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The reactions of fifteen metals with a 0.1 M potassium pyrosulfate solution in lithium-potassium nitrate eutectic have 
been studied and compared with the reactions in 0.8 M potassium dichromate solution and with the reactions in pure nitrate 
eutectic. The gases formed in these reactions (mainly nitrogen dioxide, nitrous oxide, and nitrogen) and the oxidation prod- 
ucts of the metals were identified, and the proportions of the gases and the temperatures required for commencement of re- 
action determined. With more reducing metals, nitrite and hyponitrite were observed as intermediate reduction products 
of the nitrate ion. It is suggested that the reactions and products can be cohsidered as resulting from two distinct processes. 

Introduction 
I n  recent years, fused alkali metal nitrates have been 

increasingly used as reaction media, and in the majority 
of cases studied nitrate ion has been found to be a reac- 
tant. A class of reactions not hitherto studied in detail 
is that  of metals with nitrate melts. However, i t  is 
significant that  in the heat treatment of metals and 
alloys in nitrate baths it is considered necessary not to 
exceed certain maximum temperatures in order to avoid 
serious accidents, 1 and in experimental studies plati- 
num, silver, and mercury (below 235’) are the only 
metals reported as being used in contact with nitrate 
melts. In  these circumstances, a survey of the extent 
and type of reactions occurring with a range of metals 
seemed to be of value. 

Many of the reactions previously reported in fused 
nitrates have been interpreted on the basis of a very 
small dissociation of the nitrate ion2  

NO3 - * NO2 + + 0 2 -  (1) 

Now since a characteristic reaction of the more electro- 
positive metals is electron transfer to the acidic cation 
(in this case NOz+), the effects of solutes which increase 
the nitryl ion concentration are evidently of interest. 
Nitryl compounds themselves cannot be used for this 
purpose, since even the most stable, nitryl perchlorate, 
decomposes a t  120°, i.e., below the melting point of 
lithium-potassium nitrate eutectic (132’). However, 
other solutes react to remove oxide ions and thus in- 
crease the nitryl ion concentration. Dichromate has 
been shown to act in this way as a “weak acid” and 
pyrosulfate as a “strong a ~ i d . ’ ’ ~ , ~  

Experimental 
Lithium-Potassium Nitrate Eutectic .-A.R. potassium nitrate 

and reagent grade lithium nitrate were dried a t  150” for 24 hr., 
weighed out to give 38 mole % LiNOs, melted, stirred, and filtered 
through a No. 3 sinter under vacuum in an oven at 150’. On 
solidification the melt was broken up and stored in a drybox. 

Lithium-Potassium Nitrite Eutectic.-Reagent grade potas- 
sium and lithium nitrites were treated similarly. The eutectic 
contained 45 mole % LiN02. 

Metals.-Reagent grades, mainly in thin sheet form, were 

(1) H. Remy, “Treatise on Inorganic Chemistry,” Vol. 1, Elsevier, Lon- 

(2) R. N. Kust and F. R. Duke, J .  Am. Chem. SOC., 81, 3338 (1963). 
(3) F R. Duke and M. L. Iverson, i b i d . ,  80, 5061 (1958). 
(4) F. R. Duke and $. Yamamoto, i b i d . ,  81, 6378 (1959). 

don, 1956, p. 601. 

abraded with emery cloth, degreased with ether, and cut into 
strips before use to ensure a reasonably high surface area. 

Acids.-A.R. potassium dichromate and reagent grade potas- 
sium pyrosulfate were dried a t  160’ t o  constant weight. 

Sodium hyponitrite was prepared using Diver’s method as 
modified by Polydoropoulos.: 

Procedure.-Approximately 20 g. of purified eutectic was 
placed in a 22“. tube with a closed end which fitted snugly into 
an electric furnace connected to an Ether Transitrol controller. 
A B.19 joint a t  the top of the reaction tube was connected to  a 
vacuum pump via a cold trap and a Bourdon pressure gauge, a 
B.10 outlet being provided for the gas cell or mass spectrometer 
sample tube. 

The melt was evacuated a t  350” until the pressure was reduced 
to  10-2 mm. After cooling the melt below the reaction tempera- 
ture, a weighed quantity of the acid used (-2.5 g.) and the metal 
sample (-1 g.) were added, and then themelt was again evacuated. 
A stirrer was introduced through the B 19 socket and the tem- 
perature increased slowly, the onset of reaction being determined 
by visual observation. 

The temperatures for the commencement of reaction and reac- 
tion profiles were also determined by thermogravimetric analysis 
of the appropriate mixture of melt, acid, and metal, using a 
Stanton TR-1 thermobalance. 

Analysis of Gases.-For gas analysis the stirrer was not used, 
the temperature being increased slowly until a sufficient rate of 
gas evolution was obtained (10-40 ml./hr.) to allow the collection 
of a sufficient sample over the course of 2-6 hr. The reaction 
rate gradually decreased a t  a particular temperature, but could 
be increased again by a 5” rise in temperature. The gases 
evolved were identified by qualitative tests and by infrared spec- 
troscopy using a 10-cm. cell with potassium bromide windows 
on two Perkin-Elmer Infracords with sodium chloride and potas- 
sium bromide optics. An A.E.l M.S.3 mass spectrometer was 
used to confirm the identifications. 

Quantitative analysis was carried out by fractional condensa- 
tion, nitrogen dioxide being condensed in Dry Ice-acetone and 
nitrous oxide in liquid nitrogen, the percentages quoted in Table 
I being accurate to +3%. The proportions of nitrous oxide were 
also confirmed by quantitative infrared measurements on the 17 
mw peak. 

Analysis of Melts.-After reaction the solidified melts and any 
precipitates were examined by qualitative and quantitative 
analysis using standard methods. In certain cases, removal of 
excess melt from a precipitate by washing with water caused 
further reaction, for example with the calcium oxide precipitate. 
In  these cases the precipitate was separated from the still liquid 
melt by filtration and the amount of adhering melt, as deter- 
mined gravimetrically by precipitating potassium as the tetra- 
phenylborate, was subtracted. In the above example, the cal- 
cium in the oxide was then determined gravimetrically as tung- 
state (Anal. Calcd. for CaO: Ca, 71.5. Found: Ca, 70.4) 

(5) C. N. Polydoropoulos, Chim. Chronika, 24, 147 (1959). 
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and had 1.47 times its weight of adhering melt. However, in 
most cases water was not objectionable and the washed and dried 
precipitate could be analyzed by the usual methods. For exam- 
ple, the chromium in the green chromium oxide (section b)  mas 
analyzed volumetrically, after oxidation with potassium per- 
sulfate (Anal. Calcd. for CrsO3: Cr, 68.4. Found: Cr, 68.11. 
A further difficulty which occurred in some cases was that, under 
the experimental conditions used, reactions did not proceed t o  
completion, resulting in small unreacted metal particles persisting 
in the precipitates. In these cases quantitative analysis becamc. 
ineaningless and t l i t  precipitate was identified by qualitative 
methods and by cornparison of properties with known compounds. 

Results 
(A) Metals with Pure Nitrate Melts. (i) Cal- 

cium.-Calcium turnings reacted at temperatures 
above 230°, the speed of reaction being dependent on 
the rate of stirring and increasing rapidly with tem- 
perature. In some cases with a slow rise of tempera- 
ture an explosion occurred a t  260'. Usually, however, 
gas was evolved steadily, nitrogen being the major 
constituent together with nitrous oxide and a trace of 
nitrogen dioxide, gas analyses being given in Table I. 
A white precipitate of calcium oxide formed and the 
melt contained considerable amounts of nitrite and 
traces of hyponitrite. 

TABLE I 
ANALYSIS OF GASEOUS PRODUCTS OF REACTION OF 

METALS WITH MELTS 
Metal Xel t  T e m p ,  "C 75 K? % K20 o/c NO? 

Ca Nitrate eutectic 230-240 70 30 <1 
Ca Sitrite eutectic 230-240 70 30 0 
Ca 0 8 M KzCr20; 220 51) 47 3 

Na-Hg Sitrate eutectic 250 24 i 6  0 

Mg 0 8 &! KzCr20i 310 e 44 54 

Fea Nitrate eutectic 400 10 8 <1 
Zn 0 . 8  M KzCr20i 350 0 ti 94 

in nitrate 

Mg Kitrate eutectic 420 7 67 26 

in nitrate 

in nitrate 
Q British Drug Houses coarse iron filings 

Despite extensive variation of experimental condi- 
tions, the concentration of hyponitrite in both melt and 
precipitate remained very small and could not be raised 
much above the limit of chemical identification (lye 
hyponitrite in melt). This low concentration pre- 
vented any spectroscopic evidence being obtained for 
hyponitrite of either cis6 or forms. Indeed, 
tests on synthetic mixtures showed that the infrared and 
ultraviolet absorptions of trans hyponitrite could not 
be observed with concentrations of less than 5 and SOYo, 
respectively in the nitxate melt, owing to the low in- 
frared extinction coefficient and masking by the nitrate 
bands. 

Attempts were made to detect the hyponitrite as i t  
was formed by precipitation as the yellow insoluble 

(6) J. Gaubeau and K. Laitenberger, 2. anmg. allgem. Chem., 320, 78 
(1963). 
(7) E. Xachbaur, Monatshefk, 93, 135 (1962). 
(8) C. C. Addison, G. A. Gamlen, and K. Thompson, J .  Chem. Soc., 338 

(1952). 

silver salt. However when calcium was added to melts 
containing dissolved silver nitrate, the silver ions were 
rapidly reduced to a black suspension of metallic silver. 

In a comparison experiment the reaction of calcium 
with nitrite eutectic was studied a t  the same tempera- 
ture as for nitrate eutectic. The reaction rate was 
found to be very similar : calcium oxide was again pre- 
cipitated and only a trace of hyponitrite found. Nitro- 
gen and nitrous oxide were produced in the sanie ratio 
as with the nitrate eutectic. 

(iij Sodium Amalgam and Magnesium.-Similar 
reactions took place in that the metal oxides were 
precipitated, and much nitrite was produced together 
with nitrogen and nitrous oxide. However, with 
magnesium nitrogen dioxide is now a significant prod- 
uct (Table I). The concentration of hyponitrite was 
again too low for spectroscopic characterization. 

Iron.-Iron filings (British Drug Houses) con- 
taining the normal 3 4 %  carbon reacted a t  400' 
(Table I), but the gases evolved were found to contain 
82% of carbon dioxide. A purer iron (Johnson Mat- 
they Spec-pure sheet containing less than 300 p.p.m, of 
carbon) was found to be much less reactive and did not 
give off sufficient gas for analysis a t  the maximum tem- 
perature investigated (500'). Pure carbon (as granu- 
lated charcoal) was found to react a t  250' giving off 
nitrous oxide and nitric oxide together with much car- 
bon dioxide. Free sulfur also reacted a t  the same tem- 
perature, evolving mostly nitrous oxide with a little 
nitrogen dioxide, sulfate being the oxidation product. 

Other Metals.-Manganese and mercury re- 
acted, again in a similar way, giving precipitates of 
brown manganese dioxide and red mercuric oxide and 
evolving nitrogen and nitrous oxide. Chromium is 
unusual in that the oxidation product, dichromate, was 
completely soluble in the melt. This slowly reacted 
with more nitrate to form chromate ion. A number of 
other metals were found to react less readily, the tem- 
peratures for commencement of reaction being given 
in Table 11. 

Metals with Acidic Melt Solutions.-Reactions 
were carried out with a number of metals using 0.1 il/l 
potassium pyrosulfate and 0.8 Sd potassium dichromate 
solutions. Temperatures for commencement of reac- 
tion and the oxidation products of the metals are given 
in Table 11. The gaseous products of some metal- 
dichromate reactions were determined and are listed in 
Table I. 

With one metal, sodium amalgam, dichromate acted 
as an oxidizing agent, green chromium sesquioxide being 
formed. This was inert a t  the reaction temperature 
(180') but was oxidized by nitrate a t  40O0 to form chro- 
mate and nitrogen dioxide. 

(C) Thermal Decomposition of Sodium Hypo- 
nitrite.-Because of the possible role of hyponitrite 
as an intermediate in the reduction of nitrate (see 
Discussion), the thermal decomposition of pure sodium 
hyponitrite was investigated. Analysis of the gaseous 
products of a moderately slow decomposition a t  330' 
showed them to consist of equal parts of nitrogen and 

(iii) 

(iv) 

(B) 
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TABLE I1 
TEMPERATURES FOR COMMENCEMENT OF REACTION OF METALS WITH THREE MELTS AND THE METAL OXIDATION PRODUCT 

-----Pure nitrate eutectic- --0.8 M KzCrzOl in nitrate- -0.1 M KzSzOi in nitrat- 
Temp., "C. Product Metal Temp., "C. Product Temp., O C .  Product 

Na-Hg 250 NazO ppt. 180a CrzOs PPt. 140 Na + 

Mg 420 MgO PPt. 310 MgZ + 160 MgZ + 

Ca 230 CaO ppt. 220 Ca2+ 160 Ca2+ 
Ti . . .  . . .  >250 c 
V . . .  . . .  140 vZo5 PPt. 
Cr 300 C r 2 0 F  . . .  250 Crz072 
Mn 300 MnOp ppt. 330 Mn2 + 180 iMn2+ 
Feb >500 C 320 Fea+ 180 Fe3+ 
c o  >500 C 390 co2+ 140 Co2 + 

Ni >500 C . . .  160 Niz+ 
c u  >500 C . . .  160 cu t+  
Zn 450 c 350 ZnCrOa ppt. 160 Zn2+ 
Hg 400 HgO PPt. 300 Hg2 + 150 HgSOi PPt. 
A1 450 c >400 C 250 ~ 1 3 +  

Sn . . .  . . .  250 c 

Johnson Matthey Spec-pure iron sheet. a Direct reaction of Na with K2Cr2Oi. Surface oxidized. 

nitrous oxide and the yellow solid residue to contain a 
large proportion of nitrite. 

When suspended in nitrate melt (sodium hyponitrite 
is less than 1% soluble) decomposition took place more 
rapidly, a t  temperatures as low as 225', the gas pro- 
duced being found to consist only of nitrous oxide (sam- 
ple collected a t  230-240'). Addition of anhydrous 
calcium nitrate to the melt did not cause the production 
of any nitrogen. 

Discussion 
Pure Nitrate Melts.-With the most reactive 

metals, such as calcium, the over-all reaction would 
appear to be 

( 2 )  

(A) 

14Ca + 6NOz- = 14Ca0 + 302-  + 2x2 + NzO 

and the reaction of calcium with nitrite eutectic 
8Ca + 6N02- = 8Ca0 + 302-  + 2N2 + N 2 0  (3) 

However, these reactions are difficult to take to com- 
pletion owing to coating of insoluble reaction products 
on the metal, enabling the intermediate reduction prod- 
ucts, nitrite and hyponitrite, to be identified. These 
suggest that the reduction takes place in the following 
stages. 

(i) Reduction of nitrate ion at  the metal surface. 
Ca + NOa- = CaO + NOZ- (4) 

The alternative process of Ca = Ca2+ + 2e and 
NO3- = NOz+ + 02- followed by Ca2+ + Oz- = 

CaO and NOz+ --%- NO2 NOz- seems unlikely 
since nitrogen dioxide was produced only in negligible 
quantities and its electron affinity would be unfavor- 
able. 

(ii) Reduction of nitrite ion a t  the metal surface 
and dimerization of the hypothetical ion to form hypo- 
nitrite. 

Ca + NO%- = CaO + [NO-] ( 5 )  

2[NO-] = N20z2- (6) 

(iii) Decomposition of the hyponitrite, which is 
known to be unstable (the sodium salt is stated to ex- 
plode at  260°)9 and has been shown to decompose 

rapidly in nitrate eutectic a t  the temperatures of these 
reductions, with formation of nitrous oxide, ;.e. 

( 7 )  

Large quantities of this ion would therefore not be ex- 
pected to be found in the melts. 

The nitrogen produced in the presence of strongly re- 
ducing metals, like calcium, might be formed either by 
facilitating an alternative mode of hyponitrite decom- 
position, e.g., similar to that of sodium hyponitrite a t  
300' in the absence of melt which was found to corre- 
spond to 5Na~NzOz = 2NaNOz + 6Naz0 + 2Nz + 
2Nz0, or by the direct removal of an oxygen atom from 
the hyponitrite ion and the immediate decomposition of 
the hypothetical Nz02- ion thus formed to nitrogen and 
oxide ion. The latter process is suggested, since when 
less strongly reducing metals, as indicated by the free 
energy of formation of their oxides, were used, nitrous 
oxide became the dominating product and the propor- 
tion of nitrogen fell. 

With less strongly reducing metals, nitrogen dioxide 
also became a more important product. It is suggested 
that this was produced not by oxygen removal from 
nitrogen-containing anions similar to those considered 
above, but by a second type of process involving elec- 
tron transfer to the nitryl ion, i.e. 

M + Nos++ M' + NOz (8) 

In accordance with this hypothesis the proportion of 
nitrogen dioxide in the gases formed increased as the 
nitryl ion concentration was raised by increasing the 
temperature. 

Acidic Melts.-In acidic solutions, the nitryl 
ion concentrations are much l a r g e ~ - , ~ , ~  and so as would 
be expected the second, electron-transfer, type of reac- 
tion became predominant and the proportion of nitro- 
gen dioxide in the gases produced increased both with 
temperature and with the acidity of the solution. 

With 0.1 M pyrosulfate solution the nitryl ion con- 
centration was sufficiently high that the reaction4 

NzOz2- + NzO f 0'- 

(B) 

(9) N. V. Sidgwick, "Chemical Elements and their Compounds;' Vol. 1, 
Oxford University Press, 1950, p. 693. 
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(9)  precise temperatures of reaction depended to some ex- 2 5 2 0 7 2 -  + 4N03- = 4S04'- + 4N02 + 0,: 

occurred a t  an appreciable rate even at  the melting 
point of the eutectic. Because of this, the percentages 
of nitrogen oxides produced were not determined, al- 
though it was evident that when metals reacted nitro- 
gen dioxide was evolved a t  an increased rate. With 
the less acidic dichromate ion, this reaction was not de- 
tectable in 0.8 M solutions until 400°. Examination of 
the gases produced below this temperature (Table I) 
showed an increasing proportion of nitrogen dioxide 
with a decreasing proportion of nitrous oxide and a 
striking decrease in the proportion of nitrogen from re- 
actions with less strongly reducing metals. 

tent on the surface and crystalline condition of the 
metal, since these factors were held constant valid 
comparisons could be made between the reactivity of 
different melt solutions. 

The list of oxidation products formed by the metal 
in these reactions (Table 11) shows that oxidation took 
place to the metal valency normally found with co- 
ordinated oxygen, VIr, Cr"', Fe"', co", etc. An ex- 
ception was found with manganese in acidic solutions 
when Mn" was formed. The reasons for the unex- 
pected stability of this valency state are being further 
investigated. 

The minimum temperatures a t  which detectable re- Acknowledgments.-We gratefully acknowledge fi- 
action took place (Table 11) also indicated the impor- nancial support given by the D.S.I.R. through a 
tance of reaction 9, since the temperatures decreased maintenance grant to B. J. B. and wish to thank Dr. 
as the acidity of the solutions increased. Although the H. M. Frey for use of the mass spectrometer. 
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Two patents4,j indicate the preparation of a di- 
chlorodecaborane, m.p. 115-122", and a monochloro- 
decaborane, m.p. 40-55'. The preparation in both 
cases involves the unusual use of chloroform or 1,l- 
dichloroethane in the presence of aluminum chloride 
as the halogenating agent. Otherwise, nothing has 
been reported concerning chlorodecaboranes. Bromo- 
decaborane and dibromodecaborane were also pre- 
pared by similar reactions using ethylene bromide or 
bromoform. Wunz4 mentioned the possibility of pre- 
paring iododecaborane using iodoform, but does not 
give any results. Apparently, fluorodecaborane was 
neither suggested as a possibility nor prepared. The 
intent of the present work was to prepare fluorodeca- 
borane and to try to elucidate some of the features of 
the reaction. This was not realized, for 1,l-difluoro- 
ethane reacted with aluminum chloride and deca- 
borane to give a mixture of chlorodecaborane isomers. 

Experimental 
Preparation of Ch1orodecaborane.-In four separate experi- 

ments a total of 50 ml. of 1,l-difluoroethane was slowly added to 

(1) This work was supported in part by the U. S.  Air Force under Con- 

(2) Brookhaven National Laboratory, Upton, N. Y .  
(3) Olin Mathieson Chemical Corporation, New Haven, Conn. 
(4) P. R. Wunz, U. S. Patent 3,046,086 (July 24, 1962). 
( 5 )  S. L. Clark and L). A.  Fidler, U. S. Patent 3,010,783 (h-ov. 28, 1961). 

tract AF 33 (600)-33920 and by the Atomic Energy Commission. 

100 g. of decaborane and 328 g. of aluminum chloride in I 1. of 
carbon disulfide. The viscous mixture was stirred with difficulty. 
After 1 hr., the mixture began to reflux and became less viscous. 
Refluxing continued for about 2 hr., during which time some 
HC1 was evolved. Thc reaction mixture was thcn filtered. 
Evaporation of the solvent gave 102.5 g. of a liquid. This was 
distilled, giving 54 g. of a liquid, b.p. 79-85" a t  0.3-0.5 mm., and 
five additional arbitrary fractions of somewhat higher boiling 
points totaling 19 g. which, by mass spectrographic analysis of the 
parent peaks and associated isotopic distributions, were found to 
contain decreasing amounts of chlorodecaborane and increasing 
amounts of ethylchlorodecaborane, diethylchlorodecaborane, and 
in the last fraction some triethylchlorodecaborane. 

The first and major fraction was cooled to 0' overnight and 
filtered while cool to  give 21 g .  of a colorless solid containing 94% 
chlorodecaborane, 5.7% ethylchlorodecaborane, and 0.37, di- 
ethylchlorodecaborane. The filtrate was redistilled. The first 
two fractions, 13 g., \Tere cooled as above to  yield 2.5 g. of addi- 
tional solid. The filtrate and other distillation fractions were 
separately combined with an equal volume of pentane, seeded 
with the solid to  give an additional 2 g. of solid. Other distilla- 
tion fractions were treated by this last method to  give another 
1.5 g. of solid (total 27 g. containing 92-95y0 chlorodecaborane). 
Several crystallizations of thc solid from pentane gave two appar- 
ently pure fractions, m.p. 73-74 and 58-60'. Infrared spectro- 
scopic analysis of the higher melting isomer as a KBr pellet ob- 
tained bands at (cm.-l) 702, 715, 736, 820, 850-860 (very 
strong-at least two bands), 875, 915, 923, 933, 986, 995, 1010, 
1025, 1058, 1095, 1470, 1515, 1555, 1905, 1940, 2530, 2580, and 
several very weak bands. The lower melting isomer, howevcr, 
appeared to  be a mixture of the first isomer and a second isomer 
with additional bands a t  (cm.-') 800, 822, 890, 956, 1000, and 
1050. 

Discussion 
That the reaction of a fluoroalkane with decabarane 

resulted in chlorodecaborane was originally somewhat 
surprising. However, by means of a mass spectro- 
metric examination, it was found that 1, l-difluoro- 
ethane in carbon disulfide was essentially converted to 
1,1 dichloroethane by aluminum chloride. Some other 


