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T. THE PHYSICAL AND CHEMICAL NATURE OF SOLUTIONS OF THE
ALKALI AND ALXALINE EARTH ELEMENTS IN LIQUID AMMONIA.

A, Physical Nature:

In 1864, Weyl(l) discovered that the alkali metals,
sodium and potassium, were soluble in liquid ammonia,
He treated these metals with ammonia gas under pressure and
obtained solutioﬁs whose color varied from a copper-red
when conocentrated to a deep blue when dilute. He postulated
that there was compound formation between the alkali metals
and the ammonia and called the products metal ammoniums,
i.e. sodammonium, NaNHz. 1In 18?1, Seely(z) condensed
ammonia on sodium in a manner similar to that of Weyl,
but was unable to detect any discontinuity of the ontical
properties, He concluded that a true solution of sodium
in liquid ammonia, rather than a compound, was forimed.,
Due to manipulative difficulties encountered in étﬁdyiﬁg
these solutions, very little experimentation was done until
gome time after Seely's work. |

In 1890, Joannis(s) published a series of papers
dealing with liquid ammonia chemistry, in which he presented
the first quantitaxive‘measurements of solutions of the -
alkali metals in liquid ammonia, He determined the vapor
pressures at various temperatures and the boiling points

of differently concentrated solutions, His results 1ed him
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tb oconolude as had Weyl, that the compounds, sodammonium
. and potéséammOnium, were formed, This opinion was
dominant for twb decades and is still accepted by many
European ohemists.

Shortly after Joannis'! work, investigators including
Moi’éean“) »a‘,nd' Guntz(s) added 1ithium, rubidium, caesium,
caloium, gﬁrium and strontium to the list of soluble metals,
cottre11(®) found that megnesium is s1ightly soluble.

. Later work by Ruff and Giesel(7) and Kraus(e) proved
f' cbnolusively the non-existence of the alkali metal
‘ammoniume; Kraus reasoned from the phase rule as follows:
If the compound, alkall metal ammonium, existed the two
_component system, alkall metal and ammonia, would be
invariant providing that the four phases, alkall metal,
metal ammonium, saturated solution and ammonia gas, were

| all present. According to Joannis, when ammonia gas was
continuously removed from the unsaturated solution of the
alkall metal 1n»liquid ammonia, the vapor pressure varied
regularly until the solution became saturated and the
-éompound metalammonium appveared, Then the pressure remained
cénetant until all the solution disapneared and the
compound had broken down and only alkali metal remained.
Thiglsamevieéult was observed at several different

temperatures. Joannis considered that after the solution

disappeared, thé compound broke down into metal and ammonia
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wifhout change in pressure and that the four phases,

vapor, saturated solution, solid compound and alkali metal,

could oco-exist at several different temperatures, However,

according to the phase rule such a system was invariant

and could exist at but one temwerature., Therefore, cne

phase, obviously metalammonium, must be non-existent,
However, the vapor pressure curves for the system,

alkaline earth metal-ammonia, has presented quite a different

(9) (10)

situation, Kraus, Mentrel and Roederer prepared
the definite alkaline earth commounds, calcium, barium

and strontium hexammonates, Kraus considered these
compounds ag ammonates similar to ammonated salts of the
type CaCIZ.GNHS. There was no evidence for aéauming'tﬁaﬁ'
there are metal ammoniums in which the metal was jbined |
to the nitrogen in the ammonium radical,

It 1g also interesting to note that whereas the alkali
metals are dissolved in liquid ammonia with an inappreciable
heat of solution, the alkaline earth metals are dissolved
with considerable heat of solution, This is an indication
of a combination between the alkaline earth metals and
ammonia,

Kraus made an extensive study of the electrical
nroperties of solutions of‘metals in liduid ammonia, He

found that these golutions conduct the electric current to

an extraordinary degree and that the alkalli and alkaline
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earth metals are ionized like salts. Kraus has summed up
the results of his studies of the conductivities of solutions
of‘metals in liquid ammonia as follows:(ll)

"These solutions, therefore, constitute a connecting
link between metallic and electrolytic conductors. In
dilute-solutions the process is, at least 1in part,
electrolytioc. A portion of the current is carried by the
‘positive carriers as they appéar in solutions of the common
salts. The negative osrrier is chemically uncombined, but
1s.assooiated with one or more molecules of the solvent.
These carriers are identical for the solutions of all metals,
and, when the discharge occurs at the anode, the only
maferial process which takes place is that a portion of the
golvent is left behind in the immediate neighborhood of this
electrode.  As the concentration of the solution increases,
the nature of the phenomenon changes only in so far as the
ocombination of the negative carrier with ammonia is affected.
At the higher concentrations, the negative carriers are
‘free from agsociation with the ammonlia molecules to a greater
and greater extent, And, since under these conditions the
‘negative carrier is associated with no material of atomioc
diménéions, it follows that all the materlal effects cease
,‘sb‘fa: as these carriers are oconcerned., It is not to be
understood that a given carrier is free from association

with the solvent molecules for any conslderable ﬁeriod of



time, Obviously, an equilibrium must exist between the free
carriers and the combined carriers and ammonia, which results
in a oconstant interchange bhetween the free and bound carriers.
During the interval over which these carriers are free from
the solvent molecules, they conduct just as they do in

metals. As the concentration is further increased, the

number of free carriers constantly increases. It is

evident that their number in the more dilute solution; for
example in the neighborhood of normal, must be relatively
small, since at the higher concentrations the equivalent
conductance reaches values some one hundred times as greéti.;“'
as that at normal concentration. It is not possible fb
determine the actual number of carriers in the more
concentrated solutions, In the more dilute‘spiutibﬁé,'hoﬁeiiﬁ;;
it appears that the number of carriers decreases with -
increasing concentration just as it does in the case of

normal electrolytes in ammonia,

There is nothing to distinguish the more concentratedff
golutions from actual metallic substances, It may be '
concluded, therefore, that the process of conduction in the
case of ordinary metals is effected by means of'the—eame
negative carrier, Since this carrier is negatively,charged
and has sub-atomic dimensions, we may conclude thét it is
identical with the negative electron as it appears in'_f

radioactive and other phenomena,"



Determinations of the molecular weight of sodium in

‘iiquid ammoﬁiaflz) using solutions less than 0,1 normal,
showed that the apparent value 1s less than 23, This

géve further evidence pointing to the dissociation of the
alkali and alkaline earth metals in liquid ammonia solution.

| Kraus'! work may be summarized as follows: The alkalil
Aand alkaline earth metals are ionized in liquid ammonia
gsolution according to the equation,_+

M+ xNHy —> M™ + mé& (NH]

M represents an alkall or alkaline earth metal, Ef(fvféax
represents a solvated electron andm=| for alkali metals,
andM=3for alkaline earth metals. The value of x varies
with the concentration of the alkali or alkaline earth
metal, being larger in dilute solutions. The solvated
electron is the main carrier of the electric ourrent.

The solution of calcium in liquid ammonia is also of
interest in that it forms two bhasee even at room temperatures.
-The more concentrated phase of the calcium in liquid amménia
_ tends to cling to the walls of the container and contains most
of the ‘calcium, Kraus( ) reports that the dilute phase
in no case holds more than 1/10 of a g. atom of calcium
per liter of solution, At -33° C. the solubility of calcium
in liquid ammonia is 1 g. atom of calcium per 7.0 g, moles
of ammonia. This corresponds to 84 times the concentration

. of calcium presént in the dilute solution., Kraus also states



that the difference in specific gravity between the two
layers is too little to allow a separation, |

The phenomena of forming two phases of alkali metal
in liquid ammonia solution has been found to occur only at
very low temperatures, The alkalis are very soluble, Their
solubilities are found to be of the order of 1 g. atom of
gsodium per 5.48 g. moles of ammonia aﬁd 1l g, atom of potassium
per 4.95 g. moles of ammonia at -33° ¢, The solutions vary
from a color of aniline blue to a coppery-red as the
concentration of alkali metal incrfeases, The blue color
is vieible at dilutions of .000025 N, This sensitivity is'
of great importance in determining the end point of
reactions involving the removal of the alkali or alkaline

earth metal from solution.

B, Chemical Nature:
The alkali and alkaline earth metals are known to react

very slowly with the solvent ammonia according to the

equation, |V| o NHB"'—> M(NHa)M+ %g\__ Ha

M represents an alkali or alkaline earth metal and
M(N H;)Mrepresents a metallic amide, The value of m
is 1 for alkali metals and 2 for alkaline earth metals,
The preasence of certaln substances greatly accéllerated'
this reaotion, Kahler(ls) hag made a study of§sévéra1

catalysts and found that platinum black, ferrous 6xide



powder and pdﬁdered iron are among the best.

Due to the presence of free electrons the solutions
of the alkali and alkaline earth metals in liquid ammonia
have been found to be excellent reducing media, Their
>reaotidns with inorganic salts may be classified as follows:

| l.LA soluble salt is reduced by the alkali or alkaline
earth metalAproduoing another salt and a metallic precipitate.
This may be illustrated by the following equation,
EB/qg T 1»1 - fv1/qnn + B

where B 1s the electropositive constituent of the salt
having a valence 8 and M is the reducing metal with a |
valencen, The reaction ratio of gram atoms of reducing
mefal M per gram mole .of salt used always has a definite
value, depending upon the valences of the metals used,
An example of this type of reaction is that occurring with
silver iodide and sodium.(14)

2, The re@uced metal is often very finely divided and
may éct as an excéllent catalyst for the reaction between
the reducihg metal and the solvent, as 1llustrated by the
following equations.

(1) BA,g T MA 1_5 H
P4(N}t044représents the metallic amide of the reducing metal

used in the reaction and /M represents the valence of the

reduding/metal. The reaction ratio of gram atoms of alkali



or alkaline earth metal per gram mole of salt used will hot
have a definite value with this type of reaction;i Thé rgt§ _
of catalysis varies with the concentrations of the substances
used in the reaction and the nature and state of subdivision
of the reduced metal, The amount of hydrogen fbrmed is
equivalent to the amdunt of reducing metal used in the
seoond of the reactions listed above, When the total weight
of alkall or alkaline earth metal is corrected for this
reaction, a corrected ratio closely approaching the
theoretical value will be obtained., Similarly the amount

of metallic amide present may in many cases be used to
obtain the value of the corrected ratio, This type of
reaction has been shown to occur between nickel cyanide

and eodiumsls)

The nickel formed in the reaction 1s very
finely divided and causes any excess sodium to rapidly
react with the solvent., The reduced metal, nickel, is
perpporic when exposed to the air., Thie pyrophoric nature
isAdue o a layer of adsorbed hydrogen,

3. The reduced metal B may also react with the reducing
metal M to form metallic compounds as illustrated by the

following equations,

W BA, + M—> MAx + B
(3) M t+ E3 — rvle Eion

anEi”ﬁe a metallic compound in which the valence .of the

reducing metal is <m and the valence of the reducsd metal

is 4 . The valences of the constituents of many of these




compounds do not conform to any normal values of valence.
Metallic compounds such as NaCd, K4Pbg, NaHg, and R4Sng
have been reported.(ls) Metallic compounds of lead,
~bismuth, meroury, cadmium, zinc, tin and thallium with the
alkali and alkaline earth metals have been reported.

The i'_ea.ctioﬁ ratio for this tyoe will be of a definite
value, which will be dependent upon the valences of the

metals in the metallic compound formed,

4. Subsequent reduction of the anion of the salt of

the alkali or alkaline earth metal may occur, as illustrated

Belom. BAe M —> MA + B

(1)

ifX and Y renresent anions produced by the decomposition of

" the anion A, An illustration of this tvve of reduction is

that of the thiocyanate radical, when silver thiocyanate
and pbtassfum react.(17) This fype of reaction gives an
indefinite ratio depending uwnon the amount of decompogition
occurring.

This theslis is a2 quantitative study of the reduction
of inorganic salts by alkall and alkaline earth metals in
liquid ammonia, The object of this research was to compare
. thg-:éducing action of sodium, potassium and calecium
aél@fione in liquid ammonia, This thesis has been divided
into nine main parts, namely, I. The Physical and Chemical

‘Nature of Solutions of the 2Alkali and Alkaline Earth Metals
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in Liquid Ammonia; II. Apparatus, Experimental Procedure
and Materials Used; III, The Reactions between Silver
Iodide and the Metals Potassium and Calcium; IV, The
Reactions between Silver Cyanide and the Metals Sodium,
Potassium and Calcium; V. The Reactions between Silver
Cyanate and the Metals Sodium, Potassium and Calcium;
VI, The Reaction between Silver Thlocyanate and Calcium;
VII, The Reactions between Silver Nitrate Diammonate and
the Metals Sodium and Calcium; VIII, The Reactions between
Cuprous Iodide and the Metals Sodium, Potassium and
Calcium; and IX, The Reaction bétween Ziné.annide and

Calciunm,
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II, APPARATUS, EXPERIMENTAL PROCEDURE AND MATERIALS

A, Apparatus:

There are two general methods for studying reactions
in liquid ammonia sclution. One requires the use of
apparatus capable of withetanding high pressures and is
- carried out dt room temperature. The second method is
to work with solutions of 1liquid ammonie at their
boiling point and under atmospheric pressure, The
latter method was employed in this research, The
apparatus for this type of reaction is illustrated

by Figure I,



Figure I

-~ APPARATUS FOR THE REDUCTION OF
INGRGANIC SALTS IN LIQUID AMMONIA
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LEGEND FOR FIGURE I

Inlet for pure, dry NH; gas,

Tube carrying NH3 gas into the reaction tube,

Tube carrying NH5 gas employed in sweeping out side arm,

Dlo’DZ’ D3 Stop Cocks, D4 Pinch clamp.

Reaction tube.

Dewar flask,

Tube used for addition of reaction materials,

Side arm,
Air inlet,
Outlet for air and NH3 vapors,

Exit tube for gases from reaction tube,

Tube leading to pressure gauge, -

Connection tube,

Anmonia absorptidn bottle.
Water container,
Eudiometer,

Pear for mercury.

Mercury pressure gauge.
Exit for NH; vapors.

Safety bottle containing 2 oms.

of

meroury,
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B, Experimental Procedure:

To illustrate the use of the apparatus, 2 typical run
using silver coyanide and potassium will be described.

1, A Typical Reaction:

Before each experiment, the reaction tube, E, was
thoroughly oleaned with hot cleaning solution and rinsed
separately with distilled water, alcohol and ether, The
last traces of ether were removed by passing dry, pure
nitrogen through'the tube for five minutes, The weighed
silver ovanide was then placed in the reaction tube which
was fastened in position zg illustrated by Figure I, An
excess of potassium, of known weight, was next placed in .
tube G, which had been filled with dry nitrogen gas,

With stopcocks Dl and D, slternately opened, dry nitrogen

2
was then blown through the assembled apparatus out through
the pressure gauge, R, for ten minutes. Thils was follbﬁed
by a similar tregtment with dry ammonia gas to remove the
nitrogen. Then, keeping a pressure of ammonia gas on the
gystem to prevent bﬁck pressure from developring, the dewar
flagk, F, was three-quarters filled with commercial liquid -
ammonia, The mercury pear, Q, was adjusted so that a
pressure of about 10 cms, of mercury would be develoved
in pressure gauge, R. Then dry air was bubbled through
the liquid ammonia in the dewar flask through tube I at

such a rate that the temperature of the liquid ammonia
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was lbﬁered'to about -40° C. The ammonia gas entering the
‘reaction tube; E, was under a pressure greater than 1
atmosphere and at a temperature six or seven degrees
below its boiling point. About ten minutes was sufficient
to condense 50 or 80 cecs. of liquid ammonia in the reaction
tube, The air was then shut off at the inlet tube I, and
the ammonia in the dewar flask was allowed to warm up to
its boliling point, -33.3° C.

- With dry ammonia condensed on the soluble sllver
oyanide the reaction was carried out as follows. Stopcock
' D1 wa.s oven with stopcock Dz cloged and two way stopcock
D3 furned go that the ammonia gas passed through safety
vottle T and absorotion bottle N into eudiometer P, The
absorption bottle, N, contained 3 cms. of mercury and sbout
200’005. of 6 N, hydroohloric acid. Then tube G was gently
:tapped to cause the potassium to drop into the solution
of silver oyanide. The reduction of the silver salt was
quite vigorous and was kept under control by varying the
femperature of the outer dewar bath, The completion of the
reduction was noted by the appearance of a blue color in
the'solution and the increase in gas bubbles passing through
bottle N, During the subsequent reaction of the excess
alkali metal with the solvent ammonia, ammonia gas was
passed glowly through side arm H to prevent hydrogen gas
’fiom pockétihg in tube G, The completion of the_reaotion
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was apparent when the blue color of the solution of
potassium in liquid ammonia wss gone. Ammonia gas was
blowvn through the apparatus for ten minutes after the
completion of the reaction to insure the removal of all
the hydrogen.,

2. Analysis of Products:

The products of the reaction were analyzed in the
following manner. The gas collected in eudiometer P
was analyzed for hydrogen by the use of an exploslion
pipette., The grams of potassium equivalent to the ccs.,
of hydrogen formed were calculated and subtracted from
the total of potassium used. This weight of alkalil
netal was used in calculating the equivalent reaction
ratio corrected for hydrogen.

When it was desired to analyze the silver residue
it was washed several times with pure liquid ammonia,
dried and weighed., The method of analysis cbneisted of
dissolving the residue in nitric acid and preoipitating

the silver from solution as silver chloride.
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C. Materials:

l. Liquid Ammonia:

Synthetic liquid ammonia was obtained from the
Mathieson Alkali Works. It contained a small percentage
of moisture and non-volatile matter. In order to use this
ammonia as a solvent 1t was transferred to a small supply
tank with a capacity of about two kilograms. From 3 to 3
gramé of sodium were added to each tank to remove the
moisturs., The sodium immediately reacted with the water
to form hydrogen and insoluble sodium hydroxide. Any
'-sodium 1eftAreacted with the ammonia to form hydrogen and
only slightly goluble sodium amide, This latter reaction
was catalyzed by the iron container. The ammonia was
distilled from the container and condensed in the reaction
tube for each reactioﬁ and-was free from non-volatile
lwmpurities,

- 3, Sodium:

The sodium used throughout these experiments was

Kahlbaum's sodium for analysis., It retained the luster

of freshly cut alkali metal throughout the process of
welighing.

3. Potagsium:

Merck's C, P. potassium was used for this research.,
It was analyzed by the chloroplatinate method(la) and gave
the following results.,
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Anal, Subs., .0770, .0874: Kgptcls, 4776, .41889,
Caloulated for X: K, 1,000, Found: X, ,9975, ,9995.
The weight of potassium used in all calculatione was

taken as being 100% pure,

4, Calcium:
Kahlbaum's calecium, used for this research, was
analyzed by precipitation as the oxalate and weighing as

the oxideglg) The results of the analyslis are recorded

below:
Anal. Subs,, .3413, ,3419: Ca0, ,3344, ,4740. Caloulated
for Ca: 0Ca, 1,000, Found: Ca, .9905, ,9907,

The purity of 99% calcium was used in all éalculationa.

5. Silver Iodide:

The silver i1odide was prepared by the method suggested
by Beekleygzo) To an approximately N/10 solution of
gtrongly ammoniascal potassium iodide was added, slowly
with constant stirring, a 1% excess of ammoniacal silver
nitrate of the same concentration, The precipitated silver
iodide was washed by decantation with dilute ammonium
hydroxide until the acidified washings gave no test for
gilver ions., This was followed by washing with double
distilled water until the washings gave no test for
ammonila with Nessler's reagent, Then é 5% solution;of

nitric acid was used until the washings made alkaline
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gave no test with Nessler's solution. Double distilled
-ﬁa;e: was used to wash the precipitate until all the

nitric acid had been removed. The silver iodide was then
dried in the electric oven at 130° C, until constant

welght was obtained. It was not necessary to protect

the salt from light as it was light insensitive.

 An analysis of the silver iodide was made as followstol)
A known amount of silver iodide was added to a small,
weighed, porcelain crucible. This was supvorted in a
larger crucible as an ailr bath, The temperature was
raigsed to 350° C. to 300° C., and pure chlorine gas was

- pagsed over the silver iodide for about one hour, The
small crucible was then coolzsd in a dessiocator and weighed.

Anal, Subs., .B773: AgCl, .41237, Caloulated for
AgI: Ag, 45.94. Found Ag, 45.87.

8. Silver Cyanide:

The silver cyanide was prepared from N/10 solutions
of Kahlbaum's C., P, potassium cyanide and Mallinckrodt's
C.VP. silver nitrate. The solution of pofaseium cyanide
was slowly added to the silver nitrate solution with

constant gtirring., Enough excess potassium cyanide was

- added to just dissolve the precipltate first formed.

The solution was then made slightly acid with nitric acid
 and gently heated under a hood to remove the hyd:ogen
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cyanide formed., The excess acld was neutralized with
sodium carbonate and the precipitate was allowed to stand
over night, It was next washed by decantation with four
or five liters of double distilled water in small portions.
The precipitate was then filtered, washed further, and
dried in an oven at 110° C. until constant weight was
obtained, It was stored over phosphorus pentoxide,in a
brown glass dessicator,

The produét was analyzed as follows: About .4 to .5
grams of the salt was treated with two hundred ccs. of
1-1 nitric acid and slowly heated over an electric heater
in a hood. When all of the hydrogen cyanide and most of
the nitric acid had been evaporated, the solution was
cooled and diluted to one hundred and fifty ccs. with
double distilled water., The resulting solution of silver
nitrate was precipitated with dilute hydrochloric acid,
filtered and washed thoroughly. It was dried to constant
weight in an oven at 110° ¢,

Anal, Subs., .4751, ,4546: AgCl, ,5073, ,48586.
Calculated for AgCN: Ag, 80,57. Found: Ag, 80.35, 80.39.

7. Silver Cyanate:

The silver cyanate was prepared by mixing N/5 solutions
of Mallinckrodt's C, P. silver nitrate and Kahlbaum's C. P,
potassium oyanate (free from cyanide). The precipitate

was washed with several liters of double distilled water
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until the washings gave only a constant, falnt opalescence
with dilute hydrochloric acid. The product was filtered
and dried in a vacuum dessicator over phosphorus pentoxide.

_‘ The silver oyanaxe was analyzed as follows: About
.2 gs., of the product was dissolved in excess concentrated
| nitric acid apd the product evaporated nearly to dryness.
The residue was taken up with distilled water and the
resulting solution of silver nitrate was precipitated
with dilute hydrochloric acid. The precipitatd,mashed,
filtered and dried to constant welght.

Anal, Subs., .21232, .3461: AgCl, ,3035, ,23364,

Calculated for AgCNO: Ag, 71,.,97. Found: Ag,‘72;07, 73.35,

8., Silver Thiocyanate:®

The silver thiocyanate was prepared by mixing N/10
golutions of Mallinckrodt's C., P. silver nitrate and
Kahlbaum's C., P, potassium thiocyanate. The precipitate

was treated in a manner similar to the treatment of the
other silver salts. It ﬁas gtored in a brown glass
dessicator over phosphorus pentoxide.

An analysis of the silver thiocyanate was carried
out as followsgag) About .3 to .5 grams of the salt was
digested with 50 cds. of hot, concentrated nitric acild,
When the samples had évaporated nearly to dryness, 50 ccs.

more of concentrated nitric acid were added and the proocess
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was repeated. The silver thlocyanate 1s decomposed

according to the equation,

bogSCN + 16 HNO* HH 0 —> 304,50, +3(NH,) Sq, +6 Co +IEND

The silver thlocyanate was oxidized to silver sulphate
which was soluble in two hundred ccs. of hot, distilled
water. A slight excess of hot, dilute hydrochloric acid
was then added.and the precipitate set aside over night.
The silver chloride was washed by decantation, filtered
through a gooch crucible and washed with double distilled
water., After drying the crucibles at 110° ¢. for two hours;
they were allowed to cool in a dessicator and weighed,

Anal. Subs., .5509, .4353, .3090: AgCl, .4758, .3665,
.2665, Oalculated for AgSON: Ag, 65,01, Found: Ag, 65,00,
64,85, 64,91, o | :

9. Silver Nitrate Diammonate:

Silver nitrate diammonate was prepared by allowing
Mallinckrodt's C. P, silver nitrate to dissolve in liquid
ammonia and removing the excess ammonia by evaporation.
The silver nitrate, orystallized from liquid ammonia,
contained two moles of ammonia for each mole of silver
nitrate. The crystals of silver nitrate diammonate are
atable at 80° C. at which temperature adsorbed ammonia is

easily removed,
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The product was analyzed for silver by the gravimetric
silver chloride method, Analyses of the crystals gave
the following results:
© Anal. Subs., .6134, ,5102, .4318, .4286: AgCl, .4308,
.3588, 3983, ,3013, Calculated for AgNOs.ZNHs: Ag, 53,89,
Found: Ag, 53,93, 53.93, 53,85, 53,93,

The analyses were carried out two at a time, three

months apart.

10, Cuprous Iodide:

The cuprous iodide used in this research was a
Kahlbaum product. It was dried at 130° C, for three hours.

It was analyzed for copper by converting the cuprous
* iodide to cupric oxidegzs) The results of the analyses

Aare‘as‘foilows:
~ Anal, Subs., .5178, 3718. Cu0, .3164, .1553,

Caloculated for Cul: Cu, 33,38, Found: OCu, 33,41, 33,36,

11, Zinc Cyanide:
Kahlbaum's zinc cyanide was dried at 130° C. for two

hours., The compound was not analyzed.
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ITI. THE REACTIONS BETWEEN SILVER IODIDE AND THE METALS
POTASSIUM AND CALCIUM

A. The Reaction with Potassium:

Burgess and smoker(14) gtudied the reaction between
sodium and silver iodide, They found that the ratio of
gram atoms sodium used per each gram mole of silver iodide
was approximately a 1 to 1 ratio., This result checked
with their studies of the sodium-silver chloride reaction
and led them to postulate that the reaction was of type I
and could be represented by the following equation.

AgTl +Ne — Ag + Nal

From previous work the writer had found that the reaction
between silver iodide and potassium was of type IIS17)

These results were obtained by adding silver lodide to the
golution of the alkali metal and gave an average~reaction

ratio of 1,043, Due to difficulties in analyzing the gas

obtained, the ratio corrected for hydrogen had an average

value of 1,081, The average ratio corrected for amide

was 1,000 indlcating trouble with gas collection.

The above work was repeated by adding the alkali metal
to the solution of the silver salt as described under
procedure., The sgilver precipitate was a definite but poor
catalyst and the exoess alkalli metal was destroyed by adding,

ammonium bromide to the solutidn.
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The réeults of these reactions are listed below in

Table Io
7 ‘ Table I
Exp, K Agl Hy Reaction Reaction Time in
No. gnms, gus, collected Ratio Ratio Mins.
ccs, Corrected ‘
S, T,P, for Ho
208 «3632 1.04238 53.8 2,085 1,013 Added NH,Br
' after 30
nins,
210 3344 1,0240 46,4 1.960 1.010 Added NHyBr
after 10
mins,

The column headings have the following meanings reading
‘frompleff to right. The number of the experiment; the
grams of potassium used; the grams of silver iodide used;
~the ces. of‘hYdrogen formed at standard temperature and
'pressﬁre; the ratio of gram atoms of potassium per gram
mole of silver iodide; the ratio of gram atoms of potassium,
less the amount of potassium used to form hydrogen, per
grém ﬁmlekof silver iodide; and the time in minutes used
for the reaction,

The average reaction ratio has no significance as it
will dgpend upén the amount of excess alkall metal used.
The oofrécted reaction ratio has a value of 1,012 which
.-is within experimental error a 1 to 1 ratio. kThe reaction

may be represented by the‘equations:
2 NHy + K — KNH+ )2 Hy

!
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The second of the above reactions proceeds very slowly

as the silver precipitate is a poor catalyst,

B, The Reaction with Calcium:

There is no reference in the literature of previous
study of the reaction between silver iodide and calcium
in liquid ammonia.

The results from thrée experiments are given in the

following table,

| Table II
Exp. Ca Agl Hg Reaction Reaction Time in
No. gms. gus, collected Ratio Ratio Mins,
ccs, Corrected
S.T,P, for Hp
182 3324 1.23303 83.7 3.030 1,000 38
183 .3709 1,3633 88,3 3,343 971 - 33
184 3136 1,1741 62.5 3.133 1.007 34

The column headings were discussed under table I,

The average corrected réaotion ratiotiS'0.993 granm
equivalents of caloium required to reduce one gram mole of
slilver iodide., This figure is within experimental error
a l to 1 ratio., The uncorrected reaction ratio may'be
varied from 1,000 to X, depending upon the amount of excess
calcium converted to calcium amide and hydrogen by the
active silver catalyst. The reaction may be represented

by the following equations:

(1)12Ag T+ Ca —>3A9 +Caly
(3) &N H3 + Ca —> Ca(NHa)a + Ha



- 38 -

The silver precipitate from this reduction is a much
better catalyst for the second of the above Teactions than
“the silver from potassium reductions. It is more finely
divided and is difficult to settle from the solution,

Several experiments were made by adding the silver
salt to the solution of the alkaline earth metal. The
average corrected reaction ratio was 1,136 gram equivalents
0of calcium reduired to reduce one gram mole of silver
iodide., This ratio was variable and unreliable, as
trouble with gas collection was experienced at that time,

A loss of three or four cubic centimeters of hydrogen would
have caused these high ratics. In no case ocould the high
ratio be interpreted as meaning compound formation between
the excess alkaline earth metai and the freshly reduced
silver, The ratioc of excess calcium to silver was

variable and of the order of one to ten.
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IV, THE REACTIONS BETWEEN SILVER CYANIDE AND THE METALS
SODIUM, POTASSIUM AND CALCIUM '

A, The Reaction with Sodium:

Kraus and Kurtz(ls) in a preliminary investigation
of the reaction between sodium and silver cyanide showed
that a ten percent excess of sodium was necessary to
comolete the reduction, They oconcluded that there was
no compound formed between the freshly precipitated
sllver and the alkali metal.

In a previous investigation by this writer(17) the
average reaction ratio was establighed to be 1.037 gram
atoms of sodium for each gram mole of silver cyanide,
These determinations were made by adding the silver salt
to the solution of the alkali metal,

To obtain greater accuracy this work was repeated
using the method outlined under the procedure. The results
of two experiments are shown in the following table.

Table ITI
The Sodium - Silver Cyanide Reaction

Exp. Na AgCN Hy Reaction Reaction Time in
No, gms., gms., collected Ratio Ratio- Mins.
ces, corrected ~
S.T.P, for Hp
205 ,3502 .9780  39.9 1.489 . 1,002  Added NH4Br
after 16
“mins,
308 +2433 1,0118 33,1 1.400 1,008 Added NH,Br

after 15
mins. o
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The column headings were discussed under table I,

The average corrected equivalent ratio is 1.008 gram
atoms of sodium required to reduce one gram mole of
gsilver cyanide, This ratio is within experimental error
d bne tb one ratio, The reaction may be represented by
the following equation.

The silver residue has negligible value as a catalyst
for the reaction of the excess alkall metal with the
golvent ammonia. The excess of alkali metal was destroyed
by the addition of the ammono acid, ammonium bromide, to

the solution.

B, The Reaction with Potassium:

The first recorded use of potassium in reducing silver
cyanide was that of this writer$17) An average corrected
reaction ratio of 1,040 gram atoms of potassium per each
gram mole of silver cyanide was obtained by adding the silver
salfvto the solution of the alkali metal. It was also
found that the freshly reduced silver was a falr catalyst
for the reaction of the excess potagsium with the solvent
ammonia. In some cases the resulting silver residue was
found to heat up on exposure to the air,

The sbove reaction was repeated using the method of

adding the potassium to the solution of the silver salt
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as described in the procedure, The following table contains

the results of three experiments.

Table IV
The Potassium - Silver Cyanide Reaction
Exp., K AgON Hy Reaction Reaction Time in
No. gms., gms . collected Ratio Ratio Mins.
ccs, corrected

S'T'P. fOI' Hz_
199 .4708 ,9967 50.4 1.618 1.013 S5
300 ,4430 ,9837 41,8 1.531 1.031 100
303 .3905 1.0185 35.2 1.313 1.017 74

The column headings were discussed under table I.

The average corrected reaction ratio is 1.030 gram
atoms of potassium required to reduce one gram moie of
silver oyanide, The ratio is one and a half percent higher
than the similar sodium - silver cyanide ratio,

The gilver precipitates from experiments numbered 19©
and 300 were pyrophoric. They burst into fire when exposed
to the air. The precipitates were fair catalysts for the
reaction between the excess alkali metal and the solvent
liquid ammonia, The activity of the silver precipitate
from the reduction of silver cyanide with potassium is
noticeably greater than the corresponding preoipitate from
the silver iodide reduction.

At the oompletion of experiment number 303, ammonium .

bromide was added to the solution containing the precipitated
gilver. This destroyed the pyrophoric nature of the silver,
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A marked change in the character of the reduced metal
occurs upon the addition of the ammono acid. The metallic
préciﬁitate tends to agglomerate into large particles which
settle readily to the'bottom of the reaction tube,

One experiment was carried out by using a 4% excess
of silver salt. The solution never assumed the characteristic
blue color of the alkali metal dissolved in liquid ammonia.,
The residue was inactive in air, indicating that an excess
of alkali metal is necessary to obtain pyrophoric silver,

Subsequent work with other metals has shown the
pyrophoric nature of freshly precipitated metals, maybe
due to adsorbed hydrogen.

The reaction between silver cyanide and potassium may

be represented by the equations:
(1) AgCN + K —= A9 7 KS_/-V
@ NHs + K —> KNH, *

C. The Reaction with Calcium:

Kraus and Kurtz(ls) in a preliminary investigation
of the reaction between silver cyanide and calcium
obtained results which led them to postulate the formation
of a metallic compound between silver and calcium, They

proposed the following equations to represent the reaction,

(1)&A96N + Ca —> 2Ag *+ Ca{CN)&
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The aforementioned writers made no attempt to collect
exhaust gases from the reaction tube, The results from
the reduction of silver cyanide with potassium have shown
that the freshly precipitated silver will catalyze a
reaction between excess reducing metal and ammonia, If this
type of reaction did occur with calcium and ammonia, it
would alter the reaction ratio., In order to test the
possibility of the alkaline earth metal reacting with
the ammonia, several experiments were made, The following
table embodies the results of these experiments.

Table V
The Caloium - Silver Cyanide Reaction

Exp. Ca AgCN Hg Reaction Reaction Time in

No. gms. gms. collected Ratio Ratio Mins,
ccs., corrected .
SoToPo for H9

178 23716 1.1993 48,4 1.514 1.031 11

179 .3354 1,0306 96,6 2.110 .990 . 21

180 .2934 . 7564 100.4 2.593 1.005 23

The column headings were discussed under table I,

The average, corrected, equivalent ratio is 1,009 gram
equivalents of calcium required to reduce one gram mole of
silver oyanide., This reaction ratio is within experimental
error, a 1 to 1 ratio, These results indicate that no
compound, CaAg, is formed between the excess alkaline earth
metal and the freshly reduced silver, Kraus and Kurtz

happened to use amounts of alkaline earth metal and silver
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cyanide that gave a reaction ratio corresponding to the
formation of the metallic compound, Calg.,

The reaction may be represented by the following
equations, :

1) 2AqCN +
(:) QNQH3 + Ca — C“(NH&)a r Ha

The freshly reduced silver is composed of small
particles and is an excellent catalyst for the second
of the above reactions., The silver is pyrophoric in
nature.

After the completion of one experiment, a small
plece of sgodium, .06 gtams, was added to the solution,
It was converted to sodium amide and hydrogen in slightly
less than fifteen minutes.

From a comparison of amount of silver precinitate,
time of reaction, and amount of calcium converted, it ise
shown that the silver from the cyanide reaction is
approximately twice as actiie as that from the iodide

reaction.
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V. THE REACTIONS BETWEEN SILVER CYANATE AND THE METALS
SODIUM, POTASSIUM AND CALCIUM,

A, The Reaction with Sodium:

There is no evidence in the literature of reductions
of inorzanic cyanates in liquid ammonia. It was considered
of interest to study the stabllity of the cyanate radical
in strong reducing mediums, The results of two experiments
are given below,

Table VI

The Sodium - Silver Cyanate Reaction

Exp. Na  AgCNO Hg Reaction Reaction Time in
No. gms, gms . collected Ratio Ratio Mins.
ccs. corrected
SoToPo for HQ
307 .2491 1.0109 46,3 1,608 1.0086 Added NH,Br
after 30"
mins.
308 2433 1.0737 38,9 1.477 0.993 Added NH,Br
after 30
mins,

The table headings were discussed under Table I,

The average corrected equivalent ratio is 1,000 gram
equivalent of sodium required to reduce one gram mole of
silver cyanate, Thig indicates that the sodium oyanate
formed in the reduction is stable in the presence of the
excess alkall metal, The silver precivitate is noticeably
agglomerated into particles the size of a pea. The reduction

of the slightly soluble silver cyanate requires from ten to



- 38 -

fifteen minutes to go to completion. The end of the
reduétion is noticable by the momentary colorless
sélutiqn above the agglomerated silver. The solution
giadually takes on a blulsh tinge which increases in
ihtenéity as the excess sodium slowly dissolves,

The reaction may be expressed by the equation:

B. The Reaction with Potassium:
The results from two experiments with'silvér cyanate
and potassium are included in the following table.
Table VII

The Potassium - Silver Cyanate Reaction

Exp. K AgCNO Hy Reaction Reaction Time in
. No. gms., gms, collected Ratio Ratio Ming.
, ccs., corrected
s, TP, for Ha
201 .4305 ,9851 48,3 1.659 1.010 Added NH4Br
o after 30
mins,
303 .4288 11,0023 47,6 1.638 1.004 Added NH,Br
after 34
mins,

The table headings were discussed under Table I,
4 The average, éorreoted, equivalent ratio of 1,007 gram
atoms of potassium per each gram mole of silver cyanate
is approximately a i to 1 ratio, The reaction may be

expressed by the following equations, cNO
(1) AgCNO+ K—=Ag T «
@ NHy + K—> KN + £ Pl
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The silver precipitate is a poor but definite catalyst
for the second of the two reactions. It is not pyrophoric

in nature.

In each case the residue from the xeaction was
extracted with distilled water and tested for cyanide.
The test was negative indicating no reduction of the

cyanate radical by the solution of the potassium,

C., The Reaction with Calcium:

In view of the fact that solutions of calcium in
liquid ammonia have given evidence of being better
reducing mediums than solutions of sodium and potassium,
geveral experiments between silver cyanate and calciun
were made. The results are given in the following table.

Table VIII

The Calcium - Silver Cyanate Reaction

Exp. Ca AgCNO Hy Reaotion Reaction Time in
No. gms. gms,. oollected Ratio Ratio Mins.
ces, corrected _
S.T.P, for Ho
166 .3498 11,0020 102.4 2.814 1,344 - 80
1687 ,4367 1,1983 131,7 2,737 1,355 33
168 . 0339 w0413 .9 1,030 .971 4
169 ,0213 ,1514 .5 1,053 1,004 3
170 .03320 .3375 5 1,053 1.020 3
171 ,0319 ,3148 .8 1.1123 1,059 3
172 ,0458 .2743 2.9 1.350 1,119 3

174 .2752 1.0000 62,9 2,059 1.317 10
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The column headings were discussed under Table I,

As shown by the table the corrected equivalent ratio
is variable, The value increases with the amount of
excess calcium used, In experiment number 168 a two
percent excess of calciuﬁ was used and the corrected ratio
was 3.9% low. Experiments 169 and 170 show an average
corrected ratio of 1,012 when a 5.3% excess of calcium
was used, In experiments 171, 173, 174, 166 and 187
an 11.2%, a 35%, a 106%, a 161% and a 173% excess was used
respectively., In each case the value of the corrected
equivalent;rafio>1noreased indicating that a secondary
reaction ﬁsing oaicium occurs.

4 The high corrected reaction ratio may be due to one
. of three pOssibilifiés. The finely divided silver
préoipitaxe may adsorb hydrogen, it may adsorb calcium
or the pyanate radical may be reduced by the exocess
calcium to form ocalcium cyanide and calcium oxide.

To investigate the first of the above mentioned
possibilities the residue from experiment number 166 was
placed in a small tube and heated to 400° O, No hydrogen
was obtained., The residue from experiment number 174 was
evacuated with a TBepler pump but no hydrogen was obtained.

The second possibility was examinéd by adding a
mixture of alcohol and ether to the residue from experiment

number 187, If adsorbed calcium or hydrogen had been present,
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hydrogen would have been evolvedsls) No hydrogen was
obtained from this experiment.,

To test the third possible explanation of the high
corrected reaction ratio, the residue from experiment
number 174 was extracted with distilled water and tested
for the presence of cyanide., The prussian blue test was
uged and a positive reaction was obtained., Blank tests
on the materials used and on the silver cyanate were
negative., It was also found that a solution of»sodium
cyanide of a strength equivalent to the amount of
cyanide theoretically present.in the residue gave a
prussian blue test equal to that from the extracted
regidue,

The reaction may be represented by the following

equations,

+ Ca(CNOL
(2) Ca?cNo)a + 2Ca—> CalN)+ 20
o aNH; + Ca—> CalNh)+ Fy

Reactions 2 and 3 are catalyzed by the finely divided
gilver precipltate.

In investigating the reduction of the cyanate radical,
amronia was condensed on dry potassium cyanate and calcium
was added to the solution. Potassium cyanate is only
8lightly soluble in liquid ammonia, The materials were

left in contact for one hour and then the excess caloium



was reacted with aﬁmonium bromide and the hydrogen was
"collected and analyzed. ‘The hydrogen cdlleoted,
corresponded within one-half a cubio centimeter of the
hydrogen equivalent to the calcium used. The extracted
regidue gave no test for cyanide,

The above results might be explained by the following
possibilities. The only available cyanate, potassium
cyanate, is but slightly soluble in liquid ammonia.

The calcium golution consists of two phases, a concentrated
and a dilute one. The concentrated phase is in contact
with the walls of the reaction tube while the inner

dilute phase is available for the reduction. The reaction
between such dilute solutions might be negligible., A
second explanation is that the finely divided silver
precipitate 1s necessary to catalyze the reduction of the

cyanate radical by the calcium,
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VI. THE REACTION BETWEEN SILVER THIOCYANATE AND CALCIUM,

No previous work has been done with silver thiocyanate

and calclum, The reduction of silver thioocyanate by
sodium and potassium gave evidence of partial reduction
of the thiocyanate radioa1‘17) In view of the powsrful
reducing action shown by calcium solutions in previous
work 1t was considered of‘interest to extend the work to
include the reaction between silver thiocyanate and

calcium, The results are given in Table IX,

Iable IX _
Exp. Oa AgCNS Hy Re- Re- Reaction - Time
No, gus. gms. collected action action Ratio “in -
ces, Ratio Ratio corrected Mins,
s.T.P. cor- for side
reoted reactions :
for Hy S .
175 .3948 ,9960  15.3 3.384 3,057 1,019 © 7
176 ,5054 ,.9979 79.6 4,195 3,015 1.005 14
177 .4705 1,0081 58.4 3.883 3,015 ' 1.005 11

The column headings are the same as discussed under

Table I, with the exception of the column marked, reaction

ratio corrected for the side reactions, This column cont

ains

the gram equivalents of caloium required to reduce one mole

of silver thiocyanate to metallic silver. The ratio has

been corrected for the amount of calcium used in forming

calcium amide and hydrogen and the amount of calcium required

to completely redube the thiocyanate radiocal to calecium

sulphide and calcium cyanide,
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The average corrected equivalent ratio is 1.010 gram
equivalents of calcium required to reduce one gram mole
of silver thiocyanate to metallic silver and calcium
thiocyanate; The uncorrected reaction ratio varied from
3.284yto 4,195 and would have a value increasing as the
amount of excess calcium increases.,

The reaction may be represented by the following

equations,

Ca (CNS)
S ACNS + Ca—> 249 7 X
o NS, +2Ca—> Calll)+ 2645

) 2NHz Ca —> CalNi),+ Ha

It is interesting to note that, whereas the thiocyanate
radical is only partially reduced by sodium and potassium,
it is completely reduced to sulphide and cyanide by calcium,
The extracted residue from these reactions gives strong
tests for cyanide and sulphide. The dry reaction product
burns when it is exposed to the air.

The gilver precipitate from the calcium - silver
thiocyanate reaction is very active as indicated by the
rap}d conversion of excess calcium to caloium amide and
hydrogen. It is a better catalyst than the silver obtained

from the iodide or cyanide reductions,.
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VII. THEE REACTIONS BETWEEN SILVER NITRATE DIAMMONATE
AND THE METALS SODIUM AND POTASSIUM,
A, The Reaction with Sodium:

There is no record of an anion as complex as the
nitrate ion having been used in inorgahic reductions in
liguid ammonia.

Attempts to determine the reaction ratio between
gilver nitrate and sodium proved unsatisfactory. Two methods
of approaching the problem were tried. The first method,
that of adding powdered silver nitrate to the solution of
godium in liquid ammonia was not practical. The silver
nitrate reacted with ammonia gas and fused to a black
pasty mass before it could be added to the solution of
the alkali metal, The second method, that of adding
metallic sodium to the liquid ammonia solution of silver
nitrate was unsatisfactory, due to a coating or a precipitate
forming on the sodium, preventing its solution.

It was found that silver nitrate, dissolved in liquid
ammonia, crystallized out of solution containing 23 moles
of ammonia for each mole of silver nitrate, The preparation
and stability of this compound was discussed under the
section of the thesis entitled, "Materials",

The results obtained from one experiment are given
in Table X. The experiment was carried out by adding the

powdered silver nitrate diammonate, slowly, to the solution
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of the alkall metal, until the blue color disappeared.,
Table X

The Sodium -_Silver Nitrate Diammonate Reaction

Exp, Na  AgNOz.2NHz Hgy Reaction Reaction Time
No, gms, gms. collected Ratio Ratio in
B cca, - oorrected Mins,
s. TP, for Ha
135 .4184 . 6746 6.7 5.50 5.43 22

The column headings were discussed under Table I.
The corrected equivalent ratio is 5.42 gram atoms
of sodium per mole of silver nitrate - diammonate. An
explanation of thié reaction will be discussed after the
| pfeéentatibn of the other nitrate reductions.
| | Theldry reaction product was black. The greater part
Vof it buret into flame after exposure to the air, The
piedeé.of the black substance not burning dissolved readily
| in water. The white product, formed by combustion of the
black material, was insoluble in water and ammonium hydroxide
but ‘dissolved readily in dilute nitric acid. The acid
solution gave a white precipitate with hydroohloric acid,
" It ie interesting to note that this reaction is the
first of the sodium reductions to yield a good catalyst
for the reaction of the sodium and the ammonia., The
precipitate consists of very small particles, as noted by
the difficulty with which the precipitate settles from the

.eolution.
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B, The Reaction with Potassium:

The following table contains the results of four
experiments using potassium and silver nitrate diammonate.
The powdered silver salt was added to the solution of the
alkali metal.

Table XI

The Potassium — Silver Nitrate Diammonate Reaction.

Exp. K AgNOz.3NHg Hg Reaction Reaction Time
No. gns, gms, collected Ratio Ratio in
ces., corrected Mins.
S,T.P, for Ha )
121  .3309 «2560 1.5 4,70 4,60 15
123 .1758 .1918 - - 4,78 - - 19
136 7086 .7033 13.1 4,94 4,85 130

130 ,51323 . 5633 4,8 4,75 4.60 53

The column headings are the same as thoge in Table I,

The average corrected ratio is 4.62 gram atoms of
potassium required to reduce one gram mole of silver nitrate
diammonate. This ratio is .8 of a gram atom of alkalil
metal less than that obtained with the corresponding
gsodium reaction,

In order to study the reduction of the nitrate radical
without the complication of the presence of the silver
precipitate, several experiments were made with alkali

nitrates and nitrites,
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C. Other Nitrafe and Nifrite Reactionsg:

1. The Sodium - Sodium Nitrate Reaotion:

The study of nitrate ;eduotions was extended to sodium
nitrate and sodium to attempt to defermine the mechanism
of the reductions,

The results of two experiments are recorded in
Table XII, The sodium salt was added to the solution
of the alkali metal.

Table X;I
The Sodium - Sodium Nitrate Reaction

Exp. No, Na gms, NaNOz gms, Reaction Ratio Time in Mins,

133 - .5310 « 5486 3,51 20
134 .3313 .2373 3.45 13

| The column headings were discussed under Table I.

The average reaction ratio is 3.48 gram atoms of
gsodium required to reduce one gram mole of sodium nitrate,
This is épproximately 8 moles less than that of the sodium
gilver nitrate diammonate reaction.

No hydrogen was evolved in these experiments, The
dry reaction product, yellow in color, from experiment
number 133 exploded when exposed to the air, Sodium metal
was spattered over the inside walls of the reaction tube,
The product from experiment 134 was not explosive, however,
it flashed when dropped into water. The water solution

evolved ammonia and when acidified had the odor of oxides

of nitrogen.
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3. The Potassium - Potassium Nitrate Reaction:

The following table contains the results of two
experiments. The potassium salt was added to the solution
of potassium in liquid ammonia.

Table XIII

The Potasgsium - Potassium Nitrate Reaction.

Exp. K KNO=z Hy Reaction Reaction Time
No. gms, gms, collected Ratio Ratio in
A » cCs. corrected Mins,
B 8, T.P. _for Hy
135 ,=2461 ,1781 8.5 3.61 3.18 16l
139  ,4043 ,3333 1,2 3.15 3.11 59

The column headings were discussed under Table I,

The average corrected reaction ratio is 3.15 gram
atoms of potassium required to reduce one gram mole of
potassium nitrate. This ié approximately 1.5 giam
atoms of potassium less than was required to reduce silver
nitrate diammonate,

The reaction product was yellow in color; It ﬁas
stable when kept dry and was not explosive, as was the

residue from the sodium reduction,

3, The Potassium - Ammonium Nitrate Reaction:
Two experiments are recorded in the following table,
The ammono - acid was added to the solution of the

alkalil metal.
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Table XIV

The Potassium - Ammonium Nitrate Reaction

Exp. K NH4N0 Hg Reaction Reaction Time

No. gms., gus., collected Ratio Ratio in
cos, corrected Mins,
s.T.P, for Ho

131 3835 .1820 - - 3.19 - - a7

132 5080 « 3354 1,0 3,09 3.07 15

The table headings were discussed under Table I,

The corrected reaction ratio of 3,07 gram atoms of
potassium required to reduce one mole of ammonium nitrate
is approximately the same as that for the potassium -
potassium nitrate reaction,

It is of interest to note that ammonium nitrate, a
strong ammono - acid, does not react as an acid in this

reaction,

4, The Potagsium - Potassium Nitrite Reaction:

In order to obtain more information about the nitrate
reductions, two experiments between potassium and potassium
nitrite were made, The alkall nitrite was added to the
solution of potassium in liquid ammonia, The results are

enbodied in Table XV,
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Table XV

The Potassium - Potassium Nitrite Reaction.

Exp. K KNOo Hy Reaction Reaction Time

No, gms, gms, collected Ratio Ratio in
ccs, corrected Mins,
SOTOPQ for Hz

137 .2864 ,4367 - - 1,36 - - 53

128 +3380 ,5437 3,3 1,35 1,33 65

The column headings were discussed under Table I,

The corrected equivalent ratio of 1.33 gram atoms of
potassium nitrite shows that approximately 1,8 gram atoms
of potassium less are required for the nitrite reaction
than for the nitrate reaction, This may mean that the
oxygen of the nitrate radical is removed in steps and that
the successive steps, having different reaction rates,
are not all completed. .

A yellow precipitate resembling that obtained from
the potagsium nitrate and the ammonium nitrate reaction

wag formed,

D..Conglusions:

The formulation of an equation in accord with the data
offers serious difficulties. The difference between the
reaction ratios of potassium nitrate and potassium nitrite
is approximately 1.8 gram atoms of potassium, If it is
assumed that the excess alkali metal is equivalent to the

oxygen atom extra in the potassium nitrate, a compound,
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K505, would be the result. It is more probable that the
reduction ocours in a series of reactions having different
.'reaction'rates. The reaotion products may include oxides,
nitrides, amides, imides and hydrazldes. Browne(24) has
reporfed the formation of metallic imides from inorganioc
~reactions in liquid ammonia,
The following series of reactions are postulated for
the reduction of silver nitrate diammonate by alkall metals.
(1) Ag ,\/03.2/\//-/3 +M—> /49 + MNO3 + 2NH;
(3) Mo-NZg +2aM—> MO Mg
' M-NZ=o
+ YyM—> 2 M,0 + Q-Qﬂ;lvzzo
M-o-N - (alkaligmslil)
Mo Kefpprntrit:

(&) M-0N S NH, +uM—> 2 MENNA, +2M,0
M- o-N

The extent to which these reactions ooccur depends upon
- resction rates and solubility relationships.

This mechanism is substantiated by the following facts:

(g) The reduction of NaNOz by NaHg occurs in similar
steps(zs)

(b) In the entire series of reductions the generalization
may be made that the reaction rate is higher for the reactions
requiring more time for completion.

(¢) Explosive or pyrophoric compounds are obtained
with the sodium reactions. The ratios for the sodium

reactions are all higher than the corresponding potassium
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reactions. This may be explained by the extent to which
reaction 4 ig realized. The hydrazides are violently
explosive products and have been only casually examined'
by several investigators‘zs)

(d) Tests of the water soluble extract from the
godium nitrate - sodium reaction show the presence of a
strong reducing substance, possibly either a nitrite or
hyponitrite.

(e) The presence of nitrides, which are all black solids,
are improbable because of the color of the reaction
products. Sodium hyponitrite has been recorded as having
a yeilow color by several investigators‘as)
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VIII, THE REACTIONS BETWEEN CUPROUS IODIDE AND THE
- METALS SODIUM, POTASSIUM AND CALCIUM,

A. The Reaction with Sodium:
| No previous study has been made of the reduction of
"copper salts in liquid ammonia
In all of the experiments with cuprous iodide the
reducing metal was added to the liquid ammonia solution
of the copper salt, The results of two experiments with

sodium and cuprous lodide are included in the following

ta.bleo
Table XVI _
The Sodium - Cuprous Iodide Reaction
Exp. (,Na Cul Hp Reaction Reaction Time
No. - gme e gms, oollected Ratio Ratio in
o o CCS., ' corrected Mins,
_ N 5, T.P, for Ho =
197 .1722 ,52383 54,1 . 2,731 0.971 Added NHyBr
. after 30
mins,
188 «1855 ,5343 61,4 3,933 0,939 Added NH,Br
' after 90
mins,

The table headings were discussed under Table I,

The corrected equivalent ratio averages to he 0,850
gram atoms of sodium required to reduce one gram mole of
ocuprous iodide., The copper precipitate agglomerates into

one large plece and 1s a very poor catalyst for the reaction
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of the alkali metal with the solvent ammonia, The dry
copper precipitate is brownish black but has sonme
bluish precipitate on its surface, This indicates that
gome of the cuprous iodide does not have a ohahce to
react or that the ammonium bromide dissolves a portion
of the copper precipitate ylelding hydrogen and copper
bromide,

The reduction may be represented by the equation:

C‘*I + Na —> Cu + Na L

B. The Reaction with Potassium:
The results of two experiments are given in Table XVII,
Table XVII

The Potassium - Cuprous Iodide Reaction.

Exp. K Cul Hy ‘Reaction Reaction Time in

No. gms, gms, oollected Ratio Ratio Ming,
cCs. corrected o
SgTQP. ) . fOI’ Hz .

189  .3476 ,5357  40.6 3.295 0,980  Added NH,Br
after 57
mins,

180 .3712 ,5618 44,3 3,344 1,014 Added NH4Br

The column headings were discussed under Table I,
The average corrected reaction ratio has a value of

0,997 gram atoms of potassium required to reduce one gram

mole of cuprous iodide., This is approximately a one to one

ratio, The copper is a definite but poor catalyst for the



conversion of the excess potassium to potassium amide and ~
hydrogen. The precliplitate differed from that obtained
from the sodium reduction, It consisted of smaller
particles and did not have as much of a bluish tinge.

The réaction may be represented'by the following

equafions.-, '
W T + K — Cu + ﬁifz
3) NH; + K — KNH, +xH,

The second reaction is very slow due to the slight

activity of the catalyst,

C. The Reaction with Calcium:
Table XVIII contains the results of several experiments.
Table XVIII
The Calcium - Cuprous Iodide Reaction.,

Exp, Ca Cul Hg Reaction Reaction Time
No. gnms, gms. ocollected Ratio Ratio in

ccs, corrected Mins,

' s.T,P, for Hz_

186 ~ .1320 .5345 40.3 3,394 1,093 2
187 ,1385 .5330  43.0 2,435 1,084 3
188  .3451 1,0416  73.9 3.339 1,030 2
193 ,1324 ,5180  41.5 2,431 1,088 3
193  ,1137 ,5153 33,6 2.080 1.078 3
194 1379 ,5359  44.3 2,494 1,080 3
195 ,1498 .5108  53.3 3.787 1.049 3
216 ,1505 ,5455  53.8 2.634 0.983 3
217,150 5017  53.3 3,863 1.054 4
318  .1438 ,5353 50,9 3.604 0.954 3
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The column headings were'discussed under Table I,

The average corrected ratio for all experiments,
except numbers 316 and 318, was 1.063 gram equivalents
of calcium required to reduce one gram mole of cuprous
jodide. After the ocompletion of experiments 316 and 218,
ammonium bromide was added to the residue and all evolved
gas was collected and analyzed.

In each experiment where no ammonium salt was added,
the brown black copper precipitate was pyrophoric. In
these cases the high ratios corresponded to a deficit of
from 1.8 to 3.2 ccs. of hydrogen. The very finely divided
copper was very reactive as a catalyst for the reaction
between the excess alkaline earth metal and the solvent
as shown by the time required to complete the reaction.

Aftef the completion of experiment number 317 the
reaction tube containing the dry residue was attached
to a T8epler pump and heated to about 300° C. with
bunsen burner, Over ten cubic centimeters of hydrogen
were obtained. This indicated a reaction between the
metallic copper and the calcium amide, ’Bergstrom(37)
has Teported that all metals more electronegative than
lead will react with'potassium amide. It ie probable that
the coppver reacted with calcium amide to form calcium

ammono copperate according to the equation,

e+ 2 CalNH), —> Cu(NCa) +H, 1+ 2N F
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This theory has been confirmed by some unpublished
observations of Eaetesgga) He has found that the same
reactioﬁ occurs with nickel salts. Upon washing out all
the residual amide he was able to obtain theoretical
hydrogen from the residue of metallic nickel, whereas
the presence of amide in the heated material gave a
large excess of hydrogen.

The reaction between calcium and cuprous iodide

may be represented by the following equations.
(1) 2eal + Ca —> 2lu+ Cala
(2) RNHB + Ca-—-—-? CGLCNHZ);\ + Hz_

The sécond reaction proceeds visorously ag it is
catalyzed by the finely divided copper.

In those experiments in which an ammono - acld was
added to the copper residue a low ratio was obtained.
This indicates that the copper liberates hydrogen and
forms a copper salt. This may be caused by the presence
of adsorbed oxygen on the ammonium salt. No attempt

was made to remove the adsorbed air from the salt,
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IX. THE REACTION BETWEEN ZINC CYANIDE AND CALCIUM

Burgess and Rose(ag) studied the reaction of zinoc
cyanide and metallic sodium and found that a metallic
compound was formed between the zinc and the excess sodium
metal. They expressed the reaction by the following
equation, | 'E?fd (ﬁv
yzm(CN), + INa —> NaZmy + 8 Na
They also found that the sodium - zinc compound was
unstable in the presence of excess zinc oyanide and
réaoted as follows:

2 Na Zmyy ‘f'Zm(CN),_"" NaCN + 4™

Their results confirmed the preliminary findings of
Kraus and Ku:tzgls) ‘

Burgeés and Rose also studied the reaction between
zinc oyanide and calcium, They obtained a variable
reaction ratio having a value of from 3 to 5 gram atoms
of calcium per gram mole of zinc oyanide.

Kraus and Kurtz assigned the following equation to
the reaction.

9Cn + ZnlCN), —> CaleN), 1 CagZm

All of the above experiments were carried out by adding
the zinc salt to the solution of the alkaline earth metal.

The exhaust gases were not examined.

The results of two experiments performed in this
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research by the method discussed under the procedure are
given in Table XIX, The alkaline earth metal was added
to the solution of the zinc salt.

Table XIX

The Calcium - Zinc Cyanide Reaction

Exp. Ca Zn(CN)g Hg Reaction Reaction Time
No. gms., gms . collected Ratio Ratio in
‘ ccs. corrected Mins,
S.T.P, for Hg
313 ,3030 ,.8190 49,3 1,430 1.013 4
315 ,3360 ,5015 83.9 1.905 1,039 11

The column headings were discussed under Table I,

The average corrected ratio is 1.036 gram equivalents
of ocalcium required to reduce one gram mole of zinoc
cyanide, This'is very nearly a one to one ratio and
indicates that no compound is formed between calcium and
zino, when the alkaline earth metal is added to the
solution of the zinc salt.

| The reaction may be represented by the following

equations, =z
1) zn(CN)y + Cox == &7
@) =2NHy + Ca—7 ca(Nt), + Ha

The freshly precipitated zinc is a fine catalyst for
the second of the above reactions.

Attempts to determine the reaction between zinc cyanide
and célcium by adding the zinc salt to the solution of the

alkaline earth metal were unsuccessful, The zinc cyanide
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in the addition tube absorbs ammonia and sticks in the
tube, It is possible that the reaction carried out in
this manner might present a different ratio. Burgess
and Rose found that the compound,NaZn;, was unstable in
the presence of an excess of zinc cyanide,

Future work on this problem will be conducted by

attempting to prepare a stable ammonate of zinc cyanide.
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X. CONCLUSIONS:

1. The reactions between sodium and the silver salts,
whose anions are halogens or simple radicals, occur
aocording ﬁo the following equation,

AgX + No—> Ag + NaX
There is no evidence of any appreciable side reaction
and the results agree with those obtained by Burgess and
Smokergl4)

3. The results from the reduction of silver salts
with potassium, in each case, show that there is an appreciable
reaction between the solvept ammonia and the potassium,
This reaction is catalyzed by the freshly reduced silver
precipitate, The catalytic value of the silver precipitate
from different salts is not the same., The particle size
of the precipitate is apparently the major factor in the
effectiveness of the silver as a catalyst. The reactions
befween potassium and silver salts, whose anlons are
halogens or simple radicals, may be summarized by the

following equations.,

—> Agt+ KX
(a) /Q9JX' + K 9
. KNH, ++H
(b)[\lH3+K""—'> Al
The silver precipitate from the reduction of silver oyanide
with potassium is pyrophoric,
3. The reduction of silver salts with calcium indicates

that the reaction is similar to that postulated for

potassium and silver salts and may be represented by the
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equations,

A '("caxz
(a) 2AgX *+ Ca —> =79
w aNH, + Ca —> CalNt), + H,

The silver precipitate is in a very fine state of division
and serves as an excellent catalyst for the second of
the above reactions., The precipitate is pyrophoric in

nature.

There is no evidence of the formation of the compound,
CaAg, reported by Kraus and Kurtzsle) |
4, The cyanate radical which is stable in solutions
of sodium and potassium is partially decomposed by calcium
to form calcium oxide and calcium cyanide, The reaction

between silver cyanate and calcium may be represented by

the fc;lizwingce}?luoaﬂfﬂ- Ca —> 2 ,4—9 + Ca(CNO)z

(v) Ca(CNO), + 2 Ca—> Ca(CNL + 2C20
) aNH; + Ca — CallVH,), + H

The reaction represented by the second of the above equations
is not complete, The extent of this reaction varies with
the amount of excess calcium used, The finely divided
silver precipitate rapidly catalyzes the reaction represented
by the third equation,

5. Solutions of calecium in liquid ammonia completely
reduce the thiocyanate radical to caloium coyanide and

calcium sulphide, This result is in accord with the reported
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partial reduction of the thiocyanate radical by sodium
and potdssium$17) The reduction of silver thiooyanate by

calcium is represehted by the following equations,

(a) RAGCNS + Ca —> QA9 + Ca(CNS"),_
®) CalCNS), +20a —> CalCN), + 2 CaS
) aNHy + Ca —> Ca(NH), + H.,

The finely divided precipitate catalyzes the reaction
represented by the third of the above equations. The

dried reaction product burns when exposed to the air.

6., The reduction of the nitrate radical occurs in

steps and the following equations have been offered to

repre:?t /:;eNrg;c;izS?ﬁ + M —> Ag+MNO; + 2N H

—nN—-N=0
=0 M —> ML 0 T M-0 N

(v) M'O"N:O + 2 ° = MT—LN/;%
(¢) 3 M-NZp + UM —> 2M.0 + D.NL;\N'-'-’-O

M=0-N (alhabimstal)
M-o0-N
—o-N HNNH
(a) M-0-h) FaNH M —> 2M0 + 2 M 2
M-0-N
These results are in accordance with the views of other
workers, who have studied the reduction of the nitrate
radical by sodium amalgamgzs)

7. The reduction of ocuprous iodide with sodium may be

represented by'the equation,
: &Lr_,_/\(a_——-a»wi—l\[ar
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There is no evidence of any appreciable side reaction.
8. Cuprous iodide is reduced by potassium as

represented by the following equations. k<1:
_f’
(a) CuIl + K—7 Cu

(v) NH3 + K —_—> KNH2.+- —kHl

The copper precipitate is a poor but definite catalyst
for the second of the above reactions.
9, The reaction between ocalcium and cuprous iodide

may be represented by the following equations.
(a) 20 T Co —> 2w+ Caly

® aNH;+ Ca —2 calhtt), + H,

The copper precipltate is an excellent catalyst for the
reaction between the solvent ammonia and the excess
alkaline earth metal. The residue is pyrophoric and
contains a small amount of adsorbed hydrogen.

10, When calcium is added to a liquid ammonia solution
of zinc cyanide, no metallic compound is formed between
the freshly reduced zinc and the alkaline earth metal,

The reaction may be represented by the following equations.

@ zZw(CN),+ Ca—> Zm+ CalCNL
() aNHs + Ca—= CalVH:), + H,

The metallic zinc is pyrophoric, It is an excellent

catalyst for the second of the above reactions.

The compound, CayZn, reported by Kraus and Kurtz(lg)



- 64 -

is not formed. They did not collect exhaust gases and
take the reaction of the alkaline earth metsl with

ammonia into account,
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