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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 w ith the experimental spectrum of pure sodium fluoride (a chemical 
reagent) and the mineral villiaumite.

Citation: Chruszcz-Lipska, K.; 
Szostak, E.; Zborowski, K.K. 
Innovative Structural 
Characterization of Natural 
Villiaumite Crystal. Minerals 2023, 23, 
1531. https://doi.org/10.3390/ 
min13121531

Academic Editors: Gligor Jovanovski 
and Petre Makreski

Received: 28 September 2023 
Revised: 30 November 2023 
Accepted: 5 December 2023 
Published: 9 December 2023

Copyright: © 2023 by the authors. 
Licensee MDPI, Basel, Switzerland. 
This article is an open access article 
distributed under the terms and 
conditions of the Creative Commons 
Attribution (CC BY) license (https:// 
creativecommons.org/licenses/by/
4.0/).

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 pm (infrared)) and a low refractive index of ~1.5 for the
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so d iu m  D  lin e . Z B L A N  g lass  is u se d , a m o n g  o th ers, fo r th e  p ro d u ctio n  o f o p tica l fiber 
an d  h ig h -p o w e r b ea m -p u m p in g  d io d es, as w ell as in  b e a m -sp lic in g  te ch n iq u es an d  h e a t 
d iss ip a tio n  te ch n o lo g ie s  [9 ] . S o d iu m  flu o rid e  is a lso  a k e y  co m p o n e n t o f v a r io u s  o th er 
types of g lass [10,11] . A n other im p ortant fluorid e glass is p hototherm ofraction  glass (PTR), 
w h ich  is a p h o to sen sitiv e , m u lti-co m p o n en t silicate  g lass [12]. P T R  g lass is w ell k n ow n  as 
a  h o lo g ra p h ic  m e d iu m  fo r p ro d u cin g  h o lo g ra p h ic  B ra g g  g ra tin g s an d  d iffractiv e  o p tica l 
elem en ts [13,14]. N aF  is a lso  used  in p h o to v o lta ics  (so lar cells) [15- 17] .

T h e  lite ra tu re  sh o w s th a t p o ly m e r m ate ria ls  m o d ified  b y  th e  a d d itio n  o f N aF  (and 
o th er m eta l salts) are u sefu l in the p ro d u ction  and d ev elo p m en t o f ad van ced  h ig h -en erg y  
e lectro ch em ica l d ev ices su ch  as rech arg eab le  b a tteries , fu el ce lls , e lectro ch ro m ic d isp lays, 
sen sors and solar cells [18] . The in corp oration  of N aF into  a po lym er structure increases its 
co n d u ctiv ity  (by sev era l orders o f m ag n itu d e) and ch an g es its op tica l p ro p erties  [19,20] .

F luorine p lays an im p ortan t role in geochem ical and b iog eoch em ical system s on E arth , 
an d  its n a tu ra l o ccu rre n ce  a ffects  th e  e n v iro n m en t an d  h u m a n  h e a lth  [21 ,22] . C u rrently , 
tw o  d iffe ren t o p in io n s ca n  b e  fo u n d  in  th e  lite ra tu re  o n  th e  im p a ct o f flu o rid e  o n  the 
h u m a n  body. S o m e  cla im  th a t flu o rid e  is an  essen tia l co m p o n e n t o f th e  h u m a n  b o d y  and  
m o d e ra te  co n su m p tio n  has a b en e fic ia l e ffe c t o n  h u m a n  h e a lth  [23- 25 ] . F lu o rid e  is an  
e ffectiv e  agen t in the p rev en tion  of d en tal caries [2 6 ] and p o sitiv e ly  affects th e  h e ig h t and 
w eigh t of ch ild ren  [27] . O n  the other hand , there are m an y  articles w arn ing  against fluoride, 
as overexposu re can  lead  to fluorosis and have a neurotoxic e ffect th at red uces in telligence 
in  ch ild ren  [28,29] . D u e  to  th e  in creasin g  p resen ce  o f flu o rid e  in  th e  h u m a n  en v iro n m en t, 
all these  stu d ies are n ecessary  and lead  to  a b etter u n d erstan d in g  of the im p act o f fluorine 
on  the h u m an  body.

In te re st in  th e  ex p e rim e n ta l an d  th eo retica l v ib ra tio n a l sp ectra  o f h a lid es, in c lu d in g  
sod iu m  flu o rid e  is n o th in g  new . T h e  R am an  sp ectru m  o f N aF  sam p le  h as b ee n  m easu red  
at tw o w av elen g th s at 532 and at 785 nm  [3 0 ] . M u n tian u  et al. presen ted  a h igh -resolu tion  
infrared  em ission  spectru m  (ro ta tion -v ib ra tion  spectru m ) o f the N aF  gas phase [3 1 ]. Ism ail 
e t  al. o b ta in ed  th e  IR  ab so rp tio n  sp ectra  o f so d iu m  flu o rid e  iso la te d  in  a m atrix  o f solid  
argon [32 ] . H ow ever, to our know led ge, the far in frared  v ibrational spectru m  o f the natural 
m in era l v illiau m ite  has n ot y e t b een  presen ted  in th e  literatu re.

The aim  of th is w o rk  w as to use  far in frared  sp ectrosco p y  to  fill the gap in the ch arac
terization  of v illiau m ite  in an innovative way. D ue to the change in  the co lor of the m ineral 
fro m  red  to  co lo rless  w h e n  h ea ted  [2,3 ,3 3 ], th e  fa r  in frared  sp ectra  w e re  a lso  m easu red  
fo r  sam p les  in  th e  te m p e ra tu re  ran g e  o f  2 0 -5 0 0  ° C . A d d itio n ally , th e  IR  sp ectru m  w as 
ca lcu la ted  fo r th e  so d iu m  flu o rid e  stru ctu re  m o d e l (125  a to m s) u s in g  d en sity  fu n ctio n a l 
th eory  (D FT ). The th eoretica l resu lts w ere com pared  w ith  exp erim en tal data. The th eoreti
ca l sp ectro sco p ic  p aram eters  o f th e  N a F  g ro u n d  state  h av e  p rev io u sly  b e e n  ca lcu la ted  b y  
G a rc ia -C u e sta  e t al. u s in g  th e  in te ra c tio n  o f a  m u ltire fe re n ce  co n fig u ra tio n  an d  seco n d - 
order p ertu rbatio n  theory  [3 4 ] . H ow ever, to our know led ge, the cu rrent w o rk  is the first to 
a ttem pt to  calcu late the infrared  spectru m  of a crystal lattice m odel of N aF  salt as w e did in 
th is w ork .

2. Materials and Methods
2.1. Sam ples

P h oto g rap h s of the exam ined  m in erals are presen ted  in  F igure 1A . Two sam p les (1 -2 ) 
o f v illia u m ite  o r ig in a te d  fro m  th e  K h ib in y  M o u n ta in s  in  th e  K o la  P en in su la  (R u ssia ) the 
th ird  sam p le  (3) is fro m  M o n  S a in t H ila ire  in  Q u e b e c  (C an ad a). A s is see n  in  F ig u re  1, 
tw o  o f th e  v illia u m ite  sp ecim en s co e x is t w ith  w h ite  n a tro lite  (N a2A l2S i3O 10-2H 2O ). T h e  
cry sta ls  o f v illia u m ite  are  red  in  co lor, w ith  v a ry in g  sa tu ra tio n : carm in e , sca rle t red  or 
s ligh tly  p inkish . F igure 1B show s th at the m ineral sam p les exam ined  in  th is w o rk  differ in 
color. In  a d d itio n  to  th e  n a tu ra l m in era l sam p les , th e  research  a lso  u sed  so d iu m  flu o rid e  
(N aF— analytical grad e, 99% ) as a chem ical reagent. A n hyd rous sa lt of N aF w as purchased  
from  W archem , P olan d .



A

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. F a r  In frared  Spectroscopy

T h e m e asu re m e n ts  o f th e  fa r in frared  ab so rp tio n  sp ectra  w e re  ta k e n  o n  a B ru k er 
V E R T E X  70v  F T -IR  sp ectrom eter. T h e  sp ectra  o f e a ch  o f  th e  th ree  sam p les  o f v illia u m ite  
(F ig u re  1 ) w e re  reco rd ed  in  ro o m  co n d itio n s in  a cp ectra l ran g e  o f 6 0 0 -5 0  c m - 1 . T h is 
w av en u m b er range is tire d om ain  of far in frared  spectroscopy. The sp ectra  w ere  m easured  
in  tr ip lica te  (th e  sp ectru m  o f e ach  sam p le  w a s  m e asu re d  th ree  tim es) w ith  32 scan s a t a 
re so lu tio n  o f 2  c m - 1 . A ll sam p les  w ere  su sp e n d ed  in  A p ie z o n  g rease  an d  p laced  o n  a 
p o ly e th y len e  w in d ow . D u e  to  th e  ch an g e  in  co lo r o f v illia u m ite; u p o n  h e a tin g , m eacu re- 
menCs w ere  a lso  ta k e n  o f th e  fa r  in frared  sp ectra  o f sam p les  o f th ese  m in e ra ls  h ea ted  ter 
g iven  tem p era teres . T h ese  sam p les w ere  m easu red  in the tem peraaure range of 2 0 -5 0 0  t(0 
(ait 2 0 ,1 0 0 , 200, 300, 400 and 500  °C ).

2.3. X R D  M easu rem en ts

The X R D  p attern  of pow d ered  v illiau m ite  w as obtained  at room  tem peratu re using an 
X P ert P ro  M P D  X -ray  d iffracto m eter b y  P A N aly tica l w ith  C u K a  rad ia tio n  (À = 1 .54060  À ) 
in  th e  ran g e  o f 5 -9 0  °2 1  w ith  a  step  size  o f 0 .02 °2 0 , a t a  v o ltag e  o f 45  k V  an d  a c u r r e n t  of 
30 m A . The qualitative analyses w ere perform ed  using X 'P ert H igh Score P lu s softw are [3 5 ]. 
Tire stru ctural p aram eters (includ ing lattice param eters) w ere determ ined  from  tire R iotveld 
refin em en ts u sin g  M au d  softw aue [3 6 ].

2A . D F T  C alcu lations

In  th is  w o rk , ca lcu la tio n s  w ere  p e rfo rm e d  a t th e  D F T  lev el, w ra t th e  B 3 L Y t  fu n c
tio n a l [37 ,3 8 ] an d  6 -3 1 + g * b a s ir  set [3 9 ], w ith  th e  G a u ss ia n '1 6  p ro g ram  [4 0 ] . "The so d iu m  
fluorid e cryetal m odel th at w as adopted  as the input slructu re for the calcu lations w as a sys
tem  of 125 atom s. The geom etry  o f the m odel w as taken  from  cry stallograp hic d ata [41 ,4 2 ]. 
T h e  assu m ed  stru ctu re  w as fu lly  op tim ized  w ith  a 9 0 ° restric tio n  for a ll an g les. N o  im ag 
in a ry  fre q u e n cies  w e re  d eterm in ed . In  o u r p rev io u s stu d y  o n  L iC l, N a C l, K C l, L iB r and



LiF, calculations using a 125-atom model for very similar chemical compounds to those 
mentioned, gave reliable resulrs [e3,44]. The theoretical IR spectrum of the structure of 
sodium fluoside was derived by representing each bandas r  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 (measuted at room temperature) of rhree dif
ferent villiaumite samples arr presented m Figure 2A. Additionally, Figure 3A shows the 
spictrum of the pure chemical reagent NaF, whkh is o white powder (green linei. Doe to 
the disappearance of [he red color of v^iaumite upon heating (see Figure s [, far infrared
spectra were also measured for villiaumi te sample s heated to temperatures Ff 100, 200,300, 
400 and 500 °C (Figure 2B).

Figure 2. The experimental far infrared spectra of NaF in the range of 600-50 cm - 1 . (A) M ea
surements at 20 °C: 1— villiaumite, sample 1; 2— villiaumite, sample 28; 3— villiaumite, sample 3; 
4— chemical reagent NaF. (I?!) Measurements for villiaumite (sample 1): 1— 20 °C; 2— 100 °C; 
3— 200 °C; 4— 300 °C; 5— 400 °C; 6— 500 °C.



F i g u r e  3 .  Color change of villiaumite crystal after heating (a piece of sample 1 from Figure 1) .

O ur observations of color changes (Figure 3 ) o f all v illiau m ite  sam p les w ith  increasing 
te m p e ra tu re  are  n o t fu lly  co n s is te n t w ith  th e  d a ta  in  th e  lite ra tu re . T h e  "m in d a t.o rg "  
d atabase  [4 5 ] and M an u tch eh r-D an ai [33 ] in form  th a t v illiau m ite  b eco m es co lo rless  w h en  
h eated  to 300  °C . Sosen sen  [2 ] w eote th a t the gorgeo u s red co la r  o f v illiau m ite  fad es aw ay  
u p on heating h  to 300 °C . By heating  all the tested  vü liaum ite sam p les, w e observed that the 
col or c hange ac tu ahy starts a" 300 °C , b u t the change is seaall. M in er als heated  foa tw e  days 
a t 3 0 0  °C  b eco m e  m o re  o ran g e  (F ig u re  3 ) . W h e n  h ea ted  fo r an  a d d itio n a l tw o  d ays a t 
400  °C , the nested s a m p lis  still had  a slig h tln  p in k  color. O nly  after three d ays at 430 °C  or 
sev eral hou rs " f  heating" at 450 °C  did all crystals beeom e co lorless. P erh aps C alas et al. i3 ] 
had  a s im ila r exp erien ce, b ecau se  th ey  w ro te  in th e ir article : "T h e  testad  sam p les h av e  an 
in ten se  red co lo r th at d isap p ears w ith in  a few  m in u tes at 500 °C  and after 2 h at 400  °C " .

E ven th ou g h  the crystals b ecam e coloeless, no changes in the far in frared  spectra w ere 
ob serv ed , excep t for a sm all b ro ad en in g  o f th e  b an d . T h is can  be seen  in F igu re  2B , w h ich  
sh o w s th e  sp ectra  o f v illia u m ite  (sam p le  1) a t 20 , 100, 2 00 , 300 , 4 0 0  an d  500  °C . A s can  
b e  see n  in  F ig u re  2 B , a ll sp ectra  sets nre dom inaOed b y  a b ro ad  b an d  w ith  th e  a b so rp tio n  
m sx im u m  at 260 c m - 1 i L o w er in ien sity  b an d s are also io  und at th e  h ig h er w av en u m b ers 
ie  the specira. C om paring  the presented  tar in frared  spectru m  o l N aF w ish the spectru m  ot 
L iF  [4 4 ] , one can  see a sh ift tow ard s low er fresu en cies of obout 93 cm -1  for tire m ost intense 
band  (for LiF, the m o st in tense  band  is observed  at 353 cm - 1 ). This result Is consistent w ith  
theory, w h ich  ind icates th at th e  g reater the m ass of th e  m etal, ehe m ore she m e ta l-h a lo g e n  
v ibratio n s sh ift to  low er frequencies [4 6 ]. W e observed  the sam e relationsh ip  for a series of 
ch lo rid es. T h e  m o st in ten se  b an d s fo r L iC l, N aC l an d  K C l, w ere  o b serv ed  a t 2 0 0 ,1 7 5  and  
145 c m - 1 , resp ectiv ely  [43 ,44 ] .

3 .2. X R D  M easu rem en ts

T h e v illia u m ite  w as id en tified  b y  co m p a rin g  th e  e x p e rim e n ta l X R D  p a ttern s  o f the 
p o w d er w ith  d ata  co n ta in ed  in  th e  In org an ic  C ry sta l S tru ctu re  D atab ase  (IC SD ). F ig u re  4 
p resen ts  th e  X R D  p a tte rn  o f th e  tested  sam p le  1 (F ig u re  1 ) o v er an  a n g u la r ran g e  o f 5  to  
90° 20 . A ll the d iffraction  lines w ere  found to b elo n g  to v illiau m ite  (reference code o f card: 
04-007-4473) w ith  a cubic crystal system  and F m 3 m  space-grou p  sy m m etry  [4 1 ]. For clarity, 
in  F igure 2 , the IC SD  stand ard  of N aF  has b een  superim posed  as a green  lin e . A dditionally , 
th e  d iffraction  data  for ou r exp erim en ta l m easu rem en t and literatu re  d ata  (re feren ce  cod e 
o f card : 04 -0 0 7 -4 4 7 3 ) are  lis ted  in  Table 1 . T h e  X -ra y  d iffra ctio n  p a tte rn  sh ow s th a t o th er 
p h ases do n o t ex ist in  th e  in vestigated  sam p le  o f v illiau m ite .



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 N ei],, thee; ICSD stsndard [41] (green) and our 
experimental measurcment (bla ck).

hill dhkl tÀ] Position [°2 0 ] Relative Intensity [%]

{111} 2.67660, 2.67454 33.451, 33.48 2.4,0 .22

{2000} 2.31800, 2.31562 38.818, 8583.86) 100.0, 2100.00

{220} 1.63910,1.63807 56.062, 56.20 48. , 9.47

{8311} 1.39780,1.39709 66.882 , 66.92 1.4,0 .27

{222}

{400}

1.33830,81.33768 

1.15900,1.15826

70.281, 70.32 

83.307, 83.37

11.' ,1 .28  

4.2, 2.68

3.3. D F T  (falc.utati.ons
3.3 .1 . G eom etry

The infrarod frequency calcu lrtions w e rr preceded b y  the op tim ization  of tha geom etry  
o f the m o d el stru cture op the sod iu m  flu orid e crystal. F igure 5A  show s the N aF  u n it cell, 
w h ich  contains 20  atom s (3 x  3 x  0(. O u r m o d el o f a  crystol lattice  o f N aF  salt w as b u ilt by  
adding; on e  m oro lay er o f a tom s to  each  o f the w alls o f a  u n it cell. In  ord er to  preserve the 
sy m m etry  o f the u n it ce ll and , a f the sam e tim e, m ake  zach  o f the 2 7  atom s o f th is u n it cell 
have 6-told coordination, a m odel containing 125 atom s ( 5 x 5 x 5 )  (Figure 5 B) had to be used 
for D FT calculations. In  such a  m odel, none of the atom s of fhe unit cell (Figure 5A ) are located 
a t the ed ge o f the crystal. G eom etric  p aram eters (in terato m ic d istances and  an g les) for ahe 
125-atom  crystal m oder o f sod iu m  fluorid e w e rr  tak en  from  crysaailographia studies [41 ,42]. 
A ccord ing  to ou r prpvious w ork , w e rig id ly  assum ed in the calcula)ions fhad all angles w ere 
90°. Freezing the angles in the struclure m akea the obtained com puaational yaram eters m ore 
consistent w ith  the exp erim ental reculCs [41,42,47- 54] , D u ring  tìce op tim ization  o f geom etry, 
there w as no change in the sym m etry  of the assum ed m odel of the N cF  crystal, and the final 
structure also had O h sym m etry.

Table 2  lists the exp erim en ta l and calcu lated  geom etrica l p aram eters fo r the N aF  u n it 
ce lls . T h e  th e o retica l v a lu e s  d er iv ed  fo r th e  la ttice  p a ra m e te r  an d  th e  cu b ic  stru ctu re  are 
e q u a l to  a = 4 .6 0 0  A  an d  a  = 9 0 .0 ° , resp ectiv ely . T h e se  resu lts  co rresp o n d  w e ll w ith  the 
e x p e rim e n ta l d ata  p resen ted  in  th e  lite ra tu re  [41 ,42 ,47- 5 4 ] . T h is  m ean s th a t th e  assu m ed  
m o d e l o f th e  N aF  cry sta l w e ll re flects  th e  a ctu a l stru ctu re  o f th is  sa lt. T h e  an g le  v a lu e  
is u n ch a n g e d  fo r a ll e x p e rim e n ta l m e asu re m e n ts  an d  is 90 .0 ° . A s listed  in  T able 2 , the 
in teratom ic d istance varies in  the range of 3 .6 1 4 -3 .7 8  A. Thu s, the obtained  calcu lated  value 
is s lig h tly  lo w er th an  th e  exp erim en ta lly  m easu red  v a lu es for N a F  com p ou n d .



Figure 5. Unit cell of sodium fluoride (A) and geometry of the optimized 125-atom model of NaF 
crystal (DFT/B3LYP/6-3 1+g*) (B).

Table 2. List of experimental and calculated (DFT/B3LYP/6-31+g*) lattice param eters for NaF at 
room temperature and atmospheric pressure (# temperature 302.6 K, ## temperature 300 K).

Chem ical Formula Crystal Systems Symmetry Sf>act Group
Unit Cell Parameters

o = b  = c [À] a  = ß = Y [°]
References

4.619 90.0 [47]

4.63 90.0 [48]

4.783 90.0 [49]

4.619 90.0 [50]

NaF isometric Fm3m
4.650 90.0 [51]

4.634 #

4.636 

4.614 

4.632

4.637 ## 

4.600

90.0

90.0

90.0

90.0

90.0

90.0

[42]

[41]

[52]

[53]

[54]

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 eange of 74.41-411.69 cm-1 . The absorption band intensities are relatively 
small or even negligible, except for two o. them positioned a. 255.05 and 411.69 cm-1 .



T a b l e  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).

N a F

N o .
F r e q u e n c y

[ c m - 1 ]

I R  I n t .  

[ K M / IM  o l e ]
N o .

F r e q u e n c y  

[ c m - 1 ]

I R  I n t .

[ K M / M o l e ]
N o . F r e q u e n c y

[ c m - 1 ]

I R  I n t .

[ K M / M  o l e ]

1 74.41 1.46 11 164.29 8.94 26 281.40 1.82

2 98.26 0.15 12 176.11 11.12 22 288.03 161.61

3 108.66 3.06 13 189.65 1685.80 23 305.20 45.35

4 112.14 0.81 14 201.23 15.65 24 336.38 4111

5 129.18 1.25 15 224.19 08.24 25 342.50 1 1 -.-1

6 133.70 0.35 16 239.08 17.35 26 355.00 3.11

7 138.69 16.43 17 241.22 112.41 27 358.84 6 .71

8 146.93 9.65 18 255.05 f -29.17 28 377.21 30-.10

9 151.75 8.72 19 262.01 1583.56 29 411.69 1242.11

10 155.70 0.44 20 272.90 191.27

3.3 .3 . C o m p ariso n  o f C alcu lated  and E x p erim en ta l S p ectra  o f N aF

F ig u re  (5 sh ow s th e  ca lcu la ted  in frared  sp ectra  fo r  th e  S25-a to m  N aF  sa lt m o d e l, the 
e x p e rim e n ta l sp ectra  o f v illia u m ite , an d  th e  N aF  ch e m ica l re a g en t in  th e  sp ectra l ran g e  
6 0 0 -5 0  c m -1  is sh ow n  in F igu re  6 .

F i g u r e  6 .  Both theoretical spectrum in the far infrared, with half-bandwidths 1 and 60 c m "1, for the 
125-atom model of NaF salt model and two experimental specha (villiaumita and chemical reagent 
NaF) in the spectral far infrared domain range of 600-50 cm - 1 .

Figure 6 show s com putational spectra w ith  tw o diffeeent h alf w id th s of 1 and 60 c m -  b  
T h e  e x p erim en ta l sp ectru m  sh ow s th a t th e  a b so rp tio n  b an d s o f so d iu m  fluoeid e are  v e ry  
w ide. Therefore, the com putational spectru m  in w h ich  FW H M  (full w id th  at h alf m axim u m ) 
equ als 60 cm  -1  reflects the expeeim ental spectru m  m u ch  b ettur. F igure 6 clearly  show s that 
th e  ca lcu la ted  in fraaed  ab so ap tio n  ran g e  Sor so d iu m  flu o rid e  is w ith in  th e  ex p e rim e n ta l 
ran g e . A s ca n  b e  seen  in  F ig u re  6 , th e  m o st in te n se  b an d  in  th e  e x p e rim e n ta l sp ectru m  
(260  c m - 0) is a lso  th e  m o st in te n se  in  th e  co m p u tatio n u l sp ectru m  (25B .05 c m - 1 ). N e v e r
th e less , th e  seco n d  stro n g  co m p u ta tio n a l b an d  w ith  a m a x im u m  a t 411.(59 c m -1  is n o t as 
in te n se  Sn th e  ex p e rim e n ta l sp ectru m  1385 c m - t  T h e  d ifferen ces  te e n  in  th e  v ib ra tio n a l 
sp ectra  m a y  re su lt fro m  d iscre p a n cies  b e tw ee n  experim entell an d  ce lcu la le d  stru ctu ra l 
p aram eters, as w ell as from  th e  lim ita tion  o f D FT  ap p roxim ation .



4. Conclusions

In  th is w o rk , th ree  sam p les o f v illia u m ite  (from  th e  K h ib in y  M o u n ta in s  in  th e  K o la  
P en in su la  (R u ssia ) an d  fro m  M o n  S a in t H ila ire  in  Q u e b e c  (C an ad a)) w ere  in v estig a ted  
u sin g  far in frared  sp ectro sco p y  and D FT  calcu latio n .

• T he far in frared  sp ectra  of th e  n atu ra l m in era l v illiau m ite  (N aF) w ere  m easu red . The 
m ax im u m  infrared  ab so rp tion  o f v illiau m ite  w as ob served  a t ab o u t 260 c m - 1 .

• T h e  tested  v illia u m ite  sam p les b eg a n  to  ch an g e  co lo r v e ry  s lo w ly  a fter b e in g  h eated  
a b o v e  3 0 0  °C . W h e n  h e a te d , th e  sam p les  o f th e  re d d ish  m in e ra l v illia u m ite  tu rn  
o ran g e , p in k  an d  fin a lly  co lo rle ss  a t a p p ro p ria te  te m p e ra tu re s. T h e  te s ted  sam p les 
rem ained  colorless after 3 days of heating  at 430 °C. T his observation  is n ot consisten t 
w ith  p rev iou sly  reported  d ata  in the literatu re and p ro bab ly  requires con firm ation  by  
o th er researchers.

• B ecau se  th e  co lo r o f v illia u m ite  ch an g es fro m  red  to  co lo rless  u n d er th e  in flu en ce  o f 
te m p e ra tu re , fa r  in frared  sp ectra  w ere  m e asu re d  fo r sam p les  a t ro o m  tem p era tu re  
(red) and at 100, 200, 300, 400  and 500 °C  (co lorless). It w as ob served  th a t the sp ectra  
of sod iu m  fluorid e are in d ep en d en t of its color. Red  v illiau m ite  and orange, p in k  and 
co lorless  v illiau m ite  (a fter h ea tin g  the red sam p le) and w h ite  ch em ica l reag en t (N aF) 
h av e a lm ost id en tica l far in frared  sp ectra .

• The ca lcu lation  (D FT/B 3L Y P /6-31+g*) for the 125-atom  m odel of the crystal structure 
o f N aF  p ro v id ed  resu lts  th a t v e ry  g o o d  re flec t th e  g e o m e tric  p a ra m ete rs  o f th e  N aF  
u n it ce ll and the range o f ab so rp tion  o f th e  sam p le  in in frared  light.
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