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ABsIRAcr 

The entbaIpy and temperature of the sublimation, dissociation and transition 
of nitrosyl fiuoride or nitryl fluoride-chromium, iron, boron, aluminum, indium and 
phosphorns fluoride adducts were determined from DSC measurements- A closedcell 
DSC technique was employed for tbis purpose and to postulate possible reaction 
mechanisms of the dissociation_ 

INXRODUCIION 

In previous papers’* 2, it was shown that the cnthalpy and the temperature of 
the thermal dissociation reactions of NOTiFs, NO,NbF,, (NO),TaF, , (NO),ZrF,, 
NOZrF, , (NO),SnF,; NOSnF, , NO,MoF, and @fO),TeF, I, the sublimation 
reactions of NOTi2Fg, NONbF, , NOTaF,, NOVF,, (NO),SiF, and NOSbF, , and 
the vaporization reactions of NOMoF, and NOTeF, could be determined by DSC 
measurements. The transition reactions of some of these compounds were also 
diSCUssed. 

In the present paper, the DSC measurements are extended to the complex 
fluorides of the other six elements. It is known that the fluorides of irons, boron4 and 
phosphorus’ produce adducts with nitrosyl or nitryl fluoride_ The chemiml formation 
of these reactions is as foliows: 

Fe+4NOF + NOFeF,i3NO (1) 

B+4NO,F --+ NO,BF,i3NO, (2) _- 

P+6NOF + NOPF,+5NO (3) 

It is also probable that the fluorides of chromium3, aluminum5 and indium produce 
the fluoride complexes according to the following reactions: 

Cr+4NOF --, NOCrF4;3N0 (4) 

3Al-f-IlNOF + (N0)2A13Fr1 +9NO (5) 

3Iu+llNOF + (N0)$n3F,, +9NO (6) 
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The compounds, NOCrF, , NOFeF,, NO,BF,, (NO),AI,F, I, (NO),fn,F, I 
and NOPF, were prepared and analyzed as foIIows. In the case of NOCrF,, the 

guaranteed reagent chromic acid anhydride was added little by IittIe to an 80 mol% 
HF-20 mol% NO= solvent, prepared as described before6, until the solution was 
almost saturated with a chromium compound. A water-soluble dark green compound 
precipitated on evaporating the excess solvent at 40°C. The same method was 
applied to prepare NOFeF,, (N0)2AI,F, r and (NO)JnxF,, using metallic iron, 
aluminum o_xide and metallic indium as reagents, respectively. The compounds 
formed arc a vvrater-soIubIe white powder. AIuminum oxide was made by thermal 
decomposition of the _eu3ranteed reagent aluminum nitrate. NO,BF, was prepared 
by adding the guaranteed reagent boric acid IittIe by little to the 80 mol%HF- 
20 mol% NO2 solvent until the solution was almost saturated. After a violent reaction, 
coIorIess, transparent and needIe-s.hapcd crystals precipitated from the solution on 
cooling it to -20°C. These crystals were separated centrifugaIIy from the solution. 
Almost the same procedure was employed to obtain NOPF,. IO this case the 

guamnEed reagent phosphorus pentoxide was used. A littIe more time than in the 
case of boron was required to complete the crystahization of coIorless needle-shaped 
KOPF6 at -20°C. Furthermore, a slight evacuation of the crystal was necessary to 
eliminate the solvent adsorbed on the crystal surface. 

All these compounds were analyzed on metal ion, fluorine and nitrogen. The 
qualitative anaIyses of fluorine and nitrogen were performed as previously describeds. 

The amount of chromium, boron, aluminum and indium were determined by atomic- 
absorption spectrophotometry using a Hitachi Model 208 atomicabsorption spectro- 
photometer. The amount of iron was determined by the potassium permanganate 
titration of the oxidation reaction from the divaIent to trivalent ion. The amount of 
phosphorus was determined by weighing the magnesium pyrophosphate produced by 
igniting the six-hydrated magnesium ammonium phosphate which was precipitated 
by the reaction with the phosphate ion and magnesia mixture. The results are shown 
in Table 1. 

The reaction enthalpies and the reaction temperatures were determined using a 
Rig&u-Denki Model DSC-8055 differential scanning calorimeter. The same methods 

were used as previously described1.2. The normal operating procedure for the 
caIorimeter requires that the DSC chamber is first evacuated and then fiued with 
nitrogen. However, this evacuation was omitted in the case of the fluoride complex of 

ahuninum where the sample was to be subjected to dissociation. During each mcasure- 
ment nitrogen was allowed to flow through the sampIe chamber at a rate of 30 ml 
min- r so as to Iead the gas produced out of the system. From l-10 mg of the sampIe 
was employed at a heating rate of 2540% ruin-‘. A tlat cyIindrical ciosed celI with 
a pin hole on its surface was used. CelIs made of aluminum were used except when 
platinum cells were needed. The dissociation or sublimation temperature was 

determmed by measurin g the point where the extension of the baseline intersects the 



357 

TABLE 1 

COMPOSmON OF SAMPLE 

SpmpL? co mponents Found (%) talc (%) 

NOCrF, cr 

ii 

3286 3291 
48.03 48.10 

8.58 5.87 

NOFeF, Fe 34.58 34.50 
F 45-98 4695 
N 8.33 8.65 

NO:BF, B 8.43 8.14 
F 57.24 57.22 
N 10.63 X0.55 

(EiO)xAlaFx x Al 23.32 23.13 
F 60.20 59.72 
N 8.05 8.01 

WOhbFs x In 56.12 56.15 
F 34.14 34.07 
N 4.55 4.57 

NOPF6 P 

ii 

17.62 17.70 
65.29 65.15 

7.86 8.01 

tangent of the peak curve on the DSC curve. The peak area was determiued by 
measuring the area surrounded by the peak and the straight line from the point of 
contact between tht DSC curve and its baseline to the point where the Gnal baseline 
begins. The validity of these methods was confirmed by DSC curves of mercury, 
potassium nitrate and water as previousIy desaibedl**. 

The DSC curve for chromium fluoride complex is given iu Fig- I. A partial 
dissociation of NOCrF, appears to occnr at 201 “C (peak A) with the final one at 
287°C (peak B). A weight decrease of 24.69% was observed by the reaction of the 
peak (A). The result of the chemkal analysis of the greenish grey material subsequent 
to the peak (A) corresponds to the composition of (NOF) - 5CrF, as follows: Cr, 
found, 43.78%, cak., 43.77%; N, found, 2.21%, cak., 2.36%; F, found, 50.19%, 
talc., 51.18%. While the weight decrease of the reaction where four moles of NOF 
per five moles of NOCrF, are evolved leaving (NOF) - SCrF, is 24.8 1%. These facts 
indicate that peak (A) in the DSC curve of NOCrF, was derived from the following 
reaction: 

SNOCrF& + (NOF) - 5 CrF, +4NOF (7) 

A weight decrease of 8.65% was obscrvcd by the reaction of peak (B). The result of 
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Fig. 1. DSC cwt for ffuorick CompIcx of chromium. 

the chemicaI analysis of the final product is close to the composition of CrF, as 

foilows: Cr, found, 47.69%, talc., 47.71%; F, found, 51.59%, talc., 5229%. These 
results indicate that one mole of NOF per one moIe of (NOF)-5CrF, is apparently 
evohred leaving five motes of CrF, because the weight decrease is 8.25% in the 

following reaction: 

(NOF) - 5 CrF, -B 5 CrF, + NOF (8) 

The enthalpies for reactions (7) and (8) estimated from the DSC curve are 

listed in Table 2 

-rABLE 2 

RJZACRON EM-HALPIES FOR NOCcF, 

Remdim TeJnp. PC) AH (kud ml- 1) 

SNOCrF,+ (XOF)-SCrF,+4NOF 241 40.98 &cr mole of NOF) 
(NOFJ-5CrF3+5CrF31NOF 287 11.18 (per molt of NOF) 

The DSC curve for iron fluoride complex is given in Fig. 2. 
The platinum cell was used because the reaction between the aluminum cell and the 

sampfe could not be neglected. The dissociation appears to occur at 122°C (peak A). 
A weight decrease of 20.12% was observed by the reaction of the peak (A). The 
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Fig_ 2 DSC curve for 5uoride compkx of iron. 

dissociation of two moles of NOF per three moles of NOFeF,, leaving NOF-3 FeF,, 
could account for the observed weight decrease because the weight decrease is 20_19% 
in the following reaction: 

3NOFeF, + NOF- 3 FeFJ +2NOF (9) 

The results of the chemical analysis of the bIueish white solid product were also close 
to the composition of NOF-3FeF, as folIows: Fe, found, 43.2!5%, talc., 4323% ; 
F, found, 48.87%, cak., 49.02% ; N, found, 3.45%, cak., 3.61%. At 183°C another 
dissociation reaction seems to occur (peak B)_ A weight decrease of 12.64% was 
observed by the reaction which causes this peak_ This value is very close to the 
decrease in weight, 12.65% where one mole of NOF per one mole of NOF-3FeF, is 
evolved, leaving three moles of FeF,_ The result of the chemical analysis of the solid 
product was also found to be in close agreement with the composition of FeF, as 

TABLE 3 

REACTION ENl-HALPIES FOR NOFeFa 

AH (kud mol- ‘) 

3NOFeF4+NOF-3FcF,+ZNOF 122 20-79 (per mole of NOF) 
NOF- 3 FeF, 4.3 FeFa + NOF 183 2532 (per mole of NOF) 
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fullowx Fe, found, 49-W%, talc., 49.49%; F, found, 50.6S%, talc., 50.51%. There- 
fore, peak (B) was found to derive from the following exaction: 

NOF-3FeF, + 3FeF, +NOF (10) 

The enthalpies for reactions (9) and (10) estimated from the DSC curve are 
listed in Table 3. 

The DSC curve for boron fluoride compIex is given in Fig. 3 (curye I). The 

dissociation of N02BF, appears to occur at 163°C overlapping with another reaction 
at the same temperature. A weight decrease of 12.00% was observed as a result of 
heating this material up to 200°C in a semi-closed vessel. The results of the analysis 

i 

t 
100 

Fis 3. DSC curve for fIwri& complex of boron. 0 NOzBFI ; (II) NOBF&. 

of the rnateria& needle-shaped colorless crystal, subsequent to this heating were as 
follows: B, 9.32%; F, 65.02% ; N, 11.96%. These values are very close to those of the 

components of NOBF4: B, 9.26%; F, 65.06%; N, !!.9P%. This indicates that one 
mole of oxygen per two moles of NO,BF, is apparently evolved,- leaving two moles 

of NOBF,, because the weight decrease is 12.05% in the following reaction: 

2NOzBFl --+ 2NOBF,iOz (11) 

In the DSC curve of NOBF,, the broad peak no longer appears leaving the sharp 
peak at 163 “C (curve II). Neither a melting reaction nor a weight change was observed 
with this sharp peak and it was completely reversible. On these grounds, it is suggested 
that the broad peak was derived from the dissociation reaction represented by 
reaction (1 l), and the sharp peak overlapping with the broad one derived from the 

transition of the crystal lattice of NOBF,. A dotted curve in curve I was obtained by 
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subtracting curve II from curve I- The broad peak completed by this dotted line should 
be the peak which is derived from the dissociation reaction (I 1) alone_ The entbalpies 

for the dissociation and the transition estimated from the DSC curves are listed in 
Table 4_ 

TABLE 4 

REACl-ION EZGTHALPIES FOR NOIBF* 

2NOzBFa+ 2NOBFd+Ot 173 266 (per mole of 03 
Transition 163 234 
Sublimation 339 33.27 

At the higher temperature NOBF, sublimated without prior dissociation or 
decomposition (curve I)_ The enthalpy for the sublimation estimated from this curve 
is also listed in Table 4, 

A typical DSC curve for aluminum fluoride complex is given in Fig. 4 (curve I)_ 

The platinum cell was used in a similar way to the case of NOFeF,. The existence of 
three dissociation reactions must be considered for (NO)+l,F,, _ The decrease in 
weight of 19.37% was observed by the reaction which causes the first broad peak (A). 
The same weight decrease was observed by keeping @10)&13F,, at 165°C in a 
semi-closed vessel. The results of the analysis of the solid product were as follows: 

Temperah~re < l c ? 

Fig. 4. DSC curve for fiuoridc complex of ahminum. (I) @JOIIAl~Fl I ; 01) NOF-3AlF3. 



Al, 28.69%; F, 64_62%; N, 295%_ These values are dose to those of the components 
of NOF-5AlF,: Al, 28.77%; F, 64.83%; N, 299%. The weight decrease of the 
reaction where seven moles of NOF dissociate per five moIes of (NO)&,F, 1 leaving 
three moles of NOF-SAIF, is 19.60%. This value is also close to the observed value. 

On these grounds, this dissociation could account for the reaction which causes the 
first broad peak (A)_ However, it is sug,oested from the shape that the peak is derived 

from two overlapping reactions. 
The mate&I of a definite composition was obtained with a weight decrease of 

14_02% by heating (NO),AI,F,, up to 72-lG5”C in a semi-closed vessel, This value 
is very close to that of the decrease in weight, 14_OO%, where I mole of NOF per I 
mole of (NO),A13F, 1 is evolved leaving one moIe of NOF- 3AlF, _ While the results 

of the analysis of this material were as follows: AI, 27.10% ; F, 63.73% ; N, 4.70%. 

These values are also close to those of the components of NOF-3AlF,: Al, 26.90%; 
F, 63_13%; N, 4_65%_ The DSC curve for the product which was made by heating 
(NO),A13F,, to 72-1OS’C in a semi-closed vessel is shown in Fi_e 4 (curve II)_ The 

second peak of this DSC curve was found to coincide with that of curve I_ Therefore, 

it is clear that the first peak in curve II is one of the components of the peak (A) in 
curve 1. Then, the peak (AI), which is derived from the following &so&&ion 

reaction alone, was obtained by subtracting the first peak in curve II from the peak (A) 

in curve I: 

w92~3F, I + NOF- 3AlF3 tNOF (12) 

It is needless to say that the following reaction causes the first peak in curve II or the 

peak (Aa in curve I: 

5NOF-3AlF3 + 3NOF-5AlFs+2NOF (13) 

The decrease in weight of 10_14% was observed by the reaction which causes 

the second pcalc (curve I, II). This value is close to that of the decrease in weigh% 
10.45%, where one mole of NOF per mole of NOF-SAlF, is evolved, Ieaving live 

moles of AIFB. The results of the chemical analysis of the solid product were also 
close to the composition of AIF, as follows: Al, found, 321 I %, talc., 32.13%; F, 
found, 67X2%, talc., 67.87%- Therefore, the last peak was found to originate from 
the following dissociation reaction: 

NOF-SAlF, -P 5AIF3 i-NOF (14) 

The enthalpies for reactions (12), (13) and (14) estimated from the respective DSC 
curves are listed in Table 5, 

The DSC curve for the indinm fluoride complex is given in Fig. 5, curve I. As 
shown in the figure, there was only one decisive peak different from the cases of 
fluoride complexes of boron and aluminum. With the reaction which causes this peak, 

a weight decreaz of 15.62% was observed. This value is close to the decrease in 

weight, 15.97%, where two moles of NOF per one mole of (NO)$nlFXI are evolved, 
Ieaving three moIes of InF, _ The results of the chemical analysis of the solid product 
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TABLE 5 

REACl-ION ENTHALPIES FOR (h’O)p’USF1~ 

ReacUon Temp. cc) AH (kud nwl- ‘) 

(NO)&lsFx x 4 NOF- 3 AlF, + NOF 72 34-92 (per mole of NOF) 
5NOF-3AlF~+3NOF-SAlF,L2NOF I45 5-2s (per mole of NOT;) 

NOF-SAIF~+SAlF~fNOF 242 7.69 (per moie of NOF) 

IW 200 300 aJcl 

TengcGit Wt c-c ) 

Fig- S_ DSC curve for fluoride complex of indium (I) and phosphorus (II). 

were also found to be in close agreement with the composition of InFz as follows; 
In, found, 66.51%, cak, 66.83%; F, found, 33_45%, caic., 33.17%. Tkse facts 
indicate that the peak originated from the following dissociation reaction: 

(NO)Jn3F, I -+ 3InF, -+2NOF 

The enthalpy estimated from the DSC curve of dissociation is listed in Table 6, 

TABLE 6 

REACTION ENfHALPIEs FOR @JO)JnxFI, AND NOPF6 

Reaction Temp. (‘C) AH (kcal mol- ‘) 

(NO)Jn~F,l-+ 31nFS+2NOF 
NOPFd , sublimation 

0 

147 
303 

28-17 (per mole of NOF) 
35-70 
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The DSC curve for phosphorus complex fluoride is given in Fig. 5, cunre IT. 
As shown in the figure, NOPF, sublimates simpIy without transition or preceding 
dissociation which were observed for NO,BF,. The behavior of NOPF6 is similar to 
that of (NO),SiF6 and NOVFG as previously described’. The enthalpy of sublimation 
estimated from the DSC curve is listed in Table 6. 

Adducts of nitrosyl fiuoride with fiuorides of chromium, iron, aluminum, 
indium and phosphorus, and that of nit& fluoride with boron ffuoride were produced 
using the 80 mol% HJ?-20 mol% NO, sokent. 

The following facts were found from the DSC measurements of these adducts. 
NOCrF, and NOFeF, are converted into CrF, and FeF,, respectively, through 
two thcrmaI dissociation steps. Three and one thermal dissociation steps are observed 
for the reaction of (NO)2A13F,, and (NO)&,F, I, respectively, to the Gnal forms of 
AIF3 and InF,. NOPF, subI3nate.s without preceding reaction, but in the case of 
NO,BF,, thermal dissociation into NOBF, and transition arc observed prior to its 
SubIimation. The enthalpics and temperatures of all these reactions were estimated 
from the DSC curves.. 

The author wishes to acknowledge Mr. M. Ohmi’s heIp in carrying out the 
chemi4 analysis, and Miss M_ Sugawara’s assisfance in the experiments and the 

translation of the manuscript. 
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