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On the basis of the calculated Gibbs energy change for the standard state, the 
possibility of carbon tetrafluoride, silicon tetraftuoride, dichlorodifluoromethane and 
sulfur hexafluoride reacting with a number of elements and their compounds was 
evaluated. The reactions were studied by differential thermal analysis. Fluorination 
reactions of metals and oxides with dichlorodifluoride were investigated, and the tem- 
perature conditions of the syntheses were determined by measuring the "temperature 
at the start of interaction" (t~i.). 

The existence of a correlation between ts.i. and AHformatio n for the fluorinating 
agents was assumed, and a sequence of the fluorinating power of the non-metal fluorides 
was established. The perspectives of using non metal fluorides in the synthesis of inor- 
ganic fluorides are discussed. 

One of the most  important  problems in inorganic synthesis is the correct choice 
of  the reagent. This problem is particularly important  when choosing the fluorinat- 
ing agent for the synthesis of  inorganic fluorides, compounds finding broad fields 
of  application in widely differing braches of  technology. 

At  present a large number of  fluorinating agents used in inorganic synthesis are 
known [1 - 13], among them elemental fluorine [1 - 3], halogen fluorides [ 4 -  6] 
and hydrogen fluoride [8], the latter in the gaseous and liquid states, as well as in 
the form of aqueous solutions, being the most  widespread in application. 

The major  advantage of  these fluorinating agents consists in their extraordinary 
chemical activity, allowing them to convert practically ally compound into fluoride. 
However, this high chemical activity causes great difficulties in the carrying out 
of  the process in practice. 

On the other hand, the use of  fluorine or halogen fluorides leads to exhaustive 
fluorination, and hence does not allow one to obtain fluorides with lower oxidation 
stages. 

I t  therefore appears desirable to use as fluorinating agents fluorides of  non- 
metals, such as boron trifluoride, carbon tetrafluoride (and its derivatives), silicon 
tetrafluoride, nitrogen trifluoride, sulfur tetrafluoride and sulfur hexafluoride. 
Their use would substantially simplify equipment requirements for the synthesis, 
since the fluorides of  boron, carbon (and its derivatives, freons), silicon, nitrogen 
and sulfur are inert under normal conditions. In addition, the fluorides of  carbon, 
nitrogen and sulfur (the hexafluoride) are non-toxic, while the fluorides of  boron, 
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the derivatives of carbon fluoride (freons), and the tetrafluorides of silicon and 
sulfur have the additional advantage that they can be obtained without the use of 
elemental fluorine. 

None the less, the application of the listed compounds for fluorination, with the 
exception perhaps of sulfur tetrafluoride, is very limited, and practically none for 
carbon tetrafluoride. As noted earlier [14, 15], this fact is due to the traditional, 
far from always justified notion regarding the great inertness of the compounds in 
question. 

In the present work, based on thermodynamic analysis and experimental data, 
the perspectives of using silicon and carbon tetrafluorides, dichlorodifluorometh- 
ane and sulfur hexafluoride as fluorinating agents in syntheses of inorganic fluorides 
will be discussed. 

An important characteristic determining the conditions of synthesis is the estab- 
lishment of the temperature conditions. This is true for any synthesis, and all 
the more important in the case of fluorination procecesses. 

For this reason, differential thermal analysis was chosen as the basic method 
for the study, since it allows one to determine the character and the conditions of 
the interaction and to establish optimum temperature conditions for the synthesis 
[9, 16- 18]. 

Thermodynamic analysis 

Thermodynamic analysis of the interactions of CF4, CF2C12, SiFa and SF 6 with 
elements and compounds of groups I -  VIII of the periodic system demonstrated 
that the reactions listed in Table 1 are in most cases thermodynamically feasible. 
A loss of free energy characterizes the reactions 

(i) E1 + CF 4 and E1 + SF 6 for practically all elements considered, the reactions 
E1 + SiFa for alkali metals and alkaline earth metals, aluminium, yttrium, lan- 
thanides and zirconium; 

(ii) E120 n + CF~, E120 n + CFzCI 2 and E120 n + SF 6 for practically all oxides 
considered, the reactions ElzO n + SiF 4 for the oxides of groups I, II, III (with the 
exception of In202) and VIII, and for PbO and MnO; 

(iii) E l a  n + CF~ or SiF4 or SF 6 for the chlorides of alkaline earthmetals and 
the aluminium subgroup; 

(iv) EI2S . + CFa and E12S~ + SF~ for practically all sulfides considered. 
Thus, our calculations indicated that a large number of elements and their 

compounds are capable of reacting with the discussed fluorides of non-metals to 
yield the corresponding inorganic fluorides. 

For practical use, it is convenient to plot the results of the thermodynamic 
analysis graphically. By way of example, Fig. 1 shows the results for the reactions 
of elements, oxides, sulfides and chlorides with carbon tetrafluoride, demonstrat- 
ing that all the elements considered, their oxides, the majority of their sulfides and 
some of their chlorides should be suitable for fluorination with carbon tetra fluoride. 
It must be noted, however, that the accuracy of the AGformatio n values (Table 1, 
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Fig. 1) taken from the literature may affect the sign of A G 0, this being of particular 
o importance in our case for AGp values from zero to + 5 kcal/mole since a reaction 

indicated as thermodynamically impossible by calculation may experimentally 
prove feasible. It therefore appeared reasonable to study not only those reactions 
for which AG o < 0, but also some others with small positive values of AG o. 

Returning to the data of Table 1, it should also be noted that the effect of tem- 
perature, the possibility that the reactions take place according to another scheme, 
and kinetic factors may change the picture to a certain extent. Undoubtedly, 
however, the general conclusion remains that the non-metal fluorides considered 
can be used as fluorinating agents for a broad range of substances. 

I i 40 Li 

20 /~ 
" / 

d I 

,ll 

-Z0 

- 4 0  

-6o \ 

-80 / 

-100 --  

Cs Cu Be Ca Zn At In Y roe Pb Ti Zr Sb V Ta Cr W Mn Re Fe Co 

Fig. 1. Diagram of AG~ values for the reactions of carbon tetrafluoride with various metals, 
oxides, sulfides and chlorides: �9 -- El q- CF~; [] -- E120 n q- CF4; 

E1CIn q- CFa; ~ -- EI~Sn q- CF4 

Experimental 

Materials: dichlorodifluoromethane (Freon 12); silicon tetrafluoride obtained 
by the method described in [21]; sulfur hexafluoride (Elegas); powdered metals 
in pure, analytically pure and chemically pure grades. 

Differential thermal analysis of  the gas - solid reaction was carried out in a 
specially constructed quartz vial allowing runs in a stream of  the previously 
purified gaseous fluorinating agent (0 .2-0 .3  litres/min). The mass of the sample 
was 0,05 to 0.3 g. An EPP-09 M3 potentiometer was used for recording. The 
heating rate over the 400 -800  ~ range was close to linear; its value under the con- 
ditions of thermal analysis was 20 - 25~ A P t -  Pt/Rh thermocouple was used 
for temperature measurement. Ignited alumina was used as reference standard. 
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Table 1 

Thermodynamic analysis of the reactions of CF~, SiF4, SF~ and CF2C12 with various 

Group, Elements, Stage 
of oxidation 

1 1/n E1 + 1/4 CF4 = 
= 1In EIFn -t- 1/4 C 

2 1/n E1 + 1/4 SiF~---- 
= 1/n E1Fn + 1/4 Si 

3 1In E1 q- 1/6 SFG = 
= 1/n EIFn q- 1/6 S 

(g) 

A G~ kcal/mole, bond 

II III 

Li Cs Cu Be Ca Zn A1 In Y 

1 2 2 2 2 2 3 3 3 

--87 

--46 

--86 

--73 

- -32 

--72 

- -5  

36 

- - 4  

- -62 

--21 

--61 

AG ~ = 1/n AGEIFn "I- A 

- -86 

--45 

--85 

--32 

9 

--31 

--60 --23 

--19 18 

--59 --22 

4 1/2n ElsO n -I- 1/4 
CF~ = 1In E1Fn -t- 
--I- 1/4 COs 

5 1/2n E120 n q- 1/4 
SiFa = l/n E1Fn -b 
-q- 1/4 SiOs 

6 1/2n ElsOn q- 1/6 
SF6 = 1In E1Fn -t- 1/6 
SOs -t- 1/12 Os 

7 1/2n ElsOn q- 1/2 
CFsCls = 1In E1Fn -t- 
d- 1/2 COCls 

--43 

--30 

--40 

--45 

--63 

--50 

- -60 

--65 

--13 

--10 

--15 

--18 

- -5  

--15 

--20 

--38 

--25 

--35 

- -40 

--18 

- -5  

--15 

--20 

- -  20 

--7  

- -17 

--22 

2 

15 

AG ~ = 1/n(AGmFn -- 1/2AG~zl,on) + A 

8 1/n EICln + 1/4 
CF a =  1/nE1F n +  
+ 1/4 CCla 

9 1/n E1CIn + 1/4 
SiF~ = 1In E1Fn + 
+ 1/4 SIC14 

10 1/n E1CIn + 1/6 
SF6 = 1In E1Fn + 
+ 1/12 S2CIs (g) + 
+ 5/12 C12 - -4  

20  

28 

15 

15 

--10 

- -2  

--15 

--0.5 

7.5 

- -6  

8 --15 

16 - -7  

3 - -20 

20 

28 

15 

AG ~ = 1In (AG~lvn -- AGEIcTn) -t- A 

11 1/2n E12S n + 1/4 
CF 4 = 1/n E1Fn + 
+ 1/4 CSe (g) 

12 1/2n E12Sn + 1/4 
SiF4 = 1/n E1Fn + 
+ 1/4 SiS 2 (s) 

13 1/2n EI~S n + 3/2 
SF 6 =  1/nE1F n +  
+, 2 SF~ 

--30 7 --31 --25 

34 - -4  - -3  2 

--33 4 - -34 --28 - -9  

AG ~ = 1In (AG~vn -- 1/2 AG~t~Sn) + A 

* Initial data f o r t h e  calculation were taken  f r om[19  and [201 

- -6  - -36 

21 11 

--41 

7 

34 

- -4  

- -87 

--37 

--77 

--29 

- -16 

--26 

--31 

- -10 

- -2  

--15 

--27 

--0.5 

--31 
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elements and their compounds* 

Ge 

- -16 

25 

--15 

Pb 

--21 

20 

- -20 

IV 

Ti 

--38 

3 

- -37 

V 

Zr Sb [ V 
i 

4 3 [ 5 

- - 5 5  - - 1 4  - - 1 3  

- -  14 27 28 

--54 --13 --12 

[A = 53.08, ); 93.95 (2); 53.84 (3) 

I Ta 

I , 

--33 

8 

- -32 

Cr 

- -30 

11 

--29 

VI 

W 

- -14 

27 

--13 

VII 

Mn 

--37 

4 

- -36 

Re 

VIII 

Fe I Co 

z I 2 

- -26 --20 

t4 15 21 

4 1 --25 --19 

- -9  - -22 - -8  - -6  - -12 - -2  

4 - -9  5 7 1 11 

- -6  - -19 - -5  - -3  - -9  1 

- -11  - -24 - - 1 0  - - 8  - - 1 4  - - 4  

- -10 --11 - -7  - -17 

3 2 6 - -4  

- -7  - -8  - -4  - -14  

- -12 --13 - -9  - -19 

0 - -20 

--13 - -7  

3 - -17 

- -2  - -22 

--19 

- -6  

- -16 

--21 

[A = 29.51 (4);  42.82 (5); 32.5 (6); 27.39 (7) 

10 

18 

15 

23 

10 

11 

- -2  

13 16 

--0.5 

7.5 

- -6  

13 12 

--1 

12 

20 

6 7 

14 15 

1 2 

+ A [A -- 49.12 (8); 57.06 (9); 43.48 (10): 

- -2  

25 

- -5  

- -6  - -14 

21 13 

- -9  - -17 

- -3  - -4  

24 23 

- -6  - -7  

- -14 

13 

- -17 

- - 8  

19 

--11 

- -10 

17 

--13 

- -5  

22 

- - 8  

[A = 56.96 (11); 83.47 (12); 53.64 (13): 
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Results and discussion 

The elements  and  compounds  to be s tudied by  D T A  were selected on the basis 
o f  t he rmodynamic  ca lcula t ions  (Table  1, Fig. 1). 

I t  was assumed tha t  the  solid - gas reac t ion  takes  place  under  the condi t ions  
o f  the rmal  analysis  i f  sharp  exoethermic  effects can be observed in the hea t ing  
curves. In  this  sense, those  t he rmodynamica l ly  poss ible  reac t ions  t o o k  place  for  
which the value o f  A G; d id  no t  exceed - 2 0 . . .  - 3 0  kca l /mole  �9 bond.  As  m a y  
be seen f rom Table  2, the  reac t ions  with meta ls  and  oxides of  the  f luor inat ing 
agents  cons idered  satisfy this  condi t ion.  

Table  2 lists the  resul ts  o f  the rmal  analysis  for  the  reac t ions  o f  a number  o f  
meta ls  and  oxides with d ich lorod i f luoromethane ,  sil icon te t raf luor ide  and  sulfur 

Table 2 

Results of the thermoanalytical study of the reaction conditions between 
dichlorodifluoromethane, silicon tetrafluoride and sulfur hexafluoride, respectively, 

and various metals and oxides 

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 

Metal  or oxido 

Z n  

A1 
Ti 
Sb 
W 
CuO 
CaO 
CdO 
A1208 
Y208 
Pr60n 
Nd20~ 
S m 2 0 8  

Gd208 
Ho~O~ 
Er, O3 
PbO 
TiO2 
S b 2 0 3  

V205 
M o O  3 

Tm208 
Yb203 
Lu203 
Tb407 

CF2CI~ SiF,  
dHformation = AHformation 

= - -  113 kcal/mole = --386 keal/mole 

SF.  
AHformation = 

= - -292 kcal/mole 

T, ~ 

440 
470 
490 

none 

none 

740 
none 

470 

530 
520 

500 

none 
none 

none 

550 
910 
520 
n o n e  

n o n e  

n o n e  

815 
n o n e  

835 
805 
620 
780 
830 
880 
850 
860 
380 
n o n e  

none 
440-- 570 

805 
840 
830 
555 

613 
560 
494 
n o l l e  

684 
none 
727 
none 
530 
657 
584 
647 
670 
594 
642 
597 
500 
n o n e  

n o n e  

n o n e  

n o n e  

670 
700 
590 
637 

"None" = no thermal effect, or only a blurred effect, was recorded in the DTA curve 
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hexafluoride. Figures 2 and 3 present typical DTA curves for metals and oxides 
belonging to variour groups of the periodic system, demonstrating that the reac- 
tions are accompanied by high rates of heat evolution, as indicated in the curves. 
by sharp-ended peaks. 

i 
AT 

Zn �9 CFzC| 2 Zn * SiF~ Zn * SF~ 

/ 

k. 

AI.  CFzCI z AI*  SiF4 At �9 SFB 

Ti �9 CF2C{ z l ' i  * s ig  4 "ri. SF 6 

T 

Fig. 2. Heating curves of metals in CF2C12, SiF4 and SF6 atmospheres 

In spite of the great informative power of the DTA method for determining_ 
the conditions of synthesis of inorganic fluorides using non-metal fluorides as 
fluorinating agents, it should be noted that in some cases thermal effects are not 
recorded for reactions where A G~ < 0, owing to the slowness of heat evolution 
in the course of the chemical reaction. In such cases the necessary information 
as to whether a reaction has taken place is supplied by the weight change of the: 
sample and by X-ray phase analysis of the reaction product. 

Turning now to the thermoanalytical data obtained, it appears that the essential 
difference between the processes with CF2Clz on the one hand, and with SF6 and 
SiF~ on the other, is the temperature at which the exothermic peak is recorded. 
Thus, aluminium and zinc react with CF2CI~ before or at the moment of their- 
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transition into the liquid state, while their reactions with SF 6 and SiF~ require 
further heating of the molten metal. 

A similar difference in the value of the "temperature of the start of interaction" 
(ts.i.) characterizes most oxides, these reacting at the lowest temperature with 
CF~C12. The sequence of fluorinating power regarding metals and oxides is therefore 

CF2CI~ > SF6 > SiF4. 

The differing reactivities (as regards activation energy Ea and rate constant kv) 
of these fluorinating agents towards the substances to be fluorinated are due to 
causes determined by the nature of these components. If the substance to be fluori- 
nated is one and the same, the reactivity will be determined by the nature of the 
fluorinating agent, by its structural and thermodynamic characteristics. At present 
it is impossible to calculate E, and kv using only thermodynamic and structural 
data. It is also rather difficult to determine Ea nad kv experimentally in heterogene- 
ous syntheses. It is more simple and convenient to determine, by DTA, the 

~T J 
CoO+ CFzCt z CaO+ SiF 4 CaO.SF 6 A 

. . ~  ~ ~  . . ~  ~ . , . . , . Y z O 3  �9 CFzCI/ Y203 + SiF4 A 

NdzO 3 + CF2CI z NdzO 3 * SiF 4 NdzO 3 + SF s 

)bO �9 CFzC{ z PbO * Si F4A PbO + SF~/~ 

1: 

Fig. 3. Heat ing curves of  oxides in CF2C12, SiF4 and SF 6 a tmospheres  
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"temperature of the start of interaction" of the gas - solid process, which is 
indirectly related to Ea and kv ,since t~.i. is the temperature corresponding to the 
minimum rate of the process (rate of heat evolution) which can already be recorded 
with a sensitive instrument. In this case, the lower the value of ts.i., the higher the 
reactivity of the fluorinating agent. It may be seen from the data in Table 2 that 
ts. i is in correlation with the values of ZH~ormatio n of the fluorinating agents, in- 
creasing with the decrease of the latter. Thus, in the reaction ElF n + Y~Oz: 

z1a~ormation, kca l /mo le  
ts.i." ~  

CF2CI~ SFB SiF4 

--113 
470 

- -  292 
657 

--386 
805 

The picture obtained with other oxides and metals is similar. 
It is possible that such a sequence could be observed for many other "inert" 

fluorinating agents, and that the sequence of fluorinating powers of non-metal 
fluorides is 

NF3 > CF~C12 > SF4 > CF4 < BF3 > SF6 > SiFt. 

The simplest and most convenient confirmation of this assumption can be achieved 
by differential thermal analysis. 

To summarize, the DTA method allowed determination of the temperature 
conditions for the synthesis of inorganic fluorides when dichlorodifluoromethane, 
silicon tetrafluoride and sulfur hexafluoride were used as fluorinating agents. 
These nonmetal fluorides appear most promising for application in inorganic 
syntheses owing to a number of advantages: high inertness under normal condi- 
tions, high fluorine content and simplicity of manufacture. 
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R~SUM~2 -- A partir des variations de l'6nergie de Gibbs calcul6e h 1'6tat standard, on a 
6valu6 la possibilit6 qu'il se produise une r6action entre le carbone et la fluorure de silicium, le 
dichlorodifluorom6thane et l'hexafluorure de soufre ainsi que plusieurs 616ments et leurs com- 
pos6s. Le d6roulement effectif des r6actions a 6t6 6ttldi6 par analyse thermique diff6rentielle. 
Les r6actions des m6taux et oxydes avec le dichlorodifluorom6thane, le t6trafluorure de silicium 
et l'hexafluorure de soufre ont 6t6 examin6es et les temp6ratures off s'effectuent les synth6ses 
ont 6t6 difinies en mesurant la "temp6rature du d6but de r6action" (t~.i.). 

En supposant l'existence d'une corr61ation entre ts. i. et AH~~ pour les agents de fiuora- 
tion, une s6quence du potentiel fluorant des fluorures non-m6talliques a 6t6 6tablie. La perspec- 
tive de l'utilisation des fluorures non-m6talliques pour la synth6se des fluorures inorganiques 
est discut6e. 

ZUSAMMENFASSUNG - -  Auf Grund der berechneten Gibbsschen Energie/inderungen des Stan- 
dardzustandes wurde die M6glichkeit von Reaktionen zwischen Kohle und Silikontetrafiuorid, 
Dichlordifluormethan, bzw. Schwefelhexafluorid, sowie einer Anzahl von Elementen und ihrer 
Verbindungen ausgewertet. Das tats~ichliche Zustandekommen der Reaktionen wurde dutch 
Differentialthermoanalyse untersucht. Fluorierungsreaktionen von Metallen und Oxiden mit 
Dichlordifluormethan, Silikontetrafluorid und Schwefelhexafluorid wurden untersucht und die 
Temperaturbedingungen der Synthesen dutch Messungen der "Temperatur am Anfang der 
Wechselwirkung" (tsj) bestimmt. 

Unter Annahme der Existenz einer Korrelation zwischen t~.~. und dH~iiaung der fluorierenden 
Substanzen wurde eine Sequenz des Fluorierungsverm6gens der Nicht-Metallfluoride aufgestellt. 
Die Perspektive der Anwendung yon Nicht-Metallfluoriden bei der Synthese anorganischer 
Fluoride wird er6rtert. 

J. Thermal AnaL 15, 1979 
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Pe3~oMe - -  Ha  ocrroBal~iri pac~mTailrloro /IJIfl cTart)IapTnoro eOCTOflHHfl rl3Merlennfl aneprHn 
FH66ca o~IeHeaa BO3MO3KItOCTb npoTexanHn pea~(ug~ TewpaqbTOprt/IOB yr~epojIa r~ I(peMI-II~, 
JIHqbTOp~IrlXJIOpMeTaHa rI rercaqbTopa~a cep~,i c pfljIOM :)neMeHTOB I,I ~IX coe)InueRg~. 

Borrpoc 06 ocymeCTBJIeHH~ TeX Hn~ HHbIX peard~f~ petuanc~ na  OCHOBa~gr~ ~a~epea~r~anJ,-  
no-TepMn~ecroro aHanHaa no I(pnBr, I~  narpeBanan. 

IIpoBe~ieao ~InOpd~epennnarmno-xep~rt,lecKoe Hccne~oBai~r~e peardla~ qbTopr~poBaarm MeTannoB 
a orncnoB ~HqbTOpjIHxnopMeTarIOM, TeTpaqbTOpn~IOM rpeMHna ~ reKcaqbTopa~IoM cepi, i. TeMne- 
paTypn~,xe ycnoBna CanTe3a orrpene~Iei~i no ycTanoanean~M TeMnepaTypaM ((Ha,tuna n3anMo- 
jIe~CTBn~b> (tn.B.). 

IIoJ~ara~ BO3MOTKHOCTb I(opPen~tlm~ tn.B. C zJn~ (I)TopHpyIonlaX aregTOB, npenaaraexca 
P~/I qbTopn~OB I~eMeTannoB no nx dpTopr~pyionle~ cnoco6I~OCT~. O6cy~(/Ia~oTca nepcneI(Tn~J~ 
ncnoJ~,30Bannn qbTopH~IOB neMeTaaZ~OB B cr~HTe3e r~eopraHn~ecI(nX qbTop~IoB. 

,r. Thermal A n a l  15, 1979 


