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cm-I). In  view of the complexity of the system, the 
inherent experimental difficulties, and the differences 
in ionic strengths, we regard the spectrophotometric 
values of the successive formation constants as being 
in satisfactory agreement. 

All three spectra shown in Figure 5 clearly belong to 
species with more or less octahedral coordination. All 
three spin-allowed bands are present, and the shoulder 
on the high-energy side of the middle band is plausibly 
assigned to the 3Az + IE transition intensified by 
singlet-triplet mixing. It will be seen from Figure 5 
that  the spectrum of nickel(I1) in the molten LiN03- 
NaNOa-KN03 eutectic a t  125' is strikingly similar to 
that of the Ni(N03)3- complex in molten dimethyl sul- 
fone a t  the same temperature. Thus we suppose that 
the same entities are present in both media. Since 
nickel(I1) can only be complexed to  NOs- in the nitrate 
melt, we conclude that  nitrate behaves as a bidentate 
ligand in a distorted octahedral structure. Also, we 
suppose that the two nitrate ions in the dinitrato com- 
plex may act either as bidentate ligands and occupy 
planar positions or as unidentate ligands and occupy 
pyramidal positions. (Attempts are being made to 

prepare the dinitrato and trinitrato complexes in 
solid form for X-ray structure determinations.) 

Although the coordination of nickel(I1) in the Li- 
N03-NaN03-KNOs eutectic a t  125" appears to have 
a well-defined geometry, it  is by no means certain that 
such regularity persists up to significantly higher 
temperatures. A progressive broadening of the dis- 
tribution of coordination geometries with increasing 
temperature, such as occurs in chloride  system^,^ al- 
most certainly will also occur in molten nitrates. The 
only question is whether or not this broadening becomes 
significant a t  temperatures below those a t  which the 
melt decomposes. 

The compound methyltriphenylarsonium tetranitra- 
tonickelate(I1) has been reported in the literature. 
Although the data presented here do not eliminate 
entirely the possibility that  the entity in the melt is 
the 1 : 4 complex, a published spectrum,1° presumed to 
be that of the 1:4 complex, is substantially different 
from the melt spectrum presented here. 

(9) J. Brynestad, C. R. Boston, and G. P. Smith, J .  Chein. Phys., 47, 3179 
(1967); and J. Brynestad and G. P. Smith, ibid., 47, 3190 (1967). 

(10) D. K. Straub, R. S. Drago, and J. T. Donoghue, I m r g .  Chem.,  1, 848 
(1962). 
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The over-all reactions of NaCOOH and NaC2H302 in NaN03 and NaNOz have been examined using infrared analysis, cry- 
oscopy, voltammetry, and chronopotentiometry. 

NaCOOH + NaiYOs --f NaNOz f 1/2Na2C03 f I/zH~O f l / ~ C O ~  

The over-all reactions with NaCOOH are 

and 

NaCOOH + NaNOz + Na2C03 + ' /~NzO + '/zHzO 

Similarly with NaCzHs02 the reactions are 

NaC2H301 f 4NaN03 + 1/2Na2COs + a /~H20 + 4NaN02 

and 

NaCzHtOz + 3n'aNO~ + 2NazC03 f a / ~ H ~ O  + '/zNzO f NZ 

The reactions with NaCOOH were much more rapid than the reactions with NaCZH302 in NahTOs a t  approximately 320". 
The need for caution in examining these systems is stressed because of the danger of explosions a t  high concentrations of 
carboxylic acid salts. Equations are proposed for the reaction of NaCaHeOz with Naru'Ol by generalizing from the reac- 
tion schemes given for formate and acetate. The predicted values for the number of cryoscopic species generated in NaiL'Os 
agreed well with those experimentally found in the same system. 

Introduction 

have been of interest because of the potential of such 
systems for producing useful organic and metalloorganic 
compounds. Sundermeyerl has reviewed such sys- 

tems. More recent work has also considered the use of 

Studies of simpler species, such as carboxylic acid salts 
in inorganic nitrate melts, have also been reported. 
Thus GuentherS demonstrated the ability of sodium 

( 2 )  R. B. Temple, C. Fay, and J. Williamson, Chem. Commun., 966 (1967). 
(3) K. F. Guenther, J .  Phys.  Chem., 67, 2851 (1963). 

Reactions between molten salts and organic materials molten nitrates for synthesizing nitrobenzenes. 

(1) W. Sundermeyer, Angew. Chem. Intern. Ed. End. ,  4, 222 (1965). 
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acetate and propionate to lower the surface tension 
of a LiN03-KN03 eutectic melt. Sokolov4J has re- 
ported the phase diagrams of sodium salts of fatty acids 
in sodium nitrate and nitrite. These systems were re- 
ported to  have a tendency to explode a t  higher concen- 
trations of the organic constituent. Shams El Din and 
El Hosary6 looked at the reactions of sodium oxalate, 
formate, and acetate in acid-base titrations of KP03 
and K2Cr207 in molten KN03. The extent to which a 
quantitative description of the reaction of the 
"organic" salt in the nitrate melt was provided was 
meager. Only the formation of nitrite and carbonate 
had been definitely established. 

It is the purpose of this work t o  examine the reac- 
tions of carboxylic acid salts in molten sodium nitrate 
in greater detail. Extension of the study t o  include 
sodium nitrite followed naturally from the initial ex- 
perimental results. Emphasis has been placed on the 
determination of the reaction products, and the de- 
termination of the over-all stoichiometry of the re- 
actions of sodium formate and acetate in sodium nitrate 
and nitrite. 

Experimental Section 
Chemicals.-The following "Baker Analyzed" reagent grade 

chemicals were used: KaNOa, SaX02, XaCOOH, and XaCa- 
H302.3H20. The Fisher Scientific Co. supplied an KF grade 
of iYaC3H502. The sodium acetate trihydrate and sodium nitrite 
were vacuum dried, while the other chemicals were dried in air 
a t  130'. A11 chemicals were used directly without additional 
purification. Spectroscopic grade KBr, obtained from the 
Harshaw Chemical Co., was used in the infrared studies. 

Cryoscopy.-The cryoscopic technique and basic apparatus 
have been previously described .'a8 The data were analyzed 
according to 

AT 
Krm 
- = v  

where A T  is the temperature lowering of the solvent melting 
point, in degrees Kelvin, caused by the addition of acetate or 
formate of molality m. The number of distinguishable species 
generated in the melt is given by P, and Ki, the molal cryoscopic 
constant, is given by 

The solvent melting point To was taken as 579.9EoK, and the 
heat of fusion AHf was taken as 3520 cal/m01.~ This provides a 
value of 16.14°jmol for the molal cryoscopic constant of NaN03. 

Infrared Spectra.-All spectra were obtained on a Beckman 
IR-I2 infrared spectrophotometer. Solid samples were examined 
by the conventional KBr-pressed-disk techniques. Gaseous 
samples were examined in a 70-cm gas cell with XaC1 windows. 
With the solid samples, assignment of frequencies to  particular 
anions was based on comparison of the sample spectra with 
similarly made "control" disks of SaS03, S a x o n ,  KazCOa, 
NaC2H302, or KaCOOH, as well as specially prepared mixtures 
of YazCOs in XaNOa and NaNOn, and KaNOz in iYaNO8. 
All observed frequencies agreed well with values reported by 
Kakanioto .IO 

N. Rf .  Sokolov, Zir. Obshch. Khim.,  24, 1160 (1954). 
S. R.1. Sokolov, i b i d . ,  27, 840 (1957). 
A. RI. Shams E1 Din and A. A. 121 Rosary, E / e c h c h i ? m  Acta ,  l a ,  186 

(1:168). 
( 7 )  G. J. Jam and C. Solomons, Rev. Sci. Instr . ,  29,  302 (1968). 
(8) G. J. Janz and C. Solomons, A n a l .  C h e m . ,  31, 623 (1959). 
(Y) G. J. Janz and T. I<. Kozlowski, J .  P h y s .  Chem., 67, 2857 (1963). 

The following procedure was used to obtain spectra of the 
reaction products. Approximately 20 wt yo of NaCOOH or 
XaCpHaOl was added to molten NaNOs (350') and NaNOn 
(325'). The mixtures were held a t  temperature until the bubbling 
subsided, then quenched, ground while still hot, sieved, mixed 
with KBr, and pressed into disks. 

T o  obtain spectra of the gaseous reaction products, a reaction 
cell containing 50 g of T';aNOa or NaSOJ (330") was connected to 
the gas cell already mounted in the spectrometer. Dried, de- 
carbonated argon was passed over the melt to establish a back- 
ground spectrum. KaCOOH or KaC2H302 (1-2 wt %) was 
dropped into the melt without breaking the purge. The gaseous 
or volatile reaction products were swept up into the gas cell by 
the flowing argon, and the spectra were recorded. The tem- 
perature was continuously monitored and did increase about 2"  
during the course of each experiment. 

Voltammetry and Chronopotentiometry .-Both of these ex- 
aminations were performed at 320 & 2' in KaN03. A Sargent 
Model XI' polarograph, adapted for a three-electrode system, 
was used to obtain current-voltage curves. A sweep rate of 0.2 
Vlmin was used throughout. The reference electrode was a 
solution of AgN03 in S a S 0 3  (0.06 vz Ag+) contained in a Corning 
Code 7740 borosilicate glass bulb. The working electrode was a 
platinum foil, 1-cm square. The indicator electrode was a 
platinum wire, sealed in a Corning Code 0120 lead silicate glass 
tube, which was ground flat until the wire was exposed. The 
electrode area was approximately 3 X em2, and the electrode 
was rotated a t  600 rpm during the measurements. 

The chronopotentiometry was performed in 300 g of S a S O a  
contained in a 400-ml lipless beaker. A pressed asbestos top 
covered the beaker, with access to the melt provided by holes 
suitable for three electrodes, a chromel-alumel thermocouple, 
and a sample addition port. The working and reference elec- 
trodes were the same as described above. The indicator was all 
platinum, consisting of a foil 3 X 3 mm, welded to  a length of 
wire. This was sealed in a Corning Code 0120 glass tube so that 
only the foil was in contact with the melt. conventional circuit 
was used, except that  a bias potential of 0.4 V was placed on the 
anode as described by Inman and Braunstein." The potential- 
time curves were recorded on a Type 564 Tektronix oscilloscope 
fitted with an image storing screen. The resulting traces were 
stored on the screen and photographed on Polaroid 107 film 
with a Tektronix Model '2-12 camera. The chronopotentiometric 
data were analyzed with the Sand equation 

where the terms have their usual meanings. 

Results 
Visual Observations:-When NaC2H302 and Na- 

COOH are added to molten XaNO3 and NaN02, the 
ensuing reactions are vigorous, producing large amounts 
of colorless gases, and changing the nitrate melt from 
mater white to pale yellow. The danger of explosion is 
real. For example, five of ten samples containing 30 
w t  of NaC2H302 in N a S 0 3  exploded without warning 
after 1 hr a t  33.0". This did not occur when the amount 
of acetate was reduced to 10 wt yo. Generally, the 
lower the concentration of carboxylic acid salt, i.e., the 
more dilute the solution, the higher the allowable oper- 
ating temperature of the solvent. For example, 3 wt 
"/o of NaC2H302 in SaN03 a t  450" reacted vigorously 
but produced no explosion. 

Cryoscopy.---The results for NaCOOH, NaC?H3O2, 

(10) K.  Sakamoto, "Infrared Spcctra of Inorganic and Coordination 

(11) D. Inman and J. Braunstein, Chem. C o m n u n . ,  148 (1966). 
Compounds," John U'iley & Sons, Inc., X e w  York, N.  Y., 1963, Part TI. 
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and NaC3H502 as solutes in NaN03 are shown in Figure 
1 in terms of the moles of cryoscopic particles formed, 
V ,  as a function of solute concentration, m. The mo- 
lalities, temperature changes, and average values of v 
are given in Table I. In general, the moles of particles 
generated by the solutes tend to decrease and level off 
with concentration. With NaC3H502, this decrease is 
more pronounced than with NaCOOH. Ideally, each 
acid salt should have exhibited a simple freezing point 
depression caused by the anion; however, this was not 
the case. The ranges for the formate were from 1.4 for 
initial additions to 1.0, for the acetate from 3.2 to 2.2, 
and for the propionate from 3.9 to 2.6 particles/mol of 
added solute. This drastic departure from ideality, 
even within the limits of the average deviations shown 
in Figure 1, gave the initial indication of the complex 
reactions in these systems. 

I 

2 1  

NEC'HS 0' 
v 

h 
I e O 0  0 0  

P 
z/ 3l 2 

2 r  

1 I I I I I 

0 2 4 6 8 10 1 2 1 4  
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Figure 1.-Values of Y (eq 1) as functions of concentration of 
NaCOOH, NaC2H302, and NaCaHaOz in molten NaNOa. 

Infrared.-Spectra of the quenched samples were 
examined from 200 to 4000 cm-l, but only the regions 
of interest are shown in Figures 2-5. Although the 
concentration levels of NaCOOH and NaC2H302 
initially placed in these samples were much higher than 
the concentration levels examined in the cryoscopic and 
polarographic work, i t  is assumed that the final prod- 
ucts of the reactions are the same. 

Results of the reaction of NaCOOH and NaCZH302 
in NaN03 indicated that NaNOz (830, 1260, and 1328 
cm-l) and NazC03 (695, 702, 880, and 1440 cm-l) were 
formed in the melt. These spectra are shown in Figure 
2. The same systems also produced NzO (2230 and 
1275 cm-l), COZ (2350 em-l), and H2O (1350 to 1850 
cm-l) as gaseous species, as shown in Figure 3. The 
relative intensity of the COz band is greater with the 
formate than the acetate because of the faster reaction 
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TABLE I 
CRYOSCOPIC RESULTS IN NaN03 

AT,  AT,  
OK Av Y 10% O K  Av Y 

-NaCOOH solute------. 10.600 3 . 8 6  2 . 2 6  
0 . 3 6  1 .36  12.138 4 . 4 1  2 . 2 5  
0 . 5 5  1 .50  _ _ _ _ ,  NaCaHsOs solute--- 
0 . 7 2  1 .39  1.177 0 . 7 4  3 . 9 0  
0 . 7 5  1 . 0 3  2 .275  1 .45  3 . 9 4  
0 . 9 6  1 , 0 2  3.469 1 .85  3 . 3 0  
1 .17  0 . 9 7  4 .647  2 . 4 3  3 . 2 4  
1 .76  1 . 2 3  5 .727  2 . 5 9  2 . 8 0  

-NaCzHsO* solute--- 7 .065  
0 . 5 7  3 . 2 4  8 .058  
0 . 7 9  3 . 4 8  7-- 

1 . 3 7  2 . 7 1  1.996 
2 . 3 6  2 . 6 8  4 . 5 7 3  
2 . 6 1  2 . 4 8  7.447 
2 . 9 5  2 . 3 4  9 . 8 3 1  
3 .38  2 . 4 2  12.303 
3 . 7 2  2 . 4 0  14.910 

3 . 2 4  
3 . 3 9  
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Figure 2.-(A) Spectrum of the quenched melt: NaCOOH 
+ NaN03. (B) Spectrum of the quenched melt: NaC2H302 + NaN03. 

of formate in NaNOa. The intensity of this same band 
did increase with time in the NaCzH3O2-NaNO3 sys- 
tem. 

With NaNOz as the solvent, addition of NaCOOH 
and NaCZH3Oz produced only Na2C03 in the melt, as 
shown in Figure 4. Bands a t  1360 and 1600 cm-' in 
Figure 4A are attributable to unreacted formate. The 
only detectable gases were NzO and HzO, as shown in 
Figure 5, the absence of Con  being especially note- 
worthy. The intensity of the HzO bands is weak, but 
some condensation did occur between the reactor and 
the gaa cell. Also the high dilution of water vapor in 
the dry argon stream caused a reduction in intensity. 
Nevertheless, qualitative identification of all of these 
products was positive. 

Gases such as Hz, 0 2 ,  and N2 could not be detected 
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Figure 3.-[A) Spectrum of the  gases formed in the reaction: 
Spectrum of the gases formed in the NaCOOH + KaNOi 

reaction: S a C 2 H ~ 0 ,  + SaSC3. 
(B) 
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Figure 4.-(X) Spectrum of the quenchcd melt: 20 wt % 
NdCOOH + NaTC'Oz. (B) Spectrum of the quenched melt: 
20 w t  7' XaC2H3O2 $. NaXO1. 

using this technique. The presence of sodium oxide 
would also be difficult to detect in the infrared region. 
In  addition, frequencies characteristic of the hydroxyl 
ion were not detected in any of the samples. 

Voltammetry.-The indicator electrode was cali- 

Wovenumber  

Figure 5,--(:\) Spectrum of the gases formed in the reaction: 
NaCOOH + KaSOz. (B) Spectrum of the gases formed in 
the reaction: NaCsHaOz + SaXOz. 

brated with NaN02  additions and gave a linear response 
between limiting current and nitrite concentration up 
to 5 X 10F m. The half-wave potential Ell2 was 
0.56 * 0.02 V with respect to the Ag-Agf reference 
electrode. The anodic current-voltage curves obtained 
from NaCOOH additions to S a N 0 3  (320 5 2') are 
given in Figure 6. Of the two waves shown, the first 

4 0  t 

20 
i .- *30L IO 0.0 

0.4 0.0 
E (V) (vs  Ag/Ag* (0.06m)) 

Figure li.-Aiiodic voltamrnetry of sodium foriiiatc iti sodiutii 
(Numbers on curves represent wcight of S:t- iiitrate a t  322'. 

COOH in milligrams added to 500 g of KaNOs.) 

occurs with an EL,2 of 0.3i  =k 0.02 V and the second at 
an E,,, of 0.56 =k 0.02 V. The second wave is ascribed 
to nitrite in the melt and serves to confirm the infrared 
results. Analysis of the first wave was made by plot- 
ting log [(& - i)iW1] LIS. E ,  where id is the limiting cur- 
rent. The resulting slopes were indicative of a two- 
electron process. This, coupled with the infrared re- 
sults and with the similar work of Topol, et CL~. , ' ~  re- 
sulted in assigning the first wave to the formation of 
carbonate in the melt. An ill-defined third wave was 
also noted during the initial stages of reaction in this 

(12)  L. E. Topol, I<. A. Osteryoung. and J. H. Christie, J .  Phys. Ckc?n., 70, 
2857 (1966). 
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system. The E, /% was approximately -0.25 f 0.1 V 
for this wave. It could not be detected 10 min after 
the addition of NaCOOH to the melt. We ascribe this 
wave to the formation of NaOH in the melt, in reason- 
able agreement with the value of -0.3 V found by 
Topol, et U Z . , ' ~  for NaOH in NaN03-KN03 at 300". 
Table I1 summarizes the values of the limiting current 
due to carbonate and nitrite formation in the melt as a 
function of added formate. The ratio of moles of ni- 
trite formed to moles of formate added was found to be 
0.68 f 0.04. 

TABLE I1 
VOLTAMMETRY IN NaNOa (322') 

Solute 
added, 

mM 
NaCOOH 

0.309 
0.672 
0.936 
1.134 
1.423 

NaCzHaOz 
0.2990 

Current 
from 
coat -, 
fi-4 

3.4 
7 . 1  
9 . 6  

11 .7  
13.8 

. . .  

. . .  

. . .  
1.0 
1.15 
1 . 5  
1.55 
2.50 

Current 
from 

Not-, 
&A 

4 . 1  
9.4 

12.1 
14 .5  
18.0 

1.05 
4.58 
7.25 
9.15 

11.00 
11.70 
12.60 
14.70 

[NOz-I, 
mM 

0.214 
0.490 
0.630 
0.755 
0.938 

0.05 
0.234 
0.378 
0.477 
0.573 
0.610 
0.656 
0.766 

[NOz-l/ 
[COOH] 

0.693 
0.729 
0.673 
0.666 
0.659 

Elapsed 
time, 
min 

10 
40 
72 

118 
155 
184 
213 

1165 

Addition of NaCZH3O2 to NaN03 gave current-volt- 
age data similar to that found in the reaction with Na- 
COOH. These data are also summarized in Table 11. 
The ratio of moles of nitrite formed to moles of acetate 
added was found to be 2.3 f 0.2. 

Chronopotentiometry.-The system was calibrated 
a t  320 f 2" by using known concentrations of nitrate- 
nitrite solutions. For currents between 0.82 and 2.15 
mA (or for transition times r between 3.67 and 0.275 
sec), eq 3 was obeyed to within 3ojO. The value of 
ir ' / ' /C was found to be (54.5 += 1.9) X mA set"' 
(mol l-I)-l. The quarter-wave potential Ell4 was 
found to be 0.52 f 0.02 V for the anodic oxidation of 
nitrite and is within experimental error of the corre- 
sponding half-wave potential obtained from voltam- 
metry. Values of ir'/', as functions of time after ad- 
ditions of NaCOOH, are given in Table 111. Elimina- 
tion of the bias of +0.4 V on the anode resulted in two 
waves being formed, indicative of the formation of car- 
bonate from the reaction. A value of ir1/2 of 0.624 was 
used as the equivalent to find equilibrium conditions. 
This corresponds to a ratio of 1.2 mol of nitrite formed 
for each mole of formate added. 

The reactions between NaC2H302 and NaN03, ex- 
amined in a similar manner, are summarized in Table 
111. The final equilibrium value for irl" was taken as 
1.07 after 24 hr. This value remained constant even 
beyond this arbitrary cutoff time. This corresponds to 
1.9 mol of nitrite formed for each mole of acetate added 
to the melt. 

TABLE I11 
CHRONOPOTENTIOMETRY IN NaNOp (319 1") 

Time $/t 

after I, mA Av i ~ ' ) ' ,  n i b  
additions sec set'/' set'/' 

9.640 X M NaCOOH S4ute.  i = 1.035 mA 

4 min 0.258 
9 min 0.3167 

10 min 0.2900 
15 min 0.2900 
16 min 0.2667 
20 min 0,3556 
21 min 0.3667 
30 min 0.3600 
31 min 0.3700 
60 min 0.360 
80 min 0.370 

120 miq 0.360 

0.491 
0.583 
0.557 
0.557 
0.535 
0.618 
0.627 
0.621 
0.630 
0.621 
0.630 O.(i2*1 i 0.006 
0.621 

10.373 X M Na2C2H302 Solute, i = 1.01 t i i i l  

24 hr 1.133 1.075 
1.028 1.024 

27 hr 1.089 1.054 
31 .5hr  1,200 1.106 1.07 i O . 0 3  

A comparison of the cryoscopic and electrochemical 
results for reaction in NaN03 is summarized in Table 
IV. 

TABLE IV 
CRYOSCOPIC, VOLTAMMETRIC, AND CHRONOPOTENTIOMETRIC 

RESULTS WITH NaCOOH AND NaCzHaOz IN KaNOB 
Wave 

Meth- potentials, [NO;-]/ 
Solute od V Products [solute] v(ca1cd) v(obsd) 

NaCOOH a El,' = -0.25 NaOH 
E l /  2 = 0.37 NazCOa 
El/ 2 = 0.56 NaNOz 0 .68  1.06 

b El/& = 0.52 NaNOz 1 . 2  1 . 3  
C NaNOz, NazCOa 1.2-0.75 1.2-1.0 

E l / z  = 0.56 NaNOz 2 . 3  2 . 5  
b El 4 = 0.52 NaNO? 1 . 9  2 . 3  
G NaNOz, NazCOs 3.3-1.6 2.3-2.2 

NaC2NaOz u El /*  = 0.36 NazCOa 

NaNOz, NaiCOa 5.3-2.4 2.6-2.5 NaCaHaOz c 

a Voltatnmetry. b Ciironopotentiometry. c Cryoscopy. 

Discussion 
Any reaction schemes postulated for the reaction of 

NaCOOH and NaCZH3Oz in NaN03 and NaNOz must 
fulfill the requirements imposed by the infrared analy- 
sis and the mole ratios of nitrite to carboxylic acid salt 
obtained from chronopotentiometry and voltammetry, 
and account for the large values of v found during the 
cryoscopic work. I t  will be most convenient to begin 
with the reaction of NaCOOH in NaN03 and NaNOZ. 

NaCOOH in NaN03 and NaNOz.-The infrared data 
postulate the formation of Na2CO3, NaNOZ, NzO, HzO, 
and COz in NaN03, but only NzO, HzO, and Na2CO3 in 
NaNOZ. The relatively low level of NzO found in the 
gases examined in the formate-nitrate system (com- 
pared to the amount of COz, see Figure 3) strongly sug- 
gests that  two reactions are occurring in the melt. The 
first is given by 
NaCOOH + NaNO8 ----t 

(4) 

The second involves the reaction of NaCOOH with 
nitrite formed in the melt and is given by 

NaNOz + 1/2Na2CO~ + '/zHzO + l/tCOz 

NaCOOH + NaNOz --f NazCOJ + 1/~N20 + */zHzO ( 5 )  
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Equations 4 and 5 represent the over-all reactions of 
sodium formate in NaN03 and NaNOz, but i t  becomes 
necessary to check the quantitative validity of the pro- 
posed stoichiometry. 

If reaction 4 were the only one occurring and if the 
amount of solvent, i .e. ,  NaN03, which is consumed dur- 
ing the reaction is assumed to be negligible in altering 
the molality of the added formate, then for each mole of 
formate added, 1 mol of NaN02 and 0.5 mol of l;a2CO3 
would be detected cryoscopically. The cryoscopic 
detection of gases is possible, l3 but the concentrations 
rapidly reach saturation and will contribute signifi- 
cantly only at low concentration levels, ;.e., near 1.0 x 

Then, each mole of KaSCh, because of the 
formation of solid solutions with NaN03, contributes 
0.7 mol to the lowering of the freezing point. The 
value of 0.7 was obtained from the NaN02-ISaS03 
phase diagramI4 and verified from independent cryo- 
scopic measurements (Table I). Thus 1 mol of h-a- 
COOH mill produce 1 .2  particles (0.7 from the NaNOn 
and 0.5 from the Na2C03) determined cryoscopically 
according to eq 4. If the reaction given by eq 5 begins 
to compete for NaCOOH, the amount of NaiSOz pres- 
ent in the melt decreases, and the amount of carbonate 
increases. This would tend to lower the over-all moles 
of cryoscopic particles toward a theoretical limit (sum- 
mation of eq 4 and 5) of O . i 5  particle/mol of formate 
added. The results for KaCOOH in Figure 1 show 
that the system levels off a t  1.2--1.0 particles, in essen- 
tial agreement with the stoichiometry of reaction 4, but 
not totally rejecting a contribution from reaction 6. 

The chronopotentiometric results indicate that  the 
ratio of nitrite to  formate should be 1.2 i 0.1. The 
voltammetric results indicate that the same ratio should 
be 0.68 =t 0.04. Reaction 4 predicts the ratio to be 
1.0, while addition of reactions 4 and 5 would drive the 
ratio to zero. Since there is nitrite present in the sys- 
tem after completion of the reactions, it is obvious that 
their relative rates determine the abundance of nitrite 
in the melt. The apparent discrepancy between the 
voltammetry and chronopotentioinetry may be ex- 
plained on the grounds that the reaction rates appear 
to be rapid and are most likely diffusion controlled. 
Lack of stirring in the chronopotentiometric study 
would have caused less contact of the nitrite ion with 
the formate ion in the melt. This predicts that the 
results of the voltammetry should be in agreement with 
the cryoscopic data, since the latter system was also ex- 
tensively stirred. That  this is the case is readily shown 
in the following manner: If x mol from 1 mol of for- 
mate partially reacted according to eq 4, then x mol of 
NaNOZ and x/2 mol of NaZCO3 would have been formed. 
If the remainder of the formate, i . e . ,  1 - x mol, com- 
pletely reacted according to eq 5 ,  then 1 - x mol of 
NaNO2, available only from reaction 4, would also have 
reacted to produce 1 - x mol of Na2C03. The total 

m. 

(13) J .  P. Frame, b;, Rhodes, A. R.  Ubbelohde, 7,.a7~.?. I :u iaduy  Sur., 67 ,  
1076 (1961). 

(14) E. N. Levin, C. 11. Robbins. and H. P. McIIurdie, "Phase IXagrams 
for Ceramists," 'The American Ceramic Society Columbus, Ohio, 1Y61, y 
335. 

moles of NaN02 formed from each mole of ISaCOOH 
becomes 2x - 1 and must equal the ratio 0.68 I-t 0.04. 
That  x = 0.84 is readily calculated. 

A similar argument based on the chronopotentio- 
metric ratio of 1.2 f 0.1 leads to the conclusion that 
x = 1.1; ; . e . ,  more formate reacted than was actually 
present. The total moles of cryoscopic particles formed 
in the melt, neglecting the contribution of the gases, 
thus becomes the sum of contributions of NaXOz and 
NaZCO3. This is given by 

i: = (ax - 1)0.7 - 0 . 5 ~  + 1 ( 6 )  

where the factor O . i  accounts for solid-solution forma- 
tion between NaN02 and NaN03. Substitution of x = 

0.84 yields a value of v = 1.06. Allowing for the un- 
certainty of the ratio, ;.e., 0.68 * 0.04, yields values of 
v of 1.06 =I= 0.01. This compares well with the limiting 
experimental values which range from 1.2 to 1.0. Thus 
the cryoscopic and voltammetric results are in agree- 
ment, and the reactions postulated in eq 4 and 5 are 
correct. This indicates that both reactions are occur- 
ring simultaneously in the melt. Further evidence is 
seen in Figure 3A, 17-hich shows that N20,  while present, 
is much lower in intensity than COz. This would be 
expected from the low concentration of nitrite formed 
in the melt and the rapid reaction observed in this sys- 
tem. 

I t  was noted earlier that  the formation of S a O H  was 
likely during reaction 4. The rapid disappearance of 
this species in the melt can be accounted for by 

SaX08 + NaCOOH -+ SaNO:! + NaOH + CO:! ( 7 )  

which is immediately followed by 

NaOH + '/:!CO:! + '/aNarCO : f  ],'2H20 (8)  

Note that the summation of reactions 7 and 8 is simply 
reaction 4. 

NaC2H30, in NaNO, and NaNOz.-The results of the 
infrared analysis showed that the products of NaC2H202 
in NaXO3 were KaSC03, n'aN02, COZ, HzO, and NZO. 
In addition, an examination of the mass spectra of the 
gaseous products of this reaction gave mass numbers 
corresponding to HzO and COS, as well as a gas of mass 
number 28. A gas of this mass number was not de- 
tected in the gaseous products from the formate reac- 
tions. The absence of any indication of CO in the in- 
frared spectra has led to the assignment of the mass 
number of 28 to nitrogen. The products from the re- 
action of NaCsH302 in NaN02 were found to be Na2CO;I, 
H20,  and N20.  From stoichiometric considerations, it 
is felt that  the reaction of acetate in nitrite constitutes 
the source of nitrogen in both this melt and S a Y 0 3 .  
Finally, it is noteworthy that COz was not formed in 
the nitrite melt. 

These observations lead to the following reaction 
schemes 
NaC:!Ha02 + 4NaN03 ---f 4NaNO2 - 1/?-Ua2C03 + 

3/n~02 4- 2 1 ~ ~ ~ 0  (9) 

l/rS20 + s 2  (10) 
KaC2Hs02 + 3NaSOz --+- 2Ka2COa + 8/gHz0 f 
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In general, these reactions were much slower than those 
involving NaCOOH. For example, the formate had 
completely reacted in less than 1 hr, while times ranging 
from 3 to 6 hr, depending on the amount of acetate, were 
required for the reaction to be completed a t  325' in 
NaN03. 

Using arguments similar to those advanced for the 
simpler formate-nitrate reactions, the moles of cryo- 
scopic particles v ,  formed per mole of acetate which re- 
acted according to eq 9, becomes 3.3 .  As the amount 
of nitrite formed in the melt increases, the amount of 
cryoscopic particles approaches the limit given by the 
summation of eq 9 and 10, i . e . ,  u = 1.6. Again the 
contribution from the solubility of the gases has been 
neglected. Also, the times involved in obtaining a 
sufficient number of cooling curves a t  each concentra- 
tion of acetate were well in excess of 6 hr, so that  the re- 
action of acetate with nitrate is considered to be com- 
plete. The data in Figure 1 indicate a leveling off of 
the moles of particles generated in the melt a t  u = 

2.3-2.2. This value is obviously dependent on the 
rates of the reactions given in eq 9 and 10 and suggests 
that the contribution from the latter is significant. 
The cryoscopic results also suggest that the stoichiom- 
etry of both reactions is reasonable. That  it is cor- 
rect is shown when the voltammetric and chronopo- 
tentiometric results are taken into account. 

The values of the ratio of moles of nitrite formed to 
moles of acetate added are in good agreement, i .e. ,  
2.3 f 0.2 and 1.9 f 0.2, respectively. The slower re- 
action rates observed in this system would tend to min- 
imize the effect of diffusion and favor such a result. By 
using an analysis similar to that  given for the formate 
reaction in nitrate, the ratio of nitrite formed to acetate 
added in reactions 9 and 10 is equal to 7x - 3, where x 
represents the moles of acetate which reacted according 
to eq 9. Equating this to a mean value of the ratio of 
2.1 f 0.4 results in a value of x = 0.73 f 0.06 mol of 
acetate reacted. The total moles of cryoscopic parti- 
cles formed from each mole of acetate is 

u = ( 7 ~  - 3)0.7 + 2( l  - X) + 0 . 5 ~  (11) 
Substitution of the values of x yields a u of 2.4 + 0.2, 
which is in excellent agreement with the cryoscopic re- 
sults. Table IV  summarizes the comparison of cryo- 
scopic and electrochemical investigations. 

Equation 10 predicts that  2 mol of carbonate will be 
formed from each mole of acetate which reacts in Na- 
NOz. Some recent work on the solvent properties of 
NaN0215 showed that  additions of NaCzH30z did pro- 
duce twice the expected number of particles in the melt. 
This can be taken as additional confirmation of the re- 
action given in eq 10 and the correctness of the over-all 
stoichiometry. 

Some comments are necessary on the work of Shams 
El Din and El Hosary.6 Their identification of car- 
bonate and nitrite in the reaction of NaCOOH and Na- 
C2H3OZ in KN03 is essentially verified by this work. 
The reaction they proposed for formate reacting in 

(15) T. R. Kozlowski and R. F. Bartholomew, J .  Electvochem. Soc., 114, 
937 (1967). 
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KN03 postulates the presence of hydrogen as a product, 
; .e .  
2NaCOOH + KNOD + NaZC03 + KNOz + COZ 4- HZ (12) 

There was no evidence that hydrogen is produced in 
the all-sodium system. The reaction postulated for 
sodium acetate in KN03, viz. 
4C~H302- + 5hTOa- + 4C0aZ- + KOz- f 4CH3NOz (13) 

does not correspond well to the reaction in the all-so- 
dium systems. Thus the amount of cryoscopic par- 
ticles predicted by eq 13 is too low if CH3N02 is allowed 
to vaporize from the system and too high if CH3N02 is 
assumed to dissolve in the melt. There was no spec- 
troscopic evidence for the presence of CH3N02, CH4, or 
NOz in any of the systems examined in this work Fi- 
nally, the importance of the reaction of the carboxylic 
acid salt with the nitrite formed in the melt has not been 
taken into account. Nevertheless, it  is true that the 
systems examined6 did have mixed cations, i e ,  Na+ 
and K+, while this work has concentrated only on Na+ 
systems. It is difficult to ascribe such tremendous 
differences in reaction schemes between the two melts 
as similar as sodium and potassium nitrate, and we must 
conclude that the reactions described in eq 4, 5 $  9, and 
10 are more representative of the behavior of carboxylic 
acid salts in molten nitrates. 

The study of these systems was extended to include 
the cryoscopy of sodium propionate ( N ~ C ~ H ~ O Z )  in Na- 
NO3. The generation of particles as a function of pro- 
pionate concentration is given in Figure 1. The initial 
values of u are high, even taking into account the larger 
error in the first measurement. As the concentration 
of solute increases, the number of cryoscopic particles 
falls to 2.6-2.5 per mole added. Extrapolating from 
reactions 4 and 9, i t  appears as if three nitrate anions 
are required for each additional methyl group on the 
acid chain. Thus, a suggested scheme for propionate 
would be 
NaCaHa0~ + 7NaNOa + 7 N a N 0 ~  + l/nNazCO~ + 5 / ~ C O ~  + 

Similar examination of eq 5 and 10 suggests that  two 
nitrite anions are required for each additional methyl 
group on the acid chain. 
NaCaH602 + 5NaN02 + 3NaZCOa + ' j 2Nz0 f 

where the only nongaseous product is NazC03, and COz 
is not formed in the system. Equation 13, taken alone, 
predicts u to be 5.3, while a sum of eq 13 and 14 pro- 
vides a low value of u = 2.4. Agreement with exper- 
iment is reasonable and follows the pattern of the ace- 
tate-nitrate results. 

In summary, i t  has been shown that NaCOOH and 
NaCZH3O2 do react, even a t  temperatures near the 
melting point, in NaN03 and NaNOZ. The over-all 
reaction3 in nitrate melts generate nitrite and carbon- 
ate which remain in the solvent, while H 2 0  and C02, 
along with some NzO and Nz, pass out of the solvent. 
In the nitrite melts, carbonate is produced in the melt, 
while NzO, N2, and HzO pass out of the system. The 

5 / 2 ~ 2 0  (14) 

This produces 

6/&0 + 2r\; (15) 



2254 J. J. I<EILLI' AND li. H. U'ISWALL, JK. liaorgunic Chemislvy 

formation of nitrite as a reaction product in the nitrate Acknowledgment.-The efforts and assistance of 
melts results in a competition for additional carboxylic Dennis A. Krygier in the cryoscopic and spectral phases 
acid salt. The reactions with formate are more rapid of this work and the assistance of Stanley S. Lewek in 
than those with acetate, and caution is recommended obtaining the electrochemical data are greatly ap- 
in studying these systems. preciated. 

COXTRIBUTIOK FROM BROOKHAVES XAI'IONAL LABOIL4 1 ORY,  

UPTON. NEW YORK 11973 

The Reaction of Hydrogen with Alloys of Magnesium 
and Nickel and the Formation of Mg,NiH,l 

BY J. J. REILLY ASD R. H. WISWALL, JR. 

Received M a y  10, 1968 

In  the Mg-Xi system two intermetallic compounds are formed: M g X e  did not react with He a t  
pressures up to 400 psia and temperatures to 350' ; however, MgPNi reacted readily with H P  at 300 psia and 325". The prod- 
uct of the reaction was a new ternary hydride with the formula MgzNiH4. The reaction was reversible and upon decomposi- 
tion the original starting material was regenerated. Several 
pressure-composition isotherms were obtained. The dissociation pressure of the hydride was found to obey the relationship 
log Patm = (-336OjT) + 6.389 from which thermodynamic data were calculated. In the presence of excess Mg the pres- 
sure-composition isotherm exhibited two plateaus; the lower plateau is attributed to the formation of MgH? as evidenced by 
X-ray diffraction data and thermodynamic considerations. The presence of M g , X  appeared to have a catalytic effect on 
the formation of M g H P .  

Mg&i and MgNiz. 

The X-ray diffraction pattern of the product was indexed. 

A previous article has described the reaction of hy- 
drogen with magnesium-copper alloys. * In that 
article i t  was noted that the work was undertaken as 
part of an energy-storage program investigating the 
possibility of using reversible metal hydrides as a con- 
venient and cheap means of storing hydrog-en which is 
ultimately evolved and used as a fuel. This paper ex- 
tends the discussion to the reaction of hydrogen with 
magnesium-nickel alloys a t  elevated temperatures 
and pressures. The system m7as found to be similar in 
some, but  not all, respects to the Mg-Cu-H system. 

Experimental Section 
The materials used in this investigation were hydrogen gas 

obtained from the Matheson Co., Gold Label grade, having an 
assay of >99.99% HL: zone-refined Mg rod, 0.25 in. in diameter 
and assaying 99.99%, Mg with the major impurities being 20 
ppm Fe and 20 ppm Zn; and nickel rod, 0.25 in. in diameter which 
assayed 99.99 yc A-i. 

Although the procedure and apparatus were the same as that  
previously described in detail,Z a brief summary may be helpful. 
The Mg-Si alloys were prepared in an induction furnace under 
argon. The alloys were then transferred to a drybox, pulverized 
to -25 mesh, and introduced into a stainless steel high-pressure 
reactor. The reactor was removed from the drybox and attached 
to an experimental rack. The alloy samples were hydrided by 
exposing them to Hn at -350 psia at temperatures up to 350'. 
The hydrided alloys could be decomposed by reducing the He 
overpressure through the use of an evacuated gas reservoir or 
by outgassing under a dynamic vacuum. 

Results and Discussion 
Mg forms two intermetallic compounds with Ni, 

Within the limits of the experi- MgzNi and MgNi2.3 
(1) This work mas periormed under the auspices of the U.  S. Atomic Ener- 

(2) J. J. Reilly and R. H. Wiswall, I i i o i g .  Chem., 6, 2220 (1967). 
gy Commission. 

mental conditions, L e . ,  a maximum temperature of 
350" and a maximum pressure of 400 psia, MgNiz did 
not react with Hz. However, XgzNi reacted at  a tem- 
perature of 325" a t  an Hz pressure of 300 psia. Al- 
though initially the rate of reaction was somewhat slow, 
the kinetics improved markedly after several cycles of 
hydriding and decomposition, and after such pre- 
treatment the alloys reacted readily a t  temperatures as 
low as 200" and an Hz pressure as low as 200 psia. 
In Figure 1 are shown three pressure-composition 

isotherms for the system MgzNi-Hz. The initial com- 
position of the sample was 45.9 wt % M g  and 54.6 wt 
yc Ni; the theoretical composition of Mg&i is 43.3 wt 
% Nfg and 5 4 . i  wt yo Ni. The only phase initially 
present, as determined by an X-ray diffraction pattern 
of the sample, was Mg2Ni. All of the isotherms ascend 
rapidly on the left indicating a narrow region where a 
solid solution of hydrogen in PI/IgzNi exists. This is 
followed by a wide plateau region, the initiation of 
which indicates the appearance of a new phase. To 
the right of the plateau each isotherm ascends very 
steeply. This portion of the isotherm is depicted as a 
dashed line because a small amount of solid hydride had 
to be decomposed before the first equilibrium point on 
the right could be defined and even a decomposition of 
a very small amount of material resulted in an equilib- 
rium point on or near the plateau. The abrupt termin- 
ation of the plateau indicates that  the hydride formed 
has a definite stoichiometric composition. An X-ray 
diffraction pattern of the hydrided material showed no 
evidence of the presence of MgH2, Mgl\Tiz, Ni, or any 

13) J. Hansen, "Constitution of Binary Alloys," hlcGra\v-Hill Book Co., 
Inc., h-ew York, E. Y., 1858. 


