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ABSTRACT

The conductivity, viscosity, and density of calcium-ammonia solutions
were measured in a temperature range from -35°C to -70°C. bThe liquid
regidn of the phase diaéram of caléium—ammonia solutionsbwas determiped
by conductivity measurements. |

© The results may be summatized as follows:

(1) Over a very wide concentration range (approximateljnfrom 0.02
mole Ca/liter to 1.5 mole Ca/liter) the calcium-ammonia solutions separate
into two liquid phases’in goqd agreement with earligr results reported
in literature. |

(2) The equivalent conductance of a dilute calcium-~ammonia solutions
is much smaller than that of analogous alkali metal-ammonia solutions and
increases with temperature, indicating’that the fractidn of calcium atoms

in liéuid émmonia'dissociated into calcium ions and solvated eléctroné
ié much smalier than for analogous alkali metal-ammonia solutions. ,.' !

The atomic conductance of concentrated calcium-ammonia soiutions is '

of the same order of magnitude as for metals and inéreases.rapidly as i
LR concentration of ﬁetal increases, a beﬁavior similar to those demonstrated

by concentrated alkali metal-ammonia solutions. ;



(3) The temperature coefficient of conductance of dilute calcium-
ammonia solutions in the'temperature range investigated is approximately

+3.5% per degree centigrade. This is approximately twice the temperature -+ |

coefficient of viscosity, which indicates an increase of degree of dis- '<}

-y

"sociation with temperature.

The temperature coefficient of conductance of the concentrated'phase
decreases from +O.39%/°C dt l;S_mble Ca/liter, and reaches cdnstant value
ofl+0.2h%/°c beyond 2.1 moies Ca/liter. | |

(h) The excess volume of concentrated calcium-ammonia solutions is
larger than that of analogous alkali metal-ammonia solutions and decreases
much more rapidly with concentfation"increase than in élkali hetal—ammonia

solutions.

(5) The significant differences found in the conductance and excess

volume behavior between solutions of calcium and of the alkali metals
are largely due to the two valence electrons of calcium. The experimental
findingé are consistent with current theories on the structure of_metal-

ammonia solutions. S o




1. INTRODUCTION
Liquid ammonia exhibits a distinct advantage over water‘as a solvent
- in that it.can dissolve thé alkali and alkaline earth metals without an
appreciable reaction*. The metal-ammonia solutions have the unusual .
v feature that they act as electrolytes in dilute solutionsand preservevthe
metalli¢ properties in concentration solutions.

Below the critical temperature all métal-ammonia solutions except
cesium separate into.two liquid phases, a qoncentrated one and a dilute one.
9,&3,91,92_ All dilute metal-ammonia solutions show a fine blue color.
Their equivalent condﬁétance is similar to that of an electrolytic solu-
tion, that is, it increases asvconcentratibn of metal decreases,_énd
reaches & finite value in an infinitely dilute solut'lon51’66’.67. When

current is passed through a dilute metal-ammonia solution , the positive '1_

~~V¥A—--‘"“““‘*métal"ions migrate towéfd ﬁhe cathode, but no new product is produced on

30,63

i

|
¢

the anode This fact indicates that the negative current carriers in

dilute metal-ammonia solutions are electrons. On the other hand, the solu%
. |
. H¥ i
tions show a positive excess volume which is contrary to the behavior ;
2,77, | )

of ordinary electrolytic solutions

The concentrated metal ammonia solutions show a luster resembling |

67

a copper or bronze color '. No migration of metal is found when cuvrent

30,63

is passed in the concentrated metal-ammonis solutions . The concen-
trated metal-ammonia solutions also show aAremarkable»positive excess
2,77 , ’ -
" _ : volume7 T : : _ :

Most of the experimental work concerning metal-ammonia solutions has

\‘:3 «
“E

been done in alkali metal-ammonia solutions. Based on these experimental

W . * :
Some other metals can also be dissolved in liquid ammonia (see
Appendix A‘l ) . ‘ i
*% : ' .
Excess volume is defined in section 3-l-b.



dafa, many models have been suggested in an attempt to explain these:
unusual.proberties.

In the present work, the conductivify and density of calcium-ammonia -
solutions and the Viscosity of liquid ammonia ana dilute calcium-ammonie. G
solutions were measured in a temperature.range from -35°C to -70°C.

The main purpose of thie work was to determine the liquid region of the

phase diagram of the calcium-ammonia solutions. The phase diagrems of

sodium, potassium, lifhiuﬁ ammonia solutions haﬁe been establishedss’él’To’
91’92; Fragmentary information on the behavier of the calcium-ammonia
system indicates considerable differences from the sodium-ammenia case.

On the basis oflvaper pressure measurements, Kraus62 found that at -32.56C
the saturation‘concentratien of the dilute phase is 0.5 mole%, while that
of_the concentrated phase is 9 mole% in’respect to calcium. The critieai |
vemperature for the solution appeared to be higher than rooﬁltemperature
(while that of the sOdium;ammonia solutions is -hl.SQC7O).. The work of -
Marshall and Hunt?g;,egain using vapor pressure measurements, iedicated
e vef& small ﬁwofliquidephgse region in the temperature fange of.-Lk5.L4°C t%
—63;8°C. - Because of theeeVQlution.of hydrogen ‘'due to the decomposition~of:the
solutions of calcium:in ammonia, £he‘eceuracy“0f:these measuréments ﬁay be ;'
subject to question (see appendix A-ll).- More recently, Jolly et al39’56 ?
determined the phase diagraﬁ of calciem—ammonia solﬁtions by conductivﬁt&_:
_ aﬁd ﬁapor preseﬁre'measurements.' Their results ere'markedly different
from thoee of Kraus62. In the present work the liquid region of the phase !
diagram of calcium-ammonia solutions in the temperature range from -35°C i

to -70°C was determined by conductivity measurements which were affected

to a much less degree by thesdecomposition reaction. - o

. . . .
. . . i



According to the phase rule, 1f three phases and two components are
present, there is only one degree of freedom. If only one phase of cal-
< - cium-ammonia sqlutioﬁ in the two-liquid phase region is used for the
conductivity me#surements, the specifié conductance is congtant at constant
v g . temperature. However, in the one-liquid phase region the specific conduc-
tance will. decrease as the concentration of calcium decreases. The
breaking point on the‘curve of thq specific conductance vs concentration
plét wgs'interpreted to be:the concentratioh at which the phase separation
occurred. | |
_The equivalent conductance, and temperature coefficient.of cohductance,
of calcium-ammonia sdlution in the single liquid phase region weré cal-
culated from thévexpefimental conductivity measurements and the excess

volume was calculated from density data. The results are discussed in

: ~—~ -——-—— ——the Iater séctions and ’c'bfnia?ééf»{it'ﬁ “fhose of alkali metal-ammonia solu-
| tions.

The results indicéte‘that the physical properties of calcium-ammonia |
solutions determined in this work are qﬁite different from those of alkali
metal—ammoﬁia,solutions. It isvpossiblé that these differencesbare i

caused by the liberation of two valence electrons per atom when éalcium‘.

is dissolved in liquid ammonia.




2, EXPERIMENTAIL PROCEDURE

2-1. Conductivity Measurements in Dilute Calcium-Ammonia Solutions.

Cnnducﬁances of the dilute calciﬁm-ammdnia solutions werc deter-
miﬁed by measuring the resistance of the calcium-ammonia solutions in
a conducti&ity.cell ﬁsing an A-C Wheatstone bridge (Figure 2-1). The
resistancé and the ¢apacitance of the calcium-ammonia solutions in the
conductivity cell were balanced by a decade resistor (*1 ohm) and a con-
denser having a preéiéion of 1 w4 f. This A-C Wheatstone'bridge had a
precision of 0.1% for fhe.resistance measurement s made*.

The conductivity cell and the calcium-ammonia solutions "preparatioﬁ
cell" aré shown ip Figufes 2-2 and 2-3. The conductivity cell was‘U4shape
50 that if two liquid phaseé were formed inside the cell, the less dense,
more concentrated phase would float to the fop_of the arms and not sub-
stantially affect the measurement. Both electrodes were smooth;ia£inum
disks, gonnected to tungsten wires. All tungsten inside the cellAﬁas
covered with uranium glass so that oniy the platinum came in contact with
the solutions. |

The calcium—ammoﬁié séluﬁién‘was prepéfed in fhe "prepéra£ion cell"
by'the.féllowing proéédure: 'After the caléium—metal and a magnetic
stirring bar were'put into the preparation cell, the whole apparatﬁs was
immediately connected‘to the vacuum line and evacuated. .Then the prepara-
tion cell and the conductivity cell were immersed into the cold bath.
After stopcock.(e) was closed (Figure 2-2), ammonia was condensed inko

the preparation cell from the stainless steel ammonia cylinder.: The

" In the latter part of this work a better Wheatstone bridge with a

precision of 0.01% was used. This bridge is a product of Electro
Scientific Industries, including an Impedance Bridge Type 290A and an
A-C Generator Detector Type 861A.

d
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H

Decade Resistance 100 K ohm 5 steps.

Decade’ Condenser 1 H.f. 5 steps.
- General -Radio Co.. Type 219-M.

Precision Condenser 1100 M.p.f.

- General Radio Co. Type 722-N.
1000 ohm Resistance.

Conductivity Cell.

-Uniﬁ Null Detector.

General Radio Co.
Lype 1212-A.

Test Oscillator.

Packard Model 650-A. N

Figure 2-1. A-C Wheatstone Bridge.

- Isolation Transformer.

Hewlett
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A | (B
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A:  Preparation cell
B: Conductivity cell
b ~a: Magnetic stirring bar
b: 3 mm capillary tubing
. ¢: Platinum disk
d: Tungston wire
@o

| a 7 : Stop cock

FiguréIQ-é.

Conductivity Cell for Dilute Calcium-Ammonia Solutions.
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Figure 2-3

Conductivity Cell for Dilute Calcium-Ammonia Solutions.
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weight of the calcium metal and ammonia used was determined by the method

described in appendix:D. The measurements were made at 1 K cycles PEr second

-
v

and 2.2V (R.M.S.). ' ' ' : .

e

To minimize the error due to decomposition reaction (see appendix C),;.

- Ca + 2NH -.c'a(NHg)2 + H (2-1)

3 2
it is dec¢ided that each individual run should not last for more than
four hours. Therefore, one sample of calcium-ammonia sdlution was used in
fhe measurement at —35°C, another freshly prepared sample_was used in the
measurements covering thedtemperature range of -40°C to -51°C, and a third
samﬁle of -60°C to_-70°c.
Since the'cbnductance of calcium-ammonia solutions was not constant

“but decreased slowly due tb the decomposition reéction, the fbllowing
methodvﬁas used for the conductivity measurementé for the calcium-ammonia %
solutions in the Qne;liquid phase'region: The measurements were started i
at the lowest temﬁerature of the temperature rangé in which thé sample :
- of calciﬁmfémmonia solution was to be used. The temperature was set at :i
1°C below the éesired temperature. Using the températuré range of -40°C 11
to -51°C as an exémple, the temperature of the cold bath was first seﬁ ' L
at -52°C. The calcium-ammonia solﬁtion in the freparation célltwas.trans-{
ferred into the conductivity cell by applying argon pressure over the !
solution in fhevprepafatipn cell and the temperature raised to -51°C
slowly. The resiétance measﬁrementsvwére started at‘-SQéC énd continued ;
at tyo—minute iﬁtervals.' The resistance of:the céléiﬁm—&mm@nia solution ;
first.decreased due to the increase in temperatﬁre,athén remained c;anstantI
fér approximately six to ten minﬁtes,=the£ iﬁé;e;gea again due t}ftﬁe

decomposition reaction.. The minimum value of the resistance was used



PP

.increased very rapidly at the beginning because of the decrease of both j

11

for the conductance calculation. After the conductivity measurement at
-51°C was finished, the temperature was raised to -45.5°C, then to -LO°C.
The conductance of the calcium~ammonia solution at these two temperatures
was then measured in the same manner as at -51°C.

Since the cdncentrationiof dilute calcium-ammonia solutions in the
two;liquid phase region dependé on_the temperature, the method for the
conductivity éeasurement was different from that for phe calcium-ammonia
solutions in the single lidﬁid phase. region. The measurement was begun at the
highest temperature of the temperatureirange in which a calcium-ammonia
solution was used. Aéain the temperature range from 5hO°C to -51°C is
used as an exampie. The temperature of the cold bath was first sét at
—39.5°C.: Thé caicium;ammonia solution in the preparation‘cell was stirred
for 30 minutes to obtainvequilibrium bétween the two-liguid phases, then
stirring_wés stopped to allow the two liquid phaseé-to separate.' The
dilute calcium-ammonia solution was transferred(intovthe cohductivity
cell_frbm the center of ihe lower part of the preparation cell (see |
Figure 2-?) by applying argon pressure to the preparation cell. The ten-
perature was‘thenilowered‘to'-40°C. The resistance‘measurements were

started at 439.5°C'and'continued at two-minute intervals. The resistance

th¢ equivalent éonductance and the'concentration of the calcium in the

dilute ﬁhase'és tgmperature decreased. After equilibrium between the two-
liquid'phases were establiﬁhed, the resistance'increased slowly due to '!
the decomposition reaction. The transition point on the resistanée vé time

|
|
i
|
|
i
i
!
i

curve was taken for the conductance calculation. The cdnductance of ‘the
. : . ) f
solution was then measured in the same manner at -45.5°C and at -51°C. |

The measurements in the other temperature ranges were made in the same

manner.
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The main sources of error in the conductivity measurement of the
dilute calcium-ammonia solutions were due to:
(a) The decomposition of the calcium~ammonia solutions. Because .

platinum acts as a catalyst (appendix A-ll), most of the decomposition -

a0

reaction probably occurred on the electrode surface and a thin layer of
s .

lower conductivity was formed near the electrodes. The hydrogen generated

from the decomposition reaction ma& have adhered to the electrode surface

and altered the cell constant.

(b) The error in the determination of the concentration of calcium
in the calcium-ammonia solutions. The amount of calcium metal used in
tﬁese experiments ranged from 15 mg to 100 mg (in the one-liquid,phase
region). If the error in the amount of calcium metal used due to the
weighing was 0.3 mg, it introduced a 0.3% to 5% error in the calculated
calcium concentration. The impurities in the calcium metal. (appendix C)
also introduced'some error in the concentration determination.

(c) 1In the two-liquid phase region, some solutions were used for the
qonductivity measuréhéhts at two or three tempefature levels. As an
example, after‘the meaSufement at -40°C was.finisﬁed, the temperature was
decreaséd to —h5.5°C for.theinext,measﬁrement, and some concentfaped'f
phase sepafatéd out due to the temperature change. The concentrated solu-

tion may have adhered to the wall of the conductivity cell and formed

a new electrical circuit parallel to that of the solution. In some
experiments, some of the concentrated solution was unintentionally drawn 4
into the conductivity cell from the preparation cell. A thin film covering

. P

the wall of the conductivity cell with the appearance of a golden mirror

g (¥
was then observed. In such cases the resistance dropped to a very low valge‘.

X |

The concentrated calcium-ammonis solutions have a very high conductivity,
of the same order of magnitude as for metals (see section 3-3-a).



" A-C current of 40 cycles per second.

13-

(a) The unceftainty in the temperature of *0.2°C (due to the fluc-
tuation of the cold bath temperature and due to the error in the reading
of the thefmometer) introduced an uncertainty of O.?% in the conductivity
measurement since the conductivity changes approximately by 3.5% ﬁer

degree centrigrade (section 3-2-c).

2—2. Conductivity Measurements in Concentrated Calcium-Ammonia Solutions.
Conductances of the concentrated calecium-ammonia solutions were
measured in a cbnductivity cell shown in Figures 2-4 and 2-5. In the con-

ductivity cell the tubing between the electrodes is not horizontal but
has a slope of approximately five degrees. In a case when the heavier
dilute phase was formed in the tubing; it would flow down and be trapped
in the leg.of the condﬁctivity cell below the electrodes. The electrodes
were émooth platinum disks,-built into the conductivity cell by the same
method described in section 2-1. To avoid the error due ﬁo thé coﬁtact
resisﬁance*, an A-C~four poler‘method%;aS'used‘to mea sure the resistande
of concentrated calc1um-ammon1a solutions in the conduct1v1ty cell. The
measuring device was a mllllohmmeter, model 503, produced by Kelthley

.Instruments.

The cprrent passed through the conductivity cell was a square wave

|
i
i

|
¢
i
|
|

*
Because of the high conductivity of the concentrated calcium-ammonia
solutions, the resistance of the calcium-ammonia solutions in the con- |
ductivity cell is of the same order of magnitude as the contact resistance.

There were four electrodes in the conductivity cell. A known amount of
current was passed between the outer electrodes and the ohmic potent1al

drop was measured between the inner electrodes (see Figure 2-4). |




1k

To vac.

C: 6 mm tubing

D: Bright platinum disks
E: Inner electrode

E': Outer electrode

A: Preparation Cell F: 3-way stop cock
B: Magnetic stirring bar G: Vacuum stop cock

Figure 2-k.

. Conductivity Cell for Concentrated Calcium-Ammonia Solutions.

A i



ZN-5581

Figure 2-5

Conductivity Cell for Concentrated Calcium-Ammonia Solutions,

15
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’

The calcium-ammonis solution was prepared in the preparation cell

“ by the method described in section 2-1. The solution was then transferred

iﬁto the conductivity cell using argon pressure, from the upper part .
of the preparation cell so tﬁat if two liquid phascs were presented, only -
the lighter concentr;ted phase was used.for the measurement. For each
concentration, two samples were used to cover thé whol¢ temperature range.
One was used to cover the temperature range of ~35°C to -51°C, the otﬁer was
used for the measurements at -60°C and -70°C. |

For a sample of calcium~ammonia solution, the measurements were begun
aﬁ the highest temperature of the temperature range in whicﬁ thevmeasure—
ments wére taken. After this measurement Was finished, the temperature
of the ééld bath was lowered to the next desired temperature and measure-
ments were éontinued. |

The main sources of error in the conductivity measurements in the
concentrated solutions were due. to:

(&) The decomposition reaction. of calcjﬁm-ammdnia solutions, which
will chanée the concentration'of calcium in the'neighborhood of the elec-
trodes,rvSihceﬂthe'méasurements were always started from highervtemperaturé,
the error due to the decomposition reaction was most serious in the
measurements at -51°C and -70°C.

(b) The uncertainﬁy in the temperature of +0.2°C of the cold bath.
vSincé fhe temperature coefficient of conductivity df a8 concentrated cal-
cium;ammonia solution is very small (see section 3-3—d), the error due to
this source was not serious. | | ey

(c) The most important source of error was due to the accuracy of
the measuring device. Since.the accuracy of the milliohmmeter used in
these measurements is only l% of full scale, the unCertainty in ﬁhe

measured resistance was approximately 2%.



2-3. ‘Density Measurement in Calcium-Ammonia Solutions.

The densitj of the calcium-ammonia solutions in the temperature
range of ~35°C to -70°C was measured by a pycnometer. This congisted of
a 100 cc flask connected to a 3 mm glass caplllary by a ground-glass ball
joint (Figures 2-6 and 2-7). A red mark was made on the lower part of
the capillary. Calcium ﬁetal and a magnetic stirring bar were placed into
the pycnemeter through the ball joint. The apparatus was cohnected to
the vacuum line»and evacuated. Ammonia was condensed into the pycnometer
from the stainless steel cylinder at -70°C. A copper cylinder container
containing acetoné and dry ice wa.s put into the cold bath to maintain this
low temperature*. After fhe proper ahount of ammqnia had been condensed
into the pycnometer, the tempefafure was raiéed to the desired temperature,
causing theblevel of the calcium-ammoniaAsolution to rise into the capil-
lary by thermal.expansion;, The heiéht of the level of the -calcium-ammonia
solution in the capillary abeve the red mark wae measured by a catheto-
meter through the window of the cold bath. - The vapor pressure**‘of the
calciqm-ammonia solution was measured by a McLeod manometer. Stopcock (e)
(Figuren2—8).was then closed and @ore.ammonia addea'to the vacuum line
until the ammonia pressure was biought’ub to.6OO mm Hg**. In the'density.'
meaeuremenf of eoncehtrated calcium-ammonia solutions, some intert gases

KK ’
were ‘in the pycnometer + Since the inert gases could escape only

.x. .
The lowest temperature obtained by this cooling system was -55°C. - ‘
Another cooling system was used for the experimental work in the b
temperature range from ~60°C to -70°C (see appendlx B). !

*¥% : : |
These processes were for the determination of the amount of ammonia
remaining in the vacuum line (&ppendix E-k).

Some inert gas which was produced by the reaction of the moisture in

the sodium-ammonia and in the steel cylinder was carried by the ammonia
gas into the pycnometer (see appendix D) and some inert gas was probably
produced by the deomposition reaction (see appendix C).
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the red mark by thermal,ekpansion. The 3 mm capillary tubing, there--
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tﬁrough the capillary by aiffusien, they were eompressed into a smail
volume creating a high pressure when the condensation of ammonia was
nearly comp}eted. Therefore the inert gases had to be remeved before mofe
ammonia could be condensed. A one-liter flask attached to the vacuum
line (Figure 2-8) was used for this purpose. The.inert gases with some
ammonia were transferred into the one-liter flask by opening stopcock (b)
very slowly. Thevone-liter_flask was filled with ammonia to a pressure
ef 6OQ mm Hg after the condensation of ammonié was completed.; The amount
of calcium metal and ammonia used was determined by the method described
in appenaix D. TFor each eoncentration, two samples were used to cover
the temperature range from -35°C to -51°C. One sample was used for the
measurements at -35°C, and another was used for the meesurements dt.-hO°C,
_h5.5°C,'and'-SldC. In the latter ease; after the density measurement
at —hO C was flnlshed the temperature of cold bath was lowered to -70°C |
aga1n. More ammonia was condensed into the pycnometer to determlne the
densityfof‘the calcium-ammonia, solution_at_-h5.5°C, then at -51°C by the
samebmethed. o , B : |
Another cooling system from which a lowest, possible temperature of
-72°C could be obtained was used in the den51ty meagsurements of calc1um—
ammonia solutions at -60°C and 70 C.  Since the lowest possible temperature
that could be obtalned by this. cool1ng system was not much lower than ‘

-70°C, the llquld level of the calcium-ammonia could not be raised over'

fore, was replaced by a 7 mm tubing so that ammonia could be condensed
into the.pycnometer until the liquid level was above the red mark on the
tubing. The experimental procedures were the same &as that‘described'ab0veL

In order to estimate the aecuracy of the density measurements of the




ez

calcium-ammonia solutions, the density of liquid ammonia was also measured

at different temperatures and compared to the data given in the literature

17,48 )

The results tabulated in Table 2-1 and ploteed‘in Figure 2-9 .
show that the average deviation f(rom the-iiteruture Quluea 1s £0.031% -
and the maximum deviation of an individual run is i0.0BS%*.

The accuracy of the density measurements of calcium-ammonia solutions
in the dilute region is believed to be the same as that of 1iquid ammonia,,
less than_i0.0S%. However,vin the concentrated region, more efror was
introdgced because ef the .large amount of inert gases evolved. When the
inert‘gaees escaped from the density cell, occasionally some of the cal-
cium—ammonia solution was carfied along into the capillary. This would
wetvthe wali and introduce some error in the determination of the level
‘'of the calcium-ammonia solution in.the capillary. The accuracy of the
density measurement decfeaees at lower temperaturee of the temperature
fange'in which a semple of calcium-ammonia solution was used for the
measurementSbeeéﬁée of the accumulation of errors due to the‘estimation
of the amoﬁnt’of ammonia remaining in the vacuum line and also due to ﬁﬁe
decempdsitibnvof.the‘calcium-ammonia selutions because of the longer
residence time of the:calcium metal ih the solutions.

2-4, Viscosity Measurements in Liquid Ammonia and Dilute Calcium-Ammonia
Solutionse.

In order to better understand the temperature coefficient of con-.
ductance of calcium-ammonia solutions, the temperature coefficient of

viscosity of liquid ammonia had to be obtained. Literature research

X .
The density data of liquid ammonia given by Cragoe et a.ll7 is believed

to be too low. For example, one may compare the density of liquid am- "~
monia at -33.7°C measured by Hutchison et a1lt7 (0.6828 gm/cc) to that
given by Cragoe et ﬁé (0.6822 gm/cc) and that calculated from the equa- '
tion. given by Keyes*® (0.68285 gm/cc).



Densities of Liquid Ammonia (m/cm3)

Table 2-1.
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0. 72626

Temp |Present |Average I.C.EL3 Deviation Cragoe Deviation
Work . [of Pre- |(Keyes*®) |from Keyes et allT |from '
sent Data (%) Cragoe's
Work : Data (%)
0.606511
-35 |5 NG 0.68493 0.68448 +0.073 .
10.69086 _
-40o  [0.69116 |0.69094 0.69069 +0.0362 |0.6900 +0.136
0.690T¢
. ]0.696L8 . '
-bs  [0.6972L 10.6967T | . 0.69682 -0.0072 |0.6960 +0.1106
, 0.6%58 .
0.70258 " ' -
-50 |0.70308 ]0.70275 0.70288 | -0.0185 [0.7020 +0.1068
0.70259 ’ '
0. 70430 '
.—51 00T 0.70429 | o.7ou08 +0. 0289
L 0.70836 | ,
-55 [0.70897 [0.70863 0.70884 -0.0295 * |0.7090 +0.1031
0.70855 o
0. 71468 -
-60 677EH7E-0.71472 0. 71473 -0.0014
: 0.725T7.
f70 _(-3-—'—756.60—0'72587 -0.0537
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Figure 2-9.
Density of Liquid Ammonia.
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revealed that no viscosity deta of liquid ammonia at low temperature
(below -34°C) wefe available.v Therefore, the viscosity of liquid ammonia
v : ’ and dilute calcium-ammonia solutions in the temperature range of -35°C
. ’ to =70°C was measured.
An Ubbelohde Viscometer26.adapted for low pressure operation (Figures-
2-10 and 2-11) ﬁas,used for these measurements. Calcium-ahmonia solutions
were prepared in the preparation cell by the method described in section
2-1. The weight of calcium metal and ammohia used was determined by the'
method described in appendix D. Approximatelyv30 cc of the calcium~-ammonia
solution were transferred into the 50 cc flask (B)(Figure 2-10) by intro-
~ducing argon into the preparation cell and opening the stopcock (a).
The calciu@—ammonia solution was drawn from the central part.of the bottom
of the preparation cell eo that if two liquid phases were preseet, only.
the dilute phase woﬁld be used for the measurement.. After stobcoeks (a)
and (c) (Figure 2-10) were closed, argon was applied to the 50 ce flask
(B) threugh stopcock (b) which forcea the,calcium—ammoniaisolution'intd
" the lege (c) and)(F)‘until the liquid level was above the red mark‘(E).
y Then stopeock.(b)\was'closed and (c) was opened to.equaiize the pressure
between ﬁhe:SO‘cc flask.(B)-and the legs (C) and (F). The calcium-ammonia

solution then flowed back to the 50 cc flask through the four-turn capil- '
lary c01l made of 0.5 mm caplllary tublng. The diameter of the coil was :
|

2 em. The time (t) for the llquld level to move from the red mark (1)

to (E') was measured.
‘As in the case of conductivity measurements, at each conceéntration:
- ' two samples of calcium-ammonia solutions were used to cover the whole ,

temperature range. One was used in the measurement in the temperature |

range of -40°C to -Sl C, the other was used in the measurements at -60°C
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Figure 2-10.
Ubbelohde Viscometer.
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Figure 2-11
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and -70°C. ‘The viscosity of liquid ammonia was measured by the same

method. The viscosity was calculated by the equation

v =Ct - B/t - ‘ (2-2)
! _ n = vd B (2-2a)
where V = kinematic viscosity (centistoke)
N = viscosity (centipoise)
4 = density (gm/cm3)

t = time for the liquid level to move from the red mark (E) to
(E') (second)
c énd B are constants with units of (centistoke per sec) and
(centistpke-sec), respectively.
In the case of liduid ammonia, thevReynolds number of liquid ammoqia‘
flowing inside'the.capillary coil was approximately 80. At such athigh"

Reynolds number, some turbulence would be'expected. Bending the capillary

tubing into the form of a coil made the inside diameter nonuniform which

woula aiso have diéturbed the laminar flow of the liquid inside the capil-
,lafy qdil. vIn_equaﬁion (2;2), the last term (B/t) was used for the
v correction fof turbulent flow. ‘However, (B) is a function of Reynoldg
numbef, and it can be assumed constant only at low Reynolds numbers.

The error in the viscosity méasurement of liquid ammonia was esti-
mated to be less than 1%. However, the galcium-ammonia solutions had a
vtendeﬂcy'to éling to fhe glass wall, whiéh may have introduced some addi-
tional error intb the viscosity measurement because of the'change of the

diameter of the capillary.

A capillary coil was used because the cold bath was not deep enough

to use a straight capillary tubing.

~

-

.
»
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3. EXPERIMENTAL RESULTS AND DISCUSSION*

3-1. Viscosity of Liguid Ammonia and Dilute Calcium-Ammonia Solutions.

In order to interpret the temperature coefficient of conductance
of calcium-ammonia solufions, the ﬁemperature.coefficient of viseosity of
liquid ammonia had to be obtained. Literatﬁre research revealed that no
viscosity.data for 1liquid ammonia at low temperature (below -35°C) were
available. The viscosity of liquid ammonia measured, in the present work

25,32,60,85,90

and previous data taken from the literature are tabulated
in Table 3-1 and plotted in Figure 3-1. According to the "hole" theory

of liquid, the relation between viscosity and temperature is

: hN /AFiis\ | |
f N === exp (—Eﬁ——v' v ' v - (3-1-1)

v
E&heremq\is the viscosity of the liquid (centipoise)

"V is the molar volume (cm3/mole)

N is Avogadro's number
hiis Plank's constant (erg-sec) and‘

) A%ﬁ* is the free energy of activation for viscous flow (cal/mole)
Equatlon (3 1-1) shows.that if the logarlthm of V1scos1ty is plotted .
aBainst the reclprocal of absolute temperature, a straight line should
result if‘the free energy of aetivatibn for viscous fiow is constant.
In Figure 3-1, it is shown»tﬁat'the_viScosities measured in tﬁis study .
fall on a nearlybstraighﬁ line. 'However, the slope of this line is not
identical with the one.representing.Kikuchi's data6o or the one repre-

90

senting Plank and Hunt's data for higher temperatures. In fact for

the -35 to -70°C temperature interval, the data points are best . -

*
The llnes in the varlous flgures in this sectlon represent the best

f1t of experimental data by visual inspection.

-




Table 3-1.

Viscosities of Pure Liquid Ammonia.

Tempe rature Viscosity l/T X 103 Source
(°c) (centipoise)
30 0.1317 3.300
20 0.1442 3.413
10 0.1577 3.53k4
0 0.1746 _3.663 Kikuchi6o
-10, 0.1941 -3.802
-20 0.2178 . 3.953
-30' 0.2469 4.115
25 . 0.1350 3.35h
15 0.1 457 3.470 Plank and Hunt9o
5 0.1618 3.595
-33.5 0.25k 4.173  |Elsey®?
-33.5 0.266 4,173 |Fitzgera1d3®
-33.5 0.2532 4.173  |Hutchison and 0'ReillyS?
-35 0.2590 4.202 R B :
-4o 0.2742 4.289
-5, 5 0.3010 h.393
-51 0. 3286 L. 501 Present work
-56. 0.359% L.605
-60 0.3908 L.695
-70 L. 906

0.4843

30
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Figure 3-1.

Viscosities of Liquid Ammonis.
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represented not by a stralght line, but rather by one that curves slightly
upward. The line appears to be more consistent with Plank and Hunt S

data that with Kikuchi's'data. It is interesting to note that these .

~
-

workers also calibrated their apparatus by CSp and CCl), as in the present
work (see appendix E-5), while Kikuchi used'distilled'water for the
purposé. |

| The free energy ofactivation of thé viscous flow of liquid ammonia
calculated from the slopes of the lines in Figufe 3-1 is tabulated in

Table 3-2. .

Table 3-2.

Free Energy of Activation for Viscous Flow of Liquid Ammonia.

Activation Energy Temperature : Source
AFt (Kcal) Range (°C) -
1.933 - -35 to =70 _' ~ Present work :
1.5b5° . -30to 30 Kikuchi.6o | |
1.285% 5to 25 Plank ‘and Hunt90
1.320 - - 0'Reilly® - . |

¥*

These wvalues have been calculated by the author and were not reported
in the original articles.

In Table 3~2, it 1s shown that the free energy of activation of the
viscous flow increases as temperature décreases. This may be.due to the |
fact that liquid ammonia is a polar liquid, and'becaﬁse of the increasing .
hydrogen bondings, its free energy of activation for viscous flow should

-also increase with decreasing temper&turé. The viscosity behavior of



[

other polar liquids - among other, water, methanol, and ethanol - shows
the same‘trend.

The integral temperature coefficient of viscosity ol liquid am~-
monisa 1is calculatedvby thé eéuation |

M. =
ty Tt

a = 5;151—557 x 100 _ (3-;-2)
where %X, is the integral temperature coefficient of viscosity of liquid
ammonia at temperature t; nt is the viscosity of liquid ammopia at tem-
perature indicated; tl tohtglis the temperature range which ﬁhe viscosity
data are taken for the calculatidn. Results are tabulated in Table 3-3
and plotted in Figufe 3-2. The data.in Tablev3—3 shbw thatvthe absélute
value of the temperature coefficient of viscosity of liduid ammonia ine
creases as thevtemperature decreases. - |

The viScésity of the dilute calcium-ammonia solutions was calculated
from the measﬁred kineﬁatic viscosity assuhing the densify of a dilute
calcium-ammonia sintion'to be the same és that of liquid ammonia. The
reshits Qf thevcalculatidns are tabulated.in:Table 3—h.andAplotted in
Figure_3-3. The 'straight lines‘in Figure 3-3 represent the viscdsity;of 1
liquid ammonia, at.the‘temperature indicated; the‘pqints are the experi-
mental aata for calcium-ammonia solutibns.b Figﬁre 3-3 showS‘that’the'
viscosity.of;a dilute calqium—ammonia‘solution does not change'noticeably,‘

* . * N .
with concentration . The viscosity of dilute calcium-ammonia solutions

was the same as that of liquid ammonia, the difference being less than \

the experimental error in these measurements. The calcium-ammonia solutions
. . |

had a tendency to wet and cling to the wall of the capillary of the'visc6m¢ter.

Also, the density of the dilute calcium-ammonisa solutions is slightly less

less than that of liquid ammonia.

The concentrgtion range of this experlment is up to the two liquid phase
region (see section 3-5).



Table 3-3.

- 3h

Integral Temperature Coefficients of Viscosity of Liquid Ammonia.

Temperature Temperature Range Temperature Source of Dats
(°c) in which the Data Coefficient
. : is taken ( °C) (g/°C)
20 10 to 30 -0.90
10 ‘0 to 20 -0.96
g .60
0 -10 to 10 ~1.0k4 Kikuchi
-10 -20 to 0. -1.11
-20 -30 to -10 -1.21
15 5 to 25 -0.92 Plank and Hunt90
-40 -45.5 to -35 -1.46-
-45.5 -51 to -LO -1.64
-51 -60 to -ho -1.77 Present work
- 56 -60 to =51 ~1.92
-60 -70 to -51 -2.10

|
]
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' Temperature Coefficients of Viscosity of Liquid Ammonia.




Table 3-L-a.

Viscosities of Dilute Calcium-Ammonia Solutions at -40°C.

Concentration 5 Viscosity
(mole % Ca) (centipoise)
0.818 x 1072 - 0.277
1.516 x 10-2 0.280
2.345 x 107° | 0.277
4,706 x 107° ' 0.278
6.017 x 1072 0.277
Table 3-4-b.

Viscosities of Dilute :Calcium-Ammonia Solutions at -45.5°C

Concentration -. Viscosity
(mole % Ca) - (centipoise)
0.818 x 10° . 0.303
1.516 x 107° 0.302
2.345 x 1072 1 0.301
2.723 x 1072 0.302

Table 3-L-c.

Viscosities of Dilute Calcium-Ammonia Solutions at =-51°C.

Concentration . . Viscosity

(mole % Ca) (centipoise)
0.818 . 0.332
1.516 0.333
2.345 - 0.335
L. 480 0.331
6.0L7 0.331

n



Table 3-L-d.
- Viscosities of Dilute Calcium~Ammonia Solutions at -60°C.
Concentration Viscosity
(mole % Ca) (centipoise)
0.900 0.393 .
1.434 0.3%
2.236 0.393
Table 3-l-e.
Viscosities of Dilute Calcium—Axnmonia Solutions at V—TO°C.
Concentration Viscosity
.. (mole % Ca) (centipoise)
0.900 - 0.492
1.434 0. 492
2.236 0.488
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3-2. Conductivity of Dilute Calcium-Ammonia Solutions.

3-2-g. Specific conductance of dilute calcium-ammonia solutions:
The specific conductance of‘the dilute calcium-ammonia solutions

" was calculated from the equation

R

N | | (3-2-1)

where x is the specific conductance (ohm™Lem™1)

E/A is the cell cénstant of fhe eonductivity cell'(cm‘l)

R is the measured reS1stance (ohm). 'kr |
The results are tabulated in Table 3-5 and plotted in Flgure 3-L. The
concentrat1on of calcium (mole Ca/l1ter) in Figure 3<4-b was calculated
based ‘on the assumptlon that the denSLty of dilute caicium ~ammonia - solu-
tione is the same as that of;liquid*ammon1a . ‘ .

ACCoraing to the_phase ruie, if three Phases are present in a cal-
cium~ammonia solution (two liquid phases and a vapor phase); there is
only oneidegree ef freedom. . Therefore the concentration ofveelcium in
both dilute and concentraied phases is constant at constant temperature.
In the two-iiquiq pheseireéion; since onlybtﬂe dilute ealcium—ammonia
solﬁtioﬁ_wae used in the measurements, the specific conductance was con-
stant at a constant temperature in spite ofvthe change in overall concen-
tration. In the one;liquid phase region, however, the specific conduc-i
- tance decreases as concentration decreaees._ The pqint‘of intereectionrof

‘the two curves indicates the concentration at which the phase separation

occurs., . The concentration of the dilute calcium-ammonia solutions in the

This assumption is very good for the dilute ealcium—ammOnia solutions

in the one-liquid phase region; however, it cannot be used in the two-"

liquid phase region because the density of the concentrated phase is
much smaller than that of liquid ammonis (see section 3-4). :




Table 3-5-a.

Specific Conductances of Dilute Calcium-Ammonia Solutions at. -35°C.

~ Mole Ratio | Mole % Concentration Specific
(mole NHB/mole Ca) | of Ca | (mole Ca/liter) Condgitagie
- = {ohm™*cm )
7690. 50 | 0.0130 10.005226 1.6553 x 1073
5215.77 | 0.0192 .~ 0.007706 2.1597 x 1073
4466.33 10.0224 0.009000 2.3459 x 1073
4261.76 - | 0.0235 0.009L 31 3.0222 x 1073
- 3257.78 0.0307 0.012337 '3.2254 x 1073
2902.20 0.03k2 0.01375k 3.8707 x 10-3
- 2361.70 ' 0.0423 - 0.017019 4.3379 x 10-3
2055.25 0. 0486 . 0.019558 5.1261 x 10~3
169462 . | 0.0590 | 0.023712 | s5.9692 x 1073 -
1425,10 0.0701 0.028203 6.4512 x 1073
1257.27 - 0.0795 0.031975 . 5.9692 x 1073
| 911.79 0.1096 . 0.044081 _6.2123 x 1073
© 608.30 © | 0.16M 0.066106 | 6.2509 x 1073



Table 3-5-b.

Specific Conductances of Dilute Calcium-Ammonia Solutions at -40°C.

MoleA%atio 1Y Mole % Coricentration Gpecific
(mole NH_/mole Ca) ot Ca (mole Ca/liter) Conductance
‘ 3, o R e (ohm’lcm'l)
13726.7 | 0.0073 0.00295 0.693 x 10-3
< 12h52.1- L 0.0080 0.00326 .| 0.894 x.10"3
9223.0 .1 . 0.0108 ©0.00k40 | 1.137 x 1073
8638.8 ~0.0116 0.00469 1.196 x 1073
802L. 5 __0.0120 > 0.00505 1.134 x 1073
6832. 5 . " 0.0146 0.00593 1.405 x 1073
5506.3 0.0181 0.00736 . | 1.595.x 1073
486k .1 0.0206 0.00833 . . | 1.933 x 1073
4351.5 . 0.0230 0.00932 1.972 . x 1073
- 3944.8 0.0253 0.01028 . £.233 x 1073
- 3163.6 © 0.0316. 0.01284 . | 2.469 x 1073
3024.0 0.0331 0.01340 | 2.823 x 1073
2675.9 0.037h 0.0151k 3.406 x 1073
. 2633.6 0.0380 0.01539 . |..3.479 x 1073
2384.0. . . 0.0419 0.01700 |..3.451 x 1073
2179.1 . 0.0459 0.0188 3.675 x 1073
C1B816.5. . 0.0550 0.02231 | 4.776 x 1073
1704, 9 0.0586 0.02379 4.993 x 1073
1461.9 0.068L 0.02775 5.042 x 1073
1250.2. - . . 0.0799 0.03244 . . | s5.024 x 10°3
998.2 . . 0.1001 0.04063 | 5.173 x 1073
7ok . 0.132L 0. 5376 5.376 x 1073
523,77 01906 | oambl o s.320 x 1073




Table 3-5-c. -

he

Specific Conductances of Dilute Calcium-Ammonia Solutions at ~ks5.5°C,

Mole Ratio Mole % Concentration Specific
(mole NH./mole Ca) of Ca " (mole Ca/liter) Conductance -
3 (ohm'lcm'l)
13726.7 0.0073 0.00298 0.592 x 1073
12hs2,1 0.0080 0.00329 0.759 x 1073
©9223.0 0.0108 - 0.004kk 0.981 x 1073
8638.8 0.0116 0.004 Tk 1.008 x 1073
802k. 5 0.0120 0.00510 0.966 x 1073
6832.5 0.01L6 0.00599 1.187 x 1073
5506. 3 0.0181 0.00743 1.401 x 1073
486k.1 0. 0206 0.00842 1.618 x 1073
4351.5 0.0230 0.00941 1.739 x 1073
3944.8 0.0253 0.01038 1.915 x 10°3
3163.6 . 0.0316 - 0.01295 2.206 x 1073
3023.9 0.0331 0.01353 2.358 x 1073
2675.9 0.037h 0.01529 2.897 x 1073
2633.6 0.0380 0.0155k 2,957 x 1073
2384,0 0.0419 0.01716 2.947 x 1073
2179.1 0.0459 0.01877 3.090 x 1073
1815.6 0.0550 0.02253 4.003 x 1073
1704.8 0. 0586 0.02402 4.123 x 1073
1461.7 0.068l 0.02802 4.430 x 1073
18502 0.0799 © 0.03276 4411 x 1073
998.2 0.1001 0.4103 4.089 x 1073
Tohik 0.132k 0.5429 4.093 x 1073
532.7 0.1906 0.07688 4.038 x-1073




Specific Conductances of Dilute Calcium-Ammonia Solutions at -51°C.

Table 3~5-d.

1906

Mole Ratio Molé % Concentration Specific
(mole NH3/mole Ca) of Ca (mole Ca/liter) Conductance

(ohm=lem™1)

13726.7 0.0073 0.00301 0.489 x 1073

S 1ohs2.1 0.0080 0.00332 . 0.621 x 1073

9223.0 0.0108 0.00L48 0.802 x 1073

8638.8 ©0.0116 0.00479 0.83k x 1073

802k. 5 0.0120 0.00515 0.795 x 1073

6832.5 0.0146 0. 00605 0.975 x 1073

5506. 5 0.0161 0.00751 1.205 x 1073
4864.1 0.0206 0.00850 1.325 x 1073

4351.5 0.0230 0.00950 1.465 x 1073

3944.8 0.0253 0.010k7 1.628 x 1073

3163.6 0.0316 0.01307 2,027 x 1073

3023.9 0.0331 0.01366 1.948 x 1073
2675.9 0.037k 0.015kk4 2.433 x 10 3
2633.6 0.0380 0.01568 2,474 x 10-3

238L4.0 0.0419 0.01733. 2.477 x 1073

, 2179.0 0.0459 0.01895 2.590 x 1073
1705.0 0.0586 0, 02426 3.078 x 1073

1461.9 0. 068l 0.02828 3.01 x 1073

-2 998.2 0.1001 . 0.0k1L42 2.986 x 1073
| 75kl 0.1324 0.05480 - © 2.971 x 1073
523.7 0. 0.0789h 2.925 x 1073

L3



Table 3-5-e.

LY

Specific Conductances of Dilute Calcium-Ammonia Solutions at -60°C.

Mole Ratio Mole % Concentration Specific

(mole NH3/mole Ca) of Ca (mole Ca/liter) %ondgi%agie

- ohm ~cm )
8734.5 . 0.01145 0.004805 0.555 x 1073
7358. 68 0.01359 0.005703 0.647 x 1073
6157.57 0.0162k 0.006816 0.782 x 1073
6O4T.2 0.01653 ~ 0.006940 0.907 x 1073
5001.9 0.01915 0.008037 0.887 x 1073
4490.0 0.02227 0.009347 1.040 x 1073
4222, 7 0.02368 0.0099k 1.106 x 1072
3604.9 0.02773 0.0116k4 1.176 x 1073
3324, 5 0.03007 0.01312 1.468 x 1073
2585.08 0.03867 0.016235 1.462 x 1073
2031.2Y4 _0.04920 |- 0.02066 1.546 x 1073
0.0730L | 0 1.451 x 1073

1368.27

.03067

(3



Table 3-5-f.

Specific Conductances of Dilute Calcium-Ammonia Solutions at -70°C.

Mole Ratio Mole % |: Concentration Specific

. (mole NH3/mole Ca) of Ca - (mdle Ca/liter) Conductance
. (ohm™*em™)
873k4.5 -~ 0.011k5 0.004880 | 0.366 x 1073
7358.68 - . 0.01359 0.005792 0.43% x 1073
6157. 57 , 0.0162L . 0.006922 0.524 x 1073
gohr.2 10.01653 0.007048 0.577 x 1073
5021, 92 J _0.01915 0.008162 0.591 x 1073
3727.0h | | 0.02682 0.011kk - 0.7056 x 1073
2508, 92 | 0.03953 0.01685 0.7105 x 1073
1618.07 . 0.06176 | 0.0263h4 0.7h71 x 1073
13uh.67 0.07431 0.03170 0.7105 x 1073
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. two-liquid phase region was determined by this method from Figure 3-4 and

-

is tabulated and plotted in section 3-5.

3-2-b. Equivalent conductanée of dilute calcium-ammonia solutions: The-

eduivalent conductance of dilute calcium-ammonia solutions was calculated -,

fromvthe equation -

X . ‘
A = 25 x 1000 _ (3-2-2)

where A is equivalent conductaﬁce (cmg/equiv-ohm)

x is specific condugﬁance (ohm'lcm'l)

'c is concentration of calcium (mole Ca/liter).
The results are tabulated in Table 3-6 and plotted in Figure 3;5. In
Figure 3-5-a, the_equivalentlconduétance at each temperatﬁre is plotted
'.separaﬁely to avoid_the overlapping of experimental points; ~The smooth
- aurves from’Figure 3;5—3 are put togethervianigurev3-5-b for cbmparison.
 _Tﬁe poihté in Figuré 3-5-5 were“caiCulated“diréctly from:the'experimentdl
datg reported in sectibn 3-2~-a, and the curves wére calculated from the
Smoothéd curves in Figure-3-L-b.

: ,The_equivalent conductance of calcium in dilute solutions increases

as concentration decreases and is much smaller thahfthét~of-sodium in
liquid ammonia. At -33.8°C the equivalent conducténce of sodidm-ﬁmmoniav
sblutionslincreases from 480 cmg/equiy Na-ohm to 600 c@e/equiv~Na—ohm in
_the concentration range of 0.045 equiv Na/liter to 0.0l equiv Na/liter66,v

while at:f35°C for the same concentration range, the equivalent conduc=-

£

tanée of calcium-ammonia solutions increases only from lehvcmg/equiv-Ca-ohm
. 0 ] ,

to 161 cm /equiv-Ca—ohm. In Figure 3-5-a the equivalent conductance of T w

calcium-ammonia solutions is plotted against the square root of concentra-

tion. It is shown that the curves are not straight lines és predicted

for a completely dissociated'electrolyte in very dilute solutions. These



Table 3-6-a.

Equivalent Con'duc‘tancesb of Dilute Calcium-Ammonia Solutions at -35°C.

Concentration \/—c_ 1 Specific Equivalent
(mole Ca/liter) (mole Ca/liter)? Condug%angi Conductance
. ( ohm™*cm ~) (em?/eqiiiv-ohn)

0.005226 0.0723 1.6553 x 1073 156.37
0.007706 0.0878 2.1597 x 10°3 140.13
_0.009000 0.0949 2.3459 x 1073 130.33
_0.009431 0.0971 3.0222 x 1073 160.23
0.012337 0.111 3.2254 x 1072 130.72
0.01375k 0.117 3.8707 x 10~3 140.71
0.017019 0.131 4.3379 x 10™3 127. 4k
0.019558 0,140 5,1261 x 1073 131.05
0.15k4 1073 125.87

0.023712

5.9692 x




Table :3-6-b.

Equivalent Conductances of Diluté,Calcium-Armnonia Solutions at -ho°c.

Concentration Jo 1 | Specific . Equivalent

(mole Ca/liter) (mole Ca/liter)? Condgita{lce Congductance

(ohm™tem=1) (em® /equiv-ohm)

0.00295 0.054k 0.6929 x 1073 117.28
0.00326 0.0571 0.8041 x 1073 137.25
0.00i39 | - 0.0661 1.1374 x 1073 129.37
0. 00469 o 0.0681 | 1.1955 x 1073 127,35
0.00505 . 0.0711 1.1343 x 1073 | 112.24
0.00593 0.0772 1.4052 x 1073  118.1
0.00736 ___0.0858 1.5953 x 1073 108. 35
0.00833 - | 0.091k 1.9328 x 1073 115.96
0.00932 0.09%6 1.9716 x 1073 105.83
0.01028  0.101k 2,2328 x 1073 108.65
0.01584 0.1125 2.4694 x 1073 9%.18
0.01340 0.1158 2,8028 x 103 105.32
0.01514 0.123 ] 3.4062 x 1073 | 112.u47
0.01537 0.12h 3.479 x 1073 113.06
0.0170 ~ 0.1303 3.451 x 1073 101.53
0.01867 00,1379 3.675 x 1073 97.95
0.02231 0.1493 bo7764 x 1073 | 107.05




Table 3-6-c.

Equivalent Conductances of Dilute Calcium-Ammonia Solutions at -45.5°C.

Concentration ’j J;‘ 1 Specific Equivalent
(mole Ca/liter) | ‘mole Ca/liter)? Conduftance Conductarnce
v - (ohm™tem™1) (em©/equi v-ohm)

0.00298 0.0546 0.5917 x 1073 99.18
0.00329 0.057k 0.7593 x 1073 115.47
0.00kLY 0.0666 0.9806 x 1073 110.46
0,004k 0.0688 1.0079 x 1073 106.3k
0.00510 0.0715 0.9663 x 10”3 9.7
0.00599 0.0775 1.1866 x 1073 99. 02
0.00743 0.0863 1.4005 x 1073 .2
0.00842 0.0918 1.6176.x 1073 9%.12
0.000k1 _ 0.097 1.7385 x 1073 9. L
0.01038 0.1018 1.9149 x 1073 92.29
0.01295 0.1138 2.2057 x 1073 85.16
0.01353 0.1161 2.3583 x 1073 87.14

0.01529 0.1233 2.8066 x 1073 o, 72
0. 01554 0.1246 2.9368 x 10°3 95.16
0.01716 0.1308 2.947 x 1073 85.86
0.01877 . 0.1373 3,09 x 1073 80.31
10.02253 0.1501 4,003 x 1073 © 88.85

f

|

—— e



Table 3-6-d.

52

Equivalent Conductances of Dilute Calcium-Ammonia Solutions at -51°C.

Concentraﬁion JE— 1 Specific Equivalent
(mole Cn/liter) (mole Ca/liter)? CondEitaﬁfe Conductagce' _
: (ohm™cm™ ) (cm?/equiv-ohm)
0. 00301 0.0549 0.489 x 10-3 81.2
0.00332. 0.0576 0.6214 x 10-3 93. 5¢
~ 0.004L8 0. 0666 0.8015 x 1073 89.42
0. 00479 0.0692 0.8339 x 10”3 87. 1k .
0.00515 0.0718 0.79%9 x 1073 77.18
0.00605 0.0779 0.9745 x 1073  80.06
0.00751 0.0867 1.205 x 1073 80.26
0. 00850 0.0921 1.3245 x 1073 77.95
0.00950 0.0975 1.4648 x 1073 77.13
0.01047 0.1023 1.6281 x 1073 77,72
0.01307 0.1146 2.0273 x 1073 77.56
0.01366 0.1195 1.9482 x 1073 T1.31
©0.0154h 0.124) 2.4329 x 10~3 78.8
0.01568 10.1252 2.h7h x 1073 78.87
0.01733 0.1316 2,477 x 1073 71.48
0.01895 0.1375 2.59 x 10°3 ' 68.33
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. Table 3-6-e.

Equivalent Conductances of Dilute Calcium-Ammonia Solutions at -60°C.

Concentration o Je 3 Specific Equivalent
(mole Ca/liter) (mole Ca/liter)_ Condgitafie Conductance
(ohm™~cm™) (cm?/eiiv-ohm)
0.004805 0.0693 0.555 x 1073 57.77 |
0.005703 | 0.0755 0.647 x 1073 56. 7k
0.006816 0.0825 0.782 x 1073 ' 57.33
0. 006940 0.0833 0.907 x 1073 | 65.36
0.008037 0.0896 0.887 x 1073 55.20
0.009347 0,097 | 1.040 x 1073 55.63
0. 0099k . 0.0997 1.106 x 1073 55.62
C0.0116% | 0.1078 | 1.176 x 1003 | s0.51
0.01312 ' 0.1145 . | 1.468 x 1073 55. 95
" Table 3-6-f.

Equivalent Conductances of Dilute Calcium-Ammonia Solutions at -T70°C.

Concentration o JE— % Specific Equivalent
(mole Ca/liter) (mole Ca/liter) Conducgtance Conductance
' (ohm™*em™1) (cm?/equiv-ohm)
0.004880 0.0699 0.366 x 1073 37.45
0.005792 0.0761 ' 0.434 x 1073 37.43
. 0.006922 | 0.0832 0.5k x 1073 | 37.83
0.0070k8 __0.0840 0.577.x 1073 | 40.95
0.008162 |  0.0903 0.591 x 10-3 - 36.17
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two facts indicate that the calcium molecules in these solutions are not
completely dissociated.n

The limiting equivalent conductance (A,) of éalciuﬁ-ammonia solu-
tions could not be determined in these experiments bécause of the small .
concentration range available up to saturation and the scattering of the
ekperimental data in thé most dilute regién covered.

 Ihe limiting equivalent conductance of sodium-ammonia solution at
-33.8°C has been extrapolated to be 1020 em?/ohm équiv66. Applying the
temperature coefficient of cdnductance (1.52%/°C)69, the limiting equi-
valent conductance of sodium-ammonia solutioﬁ at -35°C, -ko°c, -uUs5°C,
-51°C, -60°C and fzo°c éan be estimated fo be 1003, 927,.8h9, 778, 672,
and 552 cm2/eqﬁiv—ohm,‘respectively*. Since 7/8 of total current is
carried'by elecfrons66,‘the limiting equivalent conductance of all metal-
ammonia sélutions should be about the same aé that of sodium-ammonia solu-
tion**. Based on this estimate, the ratio of the equivalent conductance
to that at infinite dilution, A/Ab’ for calcium-ammonié solutions was
calculatéd at differentIcéncentrations.. The results are tabulated in
Table 3-7. The-valueé of A/Ab of sodium—ammonia‘solufion at -33.8°C and
at the same concentrations were also calculated for comparison. Table 3-7
shows‘that the fraction of calcium dissociated into ions and‘electrons in
calcium-ammonia solutions is much smailer than that for sodium-ammonia

solutions. This is rotunreasonable because of ‘the high ionization energy

% - N :
This is only a qualitative estimate since the teggerabure coefficient
of conductance is not independent of temperature 1L,

The limiting equivalent conductance of lithium-ammonia solutions was
determined recently to be 5587 * 15.9 cm®/equiv-Li-ohm®? at -71°C, -
showing good agreement with this estimate.



T

Table 3-T-a.

A/Ab of Calcium-Ammonis Solutions at -35°C.

Concentration Equivalent x A]AO
(mole Ca/liter) ~ Conductance (A) '

: (cm /equiv Caeohm) : :
0.007 | 147.9 0.148
0.01 138.6 0.138
0.013. _ 133 0.133

Table 3-7-b.

A/Ab of Calcium-Ammonia Solutions at -LO°C.
Concentration . - Equivalent . A7ﬁb
(mole Ca/1liter) Conductance (A) _
. L (cm®/equiv Ca-ohm)

" 0.00k . 1kk | - 0.155
0.007 ' 123 0.133
0.0l 111 0.120
0.013 o 10k.5 © 0.113

Table 3-T7-c.

A/A_ of Calcium-Ammonia Solutions at b45.5°C.
Concentration Equivalent % .V/
(mole Ca/liter) Conductance (A) -0

' ' (em=/equiv Ca-ohm)

0.004 S - 115.5 , 0.136

0.007 - 101.3 . 0.119

0.01 93.2 ] 0.110

0.013 89 0.105
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Table 3-T-d.

A/Ab of Calcium-Ammonia Solutions at -51°C.

- (mole Ca/liter)

Conductance (A)
(cm®/equiv Ca-ohm)

Concentration Lquiva]ent A/Ab
(mole Ca/liter) Conguctance (A)*
/equiv Ca-ohm)
0.00k 95 0.122
0.007 86 0.111
0.010 78 0.100
0.013 73 0.0938
Table 3-T-e.
./\./A.o of Calcium-Ammonia Solutions at ~ 60°C.
Concentration Equivalent -1\./‘7\.o
(mole Ca/liter) - Conductance (A) :
: /equlv Ca—ohm)
0.007 56.5 0.0841
0.01 55.2 0.0821
0.013 si.2 0.0806
- Table 3-T7-f.
A/Ab-of Calcium-Ammonia Solutions at -70°C.
Concentration . Equivalent A/Ab .

0.007

38.6

0.0700




Table 3-T-g.

A/Ao of Sodium-Ammonia Solutions at -33.8°C.

Concentration Equivalent *x AJA
( mole Ca/liter) Conductance (A)" ©
_ (ecm?/equiv Na-ohm)
0.004 . 715 0. 701
0.007 _ 643 0.630
0.010 600 0. 588
0.013 - 557 : 0. 546

‘»Data'from Figure 3-5-a."

Date from Kraus, J.A.C.S. 43, Tho, 1921.
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of the calcium atom. The degree of dissociation of calcium atoms into
ions and electrons increases as temperature increases and also as the

concentration of calcium decreases.

3-2-c. Tempersature coefficient of conductance of dilute calcium=

ammonia solutions: The integral temperature coefficient of

conductance in a temperature range from tl to t2 for a calcium-ammonia

solutions at constant concentration was calculated from the equation

| X 100 | (3-2-3)

where B is the temperature coefficient'of conductance (%/°C);
x 1is the specific'conductance of the cdlcium—ammonia solutien at
the concentration.and temperatures indicated (cm™ 1oohm™ l)
Equivalent conductance in the one-liquid phase region taken from the
smoothed data in Figure 3-4 were used for these calculatione. -The results
are tabulated in Table 3-8. The temperature coefficient of conductance
of dilute ca1C1um-ammonia solutlons varies from 2,67 % per degree to
4. 25 % per degree._ The dependence of the temperature coefficient of
conductance on temperature and on concentrat1on could not be deteraned by
the present work because of the uncertainty of the experimental data.
The temperature coefficient of conductance of very dilute sodium and
'potassium-ammonia solution is +1.52% per degree and +1.L42% per degree,

69, 71%

respectively , at -33.8°C. This may be compared to the temperature ,

In the other a.rticle66 Kraus reported that the temperature coefficient

of conductance of a very dilute sodium-smmonia soluﬁion is 2.25% per
degree at -33.8°C. By Gibson et al's measurement s3 , the temperature .
coefficient of a very dilute sodium-ammonia solution (approximately

0.01 mole Na/liter ) at ~33 5°C is only slightly different from the value
1.52% per degree.



Table 3-8.

Integral Temperature Coefficients of

- ‘ _ " ‘Conductivity of Dilute Calcium-Ammonia Solutions.

Concentration
(mole Ca/liter)

Temperature Coefficient in the Indicated Temperature

Interval (%/°C)

-35°C to| -L0°C to| -45.5°C to| -51°C to| -60°C to
-Lo°C -45.5°Cc | -51°C -60°C -70°C

0.0075 4,25 2,672 4,196 3.33 3.611

0.010 35771 3.270 3,861 3.790

0.0125 2.87 3.331 3.593 3.831

0.015 3.513 3.003 3.795 3.831

0.0175 | 3.532 2.903 3,814

- 0.02 __3.723 2.905 '3.888
0.0225 3007 2.733 |

61
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coefficient of viscosity of liquid ammonia at the same tempexature‘which
is 1.38% per degree (Figure 3-2), indicating that temperature coefficient
of'conductance of the dilute sodium and pﬁtassium-ammonia solution is due .
mainly to the viscosity change. ' .
.The temperature coefficient of conductance of calcium-ammonia solu~-
tions determined by present work is much larger than that for the viscosity
of liguid ammonia. Therefore, conductance is not only governéd by the
viscosity éhégge, but also by the fraction of calcium atoms disso&iated

into metal ions and electrons.

3-2-d. The mechanism of conductance of dilute metal-ammonia solutions:
The mechanism of conductance of dilute metal-ammonia solutions is still
not very clear. When current passes through a dilute sodium~ammonia solu-

tion, the positive metal ions migrate toward the cathode and the "blue
30,63

color" moves toward the anode, but no new product is formed on the anode

63

Based on fhis fact, Kraus concluded that the metal atoms ih liquid am-

monia dissociate into ionic form, and the negative ions are electrons sur-
rouhded by an énvelqpe_of-ammonia molecules. Ogg80 suggested that an
electron can dig a hole‘in liquid ammonia bj polarizing the solvent mole-
cules to foim an electron cavity. He detérmined the radius of ;n electron

cavity to be-approximately lOA, which was later on shown to be too high

¥

due to experimental error. Lipscomb based on experimental data of den-

>9

sity of sodiﬁméammonia solutions”” and after considering size of the sodium

atoms and sodium ions, determined the radius of an electron cavity to be

3.2A. The mobiliﬁy of the electron cavity is approximately seven times

L%

larger than that of the sodium ions66. Since the size of an electron .
cavity is so large (an electron cavity in liquid ammonia displaces two to

four ammonia molecules) there is a question as to how the electron
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cavities can move so fast in liquid ammonia. Kaplan and Kitte157, comparing
ﬁhe mobiiity of an electron cavity (approximately 0.01 cmg/volt-sec) to

the minimum mobility of an‘eleétron in the conduction band (approximately

é cmz/volt—seé for a me@n'free path 6f 1A) concluded that the'conductivity
of electrons in liquid ammonia is not due to & conduction banﬂ process.

They also pointed out that even though the mobility of an electron cavity
iﬁ liquid ammonia is approximately ten times higher than that of a typical
ion of the~same size (estimated by Stoke's law), the electron cavities

may pass fhrough ammbnia more easily than - typical ions. A lowering of

. the ammonis barrier energy by a factor of two can produce éuch a high

mobility. The other suggestion3’21

is that electrons in liquid ammonia can
jﬁhp out of one cavity and form a new cavity among the néighborihg ammonig
molecuies (tuhneling mechanism). The temperature coefficient of the |
limiting conductance of sbdium and potéssium—ammonia,sblutions and also the
similarity of the Walden product (Abﬂo) of sodium-ammonia solution at -35°C,

29

1ithium-ammonia solution at —71°C and lithium-methylamine solution at
—78°C6_(2.6; 2.8, and 2.1, respecfively).show that the mobility of solvated
'electrons is neéfly completely viscosity dépendent. This fact supports
Kaplan and Kittle's,suggesﬁion. |

The equilibrium constante of the dissociation and dimerization reac-

tions of alkali metal in liquid ammonia:
Me Met + e -2-U4
(am) = ™ am) * ©(am) (3-2-4)

have been determined for sodium-ammonia solutions at -3h°027' and for -

These equilibrium constants determined by conductivity data do not agree

with Ehose determined by magnetic susceptibility data. Therefore Arnold

- et al® suggested that there should be another association reaction in

alkali-metal ammonis solutions (see appendix A-10): Me + e - Me? .
| | - (am) = “am (am)’



/
*
from conductivity data. Because no

29

lithium-ammonia solutions at -T71°C

acecurate value for the limiting equivalent conductance and the transference,

number is available, the calculation of an equilibrium constant for the
dissociation reaction in dilute calcium-ammonia solutions .is not possible at the
present time. However, based on the current theoriess, there should be

only one dissociastion reaction (see appendix A-10)

Ca(am) — 208'4(:.m) + Q?t;m)‘ (3-2-6)

3-3. Conduétivity of Concentrated Calcium~Ammonia Solutions.

3-3-a. Specific conductance of concentrated calcium-ammonia solutions?

The specific conductance of concentrated calcium-ammonia solutio@s calcu-
lated from equation (3-2-1) is tabulated in Table 3-9 and plotted iﬁ
Figure 3-6; In Figure 3-6 there are two different lines. Based on the
agreement in section 3-2-a, one can see that the.iﬁclined curves in Figure
3-6 represent thevspecific conductance of coﬁcentrafed calcium-ammonia
solutions in the single-1liquid phase region, in which the specific conduc-
tance increases as concentration of calcium incréases. The horizontal
straight linesAih Figﬁre 3-6 represent the specific.cohductancé of the
concentrated éaicium;ammonia solutions in the two-liquid phase regibn which
is independent of the o#erallbconcentration.. Thé concgntration at the
vpoint'of intérsection of these fwo curves is thét,of the'concentrated cal-
cium-ammonia solutions:'in the two-liquid phase region. The concentration
of the cdncentrated calcium;ammonia solutions**'in the two-liquid phasé‘
region determined by this method from Figure 3-6 is tabulated and plotted

in section 3-5. C . ' : .

* . : -
These equilibrium constants detemined by conductivity data do not agree
with Ehose determined by magnetic susceptibility data. Therefore Arnold
et al™ suggested that there should be another association reaction in

~alkali-metal ammonis solution (see appendix A-10): Me(am)‘+ e;dq'Me(am);

"~ The concentration of the concentrated calcium~-ammonia solution was cal-
‘culated from the density data of the present work (see section 3-k4).



Table. 3-9-a.
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Conductivities of Concentrated Calcium-Ammonia Solution at -35°C.

Atomic Conductance

Mole Ratio Mole % Ca| Concentration |Specific
(mole NH3/mole Ca) (mole Ca/liter) Condgctagie (cm®/mole-ohm)
: (ohm=tem™)

37.200 2.6178 0.975 0. 50347x103
36. 960 2.6343 0. 980 0.49959x103
35. 440 2.7hh2 1.025 0. 501.52x103

32,189 3.0130 1.125 0.149916x103
30. 3k '3.1908 1.182 0.49959x1.03
28,3k 3.4083 1.253 0.51139x103 0. 4081 x108
26.92 3.5817 | 1.3k 0. 59043x103 0. 14 93x 100

 25.993 3.7143 1.360 0.66956x103 0. b2 3x10"
25,048 3.8391 1.405 0.7 929x103 0. 5262x10°
23,966 L. 0054 1.459 0.82175x103|0. 5632x10°
£1.386 44671 1.608 0.99156x103|0.6168x10°
21.280 4. 4883 1.616 1.0309x103 ]0.6379x10°
18.09 5,2383 1.866 1.39072x103 |0. 74 53x10°
16.616 5.6766 2.002 1.5918x103 |0.7951x10°
16.455 5.7290 2.017 1.63181x103]0.809x10°
15.20k4 6.1713 2.155 1.90764x103 | 0. 8850x1.0°
14.778 6.3379 2.213  |1.8880x103 |0.8531x10°
14,5345 6.4371 2.24h7" _2.022xio3 10.8999x10°
‘12,34 7.4963 2,571 2. 7Th75x103|1. 07921 0°




Table 3-9-b.

66

Conductivities of Concentrated Calcium-Ammonia Solutions at -LO°C.

Mole Ratio Mole % Ca| Concentration Specific Atomig Conductance
(mole NH3/mole Ca) (mole Ca/liter) |Condu tan<e (em®/mole-ohm)
(ohm” ~em~1)
37.200 2.6178 0.991 o.51918x103
36.963 2.6343 . 0.99% 0.53252x103
35. 440 2.7hk2 1.03L 0. 51954x103
32.189 3.0130 1.127 0.52377x103
30. 340 3.1908 1.188 0. 51954x103
28.340 3.4083 |  1.26k 0.51545x10°
26.920 3.5817 1.302 0. 57475x105 0.4348x100
25.923 -~ 3.7143 1.368 0.65603x103 o.u796x106
25.048 . 3.8391 1.410 0.72019x105 |  0.5108x10°
. 23.966 L. 005k 1.460 0.80322x10° 0. 5502x10°
21.386 L4671 1.616 0.97226x103 0.6016x10°
21.280 L. 4883 1.620 1.03090x103 0.6356x10°
18.090 5.2383 1.876 1.38185x103 0.7366x10°
16.616 5.6766 2.01k4 ;i58h07x103' 0.7865x106
16.455 5.7290 2.030 1.62367x103 0. 7998x106
15,20k 6.1713 2.172 1.88520x105 | 0.8680x10°
14,778 6.3379 0.200 1.88799x10° 0.8497x10°
_14.535 6. 4371 2,260 2.0030x105 0.8863x10°
12.340 . 2,588 j2.7275x103 o

7.4963

1.0539x10




Table 3-9-c.
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Conductivities of Concentrated Calcium-Ammonia Solutions at -51°C.

Atomi

Mole Ratio Mqle % Ca| Concentration Specific 5 Conductance
(mole NH3/mole Cg) (mole Ca/liter) Condgitagfe (e¢m©/mole-ohm)
- (ohn™~cm™)
37.200 2.6178 1.010 0.60698x10°
36.960 2.6343 1.013 0.60136x103
35.440 2. 7hl2 1.045 0.5958uxlo3
32.189 3.0130 1.142 o.59ou3x103
130.340 3.1908 1.203 0. 5904:3x10°
28,340 3.1083 1.282 0.59043x103
26.920 3.5817 1.34 0.60698x10°
25.923 - 3. 7143 1.390 '0.63055x103 o.k§36x166
25.0L8 3.8391 1.435 0.68921x10° 0.14803x10°
_23.966 L.0054 - 1.492 Olzj9hhx103 0.509x106'
21.386 L, 4671 1.645 0.93990x103 o.gz;uxldg
21.280 ° L4.4883 1.651 1.00072x103 O.6O61x106
18.090 5.2383 1.896 1.353o6x103 0.1;36x106
16.616 | 5.6766 2.033 1.54636x10° 0. 7606x10°
16.455 5. 7290 2,050 1.58795;103 o.77h6x106
15.204 6.1713 2.200 l.8hl58x103 0.8371x1 o
14.778 6.3379 2.250 1.86629x10° 0.8295x10°
14.535 6.4371 2.280 1.9601hx103 O.8595x106
12.3%0 7.4963 2.618 2.6931kx103 1.0887x10°




68

Table 3-9-d.

Conductivities of Concéntrated Caléium-Ammonia Solutions at -60°C.

Mole Ratio Mole % Ca| Concentration [Specific Atomig Conductance
(mole NH3/mole Ca) : (mole Ca/liter) Condggtag el (em/mole-ohm)
, (ohm™tem™ )
302.659 2.9710 1.138 0.75408x10°
31.064 3,1188 1.194 0.75586x103
29.350 3.2949 1.259 0.73929x10°
27.123 3.5558 1.347 o.7h100xlo3
24,533 ' [ _3.9165 1.h477 0;76o3hx103 0.51u8x1667
20,781 4.2050 1.575 |0.86500x103]  o0.5hopxad®
- 21.577 - 4.4293 1.647 0.38303x103 0.5969x106
19.799 4.8079 1.770 1.1612x10° O.656x106
17.884 5.2955 1,92k 1.4275x103 O.Thl9x106
16.611 5.6783 2.051 1.5826x103 0.7716x106
16.547 5.6990 . 2.057 1.6u3sx103 0.7990x106
16.311 5, 7766 2.082 1.6237x10° 0.7799x1067'
16,024 " 5.8741 2.115 1.7230x103 , o.81h7x106
15.236 6.1592 2.209 : 1.8687x103 O.8h59xld§
14.%08 6. 4901 2.313 1.9662x10° 0.8501x10°
14.155 6.5985 2.349 2.165hx103 0.9218xlo6
13.601 6.8489 2.428 2.3393x103 0.9635xld§
12.9k2 71726 2.529 'ii;é§35x103 1.0018x10°




Table 3-9-e.
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Conductivities of Concentrated Calcium-Ammonia Solutions at -70°C.

Mole Ratio Mole % Ca Concentration Specific Atomig Conductance
~ (mole NH3/mole Ca) (mole Ca/liter) Condgitagie (em®/mole-ohm)

: (ohm ~em™—)

32.659 2.9710 1.164 o.8h227x103

31.06k4 3.1188 1.215 0 83351x103

29.350 3.2949 1.27h 0 85u62x103

27.123 3.5558 1.36k 0.8A896x103

ol.533 3.9165 1.489 0.8L4560x103

20,781 4. 2050 1.586 0.85805x10° 0. 5415100

21.577 4.4293 1.660 0.95953x103 0.578x106

- 19.799 4.8079 1.785 1.1466x103 o.6u2hx106,

17.88k 5.2955 1.951 1.3874x103 0.7111x10°

16.611 5.6783 2.072 1.5334x10° 0. 7401510°

16,547 5.6990 2.077 1.6186x10° 0.7793x106

16.024 5. 87k 2.13k 1.6912x10° 0.7925x10°

15.236 6.1502 2.225 1.8209x103 0.818x10°

14,408 - 6.4901 2.331 1.8633x10° 0.799hx10°

14.155 6.5985 2.365 2.0676x10° 0.87hox100

13.601 6.8489 2.446 2,297hx103 0.9392x1.0°

12.942 7.1726 2.550 2. 48Lhx103 0. 97h3x10°
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‘The atomic condubtance of concentrated calcium-smmonia solutions was cal-

T2

3-3=b. Atomic conductance of concentrated calcium-ammonia solutions:

L 3

L

. 4
culated from the equation

A" =% x 1000 (3-3-1)

2
where A' is the atomic conductance ( cm”/mole Ca-ohm),

lcm’l), and

x ~is the specific conductance (ohm~
c is the concentration of calcium (mole Ca/liter).
The results are tabulated in Table 3-9 and plotted in Figure 3-7 and 358.

For the same reason mentioned in sectibn 3-2-b, the atomic conductance at

each temperature is:plotted separately in Figure 3-T7, and then put together

'(withouﬁ experimentél points) in Figure 3-8 for comparison. In Figure 3-8

the curve for atamic conductance of calcium in liquid ammonia at =51°C

is omitted beéause it is very close to that at -60°C. Figurei3-8 also
shows that the.curves have nearly the same shabe, but the separation be-
ﬁweén them is not proportionalvto the temperature difference. This is due
to experimental uncertainty,_espeéially due to theidecomposition reaction
of calcium-ammonia solutions; 'Although the decomposition reégtion was
minimized by carefully\cleahing the hetal surfacel(see appendix.C), some
decompositién still oécurred,_especially on the elecirode surface because

platinum can serve as g catalyst. Thus a thin layer of less conductive

v‘liquid could have formed. In the conductivitiy measurements of concen-

v

trated calcium-ammonia solutions, one sample was used to cover the tempera-
ture range from ;35°C to -51°C, and another to cover the temperature range N
from -60°C to -70°C. The measurements were always taken at the higher . = o
temperature first. The time for &an individual run was approximately_h. .

hours (see section 2-2). Thereforé, when the conductivity measurements
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at -51°C were being made, some calcium had already decomposed. Since the
tmperature coefficient of conductance of concentrated calcium-ammonia
4 . solutions is very small (approximately 0.3%/°C - see next section),keven
a little decomposition of calcium in the sample usedAfor the highef tempera-
- ture range will cause the‘conductance curve at QSl°C to overlap with that
of -60°C. |
The equivalent conductance* of calcium-sammonia solutions at -35°C.is
plotted in~Figure 3-9 with that of sodium and of potassium ammonia solu-
tions at -33.6°C78.v Figure 3-9 shows that at a concentration of 5 equiva-
lent metal/liter, the equivalent conductance of calcium in liguid ammonie
is approximately half that of sodium in liquid ammonia. At a lower con-
centratlon (2 55 equlv—metal/l1ter), the equlvalent conductance of calcium-
ammonia is 80% of that of sodlum—ammonla solut1ons. | |

3-3-c. ‘Mechanism of conductance of concentrated metal-ammonia solutions:

Based on current theorles5 bthe metalvatoms in'. concentrated metal-ammonia
solutions are‘surrOunded by ammonis molecules with their nitrogen atoms
pointing toward the_metal etom, and their "pfotons” pointing butward to
form.a "proton shell"’surrounding the whole complex (a monomer unit, see
appendix A-10). The valence electron of the metal atom will Jjump into this
"proton shell" and foim a new orbital. 'The mechanism of conductance is
51milar to the case of a metal. The valence electrons jump from one energy

well 1nto the conductance band and move through the space ‘filled w1th

ammonia molecules 1nto another energy well. Since a calc1um 1on has two

"y

. . The equivalent conductance is defined as:
/ dm X A _
. A'<equiv Ca~-ohm equ1v Ca * 1000 = 2 : '(3‘3‘2)

where A' is the atomic conductance (em?/mole Ca-ohm).
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charges it will produce a deeper energy well than that produced by sodium
ions. Therefore, the equivalent conductance of a concentrated calcium-
ammonia solution is much smaller than that of an amalogous sodium-ammonia.
68 '

solution as in the case of pure metal

3-3-d. Temperature coefficient of conductance of concentrated calcium=-

ammonia solutions: To avoid the possible error due to the

decompositioﬁ reaction of the calcium-ammonia solution (see section 3-3-b),

only the specific conductance data at -35°C and -60°C were used to calcu-

~ late the temperature coefficient of conductance of concentrated calcium-

ammonia solutions. The integral temperature ceefficient of the concentrated
calcium-ammonia solutions were calculated from the equation:

2(X 35 - X_6O)

(X 35 - 60) x 25 x 100 . .(3-3—3)

where Bc is the'temperature coefficient at the concentration_indicated(¢/°c),
x 1is the specific conductance of calcium-ammonia solution at the
- ~ same concentration and at the temperature indicated (ohmflCm-l),
and'the number 25 represeﬁts the temperature difference between
-35°C and -60°C (°C). o |
The speeific cohductance data taken from the smooth curves in Figure 3-9
were used for-the calculation. The results ére tabulated in Table 3-10.

The 1ntegral temperature coefficlent of conductance of concentrated

calc1um—ammon1a solutlons is smaller than that of analogous concentrated

sodlum or pota381um-ammonia solutions. The temperature coefficient of

conductance of g calcium-ammonia solutions decreases as concentration
of calcium increases in the concentration range from 1.5 mole Ca/liter to
2.1l mike Ca/liter. However, it remains constant at more ¢oncentrated solu-

tions, "In the case of concentrated sodium and potassium-ammonia -solutions,



Table 3-10.

Integral Temperature Coefficients of Conductivity of
Concentrated Calcium-Ammonia Solutions in the
Temperature Interval of -35°C to -60°C.

Concentration Temperature

mole Ca/liter . Coefficient (%/°C)
1.5 ] 0.39
1.6 - 0.3h4
1.7 ' 0.31
1.8 _ : : 0.30
1.9 . 0.27
2.0 0.25
2.1 : _ 0.24
2.3 0.24
2.4 ' 0.25
2.5 o 0.24
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the temperature coefficient of conductance decreases continuously as con=

centration of metal increases up to the saturated solutions.

3-4. Density of Calcium-Ammonia Solutions.

3-4-a. Overall density of calcium-ammonia solutions: The overall

density of calcium~-ammonia solutions is tabulated in Table 3-11 and plotted _
in Figure 3-10 and Figure 3~11l. In Figure 3-10 fhe overall density of |
calcium-ammonia solutions is plotted against the éverall concentrétion of
calcium in the solution uéing the-unit of mole%_Ca. In the two-liquid
phase region, since the dénsity and the concentration of each phase are
constant, the overall density depends only on the amount of each phase
present. In the one-liquid phase region the density changes,with concen-
tration of calcium in a different manner. .Figure 3—lO shows the curves of
overail density plotting against overall concentration héve an ihflection
point. The portion of the curves which ié concave downward represents the
overali,density of calcium-ammonis solution in the-two;liquid phase region.
Thé portion of the curves which is concave upward represents the overall
aensity of calcium-ammonia solutions in the OnefliQuid‘phése region. The
inflection point bf the curve, which:wpresenté the boﬁndary of the two-
liquid_phase region, couid not be determinedvaccufately from Figure 3-10
bécauSe of the uncertainty of the experimental datg. When the ovérall
density of -calcium-ammonia solutions is plotted.against the ovenali concen=-
tration using units of mole Ca/liter (Figure 3-11), two different portions
are observed. The portion which is a curve ;epresents the-densify of
concentrated calcium—ammonia solutions in the dne-liquid phase region.

The porfion whiéh is a straight line represents fhe oﬁérall density of the

calcium-ammonia solutions in the two-liquid phase region as predicted by.



Table 3-1l-a.
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Overall Densities of Calcium-Ammonia Solutions at -35°C.

Mole Ratio - Mole % Ca O&erall ‘ Overall
» (mole NH3/mol_e Ca)" Concen'tra.'t?on Densit,%
(mole Ca/liter) (pm/cind)
14k, 0k 0.6895 0.27255 0.679hk
k. Th 1.ohh§ 0.40933 0.67656
62,46 1.5758 0.60885 0.67207
41, hh " 2,3563 0.89135 0.66L76
34,27 _2.8353 1.061k5 0.66199
29.2 . 3.3113 1.22165 0.656L1
27.2 3.5461 '1.30426 0.65635
25.2 3.8168 1.3955 0. 65452
23.1 L.1kok 1.5058 0.65095
19.8 L.8077 ' 1.721h 0.6493k
17.358 5.44h72 1.924) 0.64611
17.31 5.4615 1.9344 - 0.64730
16. 47 5. 7241 2,018l 0.6L693
1Lk.157 . 6.5976 2.2956 0.6L 544
12.75 7.2727 2. 50684 0.64482
11.575 7.9523 2.71536 - 0.64409
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Overall Densities of Calcium-Ammonia Solutions at -40°C.

Table 3-11-b.
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Mole Ratio Mole % Ca Overall Overall
- (mole NH3/mo_1e Ca) Concentration D¢ns ity
AQnole Ca/lmter) (gm/c:rrﬁ)
3699. 0.0270 n 0.01097 0.69129
2683.0 0.0373 0.01511 0. 69102
S 1192.2 0.0838 0.0339R 0.69007
609.8 . 0.1637 0.6621 0.69023
275.2_ 0.3621 0.14561 0.68437
263.0 0.3788 0.15219 0.687716
173.8 . 0.5721 0.2288 0. 68044
161.4 0.6158 0.24596 0.68577
155.8 0.6378 0.25436 0.68502
144.2 0.6887 0.27437 0. 684830
'98;0 1.0101 0.39897 0.68179
60.0 1.6393 0.63743 0.67637
45,13 2.1678 0.83019 0.67139
36.68 - - 2.6539 - 120058 - - 0.66864
30.9 3.1348 1.1721 0.66381
28.09 3.4376 1.2762 0.66167
2k .76 ~3.8820 1. L26h 0.65871
23.67 4.0535. 1.482L 0.65702
23.18 4.1356 1.5016 0.65694
21.06 4.5331 1.6410 0.65451
20.84 4.5788 1.6558 0.65155
17.2 .~ 5.4825 1.9528 0.65155
16.2 5.8140 2.0611 0.65133
14.89 6.2933 22,2143 0.65008'
13.82 - 6. 7496 2.3575 0.64020
10.52 8.6805 2,942k 0.64510
10.25 8.8889 2.9994 0

64364




Overall Densities of Calcium?Ammonia Solutions at-45.5°C

Table 3~1l-c.

Nole Ratio — | Mole % Ca Overall Overall
(mole NHj/mole Ca) ' _Cohcentrat?on Dengity
(mole Ca/liter) (gmfen3)
37L3.1 0.0269 0.01101 0600
2707.0 0.0369 0.01511 0.69750
1202.0 0.0832 0.0340 0. 6900k
616.1 0.1621 0.60134 0.696457
277.9 0.3586 0.1456 0.694455
265. 4 0.3754 0.1522 0.69403
175.3 0.5672 0.2289%6 0.692+8
145.9 0. 6807 0.27384 0.69123
98.8 1.0020 0.3982 0.68610
60. 47 1.6268 0.6372 0.68171
46.38 2.1106 0.81677 - 0.67793
35.02 . p.7762 1.0552 0.67161
31.55 ' 3.0720 1.1585 0.66889
29. 56 3.2723 1.2273 0.66700
26.33 3.6590 1.3576 0.66375
25,12 3.8285 1.4186 0.66362
25,08 3,834k - C1.4211 0.66391
__2L.L8 - 3.92L6 1.4499 0.66251
- 23,95 . 4.0080 1.4763 ¢ 0.66132
21.16‘ 4. 5126 1.6438 0.65821
20,45 4.6620 1.6969 0.65071
20.27 4,7015 1.7080 0.65801
16.43 5.,7372" 2, 0462 0.65442
16.30 5. 780k _2.0593 0.65423
13.94 6.6934 2.3538 0.6531.1
13.61 6. 86 2.3963 0.65163
12,6k 7.3314 2.5489 0.65066
10.91 0.64928

8.3963

2.8135

g2
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Table 3-11-d.

Overall Densities of Calcium-Ammonia Solutions at =51°C.

e —————————— e

Mole Ratio | Mole % Ca Overall , Overall
(mole NH3/mole Ca) Concentrat ion Densit
(mole Ca/liter) (rm/cm®)
3749.7 0. 0266 ~ 0.01101 S 0.70371
2732.0 0.0366 0.01512 0. TOkOk
1212.1 0.0824 0.0340 0.70329
620.8 - : 0.1608 0. 0626 0.70318
280.3 | 0.3555 0.1456 . 0.70039
267k 0.3726 0.1525 ’ 0. 70022
177.2 0. 5612 0.2286 0.69901
147,2 - 0.6748 0.2736 . 0.69%689
99.65 - 0.9935 _0.4009 | 0.69369
60.82 . L 1.6176 0.637h : 0.68577
46,93 2,086k 0.8148 0.6838L
37.32 2.6096 1.0043 0.67863
31.39 3.087h 1.1712 0.67302
28.88 3.3467 1.26b1 0.67236
26.67 3.6140 1.3547 0.66964
25,19 3.8183 1.4250 . 0.6685k
oh.68 - - 3,80h1 1.4ks51 0.66784
23.59 ‘ L.0667 1.5087 " 0.66650
21.18 L. 5086 1.655 0.66318
20.36 h.6817" 1.7169 : 0.66179
17.56 | 5.3879 1.943 0.658992
1741 - | - 5.4318 1.955 - L 0.65811
16.86 i ~ 5.5991 2.0126 - . 0.65849
16.36 5, 760k 2,062k . 0.65720
15.10 6.2112 2.2111 0.6570k
12.77 7.2622 2. 5466 0.6557h
11.01 8,326k 2.8737  0.65400
10.67 - 84 5690 2.9%09 |  0.65238
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Overall Densities of Calcium-Ammonia Solutions at -60°C.

Table 3-l1ll-e.

Mole Ratilo Mole % Ca Overall Overnll
(mole NH3/mole Ca) Concentration Densitg
(mole Ca/llter) (gm/cml
218.537 0.4555 0.18859 0. 709kk
147.246 0.6746 0,277k 0. 7064k
80.687 1.2242 - 0.49570 0. 70100
58. 585 1.6783 0.67154 0.69692
39.785 2.4519 0.9598 0.68571
29,810 " 3,2457 1.23920 0.67676
29,090 3.3234 1.26808 0.67903
26,729 3.6063 1.36504 . 0.67607
25,762 3.7366 1.h1101 0.67559
22,127 4.3240 1.61026 0.67123
21.609 L4230 1.64402 0.67126
~19.152 4. 9623 1.82282 0.66758
18.138 5,2252 1.90853 . 0.66602
17.287 5. 468k 1.98807 0. 66496
15.497 6.0617 2.17983 0.66256
15.235 6.1595 2.21177 0.66248
14.120 6.6138 2.3564 0.66108
13.886 6. 7177 2.39112 0.66128 .
13.110 7.0871 2.50528 0.65973
12.928 7.1798 2.53687 0. 66061
12,840 _7.225M 2.55548 0.66120
‘u12,6ou 7.3508 2.5877 0.65916
12,160 7.5988 _2.66885 0.65962
11.580 7.9401 2.78237 0.66021
11.0L45 8.3022 2.88777 0.65863




85

" Overall Densities of Calcium-Ammonia Solutions at -70°C.

Mole Ratio T Mole % Ca Overall Overall
.(mole NH3/mole Ca) | Concentration v Densitg
: (mole Ca/liter) (gm/cm>)
221.844 - 0. k487 0.188832 0.T72091
149,848 0.6629 0.27747 0.71921
&,%7 ©1.2068 0.49575 OJn@u
59. 520 1.6523 0.67089 0. 70691
- L0.LO6 2.4151 0.9599 0.6050k
30.329 3.1919 1.23933 | 0.68030
29.576 3.2705 1.26502 ©0.68737
27.110 _ 3.5575 1.36569 0.68525
. 26.131 3.6858 1.41116 __0.68l455
e2.hol 4.2733 1.61084 0.67689
21.869 4.3727 1.64510 | o.67862
19.380 4. 9068 1.82301 | o.67457
18.406 5.1530 .~ 1.90336 0.67291
17.524 5.398k4 1.98524 ‘ 0.6720k
15.383 6.1039 2.21201 0.66813
14.256 6.5548 2.35668 0.66659
~1h4.109 6.6186 2.37855 0.66685
13.209 7.0378 2.49911 0.66528
13.067 7.1088 2.5341k | 0.66548
12.804 T.2443 2.57619 0.66499
11.811 ' 7.8058 2, 75482 0.66452
o o11.138 0 8.2386 2.8881 | 0.66355
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the following relation.
For oné litér of a calcium-ammonia solution in the two-liquid phase
regioﬁ:‘ | |
Let.d = overali density (g/cm3) ' v ' .

overall concentration (mole Ca/liter)

N
1

-In the dilute phase:

d' = density of the dilute phase (g/cm3)
z' = concentration of the dilute phase (mole Ca/liter)
w' = the weight of the dilute phase (g)

In theaconcentrated phase:

d" = density of the concentrated phase (g/cm3)
2" = concentration of the concentrated phase (mole Ca/liter)
w'" = the ﬁeight of the concentrated phase (g)
" Then |
1000z = X7 3 +w'" z" - - (a)
rE T | ‘
w' ow" v : ' '
3T +'aw.= 1000 ‘ , J (b)
w' + w" =1000d . = - 0 (e)

L)

By combining equations (a), (b) and (c), one gets:

ll- t . "_ t .
R I LA L e M (3-4-1)

z - z 4 z - z'

- which is an eugation of a straight line because d', a", z' ahd z" are
constants. The poinf-of intersection of thesé two portioﬁs répresents"

the boundarj Qf the tﬁo-liquid phase region. The conceﬁtfatioﬁ of thé con- ‘
céntratedvcalcium-ammonia solution in the two-liquid phase region as -
determined by this intersecﬁion'from.Figure 3-11 was 1.25 £ 0.03 mole
Ca/liter, 1.27 £ 0.03 mole Ca/liter, 1.31 * 0.03 mole Ca/liter, 1.36 * 0.03

mole Ca/liter, 1.46 * 0.3 mole Ca/liter and 1.59 * 0.03 mole Ca/liter at
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temperatures =35°C, -Ao°c,‘-h5,5°c, -51°C, =-60°C and -T70°C, respectivelyi
These results agree very well with those determined by cenductivity
mea.surements (eee gection 3-5).

The only information about the denaity of calciem-ammonie'aolutiona
in the literature is that reported by Coulterls. He:reported thet density
of a saturated ealcium-ammonia solution (7 mole NH3/mole Ca) at =35°C
” was 0.651 gm/cm3.j This value is approximately 2% higher than that esti-
mated from the preSent_work (0.639 + .001 gm/cm3)y However, the concentra-
tion of the saﬁurated_calcium-ammenia solution in his report may not be
reliable. It is noﬁ mentioned how he obtained this value. The concentra-'
tion of a satufated calciuﬁ-ammonia determined by Kré.us62 by vapor pressure
measurements 15 7 mole NH3/mole*Cé but the accuracy is questionaﬁle (see .
section 3-5) The‘coneentfafion of a Saturated'calcium-ammenia solution
v_at 36 C has been determlned by Jolly et a156 to be 10.7 mole% Ca (8.35
mole NH /mole Ca) also from vapor pressure. measurements.

The difference between the density of dilute calcium-ammonia solutuions
in the one-liquid phaSeEregion and thet of liquid ammonie at the same

" temperature is .very shall ehd could not be determined in the present work,'b

': Theoretically, equation (3-L-1) can be used to calculate the deﬁsity of
the saturated dilute'caleium-gmmonia solutions in the,twe-liquidephase
region if the overall density data.in.the two-liquid phase region are very
éeeﬁreﬁe.' By applying the method of leest~Squares,*eeuafion»(3-h4l)'wast‘ o ;

determlned to be

d = -0.02381z + 0.68626 at -35°C C ';:' -A(3-h-ia) !
d = -0.02335z + 0.69136 at =k0°C . . (3-4-1b)
a é‘f0.02h85z +‘o.69767 at54&5°c" : : e, (3-4-1c) ;

d = -0.02597z + 0.TOM28 at -51°C | - - (3-k-14)
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d

-0.02388z + 0.71509 at -60°C '  (3-k-le)

d

-0.030267 + 0.72697 at -70°C ;_ (3-k-11)

v.::

-The'éoncentration of a saturated dilute calcium-ammonia solution in the:

two-liquid phase region is 0.02 * 0.0l mole Ca/litef in this temperature ‘.‘
- range (see section 3-5). Appiying these concentrations to the equations
(3-4-1a) to (3-4-1f), it was determined that the difference between‘the
dgnsify of a saturated dilute calcium—ammonia solution in the two-~liquid

phase.regibn and that of liquid ammonia is less than0.1% of the density of

liquid ammonia at the same temperature.

" 3-4-b. ' Excess volume of the concentrated calcium-ammonia solutions:

The excess volume Qf a metal-ammonia solution is defined as

' A& - Vsol'n - thh B NAVA ‘ . | | (3-h;2)
Nm . ‘
where oV .is fhe‘excéss volume (c@3/moievmetal) v
| Veol'n is the t§tai volume of thevmetal—ammdnia‘solution (cm3)

-Vh - is the mblgr volﬁmé‘of.pure'metal (cm3/mole mefal)

Va is the.molar volume of liqﬁid“ammonia:(cm3/mole NH3)

Nﬁ' is the number of moles of metal in the solution |

Na‘ 1s the nﬁmber of moles of ammonia in the solution.

The excess volume:of the concentrated calgium-ammbnié solutions in the'i
one-liquid phase region calculated from the density of célciumfammonia‘
solutions and the molar volume of celeium?® is tabulated in Table'3-i2

‘ and'plotfedvin Figufe;3-l2 and Figﬁre 3-13. The résdlts show that_tpe'
excess §oiume‘of calcium-ammonig solutions decreasés as temperature in- -

creases . and also as concentration of calcium increases.
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Table 3-12-a.

" Excess Volumes of Concentrated Calcium-Ammonia Solutions at =35°C.

~ "Mole 9 of Ca =T Concentration Excess Volume

. r (mole Ca/liter) (em3/mole Ca) »

- 3,5461 L 1.30k26 | 6h.21 :
3.8168 1.3955 63.75
4,140k 1.5058 65.32
4.8077 1.721k 62.53
5. bly72  1.92k1 61.802
5.4615 1.9344 60.40
5. 7241 2.0184 59.88
6.5976 2.2956 57. 54
T7.2727 - 2.50684 : 55.82
"~ 7.9523 2.71536 5k .43




Table 3-12-b.

Excess Vqlumés of Concentrated Calcium-Ammonia Solutions at -40°C

Mole % Ca Concentration Excess Volume

(mole Ca/liter) ~ (em”/mole Ca)
3.8820 1.Lk26k 6L.63 '
4.0535 1.4824 ’ 65.05
4,1356 1.5016 . 6L.51
L.5331 1.6410 ~ 6L.08
L. 5788 1.6558 6L.23
5.4825 1.9528 61.87
5.8140 2,0611 59.80 .
6.2933 Y o2.2143 58,72
6. 7496 . 2.3575 - 57.59
8.6805 2,942k ' 54,56
8.8889 . 2,999 ' sk, 88

—_— I S




’I‘a.ble 3—12-(: .

Excess Volumes of Concentrated Calcium-Ammonia Solutiohs at -45.5°C

e ——

Concentration Excess 'Volume

Mole % Ca |
. ' =_(mole Ca/liter) (em®/mole Ca)

3.6590 1.3576 67.15
.3.8285 C1.4186 : 65.79
3.834k 1.4211 65.43
3.9246 1.4499 66.15
4. 0080 1.4763 66.68
4. 5126 1.6438 65.80
4.6620 1.6969 64,34
' L.7015 1.7080 6471
55,7372 2.0462 61.75
5. 780k 2.0593  61.69
6.6934 2.3538 | 58,61
~6.8446 2.3963 59.02
~ T.331k4 2.5489 . 57.92
8.3963 - 2.8135 | 55.65




Table 3-12-d.

Excess Volumes of Concentrated Calcium-Ammonia Solutions at =-51°C.

Mole % Ca Concentration Excess Volume
(mole Ca/liter) (cm3/mole Ca)
3.8183 1.4250 . 66,46
3.8041 1.451 ] 66.55
L. 0667 1.5087 | 66,45
L. 5086 1.655 - 66.17°
 L.6817 1.7069 66.17
5.3879 1.9&3 . 6L.62
5.4318 1.955 6l .64
" 5.5991 2.0126 63.2L
5. 760k 2.062k4 ne 63.40
6.2112 2.2111 . 61.28
7.2622 2.5466  58.02
8. 3264 2.8737 , 55.83
8.5690 2.9409 56,05




Table 3-12-e.

Excess Volumes of Concentrated Calcium-Ammonia Solutions at =60°C..

Mole % Ca Concentration Fxcoss Volume

J (mole. Ca/liter ) 5cm3émole Ca )
4.3240 1.61026 . 67.93
4. 4230 1.6402 | 67.19
4. 0623 1.80082 | 66.140
5,0252 1.90853 65,92
5. 41684 1.98807 e 65.24
6.0617 2.17983 63.64
6.1595 , 2.21177 ! 63.27
 6.6138 | - 2.3s64 62.07
6.7177 : 2.30112 = - 61.49
©7.0871 = 2.50528 60,93
7.1798 \ 2.53687 60.0k4
T.225L . 2.55548 59.52
' 7.3508 2.5877 60.26
7.5988 © 2.66885 59,11
- 7.9491 2.78237 _57.63
8.3022 2.88777 ' 5T.h1




Table 3-12-f.

. Excess Volumes of Concentrated Calcium-Ammonia Solutions at -T0°C.

Mole % Ca ~ Concentration ExceséIVolumeb
;= (mole Ca/liter) (em3/mole Ca)
4.2733 1.61044 69.55
L. 3727 1.64510 68.92
4. 9068 1.82301 68.13
- 5.1530 1.90336 67.69
5.398L 1.9852k 66.71
6.1039 2.21201 65.32
- 6.5548 2.35668 64 .01
6.6186 2.37855 63.59
'7.0378 2,49911 62.61
7.1088 2.5341k 62.19
7.2443 2.57619 61.92 |
- 7.8058 X 2.75482 ' : 60. 04
8.2386  2.8881 22;02 o
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3-b-c. Comparison of the excess volume of calcium-ammonia solutions

to those of alkali metal ammonia solutions: = Compared to those

of alkali- metal-ammonia solutionssg’Su’72’7T(Figure 3-1L4), the excess
volume of eoncentrated celcium—ammonia solution is larger than those .of"-
alkali metal-ammonie eolutions at the same concentration. This is due to
thevface thet the ealciom-ammonie complex in the calcium~ammonia solutions
(appendix A-10) has two valence electrons‘in‘the "proton shell". The
effect wili be to stretch the N-H bond in the ammonia molecule and weaken
ﬁhe‘hydrogen bonding with'other ammonia molecules. This effect is greater
for calcium-ammonia solutions tham for alkali metal-ammonia solutions
because thefe is only one malenCe electron in the "proton shell" of the
alkali metal—ammonla camplex (monomer) |

The excess volume of a concentrated calcium-ammonla solutxon decreases
as concentretion of‘calcium inoreases as in alkall metal-ammonia solution.
The rate of deefease,for celcium-ammonia solution.is much laréer than for
alkali metal-ammonia solutioms. ‘Possibly the "clusters" of the:metai-
ammonia . complex (appenaix A—lO)'are more staole im“the oalcium-ammonia
solution than iq the alkali metalfammoﬁia soiutione.e This-could be.due to
the.fact that a celeiumeammonia complex confains 8ix ammohia molecules and
can be fitted into a crystal lattice9’§2. It is known ﬁhat a solid cal-
01um-ammon1a compound [Ca(NH3)6] can be separated but no SOlld sodium or

pota551um—ammon1a compounds were found (appendlx A 2) 80 far.

. The excess volume of lithium-ammonia solutions is larger than that of
sodium-ammonia’ solutions which is larger than that. of potassium-ammonia
solutions''. These differences can be accounted for as the differences

- of the molar volume of alkali metals. The molar volume of calcium metal:

~is between that of sodium and potassium, but the excess volume of calcium- ‘
ammonia solutions is much larger than that of sodium or potassium-ammonia .
solutions. This indicates that the differences are not due only to dif- ' '
ferences in the molar volume of the metals.
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Figure 3-16, along with  the data obtained from the literature
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3-5. Liquid Region of the Phase Diagram of Calcium-Ammonia Solutions.

The concentrations of the dilute and concentrated calcium-ammonia

solutions in the two-liquid phase region, as determined by conductivity

measurements,-are tabulated in Table 3-13 and plotted in Figure 3-15 and
39,56,62.

Table 3-13 shows that there is some- difference between the concentra-
tion of the dilute calcium-ammonia solution in the'two-liquid phase region

determined'byjthe present work and that determined by Jolly et al39’56

_at -k5°C. However, the absolute value of this difference is less than

.

0.008 mole'Ca/liter. Since both data were not determined by direct measure-

ment-and alsq considering the difficulties involved iﬁ the experimental

work with calcium-ammonia solutioﬁs, this agreement cannot be considered

a§ poor."No eXperimental data other than'grabhical preéénté£ion of the

condﬁcﬁivity measuremehts can be found ianoliy et al's report. In the

present wOfk, the main source of error of the conductivity‘meaéurement ig
' | 39 '

the decomposition reaction. In Jolly et al's report~” it was mentioned

that there.waS”B to_lO% calcium decomposed during the course of the absor-

-ption spectra measurement. It is probable that'the.ECCUracy of their

conductivity measurements also suffers from the decomposition reaction.

The’concentration of the concentrated phase in the two-liquidvphase

region,determined by the conductivity measurements agrees excellently with
‘those determined by the density measurements (see section 3-k-a). There
is, however, a.small difference (less than 1 mole % Ca) between the

_present‘values and thdse of Jolly et a156 as'determined from the vapor

pressure measurements.

The phase diagram determined by vapor pressure measurements is not

.




Table 3-13.

- Concentration of Dilute and Concentrated Calcium=-
Ammoniea Solutions in the Two-~Liguid Phase Region.

Temp. |Concentration of Concentration of Experimental |Source of
(°c Dilute Phase - concentrated phase Method . Data
Mole Ca Mole Ca
Titer |"ole % Ca | Imole % Ca
-32.5 0.5 9.0 vapor pressuxeKrau562
' measurements
+ 7 - 0. bk
- L 0.32 o conductivity {Jolly et al
L5 0.032 0'678V measurement s 39’56
-63.8 10.013 0.031
O 3f25 -|vapor pres- |Jolly et'al
-36 3.8 sure measure- g
L5 4.0 ments
-63.5 P . )4'08
-35 0.0263 0. 066 1.242 . 3.36
- =ko 0.0255 1 0.0638  |{1.278 3. 46 conductivity |Present
-45.5 'o.oehb 0.058 measurements |work
-51 0.0208 . | ~0.051 1.362 3.66
-60 0.01k46 0.036 1.458: 3.93
-70 0.0095 0.0234% 11.576 L.2

102
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believed to be accurate because the hydrogen gas generated from the decom-

position reaction will_shift the boundaries of the two-liquid phase region
to the more concentrated side.

The phase diagram of calcium-ammonia solutions detérmined by the

: ' 62
present work agrees with the results of Kraus' vapor pressure measurements

in order of magnitude only. The pufpose of Kraus' work was to establish

' - ‘ 62
the existence of the solid calcium-ammonia compound Ca(NH3)6 . Only a

graphical representation of vapor pressure of calcium-ammonia solution vs mole

fraction of calcium was preésent and no experimental data were included.
" It was mentioned that some decomposition of calcium~ammonia solutions did
take place during his experiment.

79

Marshall andAHunt measured the vapor pressure of calcium-émmonia
solutions at —h5.3°C:and -63.8°C. The results inaicated that the concen-
tration range of the.two-liquid phase region was very small.. However, when
the vapor preééure data wefe plottedvagainst the'éoncentfation, an‘irregu-.
lar Cﬁr&e was bﬁtainEd. Probably the accuracy of theif experiﬁents was
decreased by the‘hydrogen.gas generated from the decompositioﬁ reaction.
The logarithm of.£ﬁeﬁratio. of the conéentrations of the dilute and
the conéentrated calcium-ammonia, solutionS'existiﬁg in the two-liquid
phase region is plotted againét the reciprocai of the absolute temperature
in Figure 3-17. Based on the‘following relations, the slope of this
éﬁfve fefféséﬁfs the AE/RX2.303; where AE ié the energy needed to transfer
oné mol€e of calcium ffom the concentrated phase to the dilute phase, and

R is the gas constant. From figure of the energy state, one can see that

the rates of transferénce of calcium atoms from one phase to the other are .

- —— y R .. A
"3 - Kg G e RT
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E_1is the ground state energy of calcium
in the concentrated phase.

E, is the ground state energy of calcium

in the dilute phase. . :

E* is the activation enesrgy.

Energy State of Calcium in Two
Liquid Phase Calcium-Ammonia Solutions.

107
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+

. - -
E_SQ =k C exp - ( EC)
at | e Ve °XP RT
where Cd and Cc are the COncentrations of the dilute and concentrated

calcium-ammonia solutions in the‘two-liquid phase region, respectively.

When the two-liquid phases coexist, they are in equilibrium .
5 ) d Cd _ a Cc
j : : dt dt
i ' ' . . ¥
; e G - (2 - &)
7 . k., C,exp~—————=k C exp - =
: . a RT c ¢ RT
‘ % +
then kc - Cc . E - Ed E - Ed Ed - EC .
ma+m§g[ i~ et~ (3-5-1)

The energy needed to transfer one mole of calcium from the concentrated
phase to the dilute phase in the two-liquid phase region as calculated

from equation(3-5-1) and Figufe 3-17 is tabulated in Table 3-1k.

Table 3-1k.

;" The Difference between Ground Energy State of the
- Dilute and Concentrated Calcium~-Ammonia Solutions
in the Two-Liquid Phase Region.

, Temperature - LE. v
- (°c - (keal/mole Ca)
-k0 | 1.89
-45 2.5l
=50 : 3.12
=55 3.65
=60 5.3k

-Table 3-1k shows that ﬁhe enérgy needed to transfer one mole of calc{um

from the-concentrafed phase to the dilute phase increases as temperature
dedreasés; This is because the concentration of the concentratéd phasé -
increases aé temperaturevdecfeases. This will increase the strengfh of:the

metallic bonds between the calcium-ammonis complexes and also lower their

ground energy state.
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4, SUMMARY

Below -35°C,>the two-liquid phase region of calcium-ammonia solutions
covers a very wide éonéentnation range. The liquid region of the phase
diagram of calcium-ammonia solutions was determined by conductivity
measurements. The cbncentfatiohs of tﬁe dilute phase ih.the two-liquid
phase region were: 0;0263 mole Ca/liter at -35°C; 0.0255 mole Ca/liter at
-40°C; 0.0240 mole Ca/liter at -45.5°C; 0.0208 mole 'Ca/li_ter at -51°C;
0.0146 mole Ca/liter at -60°C; and 0.0095 mole Ca/liter at -T0°C, which
agree'reasonably with those reported in the literature. The concentrations
of the concentrated'phase in ﬁhe two-liquid phase region were: l.2h2vmole
Ca/iiter at -35°C; 1.278 mole Ca/liter at -L0°C; 1.362 mole Ca/livter at
—51°C; i.h58 mole Ca/litér‘at —60°C; and 1.576 mole Ca/liter at =70°C.
TheSevfesﬁlts agree feasonably'with literatﬁre values‘obtained by vapof
préssure measuremeﬂfs, aﬁé agree very well with those determined by_dénsity
’measurements in the breéent work._ The liquid region of the phaée diagram
~determined by'conductivity‘measurements is believed to be more accurate
than that determined by v#por préssure measﬁfement; Becauée the hyarégen
gas generatedjfrom the decomposition reaction inﬁerferés”with thé.vapér
~ pressure measufements.
| The Qiscosity'of liquid ammonia was determined to be: 0,2590 centipoise
vat,-35°Cj10;27hé:centipoisé at -k0°C; O.3lOcent;pqise‘atAeh§;5°C§_Q-3286_A
centipoise at -51°C; 0.3596 centipoise at -56°C;. 0.3908 centipoise at |
. -60°C; and 0.4843 centipoise at -T0°C. These reSultésth good égreement
with those given in the literature for higher temperatures, eveﬁ though
extrapolation was necessary to compare the data. The abeolute tempe:ature

coefficient of viscosity increases with temperature from 1.46% per degree
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centigrade at -40°C to 2.1% per centigrade at -60°C.

The viscosity of dilute calcium-ammonia solut1ons in the single-
llquld phase region was found to be only sllghtly different from that of .
liquid ammonia at the same temperature. : ‘ »

The eqﬁiyalent cocdﬁctance of dilute calcium-ammonia solutions is
much smaller than.that of analogous alaklai hetal-ammonia solutions, and
decreases as concentration of calcium increases. Inlthe indicated concen-
tration range, it has been determined to be: l6l‘cm2/equiv-ohm to 124
cm®/equiv-ohm (from 0.005°to 0.225 mole Cafliter) a.t. -35°C, 136 cm2/equiy-
ohm to 103 cm‘?/equiv-qhm (from 0.0025 to 0.020 mole Ca/liter) at -L0°C, ‘
116 em®/equiv-ohm to 87.cm2/equiv-ohm (from 0.0025 to O.b2O mole Ca/liter)
at -u5.5°c, 92 cm?/equiv-ohm to T2 cm?/equiv-ohm (0.0025 to 0.020 mole |
Ca/liter) at -51°C, '57 cme/eqeiv-ohm to 54 cma/eQuiv-ohm (from 0.005 to
0.012 mole Ca/liter). at -60°C and 38 cm®/equiv-ohm (from o.o_oé to 0.008
mole Ca/llter) at -70°C." v

The temperature coefficient of conductance of dllute calc1um—ammon1a
soluticns in the investigated ‘temperature and‘concentratlon range was
.determined to be approximately_+3.5%.per centigrade, ﬁhich is aboct double
of the absolute temperaturercoefficient of viscosity. | |

These'ﬁacts indicate that the conductivity of dilute calcium~ammonie
solutlons is governed by the degree of dissociation of calcium atoms into
calcium ions and solvated electrons. The degree of dissoclation in cal;
cium-am@onia solutions is smaller than that of analogous'alkal{ metal-
amnonia solutions. )

- The atomic conductance of concentrated calcium-ammonia'soiutions is

of the same order of magnitude as that of calcium metal. In a concentra-

tion range from 1.4 mole Ca/liter to 2.6 mole Ca/liter, it ranges from
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5.1 x 10° em®/mole-ohm tb 10.7 x 107 cmg/mole-om at -35°C; 4.95 x 10”2
cme/mole—ohm to 10.45 x 10% cmg/mole-ohm at -40°C; 4.6 x lO5 cm2/mole-ohm
£0 10.0 x 105 cn?/mole-ohm at -51°C; k.7 x 107 em® /mole-ohm to 10.1 x 10°
cmg/mo;e-ohm at -60°C; and L.h x 107 cme/mole-ohm to.9.8 x 10° cm@/mole-
ohm at =70°C. Tﬁe étomic éonducﬁance of concentrated célcium—ammonia solu-
btions is smallef than fhat of analogous alkali metal-ammonia éolutions,

as in the case of thevmetals;

- The infegral'temperature coefficieﬁt of conductance of concentrated
calcium-ammonia solutions in a temperatﬁfe range o 735°Clto -60°C de-
creases continuously with concentration of calcium increase. In a concen-
tration range.fro& 1.5 mole Ca/litef'to 2.1 mole Ca/liter it decreaseé
from 0.39% per degrée centigrade to 0.24% per degreé centigrade. Héwever,,
iﬁ'remains constant in solutions with concentration more than 2.1 mole Ca/
liter. The integral temperature coefficient of conductance of concentrated
calcium-ammonia}SOlutions is smalier than that of analogous alkali mefal-
ammoniaJSOlutions{_v |

Thé excess volume of concentrated calciumrammonia solutions in the
singleéliqﬁid phase region was found to be larger ﬁhén that of alkaliv
metal-ammonia solutions and decreases as concentration of calcium ipéreases.
The rate of_deérease>f0r concentrated calcium-ammonia solutions is much
larger than for alkaii metél-ammonié éolutions, .‘

© The physiéa; properties of calcium~ammonia solutions determined by
t he préseht work are quite difference:from,thos of alkali metal-aﬁmonia
solutions. This indicates that a calcium atom does not release.ohly one
electron when it dissolves in liquid ammonia. |

The physical properties of calcium-ammonia solutions fqpnd iﬁ the
present ﬁork can be explained very well.by the curfeht théofies of metal-

ammonia solutions.
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APPENDICES

Appendix A: Previous Work

A-1. Solubility of Metals in Liquid Ammonia

‘Most of the alkall and alkaline earth metals dlssolve in liguld
ammonia. The metals which can be dissolved easily are: lithiwum, sodium,
' : | | 61
potassium, rubidium, cesium, calcium, barium, and strontium l- Magnesium

31,51,55 and aluminumla are slightly soluble. The other metals which can

be dissolved in liquid ammonia solutions are europium, ytterbium, and
rare earths which exhibit-the plus two oxidation stateSS.
The- solubility of lithium in liquid ammonia does not change in the

50,53

temperature range from -80°C to 0°C The éolubility of potassium in

liquid ammonia increases slightly as temperature increases, but that of

51,53,61

sodium decreases slightly as temperature increases These results

indicate that the heat of solution of alkali metals in liquid ammonia 1is
very smallso. | |
; Thé.solubility of calcium in liquid émmonia‘has been invéstigéted by
Kraus62 anvaoliy et alsé. It has:been ghowh that = splid cglciﬁﬁ;ammonia
compound of a formula of Ca(NH3)6 is in equilibrium with the éolution.

The solubilities of alkali metals and caleium in liquid ammonia are listed

in Table A-1.

A-2. Metal-Ammonia Compdunas

Joannis first studied the compounds formed by metals with ammonia
oy analytical methods. He obtained the compounds'Na(NH3) and K(NHS).
Employing his method, Moissan discovered the compounds Li(NH3) and Ca(NH3)6

while Mentrel obtained the compound Ba(NH3)6 and Roedered identified



Ta.ble A"l .

Solubilities of Alkali Metals and Calcium in

Liquid Ammonia (mole NH3/mole metal)

ilu

Lithium
Temperature (°C) 0 -25 -33.4 -50 -80
Krauss and Johnson 3.61
Ruff and Geisel 3.93 3.93 3.93 3.93 3-93
Sodium
" Temperature (°C) 0- Z33.0 Z50 =70 =107
Kraus and Johnson - 5.48
Ruff and Geisel 5.78 5.48 5.39 5.2 .98
Kraus and Lucasse | 5. 37
Johnson and Meyer 5.79
Potassium
Temperature (°C) 0 -33.5 -50 -100
Kraus and Lucasse L, 84
Ruff and Geisel 4,72 4.79 L.82
Johnson and Meyer 4.68 4,95 5.05
Calcium (mole % Ca)
Temperature (°C) 0 -33.8 ;36 -40 -53.5
Kraus 12.5
Jolly et al 11.0 ‘ 10.7 10.5 10.0
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_Sr(NH3)662.* Kraus62, ﬁsing vapor pressure data and applying the.phase
rule, concluded that no solid.metaleammonia compounds of sodium, potéssium,
ér lithium should exist, but there sﬁould be a éalcium-ammonia éolid com-
pound of the'formula Ca(NH3)6. Birchg égreed with Jéffe'sh9 observabign'

that the solid lithium-ammonia compound of the formula Li(NH3)u exists,

but no s6lid sodium=-ammonia compound is found. BiltzT showed that the

compounds. of ammonia with calcium, strontium, and barium are the hexamines.

9

Marshall.and Hunt ', by vapor préssure_measurements of calcium-,
strontium-, and barium-anmonia solutions af -45,3°C and 63.8°C, found that
* the solid whiéh is in equilibrium with the liquid metal-ammonia solution
contains a non-integral number of moles of ﬁmmonia per mole of metal. -
From the literature mentioned abbve; it is concludea that all ﬁhe

metals dissolved in liquid ammonia form ammonia complexes but only the

hexamine can be crystallized and separated.

A-3. ﬁensity'of Mefal—Aﬁmonia Solutions..
Thé-denéitiesvof’mefalfammbnia solutions have been meé;ured for
lithiumls’38f5h; sodium28’38’u5’52;59’72’77’80’83’9u, potassiumu7’52’5h’83‘
and cesiumhg. bThe density of metal-ammonia soluﬁiéﬁs is always lesé than.
that of liquid ammonia, and it decreases as the cohcentration of metal

increases. . The excess volume of sodium and potassium-ammonia solutions

(defined in section 3-l-b) at moderate concentration increases as concen-

This information in this paragraph was obtained from reference 62.. The

original articles are:

Joannis, A., Compt. rent. 109, 900 (1889).
Moissan, H., Compt. rent. 127, 685 (1898).
~Moissan, H., Compt. rent. 128, 26 (1899).
‘Mentrel, R. C., Compt. rent. 135, 790 (1902).
Roederer, G., Compt. rent. 140, 1252 (1905).
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1

tration of metal increases, passes through a maximum and decreases again .
In the very dilute region two sets of experimental data which contradict

83

each other were reported recently. Evers et al found that there 1s a - ",

s
@

marked minimum in the excess volume of sodium- and potassium-ammonia soiu;
tion at -45°C (at the concentration of 0.03N and 0.0LN, respectively), -
while Gunn and Green38 found that little chénge in the excess volume of a
sodium-ammonia solution at 0°C over a concentration fange from 0.01M Eo
0.35M.

‘Thé exeess volume Qf lithium-ammonia solutions at the moderate and
concentrated concentration rangé decreases continﬁously as concentration
of metal increasess¥. On the.other hand, cesiﬁm—ammonia solution shoﬁs
opposite behévior, its excess volume increases with concentration of metal.
cbntinuquly.as concentfation of metal increases 2.

The behavior of the excess volume of metal-ammonia solutions can be

explained by Alder's model of metal-ammonia which will be discussed later.

A-L. Conductivity of Metal-Ammonia Solutions.
1]

_Accqrding to Kraus measurements, thé limiting equivalent conduc~-
tance of an infinitely dilute sodium-ammonisa solution at =33.8°C (which is
above the critical temperature)(see appendix A-9) is 1020 cme/th-equivalent;
The equivalent conductance of sodium-émmonia}solutions decreases és con~-
‘centration of,sodium increases and passes a minimum of 475 c;Q_ohm'i;

equivaient'at a O.63ﬂmolaf solution and then increases rapidly up to a

N ‘
value of 8 x 105 cmg/ohm-equivalent for the saturated solution. The .

¥* : o .
These values are based on the measurements of Kraus and Lucasseéb. ' -

The calculationswere made on the assumption that the density of metal- -
ammonia solution is the same as that of liquid ammonia, which will
introduce some error. :
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specific conducfaﬁce'of a saturéted sodium-ammonia solution at -33.8°C
is approximately half thaﬁ of mercury at 20°067. Since the salurated
sodium-ammonia solution contains oniy 14.93 mole per cent sodiﬂm, the
atomic cohductance*of sodium in'the.satﬁrated sodium-ammonia solupions is:
more than 1/7 of that.of metallic sodium énd more than five times of thai
of mercury67. The equivalent conductance of a lithium-or potassium-
ammonia solution is only slightly different from the correspondlng sodium-

51,55, 66__

ammonia solutlon in the dilute region. The equ1valent conductance

of potassium-ammonia solutions is only slightly greater than that of a

sodium~ammonia solution, but in concentrated solutions their atomic con-

1duqtances are quite different. Using density values from Kraus and Johnson

)

- 52,72 '
.15 )T Marshall and Hunt78 recalculated the atomic conductance of concen-

trated sodium- and potassium-ammonia solutions from the conductivity -data
of Kraus and Lucasse68. They found that the atomic conductance of a
saturated sodium-ammonia solution is approximately 20% greater than that

of a potassium-ammonia solution at the same concentration.

A-5.  Temperature Coefficient of  Conductance of,Métal Ammonia Solutions.

The conductance of a metal-ammonia solution increases as temperature
increases at all concentrations67’69’71. In the dllute region, the
temperature coefficient of COnductance of sodlum—ammonla solutions in the

temperature range from -32'0 to —hO C is constant at 1.52% per degree. As

* B
The atomic conductance is defined as:

A =”§ x lOOO
where A' is atomic conductance (cm? ~ohm~ -1 %—atom)
X 1is the speécific conductance (ohm=f-cm~1).
c 1is the concentrat1on of the metal (g atom/liter).
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concentration increases, it increases and passes a}maxi@um of 3.8% per
degree in a 6.87 molar solution and decreases rapidly to 0.66% per degree

in the saturated solution69. For dilute potassium-ammonia solutions, the ) fé
temperature:coefficient of conductance is l.4% per degree at the tempera-
ture range from -33°C to -h5°CYl. As concentration increases, it increases -
to a maximum of 4. L% ﬁef degree for a 1.1 molar solution, then decreases
rapidly to 0.438% in the saturated solution' . Although the temperature
coefficient\of conductance of dilute metal-ammonia solutions is independent

of témperature, in the conbentrated.region, the.temperature coefficient of
conductance depends markedly on temperature, increasing as temperature

.69, 71

decregses

\

A-6. ‘Paramaghetic Susceptibility df Metal-Ammonia Solutions; 
| The macroscopic magnetic susceptibility of sodium-ammonia solutions
“has beenvmeasuréd by Husterh5, and Freed and Sugarman98, by static fieid
methbds; Since théy measured the sum of diamagnetic and paramagnetic
susceptibilities, some correction fdr fhe diamagnetic‘effect is required
if the data is used to predict the amount of paramaghetic Sﬁécies in the
solutions. Hutchison and Pastoru6 calculated the parémagnetic suscepti~
biiities,of sodium~ and potassium—ammqnia solution from the resulﬁs of
their maghetic resongnce absorption measurements, and obtained the following
resultsﬁ |

(a) At allhtempérépures, the molar magnetié.susceptibilities are .
relatively small at the highef concentratidn, increase as conéentration |

of metal decreases, and reach something near the value of Na;ﬁe/hT.

(b) At all concentrations which were examined, the molar magnetic
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susceptibilities increase with increasing pemperature.

(c) At the higher concentrations, the molar suscepﬁibilities calcu-
lated from the mqgnetié‘resonance absorption mea.surements are larger than
th;se measuréd by the static field. The differencé_is small and approxi-~
mately constant. In the dilute solﬁtions the smooth curves drawn through
the data points show the static field data for K slightly higher and the
static field data for Na but slightly lower than those calculated‘from phg‘ L

magnetic resonance absorption data.

A-T7. Nuclear Magnetic Resonance Measurements in_Metal-Ammonia Solutions.

:Nuclear magnetic'resonanée measurements in metal-ammonia solutions
show the sh;ft in resonance frequenéy ﬁhich is informative and the’principle
cause of a‘shfft ié the presence of unpaired eléctrqns near the nuélei-of
éach'type. .The shift for sodiumland nitrogen in sodium-ammonia solutions
was measured at room'ﬁemperature by McConnell and Holm76, and ovér a nénge
of tempérﬁtgreé by.Aérivos and Pitzerl. The shift forvpréton resonance is
~ very smalluE."PitzerS? observed two!fQCts from.the nucleaf.magnetic reso-
nance data: . (a) The,ratio of the shift for nitrogen to thaﬁ éf the proton

(k(N)/k(H)) is approximately constant over a wiae range of concentratioﬂ
.and temperature; and (b), in a dilute_s§lution,’when R is larger than
‘lOO,QRQk(N)/x(mole)_ié apbroximately éonstant where R is_mole:ratio of
| .ammbn:_i.a to sodium in the solution (mole Mi,/mole Ca), k(N) is the shift
for nitroéen and x (mole ) is.molar susceptibility of the solution.

The nucleér‘hagnetic resonance of Li, Na, Rb, Cs, and N in alkali
métal-ammonia solutions was measured by O'Reilly8h. He found that the
shift for metals.(k(m)) varies by a factor of 100, increasiﬁé from lithiuh

to cesium, but for a given metal is nearly independent of COnéénﬁration.
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The shift for nitrogen appears to be independent of metal and dependent
only on the metal concentration. It decreases linearly as the mole ratio
of NH3 to métal (R):increases; It is also found that both the shift for

metal and for nitrogen decreases as temperature decreases.

A-8. Absorption Spectra of Metal-Ammonia Solutions.

The absorption spectra of dilute metgl-ammonia solutions has been

10,13,22,33,36,39,56_

measured by many authors All the heasurements agree
that: '(a) Within the exﬁerimenﬁal uncertainty, the absorption sfectra
of alkali métal-émmonia solutions at the same concentration are identical.
There is an absorption peak in_thé neighborhood of 6700 cm-l§ (b) Beer's
law is obeyed up to a'relatively high concentration, about 0.03M, at ﬁhe
frequency of the absorption peak. Jolly et a136’56 found that nhé a0 sorp-
tion spectra of sodium;, poéassiﬁm-, lithium~-, and cesium-ammonia solu- .
tions obey Beer's law not only at the frequency of the absorption peak,’ but
also.d&éf a wide frequency range (from 4150 to 25,000 c¢m). The absorption
spectra of‘calcium—ammpnia solutions also obeys Beer's law? and at the
frequency in the vicinity pf the ab50rption peak its exfinction coéffi-
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cate that the‘absorption spectra of dilute metal-ammonia solutidné is due
to the solyated.elecﬁrons and that a calcium atom yields two sélvated
electrons when it dissociates in liquid ammonia. Coh@radictory to Jolly
et al's measuréments, Douthit and Dye22 found that in botassium-ammonia
'the absorption spectra shows a very marked deviation from Beer's law
behavior at coﬁcentrations between 0.003 and 0.01M. He ascribes this

deviation to the dimer formation (see appendix A-10). Clark, et 213
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reported that when sodium iodide is added to "sodium-ammonia solutions,
| ‘ . -1
the absorption spectra shows a shoulder-at the frequency of 12500 cm .
, - . R
However, this experiment has been repeated by Jolly et al5 who failed to

find the shoulder.

A-9. Coexistence of Liquid Phases in Metal-Ammonia Solutions.

- The most'ﬁnusual feature of metal-ammbnia solutions is that they
separate into_two liquid phases at températures below the critical tem-
peraﬁure; Comparing the phase diagrams of alkali metal-ammonia solutions
(Figure A-l)9l, one can see thatvthe‘curve for lithium is between those
for sodium and pdtaésium. It séemé that the long range coulombic force of
 the metal ion is not the main reason for this phase separation. Pitzer 5
suggested that the twofﬁhase separation in metal-ammonié solutibns is iike
a vaﬁor-liquid separation. In the dilute phase, the absence of metallic
properties indicateé that_thére are ions and molecules in the solution."
On the.éther hand, in the concentrated phase the solvent molecules act as
‘dielectric to fill the épace betwéen metal atoms. “The valence eléctrons
cah pass thrbugh this dielectric. ~Birch and MacDonaid9 based on thé vaﬁor
pressure data, suggested that the posifive departuré from Raoult'sllaw‘ |
of the dilute'metal-ammonié solutidns_is due to ﬁhe association‘ofvsolute,
and thgt the negative deviation at concentrated solutions is due to asso-
ciation of the solvent and sclute molecules. .Since they assumed that the
phase séparatioh coula be regarded as a direct consequence of the aggreéa-
tion vapor pressure phenomenon, they claim that a semi-quantitative
'approximation for the phase separation curve may be derived by use of )
.van der Waal's equation and vén't Hoff's law of osmotic préssure.‘ Siénko92.

pointed out that unlike other carefully examined liquid-liquid separations,
. . : ¥ .
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Figure A-1.
Phase Diagram of Alkali Metal-Ammonia Solutions.
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and unlike thé simple gas-liquid coexistence curveé which are cubié, the
phase separation curves of alkalil metal-ammonia solutions are parabolic,*
Based on the suggestion of Widom, Sienko expressed the phase separation
curves in the form of

T - T - §(xl-x2.n
where TC is the maximum critical temperature, a is a constant, Xq and xe\
are mole fractions of metal in the coexistencé phases of the metal-ammonia
solutions. n comes out to be 2.1 * 0.05 for the case of sodium=-ammonia

éolutions, 2.1 * .2 for the case of lithium-ammonia solutions and 2.0 % 0.1

for the case of potassium-ammonia solutions.

A-10. Model of Metal-Ammonis 35iutions.

Theﬁfirst idégs on metél-ammonia solutions;areﬂdue to Kraus6u.
Based.on conductancevaata, he suggested that the metal atoms dissociate
into ionig form in meﬁélfammonia solutions; .This hypothesis was based on
iwo faéés;? (a) no new produéts are formed at thecathode when current is
passed; and (b)’_the current carried by the negati%e carriers 1s approxi-
mately T/8 of the total current in the infinitely dilute sodium-ammonia
solutioné65.> He éondiuded.that the negative carriers are eléctrons sur-

rounded by an envélqpe of ammonia molecules, and havera m&bility.éeven
~times that of the sodium ion. The size of the envelope decreagés as the
concenﬂratidn of metal increases, thus increasing ﬁbe mbbility, Finally,
‘in.the satﬁrated solutions, the ammonia énvelope vanishes ahd.the electrons

are free to move in the metal—ammoﬁia solutions as in the metal. In

dilute metal-ammonia solutions, the equivalent conductance decreases as

The phase separation curve for the ¢ase of calcium~ammonia obtained
from the present work is not parabolic (see section 3-5).



12k

cencentration of metal increases, due to the decreased dissociation of the
metal atoms into ions. However, Kraus did not suggest what this ammonia
envelope looks like or how the size of this envelope can decrease continu- ©

0,

L
ously as the concentration of metal increases. Ogg suggested that

the solvated eléctrons in the metal-ammonia solutions existed in a "cavity'.
As in the éase_of a crystalTu, an electron can dig its own hole by polarizing
the surrounding ammonia'holecules. Two electfons may occupy a singlg |
"cavity". Peka86 and Davydov19 extended this concepf,énd cailed an elec-;
tron surrougded by a polarized medium a 'polaron". Combining all these
concepts, the picfure of an "electron cavity' can be formed; An electroﬁ‘
is surrounded by ammonia molecules with their prétons pointing toward thg
electron. The electron moves aléng the "proton shell" forming an s-like.
orbital, and ﬁwo.electroné with dpposite spin éan occupy the same orbital.
The first‘compleﬁéd model was suggestéd by Becker, Linéuist and Aideri.
They considered the metal atom in the metal-ammonia solutions to be asso-
ciated with ammonia molecules. They pictured the ammonia molecules as
surrounding the mefal atqm with the nitrogeﬁ atoms-pointing toward the metal
' atom and the protons pointing outward, forming a 'proton shell” surrounding
tﬁe vhole complex.. The valence electron of the metél atom jumps into the
"proton shell" and forms a new orbital. The whole complex looks‘like.a
large hydrogen atom and is called a monomer. As in the case éf hydrogen
atoms; two monomers . .can associate into a dimer. A monomer cén also disso~

ciate into a positive metal ion and an electron which becomes associated

with ammonia molecules. The species in the metal-ammonia solution case:

(a) ammoniated metal ions; (b) ammoniated electrons or "electron cavities";

(¢) monomers; and (d) dimers, and are related by the following reactions: -
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. +7 W
Me(monomer) —'Me(am) * 28 (

» | o (h-1) |
| Me(monomer) _'% Me2(dimer):' . : (a-2)
Most of the phjsical properties of meteal-ammonia solutions can be
explained by this model. The.conauctivity of a dilute metal-ammonia
solution is due to the mobility'of the ammoniated metal ions and electron
cavities. The equivalent conductance decreases as concentration of metal
increases because of the smaller degree of dissociatioh according to
reaction (A=l). As concentration of metal increases furthér, the distance
betﬁéen the monomers decreases and finally'reaches a critical yalue where
the tunneling effect of the electrons jumping from a 'proton shell" of
one ﬁonomer (of dimer) fobangther becomes ihpé?fént. Thus the equivalent‘v
conductaﬁce will increase rapidiy:és concentratioﬁ bf metal increases aﬁd
finally reééhes a‘vaiue‘comparable to that of a metal. _
The positive excess volume of a diiute‘metal-ammonia solution is due
_to the 1érge'size‘of the electron cavity.'vThe radius of an electron
ca?ity has been calcﬁlatéd to be 3.2A75 from the excess volumé»data of an
infinifiﬁely dilutefsodium-ammonia-soiutionr The formation'of monomers.
and dimers also causes a positive excess volume." This.positivé excesé
volume is causeéd by the valence electrons in the '‘proton shell" which will
wegken and stretch>£he N-H bonds of the ammonia molecules inside thé
"proton shell"; and also weaken ihe hydrogen bonding with other ammonia

molecules5

. In concentrated metal-ammonia solutions,'the distance between

the. dimers and monomers is small, so the valence electrons can Jump f'rom
one monomer to the other. 1In such cases, metallic bonds are formed be-
tween monomers, and it is possible to form a cluster of monomers, instead

of dimers. Thus the excess volume will decrease. 'This concépt can explain
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the fact that even in a very dilute metal-ammonia solution, there is a
positive excess volume. As concentration of metal increases; the excess
volume increases and reaches a maximum point and decreases again.

The paramagnetic susceptibility of metal-ammonia solutions;also can
be explained by Alder's model of the four species in the metal-ammonia
solutions, the monomers énd electron catities are paramagnetic and the
ammoniated metal ions and dimers are diamagnetic. The molar paramagnetic
susceptibility decreases as concentration of metal incfeasesu6 because
of the formétion of dimers. In very dilutevmetalJa@monia solutions, the
dissociation of monomers intobammoniated metal ions and electron cavities
is neariy complete. The only paramagnetic specie is the electron-cavity.
Thereforevthe molor paramagnetic susceptibility of a very dilute metal-
ammonia solution will:approach to the value of N Bg/kT:u6

Even though there is little doubt of the existence of the four
.spec1es mentloned above in metal-ammonis solutlons, two questlons are
still uhanswered:

(L) In whatvform do they exist, and (2), are‘there any other species
existing in the metal-ammonis solutions? The fifst question|is raised by
the absorption spectra and nuclear magnetic résonanoe measurements. The
absorption spectra méasurements show that Beer's law is cobeyed in a
relatively large concentration range ond,also in a large range of fre-
quency36 56. This indicates that the electrons have the same property
concern1ng llght absorptlon no matter if they are in the electron cavities
or are connected to the metal ions. Based on this fact, Gold, Jolly and

37

Pitzer suggested that the Me(am) species in the metal—ammoﬁia solutions

is made'up of normal:ion pairs represented by [Me?am) . ezam)]. Also the
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Me?(am) ébecies ig a quadrupolar ionic assembly of 2Me?am) and 2e(am)
wvhich are held in a square or rhombic configuration. This suggestion is
supported by the apparent molar volume of dilute sodium-ammonia solutions
' measured by Gunn and Green38 which shows thére is only a very small change
in the excess volume of sodium—ammohia solutions over a concentration
range from 0.0l to 0.35M at 0°cC. Hoﬁever, contradictory to their measure-
menfs, the measurements éf Evers:and Filbert28 show that the excess volume
of SOdium-ammonia sbiutions has a marked minimum éround 0.03M ét 3h5°C.
The nuclear magnetic resonance Qf metal-ammonia solutions shows:that the
Kright shift of protons is very smalluu. In other words the valence
electrons are not located in ﬁhe protoﬁs. Pitzer v suggested phat the
valence elect?ons are located in-a 3s;1ike 6rbital of nitrogen with a

node at thevfosition of ﬁhe protons. Such an orbital would be 2p-like

in the vicinity of the‘proton.i-Blumberg and Da897, bésed on Alder's
model, used two wave functions'to caléulaté the Knight shifts of sodium-
ammdniaisolutions and found;the hydrogen shift is'very small,-wﬁigh agrees
with experimental fact. | | -

The second question.is raised because the equilibrium constants for

reaction (A-1) and (A-2):

2 g~ o
_ e o (1 Let, y1° | | (A-1')
vKi _ Monomer
e, 2 o
K, = Mi(dlmer) | (A-2"')
- . “monomer ‘

~calculated from-conductivity dataev, agree with those calculated from the
23 e | ol

transference number data ~ and from the activity coefficientsvdata B

but do not agree with those calculated from the panamagnetic susceptibility
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datas. It is possible that there are other species in the metal-ammonia
solutions which will affect the paramagnetic susceptibility measure-
metns but not the conductiﬁity measurements. Ogg suggesied that two

electrons may occupy the same electron cavity to form & diamagnetic
2(am)
occupy an orbital of a monomer to form a Mezam) species. Therefore the

species e + Arnold and PattersonB’& suggested that two electrons can
ohysical properties of'azmetal—ammonia solution are governed by three
‘reagctions:
Me = Me + e?
(am) < “(am) = “(am)

+e, " .
" (am) ¥ ®(am) *"(an)
By selecting the equilibrium constants, they calculated conductivity and

molar paramagnetic susceptibility of the dilute sodium-ammonia solutions

which agrees very well with the experimental results.

’

A-11. bécomposition Reactioh bf Metal-Ammonia Séiutions,

- The metal-ammonia solutions are metaéﬁable and wili decompose t6 V
nydrogen and the amide:

Me + n NHj — n/2 Hy + Me(NHy)n .

The decomposition rate of metal—ammonia solutions decreaéés in ﬁhe order:
potassium, calecium, lithium, sodium6l. If there is no impurify in thé
solutions, the decomposition -rate is small, but trace impurities can
catalyze the‘reaction and greatly increase the decompositioh rgte.

6 .
Kraus 1 found that the metallic oxides and hydroxides can act as

catalysts, and the decomposition reaction can also be catalyzed by:its own



129

‘product (metal amide). Burgess et a1t studied the effect of different
catalysts on the reaction between éodium or potassium arid ammonia. They
found that nearly any metal except aluminum can act as a catalyst. Plati-
nizea platinum, iron oxide, gickel and powdered ferréus oxide are the
ﬁest. They also found that potassium amide does not change the eifcctive-
ness of the catalyst, but sodium amide poisons the catalyst. The mechanism
of this reactibn is not known. Ogg82 suggested that the reaction is
controlled by: | |

ezam).+ NHg —»NH,;(am) * Hean)

and esﬁimafedithe activation energy to be at least 30-40 Kcai/mole. He

al$§ suggested that thevsgme reaction in aqueous éolutiohs: |

e, + H,0 =+ OH™ + H
(aq) * 27 7 (aq)

is exothermic end probably has é nggligible activation energy. This would

mean thét én électron.éavity could not exist in aqueous solution. Watt.

et al96/s£udied'the catalytic action of metals and alloys and found .the reacﬁion
to be zero order with respeét to pbtassium,.but it approaches first order

as the concentration of potassium decreases; Cofsét and Lepouf;r"elLL also

found that the decoméqsitiOn reaction of dilute potassium ammdhia solu=~

tions is first order with respect to the concentration of potassium.
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Appendix B: Cooling System

The experimental work described here on calcium-ammonia solutions
vas carried out in @ temperature range from -35°C £3°=70°C, thus a good
cooling system was ﬂecessary (Figure B-1). Cooling media was cooleq in
storage fank B andvthen was circulated to an insulated secoﬁdary cold
bath (C), located adjacent to the vacuum line. The secondary bath Vi s
equipped with a heater,“a stirrer, a calibrated thermometer and a tempera-
ture controller.* .The temperature of the secondar& cold bath was first
set by adjusting the flow rate or temperature of the incoming cooling
media. The temperature controller and auxiliary heater was then uséd to
control the bath to.i 0.1°C. Magnetic stirring motors placed beneath»thé
secondary cold bath.were used to stir the calcium-ammonia solutions. The
secondary cold bath could be raised and lowered to accommodate a variety.
éf types of apparatus and to assure easy access to thevvacuum line.

Two systems were used to cover the whole temperature fange; In the
first system, the cooling media was trichloroethylene which was cooled by a
refrigerator** to -60°C in_é 50-gallon tank. The fiow rate of the cooled
trichloroethyiene was.controlled by a needle valve (G). Because of the high
viscosity and the freezing point of the trichloroethylene, the lowest
possible temperature in the secondary bath obtained from this system was -~
-55°C. Therefore, a second cooling system was usedlto cover the temperature

range fram -60°C to -70°C. The second cooling system was a complete unit

*
Dynatrol 20: Dynatronics Instrument Corporation.
Elegtronics Division/Lab-line,Instrument, Incorporated.

*%

The refrigérator was constructed by G. D. Snider;93A compiete descrip-~

tion of this equipment can be found in his thesis”~.
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*
obtained from Landa Company . Methanol used as cooling media was cooling

"~ in a five-gallon storage tank which is equipped with a temperature con=-

troller and a centrifugal pump to circulate the cooling media to the
secondary cold bath. The temperature of methanol in the storage tank
was adjusted to be 3°C below the temperature of the secondary cold bath.

The flow rate of the methanol was not regulated.

Ultra Kryostate UK-60D.
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Appendix C:  Decomposition Reaction of Calcium-Ammonia Solutions.

The decomposition rate of metal-ammonia solutions is very slow.
However, a trace of impurities can act as a catalyst and greatly increases
the decomposition rate. Due to its high melting and boiling points,
calcium metal cannot be purified by vacuum distillation. In the experiments
described elsewhere in this work, it was desired to obtain calcium-ammonia
solutions which had the iowest possible decomposition rate. Therefore,
preliminary experiments were made to determine which calcium metal from

commercial sources yielded ammonia solutions having the lowest decomposi-

tion rate.

\

Commercially available calcium metal obtained from three different
sources was investigated. These calcium metals are: (a) Comal Grade T -
calcium metal in the form of granules. The brightest granules were picked
under an argon atmosphere for this experiment. (b) Domal Grade II -
calcium metal in an extruded form. The surface was freshly cut using a
sharp Enife under an érgon atmosphere. And, (c) calcium meﬁal obtained
frqm United Chemical and Mineral Company in an extruded form. The surface
was freshly cut under an argon atmosphere. However; there were some oxide
layers inside the calcium metal which could not be removed by mechanical

.X.
means.

The amount of impurities of these calcium samples was determined by
emission spectroscopy and by wet chemical analysis. The results are

shown in Table C-1.

% ’ .
This calcium metal had been exposed to air for a long time before

its use in this experiment.
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Table C-1.
Impurities of Calcium Metals

Impurities (wt %)
Mg Sr Al Te cog cLr™ | N

Source of Metal

Domal Grade I 0.3 | 0.2 | 0.03 0.05 | 0.15 | 0.005 | <0.01
Domal Grade II | 0.3 | 0.2 |<0.01 | <0.0L | 0.03 | 0.002 | 0.79

United Chem. &
Min. Co. 0.2 0.07|<0.01 <0.01 0.06 0.002 C.l2

The decomposition rate of calcium—émmonia solutions was determined
by measuring the vapor pressure change over the solutions (corresponding
to the generation of hydrégen) at -45°C. To minimize the efror caused by
»temperature fluctuation, the vapor pressure of calcium-ammonia solutions
was measured against that of pure liquid ammonia. The apparaﬁus is shown
in Figure C-1. The U-tube manometer (D), manometer (E) and the safety
valve (F).were filled with mercury. Calcium mefal was prepared in a dry
box under argon atmosphere (appendix D-1) and was placed into the empty
Ca-NH, gell'(B). The cell was connected to the vacuum line and the whole
apparatus was evgcuated immediately. Both the Ca-NH3 cell (B) and NHg
cell (C) were placed into the cold bath (A). AlL stopcocks except (a) were
closed. Ammonia was condensed into the Ca-NH; cell (B) from the Nig
cylinder (G). Stopcock (a) was closed and (b) was opened. Amhonia wa.s
condensed into the NHy cell (C). The. concentration of the caléium-ammonisa
solution was determined by the weight of calcium and ammoniaousing the
method describeﬁ in aﬁpendix D. To eliminate the error caused by the

*
inert gases which were carried by the ammonia, both liquid ammonia and

calcium solution were frozen at liquid nitrogen temperature and the whole

Most of the inert gas was hydrogen which was generated by the reaction
between metallic sodium and moisture in ammonia (see appendix D-2).
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Figure C-1.
Apparatus for Decomposition Rate Measurement.
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apparatus was evacuated by opening all the stopcocks. The solutions were
then warmed up to -45°C after closing the stopcock (a). Solutions in both
cells were stirred by magnetic stirring bars rotating at the same gpeed.

The pressure difference between the liquid ammonia and the calcium-ammonia .
solution was measured by the U-tube manometer (D) and a cathetometer

which had a precision of 0.05 mm. After the experiment, both gell (B)

and (C) were cleaned with hot cleaning solution.

The rate of hydrogen éeneration (corresponding to the decomposition
rate of the calcium-ammohia solution) was calculated from the rate of vapor
pressure change over the solutions by applying the ideal gas law. The
volume occupied by the hydrogen gas was estimated from the length and
diameter of the glass tubing. In some experiments, the Ca-NH3 cell was
not completely filled and the void volume in the cell was estimated by
subtracting from the total volume of the cell the volume occupied by the
solution (assuming the density of the calcium-ammonia solutions to be the
same aé that of liquid ammonia). The temperature of the hydrogen in the
part of the apparatus above the cold bath was assumed to‘be room tempera-
ture and that in the cold bath to be -45°C.

The measurement.of the raté of hydrogen generation was made over a
three-hour period. In some experiments, this measurement was exténded to
twenty-four hours. No change in the rate of hydrogen generation was ob-
served.. The rate of generation of hydrogen was constant for each indivi-
dual run. However, the rate of hydrogen generation depended on the over-
all concentration of calcium*. L

The results are tabulated in Table C-2 and plotted in Figure C-2.

Further experiments show that for the concentration range of these
experiments, two liquid phases were in equilibrium.



Table C-2.

Domal Grade II

';Mule'Ratio Decomposition Rate
(mole NH3/mole Ca). (% total Ca/nr)
255, 5 0.0438
194 0.057
143 0.0711
12k 0.1002
112 0.0602
106.2 0.053 °
91 0.0655
70 0.052
57.7 0.038
54,8 0.058
Y] 0.0635
Domzl Grade I

Mole Ratio Decomposition Rate
(mole NH3/mole'Ca) (% total Ca/hr)
46.8 0.196 |
28.9 0.206

United Chem. and Min. Co.

Mole Ratio Decomposition Rate
(mole NH3/mole Ca) (% total Ca/nr)
76.5 0.383

116.5 0.39

137

Decomposition Rate of Calcium-Ammonia Solutions at -45°¢C,
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Decomposition Rate of Calcium-Ammonia Solutions at -L5°C.
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From these results, it appeared that the decomposition rate of calcium-
ammohia solutions was highly dependent on the amount of oxide pfesent.

The Domal Grade II calcium metal with freshly cut surface had the lowest
decomposition rate (approximately 0.06% of the total calcium in the solu-
+ion per hour) in spite of its high content of impurities other than oxide.
The reaction order could not be-determined in this experiment becausc:

(a) the reaction rate was small. Taking 0.06% of total calcium per hour,
in a period of twenty-four hours, only 1.4% of total amount of calcium
would be decomposed, so tHat the concentration of calcium in the solution
is practically constant and (b) the concentration range of the calcium-
ammonia solutions was in two-liquid phase region. From Figure C-2, one
sees that the decomposition rate of & caicium—ammonia solutions is propor-
tional to the concentration of calcium. However, sincé the amount of
impurities was also proportional to thé amount of the calcium, it is
possible that the decomposition rate of calcium-ammonia solutions was

proportional to the concentration of impurities.
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Appendix D: Preparation of Materials

D-1. Preparation of Calcium Metul

Domal Grade II calcium metal* was suitable for the experimental work
o caleium-ammonia solutions due to the low decompositlion rate of the
solutions prepared from it (appendix C). The Domal Grade‘II was in an
extruded form having dimensions 1/4" x 1/4" x 3". The calcium metal was
yrepared in a dry box (Figure D-1) under an argon atmosphere by the follow-
ing procedure: The working chamber (A) was first evacuated to lO")“r mm Hz
pressure and then was filled with argon éas to atmospheric pressure. The
argon gas from a steel cylinder was first passed through a U-tube (c)
containing molecular sieves at acetae-dry ice temperature to remove any
traces of moisture carried by the argon gas. Calcium metal and any needed
equipment weré put into the air lock (B). The air lock was evacuated |
and then was filled with argon gas. Valve (e) was opened to equalize the
pressure between the working chamber and the air lock. The calcium metal
and the’equipment were tranéferred iﬁto the working chamber. The surface
of the calcium metal bar was carefully removed by a- sharp kni%e until the
whole surface was bright shiny‘silver colbr. The calcium metal used in
a singlevexperi@ent:waé.cuﬁ from the calcium metal bar and put into a small
weighing botﬁle without applying stopcock grease. Then the small weighing
bottle was put into a large weighing bottle and sealed with stopcock
gfease to prevent any air from diffusing into it. The calcium metal sample
was removed from the dfy box through the air lock. The calcium metal
sample_prepared by this method could be kept outside the dry box for

several days without losing the bright shiny surface.

In later part of this work, calcium bars obtained from Bram:
Metallurgical-Chemical Company were used.
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When the sample was to be used, the inside weighing bottle was removed,
sd the bottle plus the calcium metal were weighed to within 0.1 mg on
an analyt;cal balance. ‘After the calcium metal had been transferred into - -
the apparatus, the empty weighing bottle was weighed again to determine -
the weight of the calcium metal sample. |
The working chamber of the dry box was evacuated and refilled with
argon gas once a week. The molecular sieves were regenerated once a month
by heating them to at least 300°C for six hours, then vacuum dried for

another twelve hours.

D-2. Preparation of Ammonia

Commercial ammonia from & five-pound capacity cylinder was first
“condensed into a stainless steel cylinder, equipped with a Hoke needle
valve and contaiﬁing metallic sodium to remove the moisture carried by the
ammonis. The capacity of the stainless steel cylinder was TO grams of
ammonia: The cylinder was warmed to room temperature and approximately
three grams of ammonia were bled off to remove any inert gas. The stainless
steel cylinder was connected to the vacuum line and the line was evacﬁated.
Then the'Hoke needle valve was opened and the ammonia released from the
stainless steel cylinder and condensed into the cell which was immersed in
the secondary cold bath. The temperature. of the cold bath was?maintained'
és lov as poséible (approximately -60°C). A sintered glass filter was
used to remove the solid impurities* carried by the ammonia. The conden-
sation fate of ammonia was controlled by the Hoke needle valve and the

safety valve on the vacuum line so that no ammonia gas escaped from the : .

Most of the solid impurities were.NaOH which was formed by the reaction
between the metallic sodium and the moisture carried by the ammonia.
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system: The weight of ammonia used was determined by weighing the stain-

less steél cylinder‘befofe and after the condensation. An analytical

*
balance having a precision of 2.5 mg was used.

In the later part of this work an analytical balance produced by
Mettler was used. This new balance has a precision of 0.2 mg.
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Appendix E: Calibration of Apparatus

E-1. Thermometer

An alcohol thermometer with a temperature range of -100°C to +50°C - N
wag calibrated against the vapor pressure of liquid ammonia at several : -
'tehperatures. The apparatus used for the calibration was the same as that
used in the density measurement (Figure 2-6), except that the pycnometer
was replaced by a 50 cc flask. Liquid ammonia was condensed into the
50 cc flask. The inert gases carried with the ammonia were removed by
freezing the ammonia at liquid nitrogen temperature and the whole appara-
tus was evacuated. The bath temperature was then raised to the desired
temperature. The vapor pressure of liquid ammonia was measured by the
manometer and used to calibrate the thermometer. Cragoe et al'sl6 vapor

pressure of liquid ammonia was used for the calibration.

E-2, Conductivity Cell

The cell constant (£/A) of the conductivity cell used to measure
the conductivity of dilute calcium-ammonia, solutions was determined by
.measuring the résistance of a standard 0.0i N KC1l solution at 25'1 0.01°C
and applyihg the equation |
4/A = Rx.

The A.C. Wheatstone bridge described ih section (2-1) was used for
the calibration. The distilled water useé to prepare the 0.01 N KC1 solution
was boiled for half an hour to remove the carbon diokide, then cooled to v

room temperature under a nitrogen atmosphere. KC1 salt was vacuum dried
' &t

for at least three days before use. The amount of KCl salt used was weighed .
on an analytical balance having a precision of O;l mg. The O.0L N solution

was prepared in a one-liter volumetric flask.
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The cell constant was calculated to be 10.3 % 0.5% cm™L from the

average of five calibrations and the specific conductance of 0.01 N KCL

0

solution’> at 30°C. |
The cell constant (£/A) of the conductivity cells used to measure

the conductivity of concentrated calcium-ammonia solutions weré calibrated

by measuring the resistance of pure mercury at O°C, The milliohmmeter

which was used to measure the conductivity of concentrated solution wis

also used for the calibration. For the two cells which were calibrated,

the cell constant waa calculated to be 64.10 and 64.95 cm™L, respectively,

35

using the specific conductance of mercury~”.

E-3. Pycnometer

The volume of the pycnometer was calibrated by using distilled water
at room temperature. The empty pycnometer with a magnetic stirring bar
in it was first weighed, then filled with distilled water to the red mark
(Figure 2-6) 2nd reweighed. Then more distilled water was added to bring

the water level into the capillary above the red mark and weighed again.

The height of the water level above the red mark was measured with a cathe-

tometer. The volume &f the pycnometer below the red mark and also the
*
. volume of the capillary per unit length were calculated by using the

density of water-c.

The volume of the pycnometer at the temperature used in the ekperiments

was calculated by using the thermal expansion data of Pyrex glass (1.08 b'd
10°3 % cm3/cm3 per degree)uo.
Three pycnometers were calibrated. The volume below the red mark of

each cell was determined by three calibrations. The maximum deviation

*
The diameter of the capillary was assumed to be uniform. Measurements .

at different heights of the water level were made. The average value
was used.
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was 0.01% from the average value. Nine calibrations were made 1o determine
the volume of the capillary of each cell. The maximum deviation from the
average value was 5% (corresponding to 0.0035% of the total volume of the

density cell per cm capillary).

E-4, The Amount of Ammonia Remaining in the Vacuum Line

Because high accuracj was needed for the density measurements, the
amount of ammonia remaining in the vacuum line had to be known.

The vacuum line was first evacuated. After stopcock (a) was closed
(see Figure 2-8), the vacuum line was filled with ammonia to a pressure of
600 mm Hg (the pressure was measured with a mercury manometer). The weight
of ammonia in the vacuum line was determined by weighing the ammonia
.cylinder before and after the ammonia was released into the vacuum line.
Five calibration measurements were made. The maximum deviation from the
average value (81.3 mg) was 0.5 mg (corresponding to an error of 8 x lO-u% |
in the dénsity measurement ).

The amount of emmonia remaining in the portion.of the vacuum line
below stopcock (a)(Figure 2-8) was estimated by using the vapor pressure
of the calcium=-ammonia solution, the volume from the diameter and the
length ogrthé tubing and applying the ideal gas law. The temperature was
assumed to be room te@perature.

In thé density measurements of concentrated calcium-ammonia solutions,
a one-liter flask was used to remove the inert gases (section 2-3). The
" amount of ammonia contained in the one-~liter flask was calibrated by the . A
same method used in the calibration of the amount of ammonia remaining ‘ o

in the vacuum line. FTour calibration measurements were made. The miximum
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teviation from the average value (763 mg) was 2.5 mg (corresponding to an

error of 4 x 1073% in the density measurement).

E-5. Ubbelohde Viscometer

The constants C and B used in the viscosity calcuiation (eequation
(2—2)) were determined by the kinematic viscosity of carbon disulfide and
carbon tetrachloride at 25°C, because these kinematic viscosities are
close to that of liquid ammonia.

v = Ct - B/t.

The procedure for the calibration was the same as the experimental
procedure described in. section 2-k. Thorpe and Rodgers?95 density and
viscosity data of ca;bon disulfide and carbon tetrachloride were used for
the calibration.

. The constants C and B were calculated from three calibration measure-
ments to be 3.947 x 1073 0.7% centistoke/sec a;nd 7.983 £ 0.7% centistoke-
sec*, respectively. The cell constants of the Ubbelohde viscometer wa.s
assumed to be independent of tempefature. This is a very good assumption
because‘(l) the thermal expansion of Pyrex glass is very small (3.6 x‘lO-u%
per degree for linear expansion) and (2), as temperature décreaseé, the bulb
containing the solution and the length of the éapillary tubing will de-
crease thus decreasiﬁg the flowing ﬁi@e. But the diameter of the capillary
tubing decrea;es aiso, thus increasing the flowing time. Theée two errors
will cancel each other. The temperature dependents of these two constants

were calculated from the equations given in the literature26 to be vanishing

small.

In the viscosity.measurements of liquid ammonia, the time ranged from
118 seconds to 143 seconds, so that the term B/t corresponded to a

correction of 15 * 3% in the kinematic viscosity determinations.
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F: Material, Source and Purity

Material Source Purity
Ca_Metal Domal Grade IT Special B
ﬂ§37 Matheson Co., Inc. Anhydrous
Argon gas Lindo Co. 99.995% Ar

Cido Allied Chem. Co. Reagent A.C.S.
CCL)y Brothers Chem. Co. Reagent A.C.S.
He Masero laboratories Brillian Grade*

Molecule sieve

Lindo Co. Type LA

Purity exceeds Triple Distilled A.C.S. Reagent Grade Instrument Grade.
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