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Abstract: The work presents the latest scientific research on the far infrared spectrum of the natural
mineral villiaumite (chemical formula NaF). The three samples of villiaumite examined came from the
Khibiny Mountains in the Kola Peninsula (Russia) and from Mon Saint Hilaire in Quebec (Canada).
The tested villiaumite samples began to change color very slowly after being heated above 300 ◦C in
a muffle furnace. Subsequent color changes required heating at increasingly higher temperatures for
approximately 48–72 h. Samples of the reddish mineral villiaumite turned orange, pink and finally
colorless (at approximately at 430 ◦C). Because the color of villiaumite changes under the influence
of temperature, far infrared spectra were measured for the samples at room temperature and for
the sample heated to 100, 200, 300, 400 and 500 ◦C. Additionally, using density functional theory
(DFT/B3LYP/6-31+g*), the spectrum of NaF (125-atom model of crystal structure) was simulated for
the first time and compared with the experimental spectrum of pure sodium fluoride (a chemical
reagent) and the mineral villiaumite.

Keywords: villiaumite mineral; sodium fluoride (NaF); far infrared spectroscopy; density functional
theory (DFT) calculation; color changes upon temperature

1. Introduction

Villiaumite (NaF) is a rare mineral. The most well-known places where it occurs
are as follows: Guinea—Los Islands, where it was first discovered by Maxime Villiaume;
Russia—Khibiny and Lovozero massive, Kola Peninsula; Canada—Mon Saint Hilaire in
Quebec; Kenya—Magadi Lake; Namibia—Aris; Greenland—Kvanefjeld; Brazil—Minas
Gerais; and USA—Point of Rocks, New Mexico, and Porphyry Mountain, Colorado [1].
The thermally unstable color of villiaumite, which includes various shades of red and
pink, is not caused by impurities [2] but comes from metal Na nanoparticles (2.5–3 nm in
diameter) [3]. Despite its impressive appearance, it is practically not used in the jewelry
industry due to its high solubility in water [4] and its toxicity [5].

Although villiaumite is quite a rare mineral, fluorine in general is an element that
is quite common on Earth. It is ranked as the 13th most common element in the Earth’s
crust [6]. The occurrence of fluoride in the human environment is increasing because it is
widely used in medicine, dentistry and industry. The importance of fluorine compounds
for the economy is very great, as is confirmed by the fact that fluorite (CaF2, also called
fluorspar) is on the EU list of critical raw materials [7].

Sodium fluoride is directly used to produce advanced materials. One of them is
ZBLAN glass, whose name comes from the first letters of the element symbols of its
chemical formula: ZrF4-BaF2-LaF3-AlF3-NaF [8]. Typically, its composition is 53% ZrF4,
20% BaF2, 4% LaF3, 3% AlF3 and 20% NaF, but under the name ZBLAN, it covers the entire
spectrum of fluoride glass. ZBLAN glass has a wide range of light transmittance of various
wavelengths (300 nm (UV) to 7 µm (infrared)) and a low refractive index of ~1.5 for the
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sodium D line. ZBLAN glass is used, among others, for the production of optical fiber
and high-power beam-pumping diodes, as well as in beam-splicing techniques and heat
dissipation technologies [9]. Sodium fluoride is also a key component of various other
types of glass [10,11]. Another important fluoride glass is photothermofraction glass (PTR),
which is a photosensitive, multi-component silicate glass [12]. PTR glass is well known as
a holographic medium for producing holographic Bragg gratings and diffractive optical
elements [13,14]. NaF is also used in photovoltaics (solar cells) [15–17].

The literature shows that polymer materials modified by the addition of NaF (and
other metal salts) are useful in the production and development of advanced high-energy
electrochemical devices such as rechargeable batteries, fuel cells, electrochromic displays,
sensors and solar cells [18]. The incorporation of NaF into a polymer structure increases its
conductivity (by several orders of magnitude) and changes its optical properties [19,20].

Fluorine plays an important role in geochemical and biogeochemical systems on Earth,
and its natural occurrence affects the environment and human health [21,22]. Currently,
two different opinions can be found in the literature on the impact of fluoride on the
human body. Some claim that fluoride is an essential component of the human body and
moderate consumption has a beneficial effect on human health [23–25]. Fluoride is an
effective agent in the prevention of dental caries [26] and positively affects the height and
weight of children [27]. On the other hand, there are many articles warning against fluoride,
as overexposure can lead to fluorosis and have a neurotoxic effect that reduces intelligence
in children [28,29]. Due to the increasing presence of fluoride in the human environment,
all these studies are necessary and lead to a better understanding of the impact of fluorine
on the human body.

Interest in the experimental and theoretical vibrational spectra of halides, including
sodium fluoride is nothing new. The Raman spectrum of NaF sample has been measured
at two wavelengths at 532 and at 785 nm [30]. Muntianu et al. presented a high-resolution
infrared emission spectrum (rotation–vibration spectrum) of the NaF gas phase [31]. Ismail
et al. obtained the IR absorption spectra of sodium fluoride isolated in a matrix of solid
argon [32]. However, to our knowledge, the far infrared vibrational spectrum of the natural
mineral villiaumite has not yet been presented in the literature.

The aim of this work was to use far infrared spectroscopy to fill the gap in the charac-
terization of villiaumite in an innovative way. Due to the change in the color of the mineral
from red to colorless when heated [2,3,33], the far infrared spectra were also measured
for samples in the temperature range of 20–500 ◦C. Additionally, the IR spectrum was
calculated for the sodium fluoride structure model (125 atoms) using density functional
theory (DFT). The theoretical results were compared with experimental data. The theoreti-
cal spectroscopic parameters of the NaF ground state have previously been calculated by
Garcia-Cuesta et al. using the interaction of a multireference configuration and second-
order perturbation theory [34]. However, to our knowledge, the current work is the first to
attempt to calculate the infrared spectrum of a crystal lattice model of NaF salt as we did in
this work.

2. Materials and Methods
2.1. Samples

Photographs of the examined minerals are presented in Figure 1A. Two samples (1–2)
of villiaumite originated from the Khibiny Mountains in the Kola Peninsula (Russia) the
third sample (3) is from Mon Saint Hilaire in Quebec (Canada). As is seen in Figure 1,
two of the villiaumite specimens coexist with white natrolite (Na2Al2Si3O10·2H2O). The
crystals of villiaumite are red in color, with varying saturation: carmine, scarlet red or
slightly pinkish. Figure 1B shows that the mineral samples examined in this work differ in
color. In addition to the natural mineral samples, the research also used sodium fluoride
(NaF—analytical grade, 99%) as a chemical reagent. Anhydrous salt of NaF was purchased
from Warchem, Poland.
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Figure 1. Photographs of the three tested samples of villiaumite (1 and 2—mineral specimens from
the Kola Peninsula (Russia); 3—specimen from Quebec (Canada)). (A) Photographs with scale.
(B) Photographs of broken mineral samples.

2.2. Far Infrared Spectroscopy

The measurements of the far infrared absorption spectra were taken on a Bruker
VERTEX 70v FT-IR spectrometer. The spectra of each of the three samples of villiaumite
(Figure 1) were recorded in room conditions in a spectral range of 600–50 cm−1. This
wavenumber range is the domain of far infrared spectroscopy. The spectra were measured
in triplicate (the spectrum of each sample was measured three times) with 32 scans at a
resolution of 2 cm−1. All samples were suspended in Apiezon grease and placed on a
polyethylene window. Due to the change in color of villiaumite upon heating, measure-
ments were also taken of the far infrared spectra of samples of these minerals heated to
given temperatures. These samples were measured in the temperature range of 20–500 ◦C
(at 20, 100, 200, 300, 400 and 500 ◦C).

2.3. XRD Measurements

The XRD pattern of powdered villiaumite was obtained at room temperature using an
XPert Pro MPD X-ray diffractometer by PANalytical with CuKα radiation (λ = 1.54060 Å)
in the range of 5–90 ◦2θ with a step size of 0.02 ◦2θ, at a voltage of 45 kV and a current of
30 mA. The qualitative analyses were performed using X’Pert High Score Plus software [35].
The structural parameters (including lattice parameters) were determined from the Rietveld
refinements using Maud software [36].

2.4. DFT Calculations

In this work, calculations were performed at the DFT level, with the B3LYP func-
tional [37,38] and 6-31+g* basis set [39], with the Gaussian’16 program [40]. The sodium
fluoride crystal model that was adopted as the input structure for the calculations was a sys-
tem of 125 atoms. The geometry of the model was taken from crystallographic data [41,42].
The assumed structure was fully optimized with a 90◦ restriction for all angles. No imag-
inary frequencies were determined. In our previous study on LiCl, NaCl, KCl, LiBr and
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LiF, calculations using a 125-atom model for very similar chemical compounds to those
mentioned, gave reliable results [43,44]. The theoretical IR spectrum of the structure of
sodium fluoride was derived by representing each band as a Lorentzian-shaped curve.
Half-bandwidths of 60 cm−1 were used to take temperature broadening into account.

3. Results
3.1. Far Infrared Spectrum of Villiaumite

The experimental far infrared spectra (measured at room temperature) of three dif-
ferent villiaumite samples are presented in Figure 2A. Additionally, Figure 2A shows the
spectrum of the pure chemical reagent NaF, which is a white powder (green line). Due to
the disappearance of the red color of villiaumite upon heating (see Figure 3), far infrared
spectra were also measured for villiaumite samples heated to temperatures of 100, 200, 300,
400 and 500 ◦C (Figure 2B).
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Figure 2. The experimental far infrared spectra of NaF in the range of 600–50 cm−1. (A) Measure-
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Figure 2. The experimental far infrared spectra of NaF in the range of 600–50 cm−1. (A) Mea-
surements at 20 ◦C: 1—villiaumite, sample 1; 2—villiaumite, sample 2; 3—villiaumite, sample 3;
4—chemical reagent NaF. (B) Measurements for villiaumite (sample 1): 1—20 ◦C; 2—100 ◦C;
3—200 ◦C; 4—300 ◦C; 5—400 ◦C; 6—500 ◦C.
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Figure 3. Color change of villiaumite crystal after heating (a piece of sample 1 from Figure 1).

Our observations of color changes (Figure 3) of all villiaumite samples with increasing
temperature are not fully consistent with the data in the literature. The “mindat.org”
database [45] and Manutchehr-Danai [33] inform that villiaumite becomes colorless when
heated to 300 ◦C. Sørensen [2] wrote that the gorgeous red color of villiaumite fades away
upon heating it to 300 ◦C. By heating all the tested villiaumite samples, we observed that the
color change actually starts at 300 ◦C, but the change is small. Minerals heated for two days
at 300 ◦C become more orange (Figure 3). When heated for an additional two days at
400 ◦C, the tested samples still had a slightly pink color. Only after three days at 430 ◦C or
several hours of heating at 450 ◦C did all crystals become colorless. Perhaps Calas et al. [3]
had a similar experience, because they wrote in their article: “The tested samples have an
intense red color that disappears within a few minutes at 500 ◦C and after 2 h at 400 ◦C”.

Even though the crystals became colorless, no changes in the far infrared spectra were
observed, except for a small broadening of the band. This can be seen in Figure 2B, which
shows the spectra of villiaumite (sample 1) at 20, 100, 200, 300, 400 and 500 ◦C. As can
be seen in Figure 2B, all spectra sets are dominated by a broad band with the absorption
maximum at 260 cm−1. Lower intensity bands are also found at the higher wavenumbers
in the spectra. Comparing the presented far infrared spectrum of NaF with the spectrum of
LiF [44], one can see a shift towards lower frequencies of about 93 cm−1 for the most intense
band (for LiF, the most intense band is observed at 353 cm−1). This result is consistent with
theory, which indicates that the greater the mass of the metal, the more the metal–halogen
vibrations shift to lower frequencies [46]. We observed the same relationship for a series of
chlorides. The most intense bands for LiCl, NaCl and KCl, were observed at 200, 175 and
145 cm−1, respectively [43,44].

3.2. XRD Measurements

The villiaumite was identified by comparing the experimental XRD patterns of the
powder with data contained in the Inorganic Crystal Structure Database (ICSD). Figure 4
presents the XRD pattern of the tested sample 1 (Figure 1) over an angular range of 5 to
90◦ 2θ. All the diffraction lines were found to belong to villiaumite (reference code of card:
04-007-4473) with a cubic crystal system and Fm3m space-group symmetry [41]. For clarity,
in Figure 2, the ICSD standard of NaF has been superimposed as a green line. Additionally,
the diffraction data for our experimental measurement and literature data (reference code
of card: 04-007-4473) are listed in Table 1. The X-ray diffraction pattern shows that other
phases do not exist in the investigated sample of villiaumite.
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Table 1. List of selected X-ray diffraction data for NaF, the ICSD standard [41] (green) and our
experimental measurement (black).
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Minerals 2023, 13, x FOR PEER REVIEW 6 of 11 
 

 

tionally, the diffraction data for our experimental measurement and literature data (refer-
ence code of card: 04-007-4473) are listed in Table 1. The X-ray diffraction pattern shows 
that other phases do not exist in the investigated sample of villiaumite.  

 
Figure 4. XRD pattern of the villiaumite (sample 1, Figure 1) (black) and the ICSD standard of NaF 
(green). 

Table 1. List of selected X-ray diffraction data for NaF, the ICSD standard [41] (green) and our ex-
perimental measurement (black). 

hkl dhkl [Å] Position [°2Ѳ] Relative Intensity [%] 
{111} 2.67660, 2.67454 33.451, 33.48 2.4, 0.23 
{200} 2.31800, 2.31562 38.818, 38.86 100.0, 100.00 
{220} 1.63910, 1.63807 56.062, 56.10 48.7, 9.47 
{311} 1.39780, 1.39709 66.882, 66.92 1.4, 0.27 
{222} 1.33830, 1.33768 70.281, 70.32 11.9, 1.28 
{400} 1.15900, 1.15826 83.307, 83.37 4.2, 2.68 

3.3. DFT Calculations 
3.3.1. Geometry 

The infrared frequency calculations were preceded by the optimization of the geom-
etry of the model structure of the sodium fluoride crystal. Figure 5A shows the NaF unit 
cell, which contains 27 atoms (3 × 3 × 3). Our model of a crystal lattice of NaF salt was built 
by adding one more layer of atoms to each of the walls of a unit cell. In order to preserve 
the symmetry of the unit cell and, at the same time, make each of the 27 atoms of this unit 
cell have 6-fold coordination, a model containing 125 atoms (5 × 5 × 5) (Figure 5B) had to 
be used for DFT calculations. In such a model, none of the atoms of the unit cell (Figure 
5A) are located at the edge of the crystal. Geometric parameters (interatomic distances and 
angles) for the 125-atom crystal model of sodium fluoride were taken from crystallo-
graphic studies [41,42]. According to our previous work, we rigidly assumed in the calcu-
lations that all angles were 90°. Freezing the angles in the structure makes the obtained 
computational parameters more consistent with the experimental results [41,42,47–54]. 
During the optimization of geometry, there was no change in the symmetry of the as-
sumed model of the NaF crystal, and the final structure also had Oh symmetry.  

] Relative Intensity [%]

{111} 2.67660, 2.67454 33.451, 33.48 2.4, 0.23

{200} 2.31800, 2.31562 38.818, 38.86 100.0, 100.00

{220} 1.63910, 1.63807 56.062, 56.10 48.7, 9.47

{311} 1.39780, 1.39709 66.882, 66.92 1.4, 0.27

{222} 1.33830, 1.33768 70.281, 70.32 11.9, 1.28

{400} 1.15900, 1.15826 83.307, 83.37 4.2, 2.68

3.3. DFT Calculations
3.3.1. Geometry

The infrared frequency calculations were preceded by the optimization of the geometry
of the model structure of the sodium fluoride crystal. Figure 5A shows the NaF unit cell,
which contains 27 atoms (3 × 3 × 3). Our model of a crystal lattice of NaF salt was built by
adding one more layer of atoms to each of the walls of a unit cell. In order to preserve the
symmetry of the unit cell and, at the same time, make each of the 27 atoms of this unit cell
have 6-fold coordination, a model containing 125 atoms (5 × 5 × 5) (Figure 5B) had to be used
for DFT calculations. In such a model, none of the atoms of the unit cell (Figure 5A) are located
at the edge of the crystal. Geometric parameters (interatomic distances and angles) for the
125-atom crystal model of sodium fluoride were taken from crystallographic studies [41,42].
According to our previous work, we rigidly assumed in the calculations that all angles were
90◦. Freezing the angles in the structure makes the obtained computational parameters more
consistent with the experimental results [41,42,47–54]. During the optimization of geometry,
there was no change in the symmetry of the assumed model of the NaF crystal, and the final
structure also had Oh symmetry.

Table 2 lists the experimental and calculated geometrical parameters for the NaF unit
cells. The theoretical values derived for the lattice parameter and the cubic structure are
equal to a = 4.600 Å and α = 90.0◦, respectively. These results correspond well with the
experimental data presented in the literature [41,42,47–54]. This means that the assumed
model of the NaF crystal well reflects the actual structure of this salt. The angle value
is unchanged for all experimental measurements and is 90.0◦. As listed in Table 2, the
interatomic distance varies in the range of 3.614–3.78 Å. Thus, the obtained calculated value
is slightly lower than the experimentally measured values for NaF compound.
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Table 2. List of experimental and calculated (DFT/B3LYP/6-31+g*) lattice parameters for NaF at
room temperature and atmospheric pressure (# temperature 302.6 K, ## temperature 300 K).

Chemical Formula Crystal Systems Symmetry Space Group
Unit Cell Parameters

References
a = b = c [Å] α = β = γ [◦]

NaF isometric Fm3m

4.619 90.0 [47]

4.63 90.0 [48]

4.78 90.0 [49]

4.619 90.0 [50]

4.650 90.0 [51]

4.634 # 90.0 [42]

4.636 90.0 [41]

4.614 90.0 [52]

4.632 90.0 [53]

4.637 ## 90.0 [54]

4.600 90.0 Calc. This study

3.3.2. Calculated Infrared Frequency of NaF

The IR frequencies for the adopted NaF crystal model were calculated at the same
level of theory (DFT/B3LYP/6-31+g*). The frequency and intensity of active T1u IR
vibrations are listed in Table 3. The symbol T1u means that these are normal vibrations
that are three times degenerate (T), symmetrical about an axis other than the axis of the
greatest multiplicity (1) and antisymmetric about the center of symmetry (u). It should
be emphasized that in the Oh point group, only vibrations with T1u symmetry are active
in the infrared. As listed in Table 3, the infrared absorption of NaF appears in a small
wavenumber range of 74.41–411.69 cm−1. The absorption band intensities are relatively
small or even negligible, except for two of them positioned at 255.05 and 411.69 cm−1.
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Table 3. Calculated IR frequency and intensity of T1u vibrational modes for the 125-atom model of
NaF (DFT/B3LYP/6-31+g*, values not scaled).

NaF

No. Frequency
[cm−1]

IR Int.
[KM/Mole] No. Frequency

[cm−1]
IR Int.
[KM/Mole] No. Frequency

[cm−1]
IR Int.
[KM/Mole]

1 74.41 1.46 11 164.29 8.94 21 281.40 1.82

2 98.26 0.15 12 176.11 11.12 22 288.03 161.60

3 108.66 3.06 13 189.65 163.80 23 305.20 45.35

4 112.14 0.81 14 201.23 25.65 24 336.38 43.67

5 129.18 1.25 15 224.19 28.24 25 342.50 115.57

6 133.70 0.35 16 239.08 17.35 26 355.00 3.00

7 138.69 16.43 17 241.22 112.41 27 358.84 6.98

8 146.93 9.65 18 255.05 1129.17 28 377.27 325.42

9 151.75 8.72 19 262.01 258.56 29 411.69 1242.61

10 155.70 0.44 20 272.90 291.27

3.3.3. Comparison of Calculated and Experimental Spectra of NaF

Figure 6 shows the calculated infrared spectra for the 125-atom NaF salt model, the
experimental spectra of villiaumite, and the NaF chemical reagent in the spectral range
600–50 cm−1 is shown in Figure 6.
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NaF) in the spectral far infrared domain range of 600–50 cm−1.

Figure 6 shows computational spectra with two different half widths of 1 and 60 cm−1.
The experimental spectrum shows that the absorption bands of sodium fluoride are very
wide. Therefore, the computational spectrum in which FWHM (full width at half maximum)
equals 60 cm−1 reflects the experimental spectrum much better. Figure 6 clearly shows that
the calculated infrared absorption range for sodium fluoride is within the experimental
range. As can be seen in Figure 6, the most intense band in the experimental spectrum
(260 cm−1) is also the most intense in the computational spectrum (255.05 cm−1). Never-
theless, the second strong computational band with a maximum at 411.69 cm−1 is not as
intense in the experimental spectrum (385 cm−1). The differences seen in the vibrational
spectra may result from discrepancies between experimental and calculated structural
parameters, as well as from the limitation of DFT approximation.
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4. Conclusions

In this work, three samples of villiaumite (from the Khibiny Mountains in the Kola
Peninsula (Russia) and from Mon Saint Hilaire in Quebec (Canada)) were investigated
using far infrared spectroscopy and DFT calculation.

• The far infrared spectra of the natural mineral villiaumite (NaF) were measured. The
maximum infrared absorption of villiaumite was observed at about 260 cm−1.

• The tested villiaumite samples began to change color very slowly after being heated
above 300 ◦C. When heated, the samples of the reddish mineral villiaumite turn
orange, pink and finally colorless at appropriate temperatures. The tested samples
remained colorless after 3 days of heating at 430 ◦C. This observation is not consistent
with previously reported data in the literature and probably requires confirmation by
other researchers.

• Because the color of villiaumite changes from red to colorless under the influence of
temperature, far infrared spectra were measured for samples at room temperature
(red) and at 100, 200, 300, 400 and 500 ◦C (colorless). It was observed that the spectra
of sodium fluoride are independent of its color. Red villiaumite and orange, pink and
colorless villiaumite (after heating the red sample) and white chemical reagent (NaF)
have almost identical far infrared spectra.

• The calculation (DFT/B3LYP/6-31+g*) for the 125-atom model of the crystal structure
of NaF provided results that very good reflect the geometric parameters of the NaF
unit cell and the range of absorption of the sample in infrared light.
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