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The enthalpy and temperature of the sublimation, evaporation and dissociation 
of nitrosyi or nitryi fluoride-zirconium, tin, vanadium, sihcon, antimony, moIybdenum 
and tellurium fluoride adducts were determined from DSC measurements_ A closed- 
cell DSC technique was employed for this purpose and to postulate possible reaction 
mechanisms of the dissociation. 

INTRODUCTIOS 

it is known that a number of acceptor fluorides produce adducts with nitrosyl 
fluoride or nitryl fluoride_ The application of some of their characteristic phenomena 
has been investigated as a means of separating and refining the elements from their 
ores’*‘_ However, the kinetic constants of these adducts are not fully known. 

In a previous paper3, it was found that the enthalpy and temperature of the 
thermal dissociation reactions of NOTiF,. NO,NbF, and (NO&TaF,, and the 
sublimation reactions of NOTi:Fs) NONbF6 and NOTaF, could be determined by 
DSC measurements. 

In this investigation, the DSC measurements are extended to the complex 

fluorides of the other seven elements. It is evident that the fluorides of zirconium’, 
molybdenum4, silicon2, antimony4 and tellurium4 produce adducts with nitrosyl 
fluoride. The chemical formation of these reactions is as follows: 

Zi +6NOF + (NO)+ZrF, i-4N0 0) 

MO +4NOF ---, NOMoF4 +3NO (2) 

Si+6NOF 4 (NO),SiF, i4NO (3) 

Sb+6NOF 4 NOSbF, +5NO (4) 

2Te + 1lNOF 4 (NO),Te,F, 1 + SNO (5) 

It is aiso probable that the fluorides of tin and vanadium produce the complex 
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ff uorides according to the following reactions: 

Sn i- 6NOF --, (NO),SnF6 t4NO 

V+6NOF --+ NOVF, -I-5NO 

(6) 

(7) 

The compounds, (NO),ZrF, , NO=MoF,, (NO)=SiF, , NOSbF,, (NO)&IF~, 

(NO),TelF, I and NOVF6 were prepared and analyzed as follows. In the case of 
(NO),ZrF,, an 80 moi % HF-20 mol % NO2 solvent, prepared as described before’, 

was added gradually to the metallic zirconium -mule until aI1 of the metal had 
reacted SatisfactoriIy and had been converted to a white precipitate_ This compound 

was separated centrifugally from the solution The remaining solution was separated 

from the particles by filter-paper. NOSbF, ws prepared, using metalIic antimony, 
by the same procedure as that used in preparing the zirconium compound. (NO),SiF, 

was prepared by adding a shght excess of the 80 mol ?G HF-20 mo1 % NO, solution 

to the guaranteed reagent siiicon dioxide and it was kept at 3O”C, and then, after a 
violent reaction, a transparent soiution was obtained. Colorless, transparent and 

needle-shaped crystals precipitated on cooling the sohttion to -20°C. These crystals 

were separated centrifiigaIIy. The same method was applied to prepare NOVF,, 

NO,MoF,, (NO),SnF, and (NO)sTe2F, i using vanadium pentaoxide, molybdenum 

trioxide, metaliic tin and teIIurium as reagents, respectiveIy_ 

AI1 these compounds, except for vanadium, antimony, molybdenum and 
teIhuiu.m, which are sin;ilar to the complex fluoride of silicon, were analyzed on metal 

ion, fiuorine and nitrogen as previously described6. The quantitative anaIyses of 

vanadium and antimony were performed by the potassium permanganate titration of 

the oxidation reactions :o pentavaIent ions from tri- and tetravalent ones, respectively. 

The amount of mo!ybdenum was determined by weighing the lead molybdate which 

was formed by adding Iead acetate solution to the solution to be examined in the 

presence of acetic acid. In this case, it stands to reason that the soIution should be 
free from fluorine ion_ The amount of tellurium was determined by weighing the 
elementary teIIuri~lm which was produced by the reduction reaction with hydra&e 

dihydrochloride and sulfurous acid. The results are shown in Table I_ 

The reaction enthalpies and the reaction temperatures were determined using a 

Rigaku-Denki Model DSC-8055 differential scanning calorimeter. The same methods 

were used as those which have previously been described3. The normal operating 

procedure for the calorimeter requires that the DSC chamber is first evacuated and 

then Wed with nitrogen. However, this evacuation was omitted in the cases where the 

samples, such as the compounds of zirconium, molybdenum and silicon, were to be 

subjected to dissociation or sublimation. During each measurement nitrogen was 

ahowed to flow through the sample chamber at a rate of 30 ml mm”, as described 

previousty, From l-10 mg of the sample was employed at a heating rate of 25 

10°C min- t. A fiat cyiindrical closed cell with a pin hole on its surf’ was used, Ceils 
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made of aluminum were used except when platinum celIs were needed_ The heat of 
evaporation of mercury and the heat of transition of KNOs were used as the 

standards. 

TABLE 1 

COMPOSITION OF SAMPLE 

Found (%) Calculared (%) 

(NOMrFa 

WOhSnF6 

NOVF6 

(N0)2SiFs 

NOSbFs 

NO,MoF, 

(NOh-fe:F, I 

Zr 34.22 34.39 

F 43.19 42.98 

N 10.60 10.56 

Sn 50_4i JO-55 
F 39.17 38.95 
N 9.62 9.57 

V 25.82 26.13 
F 58.66 58.48 
N 7-20 7-19 

Si 13.82 13.90 
F 57-07 56.41 
N 13.91 13.86 

Sb 45.11 45.81 
F 42.99 42.89 
N 4-76 5.27 

MO 44.31 44.02 
F 36.76 34.87 
N 6.47 6.43 

Te 45.65 46.05 
F 37.72 37.71 
N 7.60 7-58 

RESZIZTS Ahm DISCUSSIOS 

The DSC curve for zirconium complex fluorides is given in Fig. 1 (curve A). 
The dissociation of (NO)&F, appears to begin at 85°C. A wei@ decrease of 19.0% 
was observed when this material was heated to 110°C. The dissociation of a singIe 
mole of NOF, per one moIe of (NO),ZrF,, Iaving NOZrF,, could account for the 
observed weight decrease because the weight decrease is 18.48% in the following 

reaction: 

(NO),ZrF, -P NOZrFs +NOF (8) 

The results of chemical analysis of the solid product were also very close to the 
composition of NOZrFs as follows: Zr, found, 42.85%, talc., 42.19%; F, found, 
43.50%, talc., 43.93%; N, found, 6.38%, talc., 6.48%. At 151°C another disso- 

ciation reaction seems to begin. A weight decrease of 22-l % was observed by the 
reaction which causes this peak. This value is close to the decreas e in weight, 22.66%, 



Fig. l_ DSC awe for complex fluoride of zirconium (A) and tin (B). 

where one mole of NOF per one mole NOZrFS is evolved, leaving ZrF,. The result 
of chemical analysis of the solid product was ako found to 5e in close a_oreement ~5th 
the composition of ZrF,_ Therefore, the second peak in curve A was found to derive 
from the following reaction: 

NOZrF, --, NOF+ZrF, (9) 

The DSC cnrve for tin complex fiuorides was similar to that for zirconium, as 
shown in Fig. 1 (curve IQ_ A weight decrease of 17.1% was observed when (NO)$!M?~ 
was heated to 170°C. This value is close to the decrease in weight, 16.74O/5, for the 
following dissociation reaction: 

(NO)$nF6 --, NOSnFs fNOF (10) 

The resnIt of chemical analysis of the solid product is also very close to the com- 
position of NOSnF, as follows: Sn, found, 38.79%, talc., 38.95%; N, found, 5.70% 
cak., 5.75%. This indicates that the first peak in the DSC curve of (NO),SnF, was 
derived from eqn (10). At higher temperature, another peak which causes a weight 
&crease of 19.8% was observed, This value is cIose to the decrease in weight, 20.1 I %, 
predicted by the following reaction: 

NOSnF~ + SnF,+NOF (10 

The result of chemical analysis of the solid product was also found to be in close 
agreement with the composition of SnF,. 
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E&&pies and temperatures of dissociation estimated from tie DSC curves of 
complex fluorides of zirconium and tin are listed in Table 2. 

TABLE 2 

=Cl-ION EKI-HALPIES FOR (NO)rZrFs AND (N0)$nF6 

Reactin Pd temp. (“CT) W (kcal moZ_ I) 

@JO)&F6 3 NOZrF5 + NOF 
NOZrFs -_, ZrF4+ NOF 
(NO)~SnF~ -_, NOSnF, i-NOF 
ru‘OSnFs --f SnF,+ NOF 

85- IO5 
151-260 
155-242 
260-386 

11.0 (per mole of NOFJ 
17.5 (per mole of NOF) 
18.8 (per mole of NOF) 
24.6 (per moIe of NO,F) 

The DSC curves for NOVF, and (NO),SiF6 are given in Fig. 2, curve A and B, 
respectively. In both cases, cells made of platinum were used because the reaction 
between ahuninum cells and the sampks was not negligibly small. As shown in both 

Fi& 2 DSC cmve for complex fhoride of vanadium (A), siIicon (B) and antimony (C). 

curves, NOVF, and (NO),SiF6 sublimated without transition or preceding disso- 
ciation which were observed for NOTiFs 3 or (NO),ZrF, . The enthaIpies and tzmper- 
atures of sub&nation are shown in TabIe 3, 

The DSC curves for NOSbF, are also given in Fig. 2 (curve C). The platinum 
cellwasustdinasimiiarway.Asshowninthe~gure,thereweretwosharppeaks 
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TABLE 3 

REACTZON EhGHALPIES FOR NOVF,, (NO),SiF, AND NOSbF, 

Rcacrian Peak femp. (‘C) H (kcal moi- ‘) 

NOVFs, sublimation 
(NO)&Fe, sublimation 

NOSbFd. transition(I) 

transition 
sublimation 

150 44.0 
80 39-S 

156 I.54 

346 I.69 
426 42.3 

before a decisive broad peak different from the cases of complex fiuorides of vanadium 

and silicon- With these two peaks, neither a weight change nor a melting reaction 

were observed_ Therefore, it is clear that these peaks originate from the transition of 

the crystal lattice. At the higher temperature sublimation of this material was observed. 

The enthaIpies and temperatures of transition and sublimation estimated from the 

DSC curve and are listed in Table 3_ 

The DSC curves for molybdenum complex fluoride are given in Fig_ 3_ The 

dissociation of NO,MoF, appears to occur at the temperature range of 184 to 3OO”C, 

_ Fig. 3. PSC curve for compkx fhoridc of molybdenum. (A) NOtMoF,; (B) NOMoF,. 

overlapping with another reaction at 238°C (curve A). Through these reactions, a 

weight decrease of about IO%, which is poor in reproducibility, was observed_ On the 

other hand, the transparent liquid was obtained as a resuIt of heating N02MoF, to 
250°C in a semi-closed vcsse1. The viscosity of this Iiquid increased _eraduaIIy on 
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cooling, and subsequently, this material became a glassy sohd at room temperature. 
The results of the analysis of this material were as follows: MO, 47.09%; F, 38.26%; 
N, 6.71%. These values are very close to those of the components of NOMoF,: 

MO, 47.51%; F, 37.63%; N, 6.94%_ This indicates that half a mole of oxygen per 

one mole of N02MoF, is apparentIy evolved, leaving NOMoF, as in the following 
equation: 

NO,MoF, + NOMoF, +fO, (12) 

On these grounds it is suggested that the sharp peak at 238 “C was derived from the 
phase change with the dissociation reaction of NOzMoFs. In the DSC curve of 
NOMoF,, these peaks no longer appear (curve B). This indicates that NOMoF, is an 
amorphous gIassy material. At 314’C the NOMoF, evaporated without prior 
decomposition or dissociation. The disagreement in weight decrease between the 
result found and that calculated from eqn (12), 7.34%, is attributed to the fact that 
the temperature of evaporation of NOMoF, is near to that of reaction (12). 

Enthalpies estimated from the DSC curves of dissociation and evaporation are 
listed in Table 4. 

TABLE 4 

REACTION ENTHALPIES FOR NO,MoF4 AND (NO),Te,Fi, 

Reaction Peak remp. (“C) W (kcd md- ‘) 

NO:MoF,+ NOMoFli~O, 184-290 
NOMoF,, vaporization 314 
(XO)sTe2Fr t --f 2NOTeFS iNOF 66-128 
NOTeFS, vaporization 302 

24-3 @er mole of 03 
23.5 
15.1 (per mole of NOF) 
14.7 

In the case of tellurium compiex fluoride, a phenomenon similar to that 
observed in the case of molybdenum was noted. The DSC curves for tellurium 

complex fluoride are given in Fig- 4_ The decrease in weight of 9.24% was observed by 
the reaction which causes the first brozd peak (curve A). This value is very close to 
that of the decrease in wei&t, 9.20%, where one moIe of NOF per one mole of 

(NO),Te2Fi 1 is evolved leaving two moles of NOTeF, _ On the other hand, the color- 
Iess liquid was obtained by heating (N0)sTe2F i i up to 12O’C in the IooseIy-plugged 
vesse1. This material was a viscid liquid at room temperature and a transparent &ssy 
solid at -20’C. The results of- the analysis of this material were as follows: Te, 
48.36% ; F, 38.11% ;_N, 5.62%- Tneje ~ahes are close to those of the components of 
NOTeFs: Te, 50.72% ; F, 37.76% ; N, 5.57%. Therefore, this broad peak was found 
to originate from the following dissociation reaction: 

(NOLTe2F, 1 + 2NOTeFS iNOF (13) 

In the DSC curves of NOTeF, , similar to the case of NOMoF,, the sharp peaks which 
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(8) 

A_____- 
1 7 . r . f&t . 1 1 * . 

0 MO 

Tempenfurc (‘C 1 

Fig. 4. DSC curve for complex fiuoride of telhrium, (A) (NO),TezFz r; (E3) NOTeFs _ 

represented meIting were not observed (curve B). This aIso indicates that NOTeFS is 
amorphous. At the higher temperature, which was detected to be 3 18 OC. this materiaI 
was evaporated as NOMoF,. Enthalpies estimated from the DSC curves of dis- 
sociation and evaporation are listed in Table 4. 

CONCLUSION 

Adducts of &rosy1 or nitryl fluoride with fluorides of zirconium, tin, vanadium, 
sihcon, antimony, molybdenum and tellurium were produced using 80 mol% 
HF-20 mol% NO2 as solvent. 

The following facts were found from the DSC measurements of these adducts. 
(NO)&rF6 and (NO),SnFG are converted into ZrF, and SnF,, respectively, through 
two thermaI dissociation steps. NOVF,, (NO),SiF, and NOSbF, sublimate without 
prior thermal dissociation, but in the case of NOSbF, two transitions are observed_ 
NO,MoF, and (NO),Te,F, r are converted into glassy melts with thermal dissociation 
prior to Gnal evaporation. The entbalpies and temperatures of all these reactions are 
estimated from the DSC measurements. 
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