost of 7LiF is a realistic
constraint on its further commercialization on a large scale. As
for the Kairos Power fluoride salt-cooled high-temperature
reactor (KP-FHR) system, it is estimated that 1 GWe capacity
requires approximately 21−56 t of enriched 7Li.6 Besides, due
to the complex production processes and high costs, it faces
economic difficulties for use in power stations for civilian
purposes.7,8 Therefore, it is significant to promote the
development of the TMSR system by exploring the solution
to replace FLiBe.

As a type of kindred element, NaF possesses highly similar
physical properties to LiF, which makes NaF/BeF2 (FNaBe)
mixed salts a promising candidate to replace FLiBe in MSR
applications.9,10 Initially, the physical properties of FNaBe
melts were studied to explore the feasibility of applying them

as a coolant and fuel salt carrier, with a phase diagram as the
main subject of research.11 The phase diagrams of NaF-BeF2
and NaF-BeF2−UF4 were determined to confirm the
applicability of the ternary face system as a liquid medium
for transporting nuclear fuel in nuclear reactors.12 With the
development of computational chemistry and numerical
simulation methods, many computational methods have been
developed to investigate the thermal properties of molten salts,
including the soft-sphere equation of state method and first-
principles molecular dynamics (FPMD) simulations.7,13 In
addition, the thermal properties of FNaBe, such as thermal
conductivity, viscosity, density, and phase transition behavior,
were predicted by theoretical calculations.7 This provides
preliminary reference for the design of MSR systems. However,
the feasibility of applying FNaBe as a replacement for FLiBe in
the MSR systems needs further experimental investigation.
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It is known that the local structure and dynamics of molten
salt ions are closely related to their physical properties.14,15

Therefore, the properties vary with the changes in the chemical
composition of the multicomponent molten salt. Under-
standing the liquid ionic structure plays a crucial role in
unraveling the molecular mechanisms behind the physical
properties.16,17 BeF2 is considered to present strong covalent
interactions between Be and F, which is similar to SiO2. A
complicated coordinate structure and the short-range disor-
dered species will form due to the formation of amorphous
constructions, which have specific effects on the properties of
beryllium-based compounds. Regarding FLiBe melts, numer-
ous spectroscopic and theoretical studies have been conducted
to verify the Be−F bonding structure.17−21 The results show
that a series of beryllium fluoric coordinated species could be
formed, and the bonding structures would evolve over a wide
range of compositions and temperatures. Raman spectroscopy
and NMR measurements were also utilized to explore the
formation of the short-range Be−F covalent interaction and
the polymeric Be−F units at high BeF2 concentrations.9,20,22

However, for FNaBe, few similar liquid salt structural studies
have been reported. The lack of fundamental research,
especially those based on experimentations, hinders the
potential use of FNaBe in MSR applications, which is essential
for the development of effective coolant components and
efficient postprocessing methods for the disposal of nuclear
wastes in molten salt reactors.

Nuclear magnetic resonance (NMR) has been proven as an
effective and powerful method to examine the microstructure
of molten salts, which provides abundant information about
both the crystal phase and the amorphous phase.23,24 In this
study, high-temperature NMR (HT-NMR) and solid-state
NMR were optimized to prevent the leakage of the samples,20

which were applied to conduct an in-depth investigation into
the chemical bonding structure of NaF/BeF2 binary salts with
different component ratios. The chemical shifts and spectral
profiles of the 19F, 23Na, and 9Be NMR signals were
investigated. The structure of salt melts and the phase
transition process at high temperatures were also checked by
HT-NMR. The analytical results confirmed the transformation
from the crystal phase to the amorphous phase. Furthermore,
the different crystal structures of the mixed salt were
investigated by using 2D MQMAS NMR methods such as
23Na quadrupole interaction fitting. Additionally, a comparison
was further made with our previous FLiBe NMR results. The
similarity in the main Be−F coordinate structure and the phase
transition process illustrates the potential of applying NaF-
BeF2 mixed salts as the primary substitute for FLiBe in MSR

applications, although some structural differences still remain.
Ab initio molecular dynamics (AIMD) calculation was also
performed to analyze the structural differences, confirming that
Na+ ions promoted the formation of the disordered short-
range order and the polymeric units relative to Li+ ions. This
provides the necessary considerations to further check the
physical properties when the system is used in MSR systems.

■ RESULTS AND DISCUSSION

Local Structure and Structural Transition of FNaBe with
Varying Components
NaF/BeF2 mixed salts were synthesized to investigate the local
structure of FNaBe, with the BeF2 molar contents ranging from
20% to 70%. 19F solid-state NMR was performed on these salt
samples to analyze the ionic structure and spectra, as shown in
Figure 1a. Four signals were observed in the spectra of the salt
samples with a low BeF2 content (20 and 30% BeF2), which
were named F-1 (−224.5 ppm), F-2 (−210.3 ppm), F-3
(−205.7 ppm), and F-4 (−201.9 ppm). The F-1 signal had a
similar line type and showed a similar chemical shift with NaF
(shown in Figure S1). For this reason, the F-1 signal was
assigned to the F-ions of NaF crystals. F-1 signals were
detected in the spectra of the salt samples with 20% and 30%
BeF2, indicating the presence of an individual NaF crystal
phase in the mixed salts with low BeF2 contents. As for the
three overlapped signals (F-2, F-3, and F-4), the chemical shifts
were different from the 19F NMR signals of NaF or BeF2
(shown in Figure S1). Instead, these signals are quite similar to
the 19F NMR signals of crystalline Li2BeF4 reported in our
previous works.9,20,22 XRD patterns of FNaBe salts with 30%
or 40% BeF2 (shown in Figure S4) also exhibited characteristic
diffraction peaks of different Na−Be−F crystals. Thus, we
assigned these overlapped signals to the Na−Be−F crystals,
and the diacritical signals suggested the different chemical
environments of fluoride ionic coordination. With the increase
of BeF2 content, the F-1 signal disappeared from the spectra of
40% BeF2 mixed salts, indicating the absence of an individual
NaF crystal phase. In addition, there was little change
occurring in the intensity of the three signals (F-2, F-3, and
F-4), implying the transition to the crystalline Na−Be−F
coordinated structure. This structural transition is discussed in
the next section. Furthermore, two new signals emerged at
about −191.1 and −187.8 ppm, namely, F-5 and F-6.
According to our previous study on FLiBe salts, these two
signals can be assigned to the disordered Be−F amorphous
structure.20 With a continual increase in the BeF2 content
(above 60% BeF2), only two quite broad signals were observed,
which are highly similar to the disordered amorphous Be−F

Figure 1. (a) Solid-state 19F MAS NMR spectra and (b) 23Na NMR spectra of FNaBe mixed salts with different BeF2 concentrations.
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bonding networks. This indicates the completion of structural
transition from the crystal phase to the amorphous phase with
the increase of BeF2 content. The integration of 19F NMR
signals and the intensity curves are shown in Figures S2 and
S3, which illustrate the quantitative composition variation
during the phase transition. Such a transition from the crystal
phase to the amorphous phase could also be verified by X-ray
diffraction (XRD), which is shown in Figure S4. Sharp
characteristic diffraction peaks of the crystals of the FNaBe
samples could be observed, with BeF2 content below 50%,
indicating the existence of the crystal phase. When the BeF2

content was further increased above 60%, the diffraction

signals of crystals disappeared, demonstrating the transition of
the sample into a completely amorphous state.

23Na solid-state NMR was also performed to examine the
structure of the FNaBe mixed salts. Solid-echo pulse sequence
was referenced to capture the signals with significant
quadrupole interaction with the spectra shown in Figure 1b.
Similar to 19F NMR, the signals of NaF and Na−Be−F crystals
were detected in the salt samples with low BeF2 contents. With
the increase of BeF2 content, only a broad signal was captured,
indicating the formation of the amorphous phase. Based on the
above results of 19F and 23Na NMR, an overview of the
structural changes in solidified FNaBe mixed salts was gained.
With the increase of BeF2 content, the NaF crystal phase

Figure 2. 23Na MQMAS NMR of (a) 30% BeF2−NaF, (b) 40% BeF2−NaF, and (c) 50% BeF2−NaF.

Figure 3. Two-dimensional 19F−23Na HETCOR spectra of FNaBe with (a) 30% BeF2 and (b) 50% BeF2. 23Na experimental and simulated NMR
spectra of (c) 30% BeF2−NaF and (d) 50% BeF2−NaF. Structural models of (e) Na2BeF4 and (f) NaBeF3 crystals.
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disappeared gradually and the NaF-BeF2 coordinated crystal
phase developed. When the BeF2 content reached 60%, the
crystalline structure vanished entirely, resulting in a transition
into amorphous phases.
Crystal Structures of FNaBe Mixed Salts with a Low BeF2
Content

Notably, the line-shape of the crystal signals was clearly
different from the BeF2 contents, especially the 23Na signal of
the samples with low BeF2 ratios. This indicates the existence
of different crystal structures in these samples. However, due to
the intense quadrupole interaction of 23Na spins,25 the
amplification of the signals leads to the evident overlap of
the line-shape, thus hindering signal decomposition. To resolve
signal overlap while obtaining the NMR spectra with high
resolution and high sensitivity, the two-dimensional multiple-
quantum magic angle spinning (2D MQMAS) method was
used for these samples.26−28 The elimination of second-order
quadrupolar broadening significantly increased the resolution
of the NMR signals.29 With control applied on multiquantum
excitation, this technique enables the acquisition of details on
23Na NMR signals.

During the MQMAS NMR experiment, the isotropic
chemical shift of the quadrupole signals was observed. As for
30% BeF2−NaF salt, two signals were observed in the 23Na
spectrum: a narrow signal at 7.1 ppm and a broad signal
between −8 and −27 ppm. As shown in Figure 2a, the broad
23Na signals show correlation peaks with only one signal at
−12.1 ppm, indicating that this signal is broadened by the
strong quadrupole interaction. It can be assigned to the Na−
Be−F crystal phase, namely, crystal-1. For the narrow signal at
7.1 ppm, one major cross-peak was observed with the signal at
7.1 ppm in the F1 dimension. Considering the chemical shift,
this signal was assigned to the Na+ ions in the NaF crystals.
Because of the symmetric octahedral geometry of NaF crystals,
the quadrupole interaction was severely suppressed, which led
to a narrow line-shape.30 The strong T1 noise and the poor
phase of this signal in the 2D spectra were attributed to the
excessively long relaxation and the significant disparity in the
intensity between the two signals.

Concerning the 40% BeF2−NaF salt, the signal at 7.1 ppm
disappeared from the 23Na spectrum, indicating the absence of
NaF crystals. This is consistent with the result of 19F NMR.
Besides, the broad signal remained between −8 ppm and −27
ppm, while the line-shape of this signal was barely different
from the 30% BeF2−NaF salt. An MQMAS NMR experiment
was also performed, and the spectra are shown in Figure 2b.
Two cross-peaks were observed at −12.1 ppm (namely, Na-1)
and −9.1 ppm (namely, Na-2), indicating that this broad signal
is the overlap of two quadrupole signals. By extracting the 1D
spectra from the MQMAS spectra, it was found that the line-
shape of the signal at −12.1 ppm was highly similar to the
broad signal in the 30% BeF2−NaF salt samples. Thus, this
signal was assigned to the new crystal-1 phase mixed by NaF-
BeF2. As for the signal at −9.1 ppm, this is considered to be
another crystal phase that is different from crystal-1. Desirably,
this signal was also observed in the spectra of the 50% BeF2−
NaF salt sample. For the 50% BeF2−NaF salt, the 23Na signal
was reasonably narrowed, and only one cross-peak was
observed at about −9.1 ppm. The line-shape and the chemical
shift of this signal were highly similar to Na-2 in 40% BeF2−
NaF salt. Thus, this Na-2 signal was assigned to the new
crystal-2 phase mixed by NaF-BeF2.

The 2D 19F−23Na HETCOR NMR method was performed
to verify the crystal structures, and the spectra are shown in
Figure 3a,b. As shown in the spectra, both of the 23Na signals
of Na-1 (30% BeF2−NaF) and Na-2 (50% BeF2−NaF) have
cross-peaks with crystalline 19F signals at about −205 ppm,
indicating that these two signals should be different Na−Be−F
crystal structures. According to the results of prior studies,11,31

the NaF-BeF2 mixed salt was predicted to generate two
different types of crystals: namely, Na2BeF4 crystals and
NaBeF3 crystals. The two 23Na signals revealed by the above
NMR results were ascribed to the transition of the crystal
structure between these two crystal phases. Quadrupole
coupling constants are typically used to infer the deviation
from spherical symmetry in the electric fields around atomic
nuclei, while asymmetric parameters are commonly used to
describe the local symmetry of Na nuclei.32,33 To verify the
signal assignment and crystal structure, the quadrupole
interactions between these signals were analyzed in detail.
DMfit was used to fit the quadrupole signal simulation of the
23Na NMR signals.34 According to the simulation results, the
Na-1 signal exhibited CQ = 2040.16 kHz and η = 0, and the
Na-2 signal displayed CQ = 1439.88 kHz and η = 0. The
structural models are illustrated in Figure 3e,f. Each Na+ ion
was coordinated with six F− ions in Na2BeF4 crystals,35 while
some of the Na+ ions were coordinated with seven F− ions in
NaBeF3 crystals, with the coordinated structural distortion
occurring. As the number of coordinated F− ions increases in
NaBeF3 crystals, there was an increase in the bond distance
between F atoms and Na atoms, thus exacerbating the
distortion in the specific direction of the coordination electron
distribution around Na+ ions. Consequently, the anisotropy of
the gradient tensor in the electric field surrounding Na was
reduced, thus reducing CQ.

32 According to the above results, it
was verified that Na2BeF4 crystals existed in 30% BeF2−NaF
mixed salts and NaBeF3 crystals existed in 50% BeF2−NaF
mixed salts.

From the above, it is evident that crystalline structural
transition occurred in the solidified mixtures with varying
proportions. Specifically, the predominant crystal structure
consisted of Na2BeF4 and NaF in 30% BeF2−NaF mixed salts.
As the BeF2 content increased to 40%, two distinct Na signals
were captured, each of which was ascribed to the crystal
structure of Na2BeF4 and NaBeF3, respectively. In the system
with 50% BeF2, the primary crystalline structure is NaBeF3
crystals. According to the literature,20 the strong covalent
interactions of Be2+ ions can facilitate the coordination
between Be2+ ions and F− ions to form BeF4

2− tetrahedral
coordinated ions, which has a standard crystal configuration.
With the increase of BeF2, the lack of F− ions led to the
formation of more corner-shared F− ions to keep the
tetrahedral coordination. Thus, the NaBeF3 crystal lattice
formed when increasing the BeF2 content, which has more
corner-shared F− ions and exhibits some disordered property.
Such a transition of crystalline structures was also confirmed by
XRD, which is shown in Figure S4. However, this transition of
crystal structure was not observed in FLiBe mixed salts during
our previous work, in which the LiBeF3 crystal phase was not
observed and only the presence of Li2BeF4 crystals was
observed. This suggests that the alkali metal ions have a
significant effect on the ionic structure of their mixed salts with
BeF2.
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Amorphous Structure and the Disordered Polymeric
Networks of FNaBe Mixed Salts with High BeF2 Content
In 19F and 23Na NMR signals, it was found that the mixed salts
with a high BeF2 content were in a state of being completely
amorphous. Compared to 19F and 23Na spins, 9Be atoms had a
relatively smaller radius, thus leading to the narrower chemical
shift distribution.32,36 Therefore, it was suitable for inves-
tigation into the crystalline−amorphous phase transition in the
mixed salts. Figure 4 shows the solid-state 9Be MAS NMR

spectra of FNaBe mixed salts with different BeF2 concen-
trations. There are two signals observed in the spectra, namely,
Be-1 and Be-2. The signal variation is quite similar to the
FLiBe results in our previous work, indicating the analogous
phase transition from the crystal phase into the amorphous
phase.37 According to the above results of 19F and 23Na NMR
as well as our previous study on FLiBe, the Be-1 signal can be
ascribed to the Be2+ ions of the ordered crystal phases and the
Be-2 signal can be ascribed to the Be2+ ions of the disordered
amorphous phases. The distinguishable chemical shifts of Be-1
and Be-2 can be attributed to the abundant corner-sharing
tetrahedrally coordinated Be2+ cations.

Apparently, the Be-2 signal is the main component when the
BeF2 content increases to about 50%, which indicates the
formation of the amorphous Be−F networks in the mixed salts.
This is clearly different from the results of FLiBe (shown in
Figure S5). For FLiBe mixed salts, the Be-2 signal was detected
at the BeF2 content of 40% and was gradually enhanced. When
the BeF2 content increased to 60%, the Be-2 signal was the
main component, suggesting that it is easier to create the
disordered Be−F networks in FNaBe mixed salts.38 That is,
Na+ ions are more conducive to the formation of Be−F
networks.16,39 It is implied that the polymeric ions or the
network structures in high-temperature FNaBe molten salts are
different from FLiBe melts, which causes some difference in
their physical properties such as viscosity and heat capacity.40

The high-temperature 19F NMR method was performed on
FNaBe to investigate the structure of the salt melts. Figure 5
shows the variable-temperature 19F HT-NMR spectra of the
FNaBe salt with 50% BeF2. Because the HT-NMR spectra
were obtained by static 19F NMR, the resolution of the signals
was reduced. Two quite broad signals could be observed at 298

and 373 K, which are still in the solid state. The signal
broadening was due to the slow dynamics and the strong
dipolar interactions at low temperatures. When the temper-
ature increases to 523 K, a narrow signal at the center of the
spectrum appears at −202.1 ppm, and the intensity of this
narrow signal enhances gradually, indicating the fast dynamics
of these fluorine atoms. According to the phase diagram
(shown in Figure S7),31 the melting point of the 50% FNaBe
salt is 649 K. Thus, the fast dynamics of these 19F atoms below
the melting point (523 to 623 K) should be due to the
enhanced random motion of the amorphous phase. When the
temperature increases to quite a high temperature (above 648
K), the intensity of the broad signals decreases and finally a
completely narrow signal appears, indicating the melting of the
mixed salts. Accompanied by the disappearance of the broad
signal, the narrow signal shifts to a low field, which is due to
the fast exchange between different species. Such experiments
were also performed on FNaBe salts with 40% BeF2 (Figure
S6), and a similar variation in the 19F signals could be
observed. The HT-NMR results could not provide quantitative
structural information. Thus, theoretical simulation would be
an efficient method to investigate the structural difference
between FNaBe and FLiBe melts.

AIMD simulation was performed to explore the structural
differences between FNaBe and FLiBe melts. Figure 6 shows
the calculated RDF of FNaBe and FLiBe mixed melts at 900 K
with a BeF2 content of 50%. The radial distribution functions
(RDFs) of both molten salts indicate both high and narrow
peaks (shown in Figure S8), implying high structural stability
in both cases. The position of the first peak in the radial
distribution function g(r) carries information about the bond
length between a central atom and its nearest neighbors.7

According to the computational results of two different molten
salts, the position of the first peak for the F−−F− ions remained
unchanged, without any fluctuation being observed. It is
indicated that the average bond length between F− and F− ions
is identical to that of both FNaBe and FLiBe melts, suggesting
the similarity in the main coordinate structure between FNaBe
and FLiBe. However, slight differences can still be observed,
which will also have some effect on the disordered structure
formation. The first peak position for cation−cation Na+−Na+,
Li+−Li+, and Be2+−Be2+ interactions was notably larger than
for F−−F− interactions, as shown in Figure 6 and S8. This

Figure 4. Solid-state 9Be MAS NMR spectra of mixed FNaBe salts
with different BeF2 concentrations.

Figure 5. 19F high-temperature NMR spectra of NaF-BeF2 molten
salts with 50% concentration of BeF2.
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implies a stronger repulsion between cations. The peak
intensity indicates the bond strength between ions.41,42 The
average bond length between Na+−Na+ ions exceeded that of
Li+−Li+ ions, with the intensity of the first peak in the RDF
being reduced for Na+−Na+. These results suggest a higher
level of disorder in the motion of Na+ ions within the FNaBe
melt. The weakened interactions should be more beneficial to
the formation of the Be−F coordination. Consequently,
FNaBe tends to develop irregular networks compared to
FLiBe. Figure S8 shows the RDF plots for the Na+−F− and
Li+−F− interactions, highlighting the distinction in the position
and intensity of their respective first peaks. Thus, the tendency
of FNaBe to form disordered polymeric structures was further
verified.

As shown in Figure 6, the interionic distance between the
Be2+ and F− ions does not vary significantly. Due to the
covalent nature of the Be−F bond, it is difficult to change the
bond length.43,44 In both molten salts, there is barely any
change occurring in the bond length for Be2+−F− and F−−F−

ions, which are located at 1.55 and 2.59 Å, respectively. It is
indicated that the main structure of FNaBe and FLiBe melts is
identical, which comprises 4-fold tetrahedron coordination
structures of the polymeric Be−F chains/networks in both
mixed salts.7,45 This further underscores the strong covalent
interaction of the Be−F bond, which is robust to the change in
the alkali metal ions. Notably, the higher first peak intensity of
Be2+−F− in FNaBe indicates the higher strength of the Be−F
bond compared to FLiBe. This is suspected to be associated
with the tendency of FNaBe to form a network structure more
easily.

■ CONCLUSIONS
In summary, the local structure of NaF/BeF2 mixed salts and
their structural comparisons with LiF/BeF2 were explored in
detail through various NMR methods and AIMD simulation.
Both mixed salts exhibit obvious similarity in the main
coordinate structure and the phase transition process.
Disordered polymeric Be−F chains/networks are formed by
4-fold tetrahedron coordination in FNaBe and FLiBe mixed
salts with high BeF2 contents. This illustrates the potential of
applying NaF-BeF2 mixed salts as the primary substitute for
FLiBe in MSR applications. However, alkali metal counterions
still have some effect on their local structures. According to the
results of 19F, 23Na, and 9Be 1D and 2D NMR experiments,
two different crystal structures could be developed in NaF/
BeF2 mixed salts, namely, Na2BeF4 and NaBeF3 crystals.
Dynamics of the crystalline and amorphous phases during the

phase transition process are also distinguished by in situ HT-
NMR. In comparison with FLiBe, the formation of the
amorphous phase in FNaBe showed a lower BeF2 concen-
tration than that of FLiBe. AIMD simulation was performed
for both FNaBe and FLiBe, which shows that FNaBe melts
possess a more disordered structure. Such differences might
lead to the variation in their physical properties such as
viscosity, heat capacity, or dissolution capacity of nuclear fuel
when using NaF−BeF2 mixed salts as the coolant and fuel salt,
providing a feasible direction to optimizing the properties by
adjusting the composition of the mixed salts.

■ METHODS

Sample Preparation

NaF with a purity of 99.99% was purchased from Sigma-
Aldrich. BeF2 was supplied by the Shanghai Institute of
Applied Physics. The purification procedure can be found in a
previous work.46 FNaBe salts were synthesized by the
following process. 10 g of the salt was weighed according to
the prescribed proportions and mixed in a nickel crucible with
a screw cap, which was sealed. Subsequently, the mixture was
heated at the rate of 5 °C/min to reach a temperature of 750
°C, where it was held for a duration of 3 h in an electrothermal
furnace. Following this, the mixture was cooled to room
temperature at the rate of 5 °C/min within the furnace. All of
these procedures were conducted within an argon atmosphere
glovebox to maintain an inert environment.
X-ray Diffraction

X-ray diffraction measurements were performed on a Bruker
D8 ADVANCE using Cu−Kα (1.5406 Å) radiation (35 kV, 25
mA). All samples were mounted on the same sample holder
and scanned from 2θ = 10° to 90° at a speed of 4°/min. The
experiments were performed at room temperature.
AIMD Simulations

AIMD simulations were performed using the MD software
CP2K. A matrix diagonalization procedure was used for the
wave-function optimization, and the self-consistent field (SCF)
convergence was facilitated by Fermi smearing with the
electronic temperature of 900 K. Periodic boundary conditions
were set in all three directions. The temperature was kept at
298 K by using NVT system synthesis. The MD time step was
set to 0.5 fs with a total time of 15 fs. Only the γ point was
used in all calculations. Radial distribution functions and mean
square displacement were analyzed by the VMD package.

Figure 6. Comparison of the partial radial distribution function of molten FNaBe and FLiBe with 50% BeF2 content obtained in AIMD simulations
at 900 K.
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NMR Experiments

All of the 19F, 23Na, and 9Be NMR experiments were
performed on a Bruker AVANCE NEO 400 WB spectrometer
operating at 376.61, 105.87, and 56.24 MHz for 19F, 23Na, and
9Be, respectively. A homemade sample container was used to
ensure air tightness for all high-temperature NMR experiments
performed on a 7.0 mm double-resonance laser-heating HT
probe. The experiment temperature was calculated by using
the KBr external standard method. The recycle delay was set to
10 s for all of the 19F HT-NMR experiments. For the solid-
state NMR experiments at room temperature, a 3.2 mm
double-resonance magic angle spinning (MAS) probe was
used. For single pulse excitation (SP) NMR experiments, the
recycle delay was set to 60 and 30 s for 19F and 9Be,
respectively. For the solid-echo pulse sequence, the recycle
delay was set to 5 s for 23Na. The spinning rate was set to 20
kHz for 19F and 9Be and to 15 kHz for 23Na. 23Na MQMAS
NMR spectra were acquired at a spinning rate of 10 kHz. For
19F−23Na HETCOR NMR experiments, the cross-polarization
time was set to 1000 us.10 The MAS rate was set to 10 kHz. To
suppress spin diffusion, FSLG decoupling was applied during
t1 (the 19F dimension) and the 19F RF field was set to 100
kHz. Chemical shifts for 19F, 23Na, and 9Be were calibrated
using C2H4O2F3N (δ = −74.5 ppm), a 1 mol/L NaCl aqueous
solution (δ = 0 ppm), and solid BeF2 (δ = 0 ppm),
respectively.
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