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The thermal  stability of alkaline ear th metal  hydrofluorides was studied by 
means of a Derivatograph. The values of the activation energy, reaction order and rate 
constant  were determined. The comparison of the kinetic parameters of the decompo- 
sition process for the complete series of hydrofluorides studied led to a certain regularity 
in the differences in their thermal  stabilities and its correlation with the strength of the 
hydrogen bond  in their structure. 

The interaction of the alkaline earth metal fluorides with hydrogen fluoride 
leads to the formation of compounds of composition MeF2 �9 nHF (Me = Ba, 
Sr, Ca) [1 ], named hydrofluorides. The results of the investigation of barium, 
strontium and calcium hydrofluorides by NMR [2, 3], IR spectroscopy [4, 5] and 
refractometry [6] have shown that their formation is due to hydrogen bonds 
of the type F - H . . .  F, similarly to the alkali metal hydrofluorides [7] where 
the anions HF2+ 1 are present in their structure. The strength of the hydrogen 
bond in the series of hydrofluorides decreases from barium to calcium and with 
the increasing number of HF molecules present. 

The majority of hydrofluorides are unstable and can easily be reconverted to 
the corresponding fluorides by removing hydrogen fluoride. However, their 
thermal stability has not been thoroughly studied so far, due to the special proper- 
ties of hydrofluorides and the difficulties in the experimental work with these 
compounds. The data reported in the literature mainly concern the thermal sta- 
bility of alkali metal bifluorides MeF �9 HF [8-11 ]. The information on the ther- 
mal stability of the alkaline earth metal hydrofluorides is not completely avail- 
able. The results of the investigation of the thermal stability of alkaline earth 
metal hydrofluorides are reported in this paper. 

The studied compounds were prepared on the basis of the data on the ternary 
system HF-MeF2-H20  [1]. The following reagents were used: hydrofluoric 
acid (of special purity); anhydrous hydrogen fluoride, purified by rectifying; 
metal fluorides (analytical grade). Excess hydrogen fluoride was removed in a de- 
siccator. The compounds prepared from the aqueous solutions of HF were dried 
in a desiccator over phosphorus pentoxide. Some compounds were prepared by 
decomposing hydrofluorides of higher HF content. The compounds were analysed 
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for hydrogen fluoride by titration with standard alkali solution, for the metal 
by weighing in the form of the fluoride or sulphate (Table 1). 

Table 1 
Composition of alkaline earth metal hydrofluorides 

BaF 2 
BaF2 
BaF2 
BaF2 
SrF2 
SrF~ 
SrF~ 
CaF: 

C o m p o u n d  

4.5 HF 
3 HF 
2 HF 
HF 
2.5 HF 
2 HF 
HF 
2 HF 

H F  content  
weight 

calculated found 

33.92 34.54 
25.49 25.20 
18.58 18.85 
10.24 10.50 
28.47 29.05 
24.15 24.15 
13.74 13.53 
33.86 33.06 

MeF2 content  
weight 

calculated found  

66.08 65.50 
74.51 74.52 
81.42 80.25 
89.76 89.76 
71.53 70.70 
75.85 75.37 
86.26 86.54 
66.14 67.10 

The kinetics of the decomposition of hydrofluorides was studied by thermo- 
gravimetry (TG) under dynamic conditions. This method was chosen after the 
preliminary studies of these processes carried out under isothermal and 
dynamic conditions. It was found that if the decomposition was carried out 
under constant temperature, the weight loss curve did not show the staged 
mechanism of the process due to the very small differences in the thermal stabili- 
ties of hydrofluorides of different HF content, while it was suggested that the de- 
composition of the majority of the hydrofluorides had to proceed through the 
formation of intermediates. 

The thermal curves were recorded by means of a Derivatograph of the Pau l ik -  
Pau l i k -E rdey  type. 0 .3 -0 .7  g samples were heated at the rate of 6~ up to 
300 ~ in a platinum crucible, since the decomposition process was known to 
finish by this temperature. The reproducibility of the measurements with different 
series of the prepared samples was satisfactory. The loss of weight during the heating 
of hydrofluorides corresponded within the limits of error to their hydrogen 
fluoride content. When the sample contained excess HF due to adsorption, it 
was possible to distinguish the losses of weight on the thermogravimetric curve 
due to the removal of bound hydrogenfluoride and of excess HF. 

The thermal analysis of alkaline earth metal hydrofluorides shows that their 
decomposition sometimes proceeds in stages. 

The thermogravimetric curve of BaF2 �9 4.5 HF is the most complicated one 
(Fig. 1) and shows three endothermic effects corresponding to the consecutive 
removal of hydrogen fluoride according to the scheme:* 

* The temperatures of the endothermic effects in the reaction scheme correspond to the time 
of maximum rate of reaction (T~). 
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2.5 F H F  - H F  
BaF z. 4.5 H F  - H _  BaF2 .2  H F  - L - &  BaF2. H F  - - - - ~  BaF z. (1) 

95 ~ 100 ~ 227 ~ 

The decomposi t ion o f  BaF2 �9 3 H F  (Fig. 2) proceeds through the following 
stages: 

F - H F  - H F  
BaF2 .3  H F  - H B a F , ~ . 2 H F  ~ B a F ~ . H F  , BaFa.  (2) 

98 ~ 112 ~ 215 ~ 
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Fig. 1. BaF 2 "4.5 HF F i g .  2. B a F  2 ' 3 H F  
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The shapes of  the T G  curves o f  BaF2 �9 4.5 H F  and BaF2 �9 3 H F  clearly show 
the different thermal stabilities of  the hydrofluorides formed as intermediates 
of  the decomposit ion.  

It  is interesting to note that  among  the decomposi t ion products  o f  the hydro-  
fluorides BaF 2 �9 n H F  (n = 4.5; 3), the phase BaF 2 �9 2 HF,  previously unknown,  
was found.  Our  data proved the remarkable  thermal stability of  this c o m p o u n d  
and gave us the possibility to prepare it in the pure state by decomposing bar ium 
hydrofluorides with higher H F  content.  There are two endothermic effects on 
the thermogravimetr ic  curve o f  BaF,,-  2 H F  (Fig, 3 ) p r e p a r e d  as mentioned 
above:  
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- 1 4 F  - H F  
BaF2- 2 HF ~ BaFz. HF ~L2+  BaF2. 

100 ~ 207 ~ 
(3) 

The thermal stabilities of the hydrofluorides BaF2 �9 4.5 HF and BaF2 �9 3 HF, 
as indicated by their thermogravimetric curves, differ only slightly; therefore 
the phase BaFz �9 3 HF cannot be considered as an intermediate of  the decompo- 
sition of BaF2 �9 4.5 HF. 

300 

200 

g 
E 
~ lo0 

~, 25 
c 

Y: 
~ 50 

'25 
20 40 

Trine, rain. 

F i g .  3.  B a F  2 " 2 H F  

300 

~ 200 

=o r loo 

2 

r 

f, loo 
-5 

200 
20 4-0 

Time, rnin. 

Fig. 4. BaF2 " HF 
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In the series of barium hydrofluorides, BaF 2 �9 HF (Fig. 4) which has the highest 
decomposition temperature is the most stable: 

BaF z �9 HF - HF > BaF 2 . (4) 
224 ~ 

The formation of BaF2 �9 HF during the decomposition of the hydrofluorides 
BaF~ - nHF (n = 4.5; 3; 2) is indicative of  the high stability of the former. 
The slight differences in the values of Ts obtained during the decomposition of  
the hydrofluorides of different composition are apparently due to the structures 
of the hydrofluorides formed in the course of decomposition. 
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Strontium hydrofluoride SrF2 �9 2.5 H F  (Fig. 5) at first gives off 0.5 molecule 
of  H F ;  the resulting SrF2 �9 2 H F  (Fig. 6) decomposes without the formation 
of intermediates 

- 0.5 H F  - 2 H F  
SrF2.2.5 H F  ~- SrFz. 2 H F  § SrFz. (5) 
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Fig. 5. SrF 2"2.5 HF 
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Fig. 6. SrF~'2 HF 

The fact that in this case the hydrofluoride SrFz �9 H F  does not form, is prob- 
ably due to the peculiarities of  the hydrofluoride structures. As was shown by 
N M R  and I R  spectroscopy, there are two different anions, F -  and H F f ,  in the 
structure of the compounds MeF 2 �9 HF. As the hydrogen bond in strontium 
hydrofluorides is weaker than in barium hydrofluorides, MeF2 �9 H F  with its un- 
symmetrical cation environment is less stable in the case of  strontium. Obviously, 
that is why the formation of the compound with such a composition during the 
decomposition of SrF 2 �9 2 H F  is less favoured than from BaF2 �9 2 HF. 

The same reasons obviously stipulate that the hydrofluoride of  composition 
MeF2 �9 H F  in general does not exist in the case of  calcium. In the hydrofluoride 
CaF2 �9 2 H F  the two molecules are identical and form two bifluoride ions. The 
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decomposition of this compound proceeds similarly to that of SrF2 �9 2 HF, but 
its decomposition temperature is lower, 130 ~ (Fig. 7). 

The decomposition of SrF2 �9 HF proceeds in the solid phase of the system 
HF SrF2 -H:,O [1 ], unlike the decomposition of the corresponding barium hydro- 
fluoride. In this case the reaction mechanism is complex, and is characterized by 
three rnaxilna with marked differences in the decomposition rates and in the values 
of the temperatures of the endothermic effzcts, 114 ~ 155 ~ 252 ~ on the curve 
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Fig. 7. C a F z - 2 H F  Fig. 8. SrF  z"  H F  

(Fig. 8). No simple explanation for this experimental fact could be found. The 
staged mechanism of the decomposition was also observed for potassium bi- 
fluoride [12, 13], 

All processes considered in this paper belong to reactions of the type: A (so- 
lid) ~ B (solid) + C (gas). This process includes several stages: chemical inter- 
action accompanied by the breaking of the bonds and the disappearance of the 
chemical lattice of substance A, the formation of the lattice of B, etc. Its rate 
depends on the rate of one or more of these steps. At present there is no strict theory 
of the unisothermal kinetics of heterogeneous processes, and the concepts "acti- 
,~ar~on energy" (E)and "reaction order" (n), which are the complex functions of 
the activation energies and reaction orders of the separate stages of the process, 
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are conventional. However, their effective values obtained by investigating the 
decomposition of substances belonging to the same class may satisfactorily 
reflect the character of the process and their correlations allow the quantitative 
estimation of the thermal stability of the compounds. 

Some methods were recommended for the calculation of the kinetic 
parameters of the decomposition process [14-17] .  They allow the determination 
of the effective values of E and n, supposing that the reaction rate obeys the 

l_Cl -n  
I n --f2~ 

-- 0,5 
/ 

--30 - 2 0  -10  x~Cx'~lO @ 

/ /  

Y 
F i g .  9. C a l c u l a t i o n  o f  t h e  k i n e t i c  p a r a m e t e r s  f o r  t he  r e a c t i o n s  : 

- -  2.5 H F  
x = B a F  2 " 4.5 H F  --- B a F  2 �9 2 H F ;  

- -  H F  
�9 = 13aF 2 . 2 H F  - , B a F  2 " H F ;  

- -  H F  
A = BaF2  �9 H F  - - - 2  B a F z  

Arrhenius equation: 
dC 

- K C ' .  
dt 

In this study it was possible to use the method of Horowitz and Metzger [15] 
for the calculation, because the decomposition of the alkaline earth metal hydro- 
fluorides proceeds in a very narrow temperature interval, at a relatively high 
~emperature. In the case when the reaction order n ~ 1, the integral expression 
for the equation of the reaction rate is: 

EO 
1 - C ]-"--- (1 - n) l RT~  

where C = concentration of substance A; R = gas constant, O = T - 7o. 
The value of T~ may easily be found: it is the temperature of  the maximum 

on the DTG curve [18]. The reaction order is determined by the value of the 
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concentration of the substance capable of decomposition at the temperature 
1 - C 1 - "  

where the rate of reaction is maximal (Cs). The In vs. O plot leads 
1 - n  

to the activation energy on the basis of the slope of the line (Figs 9, 10). The 
frequency factor of the kinetic equation was calculated from the equation: 

E Z - E  
- n C ~ - ~ I  - 

R T ~  q RT~ 

where q is the heating rate. 

A In l"c~-n 
I 
[ /  
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-1,0 • A i 

/X / V 
Fig. 10. Calculation of the kinetic parameters for the reactions : 

--0.5 HF 
• = SrF 2 "2.5 HF--  --~ SrF 2 �9 2 HF; 

--2HF 
�9 ---- SrF e ' 2  HF > SrF2; 

--2 HF 
A = CaF 2 -2 HF . . . . .  > CaF 2 

Kinetic parameters were calculated both for the separate steps of the decompo- 
sition of hydrofluorides and for the process of the decomposition of the individual 
compounds, and similar results were obtained. The average values of the 
parameters obtained from the series of the experiments are given in Table 2. 

It follows from these data that the mechanism of the decomposition of the stu- 
died hydrofluorides is often very similar. The values of the activation energy 
belonging to the release of one HF molecule are rather alike for different hydro- 
fluorides and are 1 2 -  17 kcal (with the exception of the first stage of reaction 5). 
The process of the decomposition of all hydrofluorides is characterized by frac- 
tional reaction order, in most cases 1/3, as is often observed for heterogeneous 
reactions (the decomposition of hydrates, oxalates, carbonates) [16, 18~20]. 
The reaction order 1/3 hasa  theoretical basis too, if we consider that the rate of  
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Table 2 

Kinetic parameters for the decomposition reaction 
of alkaline earth metal hydrofluorides 

309 

E Z 
Decomposition scheme Ts, ~ n kcal mol- t naol 1-n min-t 

--2.5 HF 
BaF 2"4.5HF ~ BaF z ' 2 H F  

--HF 
BaF 2 - 2 H F  > BaF 2"HF 

--HF 
BaF 2 �9 HF > BaF~ 

--0.5 HF 
SrF 2"2.5HF -- , SrF 2"2HF 

--2 HF 
SrF~ �9 2 HF > SrF~ 

--2 HF 
CaF 2 �9 2 HF - - ~ -  CaF~ 

368 

373 

497 

355 

418 

403 

0.50 

0.30 

0.35 

0.18 

0.35 

0.34 

32.1 + 0.6 

12.0 __+ 0.5 

16.7 ___ 0.6 

12.1 • 0.4 

24.7 + 0.5 

27.3 ~ 0.5 

9X 10 ~s 

3 •  10 6 

7• 10 ~ 

8 •  10 6 

4• 10 v' 

3 X 10 t4 

decomposition of solid substances accompanied by the formation of a gaseous 
product is proportional to the surface of the decomposing grains [15, 19]. 

The comparison of the kinetic parameters of the decomposition reaction of  
hydrofluorides leads to a certain regularity in the change of the stability of these 
compounds:  the temperature of decomposition of hydrofluorides with the same 
number of HF molecules decreases from barium to calcium. The rate constants 
calculated from the values of the kinetic parameters show that for reactions of 
the same type the decomposition of calcium hydrofluorides proceeds at a greater 
rate as compared with strontium hydrofluorides. Comparison of the rate 
constants for the successive steps of reactions 3 and 4 shows that the removal 
of the first HF molecule proceeds at a greater rate. Hence, the thermal 
stability of hydrofluorides decreases from barium to calcium and with increasing 
number of the bound HF molecules. This regularity is obviously due to the 
character of the change of the hydrogen bond strength in the series of the hydro-  
fluorides, and may be evidence of the essential influence of the stage of break- 
ing of the hydrogen bonds in the structure of the hydrofluorides on the rate 
of the process. 

The investigations described are the first attempt to apply the Derivatograph 
to study the thermal stability of hydrofluorides. The data obtained prove the 
great possibilities of the Derivatograph for the investigation of such topics, 
because the application of other methods in the case of these substances is either 
not possible or the results obtained are not accurate enough. The important 
advantage of the method is the possibility of studying the kinetics of rapidly 
proceeding processes and obtaining a complete picture of the process in the entire 
temperature interval as well as valuable information concerning the conditions 
of the synthesis of the substances formed during the decomposition process, as 
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s h o w n  b y  t h e  e x a m p l e  o f  a l k a l i n e  e a r t h  m e t a l  h y d r o f l u o r i d e s .  T h e  a u t h o r s  w i s h  

to  c o n t i n u e  t he  i n v e s t i g a t i o n  o f  t h e  t h e r m a l  b e h a v i o u r  o f  h y d r o f l u o n d e s  b y  t h e  

D e r i v a t o g r a p h .  

Literature 

1. N. S. NIKOLAEV, lzv. Sib. Otd. Akad. Nauk. Ser. Khim. Nauk,,  4 (1968) 3. 
2. A. A. OPALOVSKY, T. n .  FEDOTOVA, S. P. GABUDA and D. D. IKRAMI, Zh. Struct. Khim., 

9 (1968) 202. 
3. A. A. OVALOVSKY, T. D. FEDOTOVA and S. P. GABUDA, IZV. Sib. Otd. Akad, Nauk. Ser. 

Khim. Nauk.,  2 (1968) 95. 
4. D. D. IKRAMI, E. D. RUCHKIN and N. S. NIKOLAEV, Zh. Struct. Khim., 8 (1967) 354. 
5. A. A. OPALOVSKY, T. D. FEDOTOVA, E. V. SOBOLEV and Z. A. GRANKINA, IZV. Sib. Otd. 

Akad. Nauk. Ser. Khim. Nauk.,  2 (1968) 107. 
6. E. D. RUCHKIN, D. D. IKRAMI and N. S. NIKOLAEV, Dokl. Akad. Nauk. SSSR, 174 

(I967) 1349. 
7. I. G. REESS, Chemistry of fluorine and its inorganic compounds,  Goskhimizdat,  Moscow, 

(1956) p. 111. 
8. H. WARTENBERG and A. BOSSE, Z. Elektr., 28 (1922) 384. 
9. J. D. Cox and D. HARROP, Trans. Farad.  Soc., 61 (1965) 1328. 

10. L. P. BELOVA and U. D. NEKRASOV, Zh. Neorg. Khim., 11 (1966) 1723. 
11. A. R. MILLER, J. Phys. Chem., 71 (1967) 1144. 
12. V. S. YATLOV, I. G. REESS and  N. N. LASmN, The collection of the works on the chemical 

technology of the mineral substances, UOGIZ,  Moscow (1933) Vol. II. 
13. K. FREDENHAGEN and C. CADENBACH, Z. anorg, allg. Chem., 178 (1929) 289. 
14. F. S. FREEMAN and B. CARROL, J. Phys. Chem., 62 (1958) 394. 
15. H. HOROWITZ and G. METZGER, Anal. Chem., 35 (1963) 1464. 
16. C. D. DOYLE, J. Appl. Polym. Sci., 5 (1961) 285. 
17. J. ZSAKO, J. Phys. Chem., 72 (1968) 2407. 
18. T. V. MESHERYAKOYA and N. D. TOPOR, Vestn. Mosk. Univ, Khim., 3 (1967) 73. 
19. A. W. COATS and J. P. REDFERN, Nature,  201 (1964) 4914. 
20. P. TRIBUNESCU, G. PEERLYA and K. DRAGULESKU, ZH. Neorg. Khim., 13 (1968) 3256. 

R~SUM~. - -  On a 6tudi6 la stabilit6 thermique des hydrog6nofluorures des m6ta.ux alcalino- 
terreux et d6termin6 les vateurs des 6nergies d'activation, des ordres de r6action et des cons- 
tantes de vitesse de r6action ~t l 'aide d 'un  "D6rivatographe" .  Apr6s comparaison des para- 
m6tres cin&iques on a pu 6tablir une certaine r6gularit6 darts le changement  de la stabilit6 
thermique en corrdlation avec la force de liaison de l 'hydrog6ne dans la structure. 

ZUSAMMENFASSUNG. - -  Die thermische Stabilit/it yon Erdalkalihydrofluoriden wurde mit 
Hilfe eines Derivatographen untersucht,  die Werte der Aktivierungsenergien, der Reaktions- 
ordnung und der Geschwindigkeitskonstanten bestimmt. Der Vergleich der kinetischen Para- 
meter des Zersetznngsvorganges wies auf  eine gewisse Regelm/igigkeit in ihrer versehiedenen 
thermischen Stabilit/it, die in Zusammenhang  mit der St/irke ihrer s trukturalen Wasserstoff- 
bindung steM. 

Pe3mMe. --I/Icc~e~OBaHHe Ha /lepaBaTorpaqbe TepMocTa6nn~,HOCTb rn~IpOqbTOpH~IOB meno~- 
HO3eMeYIbHbIX MeTaJ1JIOB. OnpejieJIenbi 3HaqeHH~ 3HepFIIH aKTI~I3aHHH, rlop~lOK peaKunn n 
HOCTORHHa~I CKOpOCTH. Cpannenne rnneTnqecr~x napaMerpoB apouecca pacnaaa an~ ueaoro 
pa;Ia nccJm~oBaHm, ix rlt/!pOqbTOpn/1OB ~aeT BO3MO~:HOCTb OSHapy~rtTb neKOTOpy~o peryanp- 
HOCTb B HBMeHeHItH HX TepMOCTa6rtJIbHOCTH It ee COOTHOUleHI,IIt C ]]poqnocTt, tO BO/IOpO)IHOFI 
CBYIBH B HX cTpyKxype. 
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