
SOKE PROF STIES OF SODIUM-AMMONIA SOLUTIONS 

THESIS 

Presented to the Faculty of The Rice Institute 

in Partial Fulfillment of the Requirements 

For the Degree of 

MS TER OF ARTS 

By 

Angus George Pearson, B.A. 
o 

Houston, Texas 

May, 1948 



INTRODUCTION 

This thesis deals with an investigation of some of 

the properties of solutions of sodium In liquid ammonia. 

These solutions have been extensively investigated 

by Kraus, who published a long series of papers relating 

to them, alone and with collaborators, in the Journal of 

the American Chemical Society, from 1907 to 1922. He 

investigated the nature of the solutions and showed that 

when they are electrolysed, the Na ions carry only a 

small fraction of the current, as compared to the electrons, 

which carry from 7 to 300 times as much current. The 

fraction of the current carried by the electrons increases 

with increasing concentration. 

One of the most remarkable properties of these 

solutions is that they separate into two liquid phases at 

low temperatures, one bronze in color, the other blue. 

Phase diagrams for this separation have been given by Ruff 
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and Zedner, and by Kraus and Lucasse, 

The claim that such solutions become superconducting 

3 
was first made by R. A. Ogg, who reported that solutions 

of sodium in ammonia, in the concentration range 

characterized by separation into two liquid phases at 

sufficiently low temperatures, decreased greatly in resist¬ 

ance when rapidly frozen. In a typical case cited by him, 
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the resistance dropped from about 10,000 ohms at -33° C 

to about 1G ohms at -95° C. He suggested that the residual 

resistance was due to ''end effects"” and poor contact with 

the electrodes. Annular discs of solution when rapidly 

frozen by plunging them into a vessel of liquid air between 

the poles of an electromagnet, exhibited persistent currents 

according to Ogg, when removed and tested with a sensitive 

rnagne tome ter« 

II. A. Boorse, D. B. Cook, B. Pontius, and M. W, 

4 
Zemansky reported on efforts to produce persistent currents 

in frozen rings of solution. They made forty-one attempts, 

using various techniques, and obtained negative results. 

5 
Ogg reported further details of his experimental 

technique. He stated that in the case of his experiments 

on persistent currents, negative results were obtained in 

nearly two hundred cases, while positive results were 

obtained in seven cases. He attributed failure to obtain 

a larger proportion of positive results to experimental 

difficulties arising from cracking of the solution on 

freezing and residual contact resistances. 

J. G. Daunt, M. De sir ant, li. Mendelssohn, and A. J. 

Birch0 reported failure in efforts to reproduce tile 

phenomena described by Ogg. They attributed the small 

residual resistance to the solution itself. 

Ogg does not specify exactly what this term means, 
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J. W. Hodgins reported persistent currents in four 

Instances out of 115 experiments. 

8 
L, Ciulotto and A. Gigli reported negative results 

In tv/enty attempts to produce persistent currents. They 

gave a rough graph of the variation of the resistance of 

the solution as a function of temperature, as well as they 

could determine it in view of the experimental difficulties, 

EXPERIMENTS AND RESULTS 

The alleged superconductivlty was investigated by 

measuring the resistance of sodium-ammonia solutions as the 

temperature was carried through the freezing point. No 

evidence of superconductivity was found. The temperature 

coefficient of resistance of the unfrozen solutions was 

also determined. 

Preparation of Sodium. 

The sodium used Is prepared by repeated distillation 

in vacuo. The manner of introducing It into the apparatus 

in which the measurements are made has varied. In the 

earlier experiments, the glass apparatus for distillation 

of the sodium was- sealed to the conductivity cell, and the 

final distillation deposited the sodium in the cell where 

the solution was made up. In later experiments, In order 

to permit a closer control of the concentration of the 

sodium-ammonia solution, after purification by repeated 

distillation, the sodium was forced by gas pressure into a 



long pyrex glass tube of small bore. This made it possible 

to estimate the amount of sodium to be used by calculation 

from the dimensions of the tube. The appropriate length of 

tube was then cut off and used in making up the solution. 

In this case the cell in which the solution was to be made 

up was equipped with a removable ground glass stopper which 

could be removed to permit the introduction of the sodium. 

Determination of Sodium. 

For the accurate determination of the sodium, a 

titration method was used. After the experiment had been 

performed, the ammonia was allowed to evaporate, and air 

which had been bubbled through water was passed over the 

residue so as to react with the metallic sodium. After a 

sufficient time, distilled water’ was added, and the residue 

dissolved. This solution was then boiled to drive off any 

remaining ammonia. It was then made up to 500 ml. with dis¬ 

tilled water. The titration was performed with 25 ml. 

samples of this solution, using hydrochloric acid stand¬ 

ardized at 0.0973 normal. The indicator used was methyl 

orange. Then the titration is performed in this way, the 

number of grams of sodium used is found by multiplying the 

number of millilitres of hydrochloric acid used by 0,0448. 

Preparation of Ammonia. 

. The ammonia used is obtained from a commercial 

cylinder. A small amount of sodium, purified by repeated 

distillation in vacuo, is introduced into a pyrex glass 
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tube by distillation. Hie evacuated tube, immersed in a 

mixture of solid carbon dioxide in alcohol, is then 

connected to the cylinder, and sufficient ammonia for the 

experiment is condensed in it. This amounts to 40 ml, or 

more, in most cases. This solution is allowed to stand 

overnight, in darkness, in contact with solid carbon 

dioxide, allowing the sodium to react with moisture in the 

ammonia. When the ammonia is to be used, it is distilled 

from this solution into a calibrated tube, for measurement 

of the volume used, and then into the vessel in which the 

experiment is to be performed, where it is condensed on 

the sodium which was previously introduced as described above. 

Measurement of Resistance. 

Most of the experiments performed have involved the 

measurement of the resistance of the solutions. Several 

sorts of direct current and alternating current potentio¬ 

meters were tried but proved unsuitable for following the 

rapid fluctuations in the resistance of the solutions. 

Tliis was particularly true when the solutions were frozen. 

On this account, a cathode-ray oscilloscope ifas used in a 

comparison method of measuring the resistance of the solu¬ 

tion, as shown in the diagram. 

In one position of the double-pole double-throw 

switch, current from an audio oscillator is passed through 

a circuit consisting of a current limiting resistor and 

the conductivity cell, in series. The oscilloscope is 
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connected to the output of a high-gain amplifier, the 

input of which is connected in parallel with the conductiv¬ 

ity cell, so that the deflection shown on the oscilloscope 

depends on the resistance of the solution in the conductiv¬ 

ity cell. By adjustment of the gain of the amplifier 

which is built into the oscilloscope, the deflection of 

the oscilloscope beam is set to some convenient value. 

The switch is then thrown to the other position, which 

effectively replaces the conductivity cell by the dial box. 

The dial box is then adjusted until the deflection shown 

on the oscilloscope is the same as it was when the cell 

was in the circuit. This requires that the resistance of 

the dial box be the same as the resistance of the cell. 

when it is necessary to follow extremely rapid 

fluctuations in resistance, such as occur when the solution 

is frozen, the cell can be left connected to the oscillo¬ 

scope. Under these conditions, the deflection of the 

oscilloscope beam is fairly accurately proportional to the 

resistance of the solution, and rapid changes in the 

resistance can be followed. 

With this arrangement it was possible to measure 

changes of the order of 0.01 ohm in the resistance of the 

sample when the resistance of the sample was 0,1 ohm. 

The' frequency used was in the range 500 to 600 cycles per 

second. 



Conc/ucfrwfy Ce// 



Measurement of Temperature 

The temperature was measured in the earliest 

experiments by means of a total immersion pentane thermo¬ 

meter. However, for most of the experiments it was 

measured by use of a copper-constantan thermocouple, 

enclosed in a thin-walled glass tube, immersed in the 

solution as near the cell electrodes as possible. 

Estimation of Volume of Second Phase. 

As mentioned above, under certain conditions two 

liquid phases coexist in the sodium-ammonia solution. In 

connection with the investigation of the solutions, it is 

desirable to be able to estimate from the phase diagram 

the amount of the second pha.se that will be formed under 

specified conditions of temperature and concentration. 

There are two cases to be considered. In the first case, 

the second phase is less concentrated than the original 

solutionj in the second case, more concentrated. 

In the first case, let us start with a sodium- 

ammonia solution of concentration Q gta. per c.c. of solu¬ 

tion, at a temperature greater than 7J . Mien the 

temperature is lowered 3lowly, the second, less concen¬ 

trated, phase first appears when the temperature is Tt • 

Suppose now that the temperature is reduced to 4 j and 

let 1/ , V2 , and Vj be the volumes of soliition associ¬ 

ated with the concentrations C, , , and C3 t respec¬ 

tively. Then, from the law of conservation of mass, 
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V'Q^VA + Wj. 
If we assume, as is observed to be approximately 

true, that V2~ty~k? * we obtain VfCf - £(Y~^)
+Q 

Therefore 

Co C? 

Similarly* in the second case, if we had started 

with a solution of concentration C4 , at a temperature 

greater than , and had cooled the solution to % , 

we would have obtained for the volume of the more con- 

centra ted phase produced V2 = 

Cz~C3 

Superconductivity. 

In several cases the resistance of a sodium- 

ammonia solution was followed as the tesiperature was 

lowered. In all cases the resistance increased as the 

temperature was reduced, until the solution froze. As 

the solution froze, the resistance dropped from the high 

value which existed just before freezing, and further cool¬ 

ing usually reduced the resistance considerably. In many 

cases the resistance varied erratically, apparently due 

to cracking of the frozen solution. However, in no case 

did the resistance drop to a value too low to be measured, 
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or less than four or five ohms. Thus it appears that the 

statement that the solution becomes super-conducting when 

rapidly frozen is not in agreement with the experimental 

evidence. 

Temperature Coefficient of Resistance. 

The temperature coefficient of resistance is defined 

to be J- where R~ is the resistance of the specimen 

at a standard temperature, which we take to be -60 C. 

In order to determine the temperature coefficient of 

resistance from the curve of resistance as a function of 

the temperature it is necessary to find the slope of the 

curve. This was done by the graphical method of 

H. von Sanden. The values of dR/dT obtained in this way 

were plotted as a function of the temperature, and the 

differentiation checked by integration under this curve 

by counting squares. The check was satisfactory. 

Graphs plotted from the results are given. It will 

be seen that dR/dT was always negative. This is in agree- 

. . .. „ 10 
ment .with uraus. 

11 
The experiments of Kraus led him to state that 

in the electrolysis of a sodium-ammonia solution by far 

the greater part of the current is carried by the electrons, 

particularly In concentrated solutions. He also stated 

that in a dilute solution the electrons are surrounded by 

an envelope of ampnia molecules which slows down their 

motion through the solution. According to him, at the 
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5 
higher temperature, and also at the higher concentrations 
A w 

m 
the size of the retarding envelope of ammonia molecules is 

less than at lower temperatures, or lower concentrations. 

In considering qualitatively the temperature 

coefficient of resistance of a concentrated solution, let 

U3 first say that the effect of a temperature increase on 

the speed of the positive ions can be neglected, since 

the positive ions carry such a small fraction of the 

current, l.'e are left with the electrons and their attached 

ammonia molecules. At sufficiently high temperatures some 

of the electrons will lose all their attached ammonia 

molecules; others will lose only part of the attached 

molecules. In the case of dilute solutions, the chief 

effect of an increase in temperature will be a decrease in 

resistance, because the decrease in the number of ammonia 

molecules attached to the electrons results in an in¬ 

creased drift velocity of the electrons. In a concen¬ 

trated solution, many of the electrons are already free 

from retarding ammonia molecules, and we expect an in¬ 

crease in temperature to decrease their drift velocity as 

it does in metals. Other electrons have not yet lost 

the associated ammonia molecules, and we expect an 

increase in temperature to increase their drift velocity, 

as it does in a dilute solution, lh.ese effects tend to 

alter the resistance of the solution in opposite ways. 

Hence we anticipate that in a concentrated solution of 
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sodium in ammonia, at high temperatures, the tempera¬ 

ture coefficient of resistance will be less negative 

than in a dilute solution at the same temperature. 

Tills is confirmed by the experiments, as may be seen 

from the graphs. 

In the region where two liquid phases coexist, 

the resistance variation as a function of the tempera¬ 

ture depends in part on the change with temperature in 

the composition of the phase being investigated, accord- 

• 4. slR - SR + £R c/c xng to jj- dT 
+ dc Jr’ 

where R, T, and G represent, respectively, resistance, 

temperature, and concentration, when only one phase Is 

present, the second terra Is zero. Thus, a break in 

the slope of the curve of temperature coefficient of 

resistance as a function of the temperature would be 

expected to occur when the second phase appeared or 

disappeared. 
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Temperature Coefficient Data 

Concentration 0.0244 gra. Ha or 2,69 atoms ITa 
ml. ME-*; 100 molecules NIfj 

Temperature (°C) 

-42 

-63 

—68 

-73 

-75 

-77 

-77 

-78 

-78 

Resistance (ohms) 

1280 

1600 

1800 

2000 

2400 

2700 

2800 

2900 

3000 

Temperature (°C) 

-52.0 

-57.7 

-62.0 

-66.5 

-70.7 

-73.3 

-76.0 

Coefficient (per °C) 

-.00967 

-.0120 

-.0163 

-.0261 

-.0433 

-.0693 

-.111 

RQ is 1550 ohms. 







13 

Concentration 0.0569 gin. Ha 
ml. IHIrj 

Temperature (°C) 

-40.6 

-46.8 

-53.0 

-58.2 

-60.8 

-65.6 

Temperature (°C) 

-44.7 

-48.1 

-52.8 

-56.0 

-61.0 

-63.9 

or 6,26 atoms Na  
100 molecules' BH^ 

Re sis tanc e (ohms) 

4500 

4700 

4900 

5300 

5500 

6000 

Coefficient (per °C) 

-.00505 

-.00749 

-.0106 

-.0127 

-.0166 

-.0197 

R0 is 5430 ohms. 
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SUMMARY 

Alleged superconductivity in frozen sodium-ammonia 

solutions was Investigated* Ho evidence of supercon¬ 

ductivity was found. This is in agreement with the results 

of measurements of the magnetic susceptibility of these 

12 
solutions by Glbney and Pearson, who showed that if any 

of the sample used was superconducting, it was not greater 

than 1 part in 10,000 by volume. It is also In agreement 

with the results of a comprehensive series of experiments 

by Birch and MacDonald.^ 

The temperature coefficient of resistance of the 

unfrozen solutions was determined for concentrations of 

0.0244 gm. Ha and 0.0569'gm. Ha. 
ml. MS_ ml. HH 

3 3 

A number of discrepancies between the results ob¬ 

tained and those reported in the literature indicate the 

desirability of further investigation of these solutions. 

In the case of the solution of concentration 0.0244 

gm« Ha only the blue phase was observed, though it would he 
ml. HHg 

expected that the bronze phase would appear at temperatures 
o 

below -45.5 C. Kraus and Lucasse state that the phases sep¬ 

arate immediately, when the correct conditions exist. 

In the solution of concentration 0.0569 gm.Ha 
ml 

a 
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only the bine phase was observed at temperatures from 

-7G.S°0 to -53°0, and both phases were observed from 

0 0 
•53 0 to -34 C. It would be expected that two phases 

would be observed below -47°G, but not above that temper¬ 

ature. According to Kraus and Lucasse there ought to 

have been a break in the slope of the curve of resistance 

as a function of temperature* Bo such break was observed 

for certain, but possibly the curve ought to have been 

drawn through the points ©f highest temperature so as to 

give a discontinuity in the slope in the neighborhood of 

-S3°G, as shown by the dotted line. 

According to the literature the more concentrated 

solutions are better conductors than the less concentrated 

ones. Our results are contrary to this. Possibly the 

explanation is that in our concentrated solution the electr¬ 

odes were chiefly in the more dilute phase* this is not 

certain. The possibility that in one case or the other one 

of the capillary tubes was clogged cannot be ruled out. 

It is unlikely that there was an error in the de¬ 

termination of the sodium by titration* since three titrat¬ 

ions were made in each case* and they agreed well among them¬ 

selves, and with the preliminary estimates. 

The author wishes to thank Dr, 0. W. Heaps and 

Mr. 3* F. van der Benst for aid in connection with numerous 
Be is indebted to the Socony-Vacuum Oil Company, 

J3P' O w JL GIGB « 

Inc., for financial support in the form of a fello?/shlp. 
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