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st

Many of the physicel and chemicel properties of smmonium amalgem
heve been reported to be compersble to the properties of the slkall
metel smelgems; although the exsct menmer in which nitrogen, hydrogen,

and mercury ere in ium emelgam is It hes been

suggested thet emmonium smelgem, anslogous to the alkeli metel emelgems,
is either a compound of the "ammonium® redical with mercury, or e solu-
tion of such & compound in mercury. Other evidence indicstes that the
amelgem may be 2 steble froth which floats on mercury. To gein further
information sbout the neture of the substence the megnetic properties,
the solid-ligquid squilibria, the behavior of en electrode, end the
comprossibility of ammonium amolgem were studied,

Following en investigzstion of severszl mothods for preparing and
handling ammonium emelgem, en electrolytic preperation wes sdopted, end
a mesmns for purifying and menipulating the amelgem st temperatures in
the vicinity of -30°C was devised, .cid extrection of the mmonie from
the decomposing amelgem provided a mesns for snelyzing samples of the
amzlgam, In most ceses the smelgeme on which messurements were mede
contained less then 0,50 mole per cent of ammonium,

Megnetic susceptibility messurements by the Gouy method st -30%
gave evidence thst ammonie snd hydrogen were combined with mercury in &
way widch decressed the freedom of electrons in mercury, Velues es large
a8 =0.270 x 10¢ c.g.8.units/gn, were observed for the specific suscepti-

bility of the emelgem s compere. to =0,167 x 107° ¢,g.s.units/gn. for
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the specific susceptibility of mercury, The large increese in the

ddamegnetism of mercury to which only & small smount of ammonium hed been
edded estsblished that uncombined NH,* radicsls comparsble to elkali metal
atoms were not present in the amslgem, /pperently the mmalgem is en
entity of the type NB“B;; in which the few elecirons furnished by
ammonium to mercury suffice to remove the temperature independent para-
magnetism of mercury. Failure to find @ relstionship between the compo-
sition end the density of the smslgsm suggests that the malgem is
partielly decomposed at -30°C and conteins smmonis and hydrogen geses
entrapped in the mercury 8 well ss some smmonium in solution in, or in
combinetion with mercury, The amalgem ordinerily studied tlms eppesrs
to be e mixture conteining geseous decomposition products,

+ study of the solid-liquid equilibrie in the system smmonium-
mercury showed thet sbout 60% of the smmonia end hydrogen present in the
mercury were released during ¢ single freesing and that the decomposition
produced by additionsl freezings was insignificent, slthough en sppreci-
sble quantity of mmmoniwm remszined in the mercury. This indiczted thet
some smmonis and hydrogen ere very loosely bound to mercury in the
smelgem perhsps as entrepped zes and thet the remeinder is present es
smmonium or & compound of mercury with ammonium, The smelgem or poseibly
s steble froth containing the emalgem floats on top of mercury as indi-
csated from cooling curves cbteined simultaneously for esch phese of the
smelgem in which the cooling curve of the lowsr phese wes not signifi-

cently different from thet of pwra mercury, From the cooling curves it

wes observed thet during the solidificstion process the temperzture of







the systew incressed slightly perhaps as 2 result of the bresling of
some type of bond between the components of the system, Definite freez~
ing temperstures were not obvious from the cooling curves for the
smalgem, although the shape of the curves wes reminiscent of solid solu-
tion formation, If the "true® amelgam exists as e eolloidal dispersion
or a froth of colloidel particles in mercury then the freesing curves
would be reasonsble since only the mercury would freeze at -LO°C| the
fusion point of the amelgem would be higher them -h0°C,

emalgam el were found to be largely irreversible
in aqueous ethenol selution at -30°C, although e vslue of 1,57 volts
for the potentiel of en mmelgam electrods in solution with emmonium
ions was computed, Only in very dilute solutions immediately after

ing the potentiometer does one observe e .m.f, values spproximate

ing those for the slkali meteal amelgems,

Compr 11ty were made on samples of the amslgam.
These indicsted thst the amslgsm contsined smmonia, which wes liquefied

during compression, as well as ammonium, in solution with mercury or in

combination with mercury.







TABLE OF CONTENTS

Page

I. INTRODUCTION......eoveevenccecnscancscosaccosccnasascncacans
II, HISTORICAL SUMMARY......iecveveeconneronansnennencencasnnnns
Aymonium Amalgam,

Ammonium Radicals in
Alkyl-Substituted Amanium tmnlgmls RS

III, THE PREPARATION OF AMMONIUM AMALGAM....e.eevevensecasencocas

Introduction, ...coveeeesencerenannonas
Preparation from Sodium imelgam.,......
Electrolytic Prepsration..
Apperatus..
Procedure..

IV, ANALYSIS OF AMMONIUM MMALGAM........eienvecanesncnnacsocanse

Introduction........cceuen.n
Experimental Procedure. vesees

V, &N INVESTIGATION OF THZ MAGNETIC PROPERTIES OF AMMONIUM
AMALGAM AND OF MERCURT..e.euveereienensacooroceonncscassanes

Introduction..........
The Nature of i1kali Netsl Alnalgams.
The Megnetic Properties of ‘melgams,
The Magnetic Properties of Mercury.

Theoretical Discussion.......

The Magnetic Suucept.ib:llity Meauurementu »
tpperatuS....eevees
Experimental Procedure 2
The Magnetic Susceptibi.

Temperatures,....cococeeee.
The Magnetic Susceptibility of unmonium mslgsm at

Discussion of Results..........
VI, SOLID-LIQUID BQUILIBRI: IN THI SYST&M iMMONIUM-MERCURY......

Theoreticel Introduction..
Historicel Summery........
Introduction to Experimental Pmcedure. S R C

vii

1







TABLE OF CONTENTS - Continued Page

Apperatus for Recording Cooling and Warming Curves......,. 57
Cooling and Warming Curves for Each of the Two Phases of

an melgam, .y .vurerrennnns 60
Experimentsal Procedure. 60
Results and Discussion, . 65
Cooling and Werming Curves Obtained During Agitntion of
AmElgEms . coiuenarnnanans cee 71

Results end Discussion,..... 75
Cooling end Warming Curves Obtsined While Ammo:

imelgem was Decomposing in a Closed System. 76

Experimental Procedure., sayisls 76

Results and Discussion, 83
Conclusions,.eceeeeasennas 2

VII, CERTAIN OBSERVATIONS OF THE BEHAVIOR OF AMMONIUM AMALGAM
BLECTRODES .00 1eocacecssscesastsoccscsnsssoncscensccsssscces M

Historical Introduction........... T )
The Effect of Ammonium Concentration on Electrods
Potentisl,,. .. 100

A Concentration veeo 106

8
VIII, COMPRESSIBILITY OF AMMONIUM [MALGIM AT -3000................ 12

Theoretical Introduction
hpparatus....
Experimental
Calculations
Discussion...

SUMMARY . ...

LIPERATURE OTTED s deaoniasinnssaivos e viesass soasnsnstsesnes 136







TABLE
I.
.

LIST OF TABLES
Page
Calibration of the Field Strength of the Electromsgnet,., LO

Magnetic Susceptibility Tube Corrections at Various
Temperatures st e 0

The Magnetic Susceptibility of Mercury at Verious
TOMPOrabUres...oeueresersrerssrorsorasascorsssnssscorcees UL

The Specific Magnetic Susceptibilities and Densities of
Ammondium Amalgems &t =30%C.......¢eeececeiraracrecraiaees Ll

Compositions of AMELEEMS......eeuveecercassansnesoaanenss U5

The Relationship Between Density-Composition Data of

lmmonium /melgem, ., .. b6

The Moler Susceptibility of Ammonium in Ammonium Amelgem, 50
Depression of the Freezing Point of Mercury by Ammonium,, 56
Calibrstion of the Volume of the Closed System,.......... 6l

Messurement of the Decomposition of /melgems During
Freezing and Melting......eeevieeruraossvescncansaeaseees Bb

The Change in Composition of Ammonium imelgems on
PrOeRing o lidunes chuaaonnineinslusnsitsdussrrensessses: 80

Potentials of the Alkgli Metal Amelgems in Aqueous
801UbENN. e reccarsescroscsosessstncrsrsssccacorrrsscsnvess II

Electromotive Force-Concentration Date for immonium
Analgmms @t =30%0 0u, 0ot nnandasosinson isesneiaissoissbes 05

Data for Two Concentration Cells with Ammonium /malgem

Electrodes 8t =30°C.....eeevvereeencranes .. 109

Pressure-Volume Data for a Compressibility Study of
Ammonium AMELEEM .. euveeeriaitocictcncossncsioassaesanss 121

ix







LIST OF TABLES - Continued Page

I,

VIiI,

i

Composition of imalgams for Which Compressibility Data
Vlere Obtained, . ceseves esssces 12

4 Comparison of the Volumes of Ammonia, Hydrogen, and
Mercury with the Volume of Ammonium Amalgam,......e.e..see 126

" Volwme Occupied by Gaseous Ammonia snd Hydrogen in Each

T s SO N SRR AN

The Density of Ammonium Amalgems Corrected for the
Presence of Gaseous Decomposition Products................ 132







FIGURE
1.
2,
3.
L.

10,

12,

13,

1k,

15,

LIST OF FIGURES

Page

Schemeatic diagram for s constant current power supply.....
Cell for the electrolytic preparation of emmonium amalgam,

The Gouy magnetic belence,,

ipparatus for messurement of magnetic susceptibilities at
low tempOrsturesS...ccecccccccccoccsccsccsccsccsccccansonse

Gram-susceptibility - density data for emmonium amslgem at
-3

Certain typical composition - temperature diagrems for a
two-component 8YStem..c..cieieeiecesiaesonsoriscecannaans

Schematic diagram for recording cooling curves

Freezing tube and jacket for studying the freezing process
in & two-phase 8ySteM.....ecccverirerenrnerensercrcncnces

Cooling curves procured simultaneously for each of the two
pheses of sn amalgam,.

Warming curves procured simultaneously for each of the two
Pphases of BN WMALEMR, . .o sssisnnbaeaielinsisiestessenesdve

Successive cooling and warming curves procured simul-
taneously for each of the two pheses of en amalgam,.,......

Successive cooling and warming curves procured simulten-
eously for each of the two pheses of an emelgam,..........

Fluorethene freezing tube and jscket for studying the
freezing process during agitation of an amalgam,..........

Successive cooling curves procured while an amslgeam was
being sgitated i i iictiiss sansissnnneaseisinsesssiesesesis

Successive warming curves procured while an amelgam was
being agitated . nishinese s aeinieene snpisenesioessiesiennsios

20
22
33

L8

sk
59

63

66

67

68

69

72

3

(N







LIST OF FIGURES ~ Continued Page

16, Apparatus for messuring the volume of ges evolved from an

amalgam during freeZing.......ccceeevvececcercccccaccncace 1T
17. Pyrex tube snd jacket for freezing an amslgam in a closed
18, First successive cooling and warming curves obtained for

&n amelgem in a closed SYStEM....v.eeveeecaccscacsacaceces 87
19, Successive cooling curves obtained for an amelgem in a

closed system,. AN P 88
20, Successive warming curves obtained for an eamalgem in a

0losed BYSLER, . ceciorecrccccccccoctoscncccnconsscossacnces 89
21, First successive cooling and warming curves obtained for

an amelgem in a closed SyBteM.......ceeevvercarecacocanses 90
22, Cell for measuring the e.m.f,'s of amalgams containing

varying concentrations of ammonium with respect to a

mercury €16ctrode..cc.iecrcecccacascasscsscsscosccscsascess 102
23, The variation of e.m.f, with time for cells with ammonium

amalgam e16Ctrodes. ... .ceceecececcncoccscnsasccscocsasses 103
2L, Concentration cell with ammonium amalgam electrodes,,..... 107
25, kpperatus for studying the compressibility of ammonium

T T R e s 1 L1
26, Volume-pressure daeta for amonium amalgam at «30%........ 122
27, & comperison of the pressure-volume data for an amalgam at

-30°C with the ideal behevior of a mixture of amonis and
hydrogen; ot =3070. i ivacesiessicsassessnnssssiasessres s Lol







I, INTRODUCTION

The exact manner in which ammonium is combined with mercury in
eamonium smelgam has not been characterized, slthough many investigae-
tions of the physical and chemical properties of the amslgam hsve been
undertaken in the past 150 yeers, The true nature of the amelgem hes
been somewhat masked by its tendency to decompose into ammonis, hydrogen,
and mercury at &ll temperatures sbove its freezing point, which is
approximately -40°C; however, temperatures below -20°C inhibit the de-

composition of dilute amelgams apprecisbly.

A comperison of the properties of ammonium smslgam with those of
the alkeli metel amslgams suggests that the amonium radicsl is bound in
some way with mercury. Masgnetic susceptibility studies of the dilute
alkali metsl amalgams show that small quantities of solute very the dis-

magnetism of mercury end that compound formation takes place at relatively

low concentrations of alkali metel, An al study was exp to
clarify the nsture of ammonium emelgem, so that the purpose of this
investigation was to study the megnetic properties of ammonium amalgam &t
temperatures sufficiently low to minimize decomposition, If smmonium
dissolves in mercury as a neutral species the amelgam should be strongly
paramagnetic due to the uncompensated spin of the unpaired electron, but
if smmonium is ionized in mercury the dismegnetism will be incressed by

the contribution of en additional atomic core,
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Supplementary investigations of the freezing process, the decompo-
sition on freezing, the behavior of amonium amslgam electrodes, and
the compressibility were carried out in order to gain further information
ebout the state of ammonium in the amelgam,
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II, HISTORICAL SUMMARY
Jmmonium Amalgem

fymonium emelgem hes been the subject of many unusual experiments
from the time that Seebeck® reported the formstion of the substence dur~
ing electrolysis of moistened smmonium carbonate in contact with mercury,
Seebeck's finding in 1808 in Jene was simulteneous with the snnouncement
of Berzelius and Pontin in Stockholm that 2 soft solid less dense then
mercury was produced in the electrolysis of ammonis solution with a |
mercury cathode, Berzelius and Pontin communicsted their discovery to
Sir Bumphrey Davy? explaining that ammonia like potesh and soda wes an
oxide, the metellic part of which combined with mercury to form an
emelgam, Only & short time previously Davy had isoleted sodium end
potassium end learned of their vigorous exothermic resction with mercury;
therefore, he immediately began experimenting with ammonium smalgam, He
prepared hollowed-out blocks of gmmonium chloride end ammonium cerbonate
which he moistened and filled with mercury. The block of sslt rested
on a platinum strip joined to the positive electrode of a battery while
the mercury pool was joilned to the negative pole through a platimm wire,
During electrolysis en amelgem of very low density formed and a blsck
deposit was observed on the surface which Davy thought to be a residue
of carbonaceous matter from the decomposition of cerbonste, He prepsred
somewhat less pure amelgams by the resction of ammonium salts with

mercury solutions of 2lkeli end elkeline-eerth metels, He sttempted
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unsuceessfully to preserve samples of the smalgam but was sble to de~
termine the specific gravity as being less than three, Devy wes pugzzled
thet upon decomposition of the emslgam he was unsble to form the oxide
of smmonia comparsble to potash and soda, the "oxydes" of potessium and
sodium, He proposed that "deoxygensted" ammonium wes present in mercury
"in the nascent state, or at leest in that condensed form in which it
exists in ammoniacal salts, or solutions," Later Dz;vy3 concluded that
smmonium and mercury form a compound,

Gay-Lussac end Thénard"‘ regerded amonium emzlgam es e compound of
hydrogen, nitrogen, and mercury on the besis of their experiments which
indicated that the ratio of emmonie to hydrogen in the amalgam wes 2.5:1
by volume, That ammonium is a radicel which beheves like a metallic
substence wes first proposed in 1016 by ulrpex‘ss whose theory was eleborated
by Berzelius and was generally accepted as explaining the composition of
emmonium selts, but various theories erose concerning the smalgam,
Dlnieué believed thet mercury ebsorbed ammonia ond hydrogen in the way
that silver absorbed oxygen, Gl'ove7 electrolyzed ammonium chloride solu-
tion with cathodes of zinc, cadmium, copper, silver, end gold in ean
attempt to find a resction of eammoniun cliloride with other metals com-
parable to the reaction with mercury, During the electrolyses dark-
eolored end sometimes spongy deposits formed from which ammonia was never
observed to be released, slthough possibly nitrogen and hydrogen were,
according to Grove, He interpreted the results to meen thet ammonium

also reacted with mercury to form & nitrogen-mercury compound
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interspersed with hydrogen which was responsible for the swelling sppar-
ent in ammonium amalgam,
The volume rstio of ammonia to hydrogen in an amelgem sample as

determined by Llndolta

was 2,15-2.1 to 1, a result considered inconclu~
sive by Bouf.ladge,9 who devised an apparatus similar to a gas burette
that provided a means for measuring the total volume of gas released from
a decomposing amalgam, The ammonia was sbsorbed in acid dropped into

the spparatus and the volume which remeined represented ths volume of
hydrogen. The results of four experiments gave values between 1,98 and
1,93 for the volume of ammoniz per volume of hydrogen, Sesleylo reported
in 1870 thet the volume of ammoniun emalgam varied according to Boyle's
law when pressure was spplied to an amalgam sauple by means of a plunger
in a glass tube, Routledge, in 2 more thorough compressibility study,
subjected a sample in & glass tube to various pressures through the use
of a syringe. The pressure was measured with & meanomster end the volume
was determined from the change in level of the sample as pressure was
epplied. Houtledge studied the compressibility of electrolyticsally pre=-
pared amalgams and found that at room temperature the emslganm wes slightly
less compressible than expected for e mixture of emmonie end hydrogen
under the same conditions, Routledge concluded thet the amelgem wes s
compound of smmonium end mercury which decomposed re:dily into ammonia,
hydrogen and mercury. His publication contained a complete historical

review on ammonium smelgam up to 1872,

1

LeBlancl messured thc polarization, releztive to an amelgemated zinc

electrode, of a series of elkeli and alkeline earth amelgems prepared
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electrolytically from their salt solutions, The polsriszation of these
smalgams was sbout one volt greater than thst observed in the electroly~
sis of hydrochloric acid solution with the amslgemsted zinc electrode,
end was the same as the velue measured for ammonium amelgem, LeBlanc

thet in amelgan a metallic substence compersble to

sodium and potassium wes combined with the mercury. If in the electroly-
sis of amonium amalgem the polarizetion had corresponded with thet of
hydrochloric acid then the polerization could have been attributed to
the discharge of hydrogen ions, since ammonia was not en ion,

Coehn and Daxmanbergl2 measured the depolerization in electrolyses
of alkali metel end smmonium salt solutions with a mercury cathode,
The decomposition potentisl for hydrogen at the mercury cathode is 1,52
volts, but as a result of the formation of amalgams the decomposition
potential in the presence of alkali metal ions is lowered by an amount
dependent upon the particular metal ion, In the presence of amonium
ion hydrogen is evolved continuously from the mercury cathode at 1.2l
volts which is entirely compareble to the vslue for potessium end gives
further indication that ammonium amelgem is similar to alkeli metal
amalgams, Coehn’? repeated part of Landolt's work on the displacement
of ions from solution by ammonium amalgam, If the temperature was as
low as 0°C, copper, cedmium, and zinc were displaced from sulfate solu-
tions by the amelgam; otherwise, the radical decomposed before resction
took place, Coeln's results suggested that ammonium amelgam is a good
reducing sgent, and we know now that even the alkali metal ions can be

displaced from solution in the presence of mercury.
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Tn 1502 Henri Moissen’ published the results of Ms experiments
on ammonium smelgam, He treated a solution of ammonium iodide in liquid
ammonia with sodium emalgam to make en emmonium smelgem which wes more
fluid then sodium amalgam and which did not evolve ges, Purificstion
consisted of rinsing with emonia end decenting the iodide solution.
Moissen cooled the emalgem to -80°C weshed it with ether et -80°C and
placed it under reduced pressure under which conditions no gas was
evolved, As the tempersture rose above -80°C the smelgem decomposed
slowly with a noticesble volume increese sppeering at -30°C and a volume |
increase of 25 to 30 times the original st +15°C, In &ll the experiments
the temperature of the emalgam during decomposition wes 5 to 6 degrees
sbove the temperature of the surroundings, The decomposition proceeded
for 12 to 15 hours in some cases but could be enhenced by werming, If
the smelgem was washed with an acid instead of ether at -80°C some
decomposition took place at the lower temperature, but the retio of
smmonia to hydrogen evolved wes elways 1,99 to 1, For anelyzing the
decomposing amalgam, aumonie wes collected in weter and the hydrogen
volume messured in a eudiometer. Moissen did not fesl that his results
showed that the ammonium radicel existed in mercury but thst actuslly
the smelgam wes &n "emmoniscal metallic hydride." He based his decision
on en snalogy with sodium amslgam which if placed in liquid ammonia
slowly released hydrogen with no chenge in volume, but sddition of
sodium hydride to the solution expanded the volume of the sodium amalgem

for two or three days.
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Rich end Travers 5 utilized Moissen's method t6 prepare ammonium

amalgams for a series of freezing point determinations in en ettempt to
learn whether the amslgem was = true solution or en emulsion of amonia,
hydrogen and mercury. &4 conventional type of apparatus used in freezing
point measurements for molecular weight determinetions was employed,
slong with a platinum resistence thermometer, The ammonium emelgems

were examined for sodium content but no mention was made of the analyti-

cal method used, The ammonium ation wes de by titration
with standard scid following the freezing process., /malgems with con-
centrations of ammonium between 0.1 end 5 atom per cent were frozen by
means of en alcohol bath meinteined st temperatures 5 or 10 degrees
below the freezing point of mercury. The freezing point depression per

mole of emmonia was calculated to be sbout L2 degrees for four of seven

solutd and appr tely half thet value for the more concentrsted
solutions, Rich and Travers decided that amonium emalgam wes a solution
of NHy in mercury, but Smithl‘/’ in 1907 showed thst their conclusion was
not the only one which suvited the detc, Smith demonstreted that if the
solute were assumed to be a compound, e.g., NH Hg;,, in which one
ammonium is combined with many stoms of mercury the same freezing point
depression would spply. Suith prepered ammonium amalgam by electrolysis
at 0° and washed the smalgam seversl times in ice weter, He poured
samples of the emalgam into potassium chlorids, potsssium hydroxide,
barium chloride, end barium hydroxide solutions end washed the amelgam
by decentation until negetive tests for potassium end barium were

obteined. Upon extraction of the resulting emalgems with hydrochloric
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acid en analysis showed thet ammonium ions had displaced barium and
potassium ions from solution., Smith felt that this interchange of ions
proved the amalgam to be a true compound of NH; and mercury in solution
with mercury. Smith's disagreement with Rich and Travers'! work end the
similerity of his experiments end conclusions with those of Coshnl!
brought criticism from both sources and produced two publications by
smitit8519 1n kis own defense, but no additional experimental results.

Perhaps it was to be expected that following the turn of the century
when the phenomenon of radioesctivity was not completely understood, that
&n unsteble substance such ss ammonium emelgam should be examined for

radioactive tent. In 1906 B sky and Vojtschao prepared amslgam

by electrolysis and slso by displacement of sodium from sodium emelgem,
They placed silver bromide geletine plates 3 cm. from decomposing
amelgams for seversl hours, but the photographic emulsion remeined un-
exposed; therefore, eny "rays" emitted from the substance were spparently
not of radioactive origin, In enother experiment Coeln?! found that
ammonium smelgam discherged & negstively cherged electroscope, rbout
this time organic derivstives of amonium chloride were found to yield
the corresponding amalgems by electmlyiie,22 end the properties of
certein of these, e.g, methylamonium smelgam and tetramethylammonium
amzlgem, were being investigated. McCoy end est?3 reported that tetra-
methylammonium amelgam, which can be isolated from mercury in the form
of crysteals, repidly discherged a positively cherged electroscope, while

smmonium end monomethylammonium amelgam discharged the electroscope
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regerdless of whether the charge was positive or negative, However,
emmonium amalgem discharged a negatively charged lesf 20 to 50 times

more repidly than a positively charged leaf. Radioectivity was ruled

out as the cause of the ionization effect of amslgems because the rate

of discharge wes not constant and veried with the sign of the charge on
the gold leaf, Following a series of investigations as to the effect of
temperature and exposure to ultraviolet light on the decomposition of
tetramethylamonium amslgam, McCoy end West concluded that the gas
perticles become electrified upon bubbling through the surfsce of mercury,
Xﬂmardzh hed shown in 1892 thet bubbles of geas passing through mercury
actually gein e potential which may be either positive or negative depend-
ing on the particular ges. Amnheim25 mede 2 more exhaustive study of
the ionigzation properties of decomposing ammonium amelgem in which he
plotted meny time-versus-electroscope deflection curves at various
temperatures, These plots spproximated straight lines up to a maximum

tential which was on the tempersture of the amzlgam, The data
po’

were those anticipated if the ionizstion wes a result of the "Lemnard
effect."

In 1928 Sander and !l:!.’cc:hschez6 exposed amonium, sodium, and potessium
amalgams to light of verious wave-lengths and measured the photoelectric
emission produced by esch amalgam. The electrometer in the photosensitive
circuit registered deflections when light of wave-lengths between L0OOO
and 4500 Ao. irradiated an emmonium amelgam sample, The long weve-

length limit for sodium emelgan wes 1950 £°, and for potassium was
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somewhat higher although the exsct value wes not obtesined, From these
data it can be that the radicsl has a higher electron

affinity than sodium or potassium,

ilden D'yrupﬂ studied the rate of decomposition of ammonium amalgam
at ~20°C and -30°C, He prepered amslgams by elsctrolysis of aqueous
emmonium scetate saturated with ammonia gas ot -38%C, The mercury cathode
was kept partislly frozen end was stirred, Following their prepsration
the amslgams were stored at -78°C, [ frozen emalgam wes placed in s
hydrogen-nitrogen atmosphere and warmed to the temperature of the de-
composition study, /n emelgam sample was removed periodically for analy-
gis, /lthough Deyrup observed that freezing partislly decomposed the
amalgam, he froze the samples teken from the resction vessel to preserve
them before analyzing the ammonium content by reduction of lodate ion.
The velocity constants for the decomposition of several amalgams ot
-20°%C and -30% agreed very precisely, snd the kinetics appeared to be
representative of en sutocetalytic reaction, The decomposition became
a second order reaction following the addition of lithium metsl to the

amalgam., Deyrup proposed thst two d position reections took place,

a heterogensous reaction at the surface botween the amelgam and bubbles
of reaction products, and a homogeneous resction as a result of collision
between two ammonium ions and two electrons, The molal freezing point
depression constont was determined to be 51°, but no experimental date
were listed.

Lt pressures between 30 and €00 rtmospheres the potential of

ammonium amslgam wes measured with respect to a reference electrode of

T







Hg(1) /HgBro(s) NEQBr(sq) st 0% by Niray-Szfbo end Selstinay.2® The
eamslgem wes prepared by electrolysis of ammonium bromide solution in a
cell enclosed in a pressure chamber., The electrolysis wes discontimued

every forty seconds for an em.f, . High p decreeased
the rate of decomposition and stebilized the cell potentisl to some
extent; however, the e.m.f, dropped by 1.316 v, after LO minutes at 30
atmospheres, and by 0.746 v, after LO minutes at 600 atmospheres, The
potentiel varied with the concentration of ammonium bromide, but not
with pH, and became less negstive with pressure. 4 plot of Eg, the
cell potentiel with respect to the hydrogen electrode, egsinst the
logaritim of the current density of the electrolysis was 2 straight line

for each series of measurements at s constant pressure, but no value for

Eg wes computed, since the ation of was . The
initial values observed for By varied between 1.60 end 1.83 volts.
The behavior of ammonium amalgam es a reducing agent for orgsnic

29 who prepered

compounds wes widely investigated by Takakd end Ueds,
amines and 3 ~hydroxylamines from nitro compounds with the amalgam,
They trested ammonium emalgam with meny different ketones end aldehydes
and characterized a variety of products from esch reaction; for example,
benzeldehyde rescted with the amelgam to form benzyl slcohol, hydro-
benzoin, benzylamine, isohydrobenzoin, dibenzylamine, and mesostilbenedi-
amine,

The polarographic reduction of ammonium ion to the eamslgam at the
dropping mercury cathode wes studied in & saturated solution of tetra-

butylamonium iodide in liquid ammonies by Laitenen end Shoansker,’o who
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found the helf-wave potentisl of ammonium ion to lie between the values
for lithium end sodium,

In 1951 Jolmston and Ubbelohde3! studied amalgems prepered st room
temperature by electrolysis of sulfate soluti 10 and

20 milliamperes, They anzlyszed the electrolyte for ammonium relessed

as smmonia and the amelgam for "latent ammonium" reteined in the amalgem,
The formation of "latent ammonium" was suppressed when the electrolysis
was carried out at temperatures sbove 50°G, or in the presence of ammonium
sulfide which poisoned the mercury cathode., Optimum conditions for
preparing ammonium amslgam corresponded well with those for preparing
potassium amalgam from electrolysis of potessium sulfate. 4t the voltage
corresponding to formation of amonium emelgam the surface tension of

the mercury decreased sppreciably, The surface viscosity st the csthode
a8 measured with an oscillating-disc viscometer increased much more
rapidly during amslgam formetion with emmonium sulfste then with potassium
sulfate., A phenomenon, called the "wedge effect", is evident during
electrolysis in 2 gless column with electrolytes of alkeli or slkaline
earth salt solutions over & mercury cathode, The electrolyte forces
itself between the glass and mercury in s wedge with the epex downwerd.
The length of the "wedge" was dependent upon the cation, end the lergest
"wedge" ever obtained by Ubbelohde end Johnston wss 16 cm, long when
zmmonium sulfate was electrolyzed under optimum conditions for amaslgam
formation, The experiments show thet potessium and emmonium amelgam behsve
similarly. The authors believe that cmonium emslgam is & froth which is

stebilized by low surfsce tension and high surface viscosity and that
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the rate of decomposition is less thean predicted by Deyrup.
The most recently published work on ammonium smslgam is an x-ray
diffraction study of emalgams prepared by tion of iodide

with NeHg, in 1iquid amonia at -L0°C, end stored at -76°C.3? Following
their preperation the amelgems were washed with liquid ammonia and

frozen by stirring with liquid air to form powders, In three x-ray powder
diegrams of ammonium amslgam made st ~190°C seversl intense lines sppeered
which were not explainsble on the basis of any lmown impurities, ILines
charscteristic of NaHg, were gbsent because of excessive stresins in the
compound at -190°C. Several amslgams were carefully znslyzed by passing

the hydrogen evolved in ition over hested copper oxide and observ-

ing the weight change, The analyses indicated thet the amalgams contained
some unreacted NaHg, and less ammonium amalgam thsn should heve been
present had no decomposition taken place at ~78°C a8 predicted by Deyrup.
Beenziger and Nielsen believed that certain lines characteristic of the
eamalgam were present in the powder disgram; however, no obvious relation-
ship existed between the lines which would lLeve ensbled them to predict

a crystal structure for emmonium amalgam,
tmmonium Radicels in Liquid ‘mmonia

In addition to the many experiments concerning the neture of smmonium
in amalgems, three investigations of the possible existence of free
amonium in 1iquid smmonis havs been made. Otto Ruff3> in 1901 sttempted
to prepare free ammonium st -95°C in & solution of rotassium and amonium

jodide in liquid ammonia subjected to & pressure of 60 stmospheres,
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He predicted that if free ammonium formed according to the reaction
K + NEI —> KI + NH

the blue color characteristic of potassium in solution with liquid
eammonia would dissppear. Ruff was unsuccessful in this sttempt, as was

Moissan ,jh

who in the same yesr reported that he was unsble to prepare
free smmonium by the same reaction as Ruff, under the pressure of the
atmosphere.

In 1921 Schlubsch end Ballaut™

repested the experiments of Ruff
end Moissan only to obtain the same negstive results. Using much more
dilute solutions than in previous experiments they found thet when
smmonium chloride was added to a solution of potassium in liquld ammonis
and the solution was kept at -79°C for three hours the blue color dis~
eppeared and en amount of hydrogen, much less then thet celculated if 11
the ammonium hsd decomposed, wes evolved, :fter the potassium chloride
was filtered off, iodine, which does not react with liquid ammoni: at
-70°C, wes discolored by the Piltrate. Uhen the solution wes wermed the
remeining hydrogen wes relessed st -LO°C, Hydrogen was found to be much
less soluble in liquid ammoniz then would heve been necessery for all
the hydrogen to be retsined uncombined in solution, /mmonium selts form
colorless solutions during electrolysis in liquid ammonie et -70°C &s do
methyl salts which evolve ethane as a product when their solutions ere
decomposed at higher temperctures., Tetrsethylammoniwn selts under simi-
lar conditions scquire a deop blue color esnzlogous to the alkeli metels end

form a series of decomposition products including triethylamine and ethane,
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Alkyl-Substituted ‘mmonium ‘malgems

Two organic amalgams, monomethylammonium smalgam end tetramethyl-
emmonium amalgam, have been prepared by electrolysis of the respective
chlorides in alcohol solution at -10°C., McCoy eand Moore, who have investi-
gated the properties of these smslgems, found that both are unstable sbove
0°C end that the monomethylammonium amelgam was soft and had the sppear-
ance of ammonium emalgem, while the tetramethylammonium amslgam contained
slmost crystelline lumps and was relatively stable at temperatures
around 0°C. Trimethylemine is a product in the decomposition of tetra-

methylammonium smalgam which might follow the reactiont
‘Me, —> MNfey + Me-

In 195L Porter3® detected methyl redicels in the decomposition products
of tetramethylammonium amelgam through the use of tellurium mirrors, using

the method of Paneth.
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III, THE PREPARATION OF AMMONIUM AMAIGAM
Introduction

JAmmonium emslgam has been cormonly prepsred by two different methods--
by electrolysis of an ammonium salt solution with a mercury cathode and
by displacement of an slkali metal amslgam with emmonium ion, The choice
of ammonium salt for either preparation depends on the choice of solvent.
Sodium amslgam has been almost exclusively employed for the displacement
reaction,

In this investigetion emmonium amelgam was first prepared in order to
make magnetic susceptibility measurements. in amelgam free from impurities
which might interfere with interpretstion of the measurements or with the
snalysis of the amelgem was desired. The emalgam had to be reasonebly
concentrated and in a physical state that would permit its trensfer to e
tube of 6,5 mm, inside diemeter, An spparently straightforward method
employed by seversal investigators is thet of Moiuanlh in which ammonium
jon is reacted with sodium amslgam in liquid ammonia, For Moissan's
preparation to be satisfactory in the present work the sodium amelgem
would have to be reacted completely and all sodium ions removed in the

purification process.
Preparation from Sodium imelgam

The first step in the preperstion of emmonium emalgam by Moissen's

method was the synthesis of & 3 per cent sodium emelgam prepared directly
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from weighed quantities of mercury and nd!.m.n 4n introductory experi-
ment was attempted in which a piece of sodium smalgam was dropped into

an lution of chloride in a beaker at room temperature.

The sodium smalgsm immediately expended into a sponge-like material and
within five minutes occupied a volume more than twenty times the original,
The amslgam was quite black in color and sufficiently less dense than
water that at one stage it floated on the solution, Decomposition of the
smelgem was rapid st room temperature and appeared to be complete in an
hour, The solution that remained sbove the mercury wes strongly alkeline
88 a result of the displaced sodium, When ice water was used for making
the ammonium chloride solution the rate of decomposition of the amalgam
decreased, but not enough to meke this an accepteble method of preparation.
In a second attempt to prepare ammonium amalgam by Moissan's method
1liquid ammonia was poured from a ges cylinder into 2 Dewer flask end
sufficient ammonium chloride wes added to make & one molar solution,
ibout 50 g. of coarsely ground sodium amslgem was added to the solution
with stirring. No resction wes immediately spperent, but as ammonium
emalgam formed the consistency of the sodium amalgam became paste-like,
From the first this reaction did not appear to be repid end even after
five hours pieces of unreacted sodium smelgem remained, This procedure
was followed several times but the reaction wss never found to go to com-
pletion, This wes shown by removing the amonium emelgam prepared in
this way from the liquid ammonia and decomposing it by warming to room
tempersture, When the evolution of gas from the zmelgam was complete an

aqueous ammonium chloride solution was poured over the amelgam, resulting
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4in the typical tion of ion and sodium emalgem, Later
Beenziger and liahm” reported that in their investigation ammonium
ion feiled to displace sodium from sodium smslgam completely.

Electrolytic Preparstion

aratus

An electrolytic method was then adopted for the preparation of
ammonium esmelgsm, A series of different electrolytes, reaction vessels,
end refrigerants were investigated before a wholly satisfactory method
was devised, Initislly a low-voltage power supply wes used for the
electrolyses; however, the current varied with the resistence of the
electrolyte and the resistsnce changed epprecisbly as electrolysis pro-
ceeded, Hest generated in the cell at electrolysis currents of two or
three amperes enhanced decomposition of the amalgem, 4 more satisfactory
power supply wes constructed sccording to the circuit diagram in
Figure 1.38 This power supply wes 2 constant current device with & vari-
sble output between 0 and 420 milliamperes st a maximum potential of 250
volts, The current during an electrolysis with this power supply wes
constant to within 1.5 per cent as determined by messuring the voltege
drop scross a one ohm resistence with e Brown-Honeywell Electronic
Potentiometer. The composition of zmalgems prepsred by electrolysis with
the constant current power supply could be readily adjusted by varistion
of the current or electrolysis time,

If the amalgam was to be preserved in a relatively concentrated form

for more than & few mimutes the temperature hed to be lower then -10%
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during all manipulations of the amalgem., According to Dsyrup'sz" in-

vestigation of the rate of decomposition of ammonium smalgam, dilute
melgams are quite stsble at -30°C, A cold atmosphere suitsble for the
preparation and handling of the amalgam was provided by blocks of Dry Ice
placed in the bottom of a wooden box converted from a discarded "dry box,"
The box hed been constructed from 0,5 inch plywood which served as good
insulation, #About three hours were required to cool the box to between
-25° and -30°C using sbout 50 pounds of Dry Ice, The positive pressure
of carbon dioxide created by vaporization of the Dry Ice reduced the
Quantity of moist eir which entered the cold atmosphere,

The electrolysis cell was constructed from a sixeinch Pyrex funnel
and en 8 mm, stopcock, / tungsten wire sesled sbove the stopcock made
electrical connection between the mercury cathode and the negetive pole of
the power supply es 1llustroted in Figure 2, The enode consisted of a
plece of platinum foil 2 inches by 0.5 inch which had been fused to e

platinum wire and was connected to the positive junction of the power

supply.
Procedure
In the preparation of an emalgam sbout 30 ml, of mercury* and approxi-
mately 100 ml, of a stock solution of electrolyte were introduced into
the cell, The electrolyte was a one molar solution of eammonium chloride™

in 50 per cent agueous ethanol; the solvent wss prepsred from equal

*Motal Salts Corporation High Purity,
#Mallinckrodt inelytical Resgent Grade,

«2le







+)
PLATINUM ELEGTRODE
e

i Figure 2, Cell for the electrolytic preparstion of
ammonium amalgam.







volumes of sbsolute ethamol and conductivity water. The electrolyte
could be cooled below -30°C without freezing. An air stirrer was mounted
shove the cell for stirring the mercury cathode, All wash solutions, end
squipment which needed to be cooled before filling with smalgam, were
plagsed in a small box kept in the cold atmosphere, Cskes of Dry Ice were
then arrsnged inside the cold box which was closed but not sealed tightly.
The fan end stirrer were turned on and after three hours, or whenever

the tempersture wes between -25° and -30°C, the electrolysis was begun.
During most electrolyses the power supply was opersted at 40O millismperes
end 250 wvolts which was nearly the maximm output, The time of electroly-
sis as woll &s the volume of mercury electrolyged depended on the concen-
tration and quantity of amalgem that was desired., The cathode was stirred
only intermittently during electrolysis to aid the evolution of geseous
smmonia and hydrogen produced by decomposition of the amalgam. Presum-
ebly the cell reaction for the electrolysis may be represented by the

equation
nHg + mNHCL —>  (NH) Hg + m/2 Cl,.

The amsalgem floated on top of the mercury cathode during the electrolysis
end occesionslly a black deposit appesared on the surface of the cathode
in the vicinity of the amnode, This deposit hss been reported by many
investigetors in the past and wes found by McCoy and Moo:-e:"2 to be at
least 95 per cent mercury.

Lt the completion of electrolysis the amalgem was purified inside

the cold box., The mercury-rich golution was first drswn off through the
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stopecock of the cell and then the amalgam was drasined into a 11l aqueous

aleohol wash solution, while the electrolyte was retsined in the cell,

The smalgem was washed two times with aqueous slcohol by decantation and

finally e third time in s seperatory funmel from which it was introduced

into the sppropriate experimentsl apperatus. Ths surface of the smalgam

wes then touched with sbsorbent tissue to remove the slcohol-water wash

solution more completely, The composition of the smelgam depended greatly

on the tempersture in the cold box during the electrolysis and purifica=-

tion procedure, as well as on the amount of hendling necessery to f£ill [

a sample tube for a particular measurement,
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IV, ANALYSIS OF AMMONIUM AMALGAM
Introduction

Four different analytical techniques have been employed for determin-

ing the concentration of ammonium in the amslgam, The method of gas

analysis is dep on the mposition of ammonium into hydrogen and
ammonia in the volume ratio of 1 to 2, & ratio which has been well estsb-
lilmd.g’lh Measurement of the combined volumes of ammonis end hydrogen

or sbsorption of the ammonie and measurement of the volume of hydrogen
alone is sufficient for the enalysis, inelyses dependent upon the amount
of ammonia or hydrogen released during decomposition heve the disadvantage
of providing a value which may include the quantity of ammonia or hydrogen
entangled as gas in the amelgam in sddition to thet present as the ammonium
redical, /malgams which are to be enalyzed should be kept at low tempera=
tures to inhibit decomposition, The most common snsglytical method for

the determination of metals dissolved in mercury consists of extraction

of the metal with an excess of standerd acid followed by titrstion of
excess acid with stendard base, Baenziger and Nielsen3? anslyzed the
amalgam by reduction of hot copper oxide with the hydrogen releesed from
a decomposing amslgam, The method sppesred to hsve the disadventage of
determining a small chenge in weight of a reletively heavy sbsorption

7

tube, Deyrup2 used the reducing property of ammonium to determine the

composition by reduction of iodate sccording to the reaction
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6Hx0 + 10" + GNH, —> ONHS' +I° + 30 + COH,

Following reduction and scidificstion the iodine formed was distilled
into potessium iodide solution and titrated with stenderd tihiosulfate,

Experimental Procedure

Several amealgams were analyzed by messurement of the volume of
hydrogen released through decomposition into a gas burette, A sample
tube of amalgem at a low tempersture wes joined by means of a ground gless
connection to a 10 ml, ges burette, 4s the amelgam warmed to room tempere-
ture the evolved ammonia wes dissolved by the water in the burette and
the volume of ges observed was thet of the hydrogen alone. Complete
decomposition of the amelgam required at least an hour during which time
the possibility existed thet hydrogen might diffuse from the system,
Frequently the volume of hydrogen released from an amslgam wes as little
as 2 ml,, so that errors introduced by diffusion would be epprecieble,
end the method was abandoned.

The enelyticel method adopted for the determinestion of ammonium wes
the acid extraction techmique, /An smalgsm sample at the tempersture of
the physical messurement, usually -JOOC, was quickly run into an iodine
flask containing en aliquot of standard sulfuric acid. The amalgem was
set sside for several hours to allow complete decomposition, after which
the scid was titrated with stenderd sodium hydroxide using methyl-red
indicator, On occasion the transfer of amalgam to the standard scid wes

mede inside the cold box, Since this contasined en essentially carbon
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dioxide atmosphere, particular precsution was taken to remove carbon
dioxide from the acid solution, Slightly before the end point was
reached in the titration with sodium hydroxide & stream of compressed
adr, which had been passed in succession over iscerite and Drierite, wes
run into the titration flask for five minutes to remove carbon dioxide,
Without this precaution the endpoint wes not sherp, Following the titra-
tion the water solution was decanted from the mercury remaining in the
bottom of the iodine flask and the mercury was washed severzl times with
distilled water, dried with scetone, and weighed.

/n approximstely 0.25N stock solution of sodium hydroxide was pre-
pared from sodium hydroxide pellets*and conductivity water. Barium
chloride solution was added to precipitate carbonate. The sodium
hydroxide was stenderdized against potassium hydrogen phthalate with
phenolphthalein indicator,>?

A 0,3N sulfuric acid solution made with boiled sir-free water was
standardized ageinst the standerd bese using methyl-red indicetor, Two
liters of each of the stock solutions sufficed for all the enalyses,
More dilute standard solutions were made from each of these stock solu~

tions whenever nccessary,

#Baker's /nalyzed Resgent C.P, sodium hydroxide.

-27-







v. Al INVESTIGATION OF THE MAGNETIC PROPERTIES
OF AMMONIUM AMALGAM AND OF MERCURY

Introduction

The Neture of the Alkali Metel /melgams

That the alkali metals are soluble in mercury was first observed
by Kcrpw in 1898, who determined the composition of certain of the
80lid phases and advanced the idea thst definite compounds exist between
mercury snd the alkali metals, Smith and Bermett!d reported thet the
alkali metals form compounds with mercury which are in solution in
mercury, Most investigations of the physical properties of the alkali
emelgams heve been directed toward learning whether the slkali metals
exist es ions, atoms, or compounds in mercury. The conductivities of
the emalgems have been widely investigated since Bornemenn and Hul].erhz
established thet the conductivity of mercury is lowered by the addition
of sodium rather then increased, which would be the case if the metal
were in mercury in an ionized state. H:hie)‘3 studied the conductivity
of very dilute sodium, potassium, end lithium smelgems and found thst
each exhibited & somewhst different behsvicr in mercury, but that all
decreased the conductivity. Vanatonahh measured the electrical con-
duetivity of 20 different sodium amslgams from O to LS stom per cent
mercury end reported thet chonges in conductivity occur at compositions
corresponding to bresks in the thermel disgram for the sodium-mercury

system, Vanstonal‘5 determined the specific volume of sodium-mercury
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elloys and reported that mercury contrscts on the addition of sodium up
0 concentrations of L8 per cent sodium, Vepor pressure messurements
of the alksli metal smalgams show that compound formation tekes place
even in very dilute .olutinnx.hé Thallium and the elements of Groups I
end II actually form compounds with mercury, since the melting points
of the smalgams are higher then the melting points of either of the
components; while other metals, except those of group VIII, form solu=

tions or isomorphous mixtures with mmury.m

The Magnetic Properties of /malgams

The ionic staste of z particular metal in solution with mercury can
be predicted from megnetic susceptibility studies wiich provide a means
for determining the difference in the number of free electrons in the
pure metel and in mercury solutions of the metal., If a Group I or
Group Iz element goes into solution with mercury as a nentrsl atom the
disamagnetic susceptibility of ths solution should be less then thet of
mercury as a result of the uncompenscted spin of the electron of the
element; but if the element is present in mercury in the lonic state the
diamagnetism should be greater then that of mercury. Compound formation
between elements and mercury may be detected by megnetic studies since
systems with odd numbers of electrons should be less diamagnetic than
mercury and systems with even mumbers of electrons should be more dia-
magnetic .RE

The magnetic properties of the amalgams of gellium, gold, indium,

and tin were studied by Dsvies and Keeping;b9 those of zinc, cedmium,

29~







bismuth, copper, chromium, manganese, and silver, by Bates and his co-
workers 18550,51,52,53

The magnetic properties of the sodiumemercury system were studied
by Franke and Katzﬂ‘ who investigated amelgams of compositions between
21 per cent and 95 per cent sodium by weight, Their investigstions
show that sodium is in a state comparsble to that in which it exists in
concentrated liquid smmonia solutions, rather then in the form of atoms.
They were unsble to show definite bresks in the magnetic susceptibility-
composition diagrams at compositions predicted from thermel enalysis of
the sodium-mercury system,

55 measured the magnetic susceptibility of dilute

ipravamuthachari’
sodium amelgams containing up to 10 atom per cent sodium and found that
the diemagnetic susceptibility decreases below the velue for mercury
slowly at first, then morc rapidly, finally leveling off and agein increas-
ing. He found that as little es 0.02 atom per cent of lithium increesed
the diamagnetism of mercury but that greater concentrations reduced the
diamagnetism to slightly less than that of mercury, Mercury became
less diamagnetic when very small quentities of potassium or rubidium were
dissolved in it, but more diamesgnetic, when greater then 0,05 atom per

cent wes sdded, Klemm end lhuasuhulz56

mede a thorough investigation of
the magnetic susceptibility of the zlkeli amalgems at compositions between
0 and 100 ztom per cent of the alkali metsls at 20°C and at -183%,

In most cases the mexima, minima, and direction chesnges in their compo=

sition-susceptibility disgrems correspond to compound formstion
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predicted by thermoenalysis, slthough a few points should be further
investigated, Dilute solutions of potassium end rubidium in mercury
exhibit much grester diamagnetism at =183°C then at 20°C, while the
susceptibility of lithium and sodium emslgems were relatively unchsnged
at the lower temperature,

The Magnetic Properties of Mercury
Magnetic susceptibility studies for amelgeams have led to seversl

detailed investigations of the megnetic properties of mercury. The ex=-
perimentsl value reported by Shur57 for the atomic susceptibility of
mercury vapor is =78 x 10™° which compares well with the theoretical velue
of =8l.6 x 10°® calculsted for mercury as a monatomic ges, Ligquid
mercury is probably polystomic since the atomic susceptibility st room
temperature is -33.8 x 10-6. Mercury has & rhombohedrsl structure in
the solid state end a close-packed structure in the liquid state .58
Apperently electrons move much more freely in the solid mercury than in
1liquid mercury because the electrical resistance of the solid is only
one-fourth thet of the liquid, Moreover, mercury is less diamegnetic in
the solid state than in the liquid.

The magnetic susceptibility of solid mercury has been reported at
seversl temperatures. Vogts 9 determined the atomic susceptibility
parallel and perpendicular to the trigonal exis in single crystals of
mercury at liguid nitrogen temperatures and reported en average value for
the grem susceptibility of -0.118 x 10™°, Owen’® reported the value
-0,15 x 107 for the grem susceptibility of mercury st —BOOC and Oxley61

reported -0,155 x 10-° at -130°C,
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Theoretical Discussion

Conductivity and magnetic susceptibility studies have supplied the
most information sbout the nature of the metsllic solute in various
emalgams and should supply similer information for emmonium emalgem,

The measurement of the conductivity of ammonium amalgem was contemplated
but found infeasible, as a result of the tendency for the amalgam to
decompose into gaseous materials with the formation of bubbles which
would increase the electricel resistance and invalidste eny conductance
data, The Gouy method for determining magnetic susceptibility appeared
to be acceptsble for studying the properties of the emmonium-mercury
system, Babeuéz hes designed an improved apperstus for messuring masgnetic

bility in h systems such &s emslgems, Actuelly the

Gouy method should be suitsble for determining whether ammonium amalgem
1s diamagnetic or paremegnetic and should give some informetion on the
variation of magnetic properties with composition,

In the Gouy method the megnetic susceptibility of a sample is de-
termined by weighing the sample in en inhomogeneous megnetic field,
The apperstus illustrated in Figure 3 had been constructed for earlier
investigations in this 1aboretory.63 The magnetic field exerts a force
along the length of a cylindrical sample proportionsl to the field
strength eccording to the following exprauaiom&'

F -1/2(1{: k) BPA =g Aw,

*Ihe letter k is substituted for the Greek letter kappa, which
by convention represents volume susceptibility.
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k; = the volume susceptibility of the sample,

ks = the volume susceptibility of air (or medium in
which the tube is suspended),

H = the magnetic field strength in Oersteds at one end
of the semple (assuming the other end to be in zero
field),

A = the cross-sectionsl area of the sample e et the
position of the septum and was 0.369 cm,” for these
measurements,

g = grevitational acceleration,

A w = the change in weight of the sample produced by
weighing in the megnetic field.

Rather than determining the field strength st each applied current

it is simpler to calibrate the spparatus with s substance of known volume

bility end comp the ptibility in c.g.s. units/gn.

directly by the relation

» X,
Xy = fadr - kaldw

p 1 Vs Awg
where kz and A wp are the volume susceptibility end the corresponding
weight change at a given field strength for the celibrent, whﬂe/,. end
A wy are the density and weight chenge at the same field strength for
the sample. Traces of ferromegnetic impurities in s sample can completely
conceal the true magnetic propsrties, Ferromegnetism varies with field

strength while paramsgnetism end dismegnetism do not very, so that in

%#The letter X will be used to designate the Greek letter chi,
the usual symbol for gram susceptibility.
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the Gouy method ell samples are weighed at a series of different field
strengths to detect errors produced by impurities,

The Magnetic Susceptibility Measurements

aratus

The magnetic susceptibility of ammonium smelgem had to be measured
at temperatures at which the emslgem was steble, so that an epparatus
which provided a mesns for cooling the sample tube was constructed as
shown in Figure L. The megnetic susceptibility tube C was made from 8
mm, o.d, Pyrex tubing with a septum 10 cm, from the reference merk snd
3.25 inches from the bottom of the tube, it the top of the tube was a
8 7/25 joint, The corresponding msle joint was sesled at the top and
conteined a loop for comection to 2 gold chein with which the tube was
suspended from the left pan of the belence, The tube wes enclosed by
the jacket A which extended some distence sbove the Dewer flask to prevent
movement of the chain to the sample tube by eir currents, The jacket &
was surrounded by refrigerant in a Dewar flask,

The Dewar flask was constructed in the glass shop from Pyrex tubing,
Prior to silvering, the immer wells of the flask were cleesned with chromic
acid solution, rinsed, cleened with 50 per cent hydrofluoric acid solu-
tion, end finelly rinsed with distilled water. £ reducing solution of
dextrose and water was added to alkeline silver nitrete and the mixture
was poured between the walls of the flask, The flask was strip-silvered
to permit viewing of the interior, ifter the silvering solution was

removed the coated surfsce was rinsed with distilled water and the flesk
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Figure L, Left: Apparatus for low temperature
measurement of magnetic susceptibility: A, jacket
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inlet; C, magnetic susceptibility tube. Hight:
Detailed drawing of tube C,







dried in en oven at 200°C, The flask was sesled to a veowm line end
evacuated while being heated with a bushy flame at sbout 4OO°C, In order
to remove adsorbed gases more completely a chercosl-liquid zir trap st
reduced pressure was opened to the evacuated flask for sbout thirty minutes

before the flask was sealed art.és

Experimentel Procedure
The refrigerant employed for these messurements was boiling Preon-l'é*

which wes liquefied es it pessed from the cylinder through a copper coil
immersed in isopropyl alcohol and Dry Ice. Pressure from the teank
forced the liquid through a Teflon tube into the Dewar flask., With the
Dewar flask filled with boiling Freon-12 the tempersture st various
levels inside jecket % wes measured with a thermocouple end was found to
differ with the height of the tube; however, in the vicinity between the
pole pieces the tempersture beceame constent after 20 minutes within 0.5°
of -29.B°C , the boiling temperature of Freon-12, Before each series of
measurements at low temperatures, where condensation of moisture on the
sample tube might interfere with the weighings, the sir in jecket L wes
displaced by nitrogen dried over Drierite, Lir was displsced from the
Jjscket A by passing 1’1:Lt,mgen“l into 2 length of 3 mm, i.d, rubber tubing
which entered st the top end extended to the bottom of i, /ifter sbout
20 minutes the tubing was removed from the jecket snd connection was

made to the nitrogen supply through the side-arm B, 4 slow stresm of

—
*Mathieson dichlorodifluoromethane,
**Ohio Chemical Compeny weter-pumped nitrogen, dried over Drierite.
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dry nitrogen was passed into this side-arm and out through the top to
prevent moist air from entering the epparatus while weighings were being
made,

The field strength of the magnet at currents of o, L, 8, 12, end
16 awperes was determined by celibration with Mohr's" salt st -30°C and
also with air-free conductivity water at room tempersture. The gram
susceptibility of Mohr's salt is

and the gram susceptibility of water is -0,720 x 10" et 2000,61' The
Mohr's sslt was freshly ground before it was packed into the tube, since
it was observed to become less paremegnetic on standing in sir. The dsta

for these calibrations sppeer in Table b

The Magnetic Susceptibility of Mercury st Low Temperature

48 a preliminery to making a megnetic study of ammonium emslgeam the
megnetic susceptibility of meroux-y“ was measured at room temperature to
compare the gram susceptivility with the values obteined by other in-
vestigators, Ba:t.esé6 found thet the gram susceptibility of mercury
veried with the purification process and thet it decreased slightly upon
stending in eir. /pparently no perticular precsutions were necessary to
purify the mercury for the present investigstion since a value of

-8
<0,156 x 10  was obtained for the gram susceptibility st 25°C a8 compared

*Merck Reagent Grade hiydrated ferrous emmonium sulfate,
“*Metal Salts Corporation High Purity mercury,
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with Bates' velue of ~0,168 x m". Prior to weighing, the mercury was
carefully poured into the semple tube which was then comnected to an
aspirator to draw off bubbles of entrspped air, The weight of the
sample end the mercury was sbout 70 grams, which was large for making
weighings on & semi-micro bslance, The change in weight upon epplice-
tion of the field wes sufficiently large that weighings were only made
to within 0.1 mg.

The magnetic susceptibility of mercury has never been determined
in a2 single series of measurements st several low temperstures by the
Gouy method, It was decided to obtain magnetic susceptibility data for
mercury at -29‘800, the tempersture of boiling Freon-12; et -7500, 2
temperature readily obtained with Dry Ice-isopropyl slcohol; and at
-190°C, the boiling temperature of liquid nitrogen, Prior to these
meszsurements the magnetic properties of the susceptibility tube when
f£illed with dry nitrogen and weighed in nitrogen were studied st the
temperstures at which mercury wes to be investigated. Ths tube was in-
creasingly paramagnetic at low temperatures necessitating en epprecisble
correction for the change in weight of the tube at esch field strength
a8 shown in Tsble II, The samples of mercury were weighed in 2 nitrogen
atmosphere during messurements st low tempersture and in zir for measurs-
ments at room temperature, The deta for these messurements are listed
in Teble III, The temperatures were meassured with e copper-constantan
thermocouple in conjunction with & Leeds and Northrup Electronic
Potentiometer. The values at -30°C ere not different from those st room

temperature by amounts lerger than experimentel error, The value at







TIBLE I
CALIBRATION OF THE FIELD STRENGTH OF THE ELECTROMAGNET

Mohr's Salt Field Str-ngth Conductivity Pield Strsnfth
(-29.8%) (Oersteds Water (Cersteds
(25°)
Aw Aw
0.1kk 3880 =0,0020 3780
0.52k 7380 =0,0077 7420
0,866 9500 -0,0127 9520
1,097 10680 -0,0158 10630
TABLE IT

MAGNETIC SUSCEPTIBILITY TUBE CORRECTIONS AT VARIOUS TEMPERATURES

Field Stre: A w (gs.)

(Oersteds 25C -23.8C =75°C ~I9L°C
3880 0.,0000 0,0001 0,0002 0.,0002
7380 0.0000 0.0002 0,000k 0,000k
9500 0,0000 0.,0002 0,0006 0,0006

10600 0,0000 0,0002 0,0007 0,0007
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«190°C 1s identicsl with the sversge of Vogt's> results at -183°C
obtained from single crystal studies. However, the only other measure-
ment reported in the vicinity of ~75°C was that of Oxley’l who reported
a gram susceptibility of -0,15 x 10°® which differs significently from
the value 1 in these . The results of the messurements

at room tempersture end at the temperature of liquid nitrogen agree well
with those of other investigators; therefore, it can be concluded that

the values obtained at -30°C end -75°C are also acceptsble,

0,

The Magnetic Susceptibility of Ammonium Amelgem at -30°C

While the amalgam wes being prepared the air in jacket A was dis-
placed with dry nitrogen and the Dewar flask was filled with Freon-12,
The magnetic susceptibility tube was kept stoppered at both ends in the
"gold box", At the complation of electrolysis the tube wes carefully
filled with purified amalgam, perticuler care being tsken to remove
bubbles from the sample, The amalgam was "pushed" into the tube by
pressure from a stream of dry nitrogen, When the tube wes filled to the
mark the top wes secured with & ground glass joint and the filled sample
tube wes placed in a jecket mede from 12 mm, o.d, Pyrex tubing. The
Jjacket containing the susceptibility tube wes placed in a Dewer flssk of
boiling Freon-12 inside the cold box, while the Dewar flask containing
jacket 4 in a Freon-12 bath wes moved from its position between the pole
pieces of the magnet into the cold box, With the Dewar flesk conteining
jacket L claiped inside the cold box the filled magnetic susceptibility

tube was quickly wiped with sbsorbent tissue and the stopper was removed
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from the bottom opening of the tube, The top was removed from jacket A
end the magnetic susceptibility tube placed in position with the chain
passing up through the opening in the top. A eork plsced in this open-
ing elong with the chain held the sample tube in place while the
spperatus was removed from the cold box to its position between the pole
pieces of the megnet, The chain from the sample tube was joined to the
balence chein and as soon as possible a stream of nitrogen was passed
over the tube, After 20 minutes weighings were mede at the various
calibrated field strengths, Immedistely following a series of weighings
the semple was poured out into stendard sulfuric acid, After decomposi~
tion of the amelgam the excess acid was back-titrsted with standard base.
The gram susceptibilities X, measured at various field strengths, the
densities /0 , end the compositions of the amelgems are shown in Tables
IV and V, The relation between the density of the amelgem and its
composition was not known, so that several additionel density-composition
messurements were made to obtein data for the more dilute and the very
concentrated amalgams, The results of this study sppeer in Table VI,

4 tube other then the magnetic susceptibility tube was used ss a

pycnometer in this particular case,
Discussion of Results

In the investigation of 19 ammonium smelgems, sll but two were more
diamegnetic then mercury, No obvious relationship exists between the

composition and the diamagnetism of the amalgams, Vhen the density is
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T/BLE IV

THE SPECIFIC MAGNETIC SUSCEPTIBILITIES AND DENSITIES OF
AMONIUM AMALGIMS AT -30°C

/ 3880 Oersteds,
(gns./em.3) ~Aw -X x 10

7380 Oersteds

9500 Oersteds

10700 Oersteds

Aw =X x 10 2w -Xx10° 24w -Xx
13.8 0,0065 0,167 0,0233 0,165 0,0387 0,165 0,0L97 0,167
12,0 0.0062 0,183 0,0226 0,83 0.,0376 0,185 0,0L84 0,186
1.3 0,0060 0,188 0,025 0,194 0,0373 0,194 0,0478 0,196
10.3 0,0027 0,096 00275 C,260 0,042 0,243 0,05 0,223
101 0.,0052 0,18 0,0239 0,231 0,038k 0,22k 0.0499 0,230
9.0 0,008 0,219 0,0220 0,228 0,0362 0,227 0.0467 0,231
9.23 0,0057 0,27 0.0217 0,229 0,0363 0,232 0,040 0.232
9.16 0,0047 0,186 0,0213 0,226 0,036k 0,234 0,0L6L 0,236
9.03 0,0073 0.29 0,0211 0,227 0,0354 0,231 0,0Lkk 0,229
8,56 0,0059 0,2k 0,0211 0,240 0,0350 0,21 0,048 0,2h2
8,05 0,0055 0,242 0,0199 0.2l 0,0336 0,245 0,0429 0,247
7.70 0,0070 0.32 0,0219 0,277 0,0350 0,268 0,0477 0,270
7.27 0,0047 0,229 0,0178 0,238 0,0301 0,2k 0,001 0,256
7.08 0,0048 0,2l1  0,0186 0,257 0,036 0,256 0,039k 0,259
6.51 0,00L9 0,267 0,0173 0,259 0,0292 0,264 0,0373 0,265
5,95 0,0036 0,219  0,01ks 0,235 0,023k 0,232 0,0305 0,239
5.27 0,0027 0,18 0,001 0,186 0,0170 0,189 0,0217 0,191
k.10 0,0018 0,16 0,0067 0,159 0,0116 0,167 0,046 0,165
3.93 0,001 0.1h 0,005k 0,134 0,0092 0,138 0,0118 0,139







TiBLE V

COMPOSITIONS OF AMALGAMS

< Millimoles Mole Per Cent
(gms./cn,3) <X x 10 Moles Hg NH, ]

13.8 0,167 0,254 0,0kk 0,0173
12,0 0.186 0.221 0,69 0.312
1.3 0,196 0,208 1.35 0,649
10.3 0.233 0,190 0,698 0.367
10.1 0.230 0,182 0,218 0,120
9.k0 0.231 0,174
9.23 0,232 0.170 0.L74 0,279
9.16 0.236 0,169 0.L56 0.270
9.03 0,229 0.166 0,6L0 0.385
8.56 0.2k2 0.158 0,560 0,355
8.05 0,2L7 0,148 0,353 0,239
7.70 0.270 0.142 0.206 0.1L5
7.27 0,255 0,13k 1.L3 1,07
7.05 0,259 0.130 0,66 0,507
6.51 0,265 0,120 1.64 1.37
5.95 0,239 0,110 0.43k 0.395
5.27 0,191 0.0973 1.8 1.9
k.10 0.165 0,0752 0.L72 0,219

0.139 0,0727 1.37 1.8

3.93







TABLE VI

THE RELATIONSHIP BETWEEN DENSITY-COMPOSITION DATA OF
AMMONTUM /MALGAM

Ve (em,/ml,) Hol-.};:r Cent
13.60 0.0
13.61 0,059
13,51 0,001
13.L3 0,002
13.33 0,002
13,03 0.021
10,11 1.k5

9.770 0.172

9.231 0,240

8.6712 0,272

8,201 0.595

5.798 0,122

3.L69 1.10
<l







plotted versus diemagnetism as shown in Figure 5 the points fell on two
intersecting curves, Ths meximm specific susceptibility -0,270 x 107
¢.g.8. units/gn, wes observed for a sample with density 7.70 gm./ml,
The relationship between magnetic susceptibility and density would be
more understandsble if the density were a function of the composition,
The composition-density data suggest that the amslgem contained some
gaseous ammonia and hydrogen produced from the partisl decomposition of

the amalgam under which eir the tration of as

determined by titration would include a concentrstion of ammonie gas and
would not represent the exact composition of the amalgem,

Other impurities in the amalgam consisted of smell quantities of
ammonium chloride, water and alcohol ell of which should heve remsined
largely at the upper surfece of the amelgam where the megnetic field was
weak and their effect on the magnetic properties of the amalgem were
small, Following decomposition amelgams contracted so thet a volume of
mercury less than sufficient to cover the reference merk remained in the
tube, a situation which mede weighing of the residue in the magnetic
field meaningless, However, the megnetic susceptibility for dilute
eamalgams which did not contract apprecizbly following decomposition wes
essentially the same as mercury. A similar result was obtained if before
weighing enough mercury wes edded to a decomposed concentrated amelgam

to increese the volume to the calibration mark of the tube.

Five amalgams had ations bet 0.270 and 0,395

mole per cent end specific megnetic susceptibilities between -0.229 x 1078
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Figure 5. Gram susceptibility-density relationship
for ammonium amalgam at -30°C,
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and «0,239 x 10™®, The specific susceptibility of ammonium in each of
these amalgams was calculated from the relationship
Xamalgam = PHg¥Hg *+ Pllﬂ‘xlm‘

where P& and PEB. represent the respective weight fractions of mercury
and ammonium, The data necessary for these calculations and for the

calculation of the cor ng molar ptibilities appear in
Table VII,

The average value -4100 x 10~ for the molar susceptibility of
ammonium seems impossibly high, This must mean that the Brillouin zone
in mercury is nearly full and that the few electrons supplied by as
1ittle as 0.3 mole per cent of ammonium suffice to complete it, The
small concentration of ammonium apparently removed the paramagnetism of
the metallic electrons in mercury, If this explanation is correct
then the specific susceptibility of ammonium amalgam represents approxi-
mately the specific susceptibility of mercury minus its temperature
independent paramagnetism, Under these circumstances the diamagnetic
susceptibility of mercury is about -0,23 x 1w per gram and -L6é x 107
per mole which is not unreasonable. If the amalgam consists of a mercury
solution of a compound such as NHgHg;,, which is comparable to certain
sodium and potassium compounds with mercury, then the molar suscepti-
bility of NH,Hgyz when calculated on the basis of the present measurements
would be about -5000 x 10”° which is an unlikely value for such an entity,
Indeed, the fact that ammonium, unlike all the alkali metals except

lithium, has no vacant orbitals with which to form intermetallic
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TABLE VII
THE MOLAR SUSCEPTIBILITY OF AMMONIUM IN AMMONIUM AMALGAM

~Xgme1, X 10° _ Mole Per Cent =Xy ~Xg x 10°
(c.‘.l. units/gn.) NH, (e g.‘a‘unitl/yl ) (c.g.s. units/mole)
0,229 0,385 180 3200
0,232 0,279 260 k700
0,233 0,367 210 3800
0,236 0.270 290 5200
0,239 0.395 200 3600
Avg, 230 4vg, L100
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compounds strongly suggests that an ionic compound of the type NH,‘Hg,~
must exist, Such a compound may be analgous to the "polyanionic" com=
pounds which sodium forms with lead and tin in liquid ammonia, The
compound Na Pb, imparts the properties of an electrolytic conductor rather
than of a metallic conductor to its solution in liquid ammonia; during

elec s of such solutions sodium ions go to the cathode and Pb,~*

ions go to the anode, i conductivity study of ammonium amalgam should
give further evidence as to the similarity of its structure with that

of the "polyanionic" compounds described by Eu:ksl“; however, the gaseous
decomposition products of the amalgam make such a study impractical.

It may be assumed that the density of an amalgam corresponds approxi=
mately to the concentration of ammonium in such a way that the demsity is
least for the more concentrated amalgams, The relationship between dens-
ity and specific susceptibility as diagrammed in Figure 5 then might be
interpretable, In the system ammonium-mercury two opposing effects
appear to be in operation with regard to the magnetic properties, On the
one hand an increase in concentration of ammonium decreases the density
and reduces the paramagnetism of mercury as described previously, while

on the other hand the decrease in density alone tends to increase the

1 ptibility of the free electrons as shown by
61

P T

Stomrss and verified by Bates and Baker ' for mercury, When the increase
in paramagnetism produced by the decrease in density overcomes the effect
of additional ammonium on the temperature independent paramagnetism a

slope change appears in the plot of density versus susceptibility,

il







VI, SOLID~LIRUID BQUILIBRIA IN THE SYSTEM AMMONIUM-MERCURY

Theoretical Introduction

4 useful method for estsblishing the relationship between two sub-

4in soluti sists of de the freezing points of

different soluti of the two . The two substences form a

true solution in which there is no interaction between the components if
the freezing point of the solvent is decreased by the emount predicted
from Reoult's law and the Cleausius-Clapeyron equation,

AT = -RI,®In N,

A

in which A T is the freezing point lowering, Ty is the freezing point
of the pure solvent, A H is the molar heat of fusion of the solvent,
and N, is the mole fraction of the solute, The freezing point depression
of the solvent will be less then thet predicted by Raoult's law if the
solute forms polymers or if the solute and solvent form compounds; it will
be greater then predicted if the solute dissociates to form additional
species ,68 and it may be greater,or less, if the components form solid
solutions .69 Different solutions of two substances frequently exhibit s
different behevior; for example, the components may form an idesl solu=~
tion at one concentration of the solute, end a compound at some other
concentration, Generslly when two substances form a compound, and no

s01id solutions form, a eutectic composition exists at which one pure
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and the comp freeze out of solution simultaneously, For a
two component system the freezing temperatures at various concentrations
may be plotted to form & phase diagram from which the composition of
compounds and eutectics is established as shown in Figure 6, The method
of thermel enalysis, in which one plots time-temperature curves during
the cooling of 2 particular solution, provides a useful means for obtain=-
ing data for making a phase diagram, Whenever a phese change or transi-
tion in structure takes plsce during the cooling process, the rate at
which heat is evolved from the system changes, and thus the slope of the
cooling curve is altered.

In Figure 6, curve I represents the time-temperature plot as a pure
substance is cooled below its freezing temperature., The temperature
remains constant st the freezing point until all the liquid has solidified
and then the tempersture fells uniformly agein, Curve II is 2 typical
cooling curve for a two component system which shows only s simple
eutectic point, The first break sppears in the curve when solid begins
seperating out with evolution of hest and a corresponding change in the
cooling rate. /s the solid phase forms the composition of the solution
varies continuously so that at no time does the temperature remain con-
stant until the eutectic composition is attsined, The length of time
during which the temperature remeins constent at the eutectic point varies
with the originel composition of the solution end it & masdmum for the

pure eutectic solution,
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Historical Summary

Amalgams are two component systems for which rather complete phase
diagrams are available, In the phase diagrams for lithium, sodium, and
potassium amalgams several maxima appear as a result of compound forma=-
tion with mercu!’y.7o i freezing point-composition study of ammonium
amalgam should provide information concerning the nature of the substance,
and particularly as to whether compounds form between ammonium and
15

mercury, Rich and Travers ~ reported in 1906 the freezing points of
several eamonium amalgams prepared from sodium amalgam and ammonium iodide
in liquid ammonia, In Table VIII appear the results of their investi-
gation which are not entirely consistent, but do suggest that the freez-
ing point lowering constant of mercury decreases as the concentration of

71

ammonium increases, Bent = calculated the freezing point lowering of

mercury to be 1.9°C per atom percent of solute for dilute solutions

obeying Raoult's law, Using Vanstone ,'15

phase diagrams of sodium amal-
gams, Bent verified the calculated value, For the more dilute amalgams
in Rich and Travers' investigation, the freezing point lowering evaluated
with Bent's value agrees favorably with the experimental results, but

for the concentrated amalgams the behavior is non-ideal,
Introduction to Experimental Procedure

4 phase diagram obtained by determining the freezing points of
agmonium amalgams of various compositions should show whether compounds
of the type NHgHgy do, or do not, exist, However, certain observations
during this present investigation suggest that the freezing process in

ammonium amalgam is not a simple one, immonium amalgams appear not to
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TABLE VIII

DEPRESSION OF THE FREEZING POINT OF MERCURY BY AMMONIUM
(Freezing point of mercury = -39,40°C)

Gms, WH,"  Molo  Freesing” Prodicted =

looﬂgnu. Pe}z;ﬁfent Pc()ég;. i%(t:) by('géﬁox‘y for Mercury
0,009 0,10h «39,62 0,22 0,20 k20
0,0117 0,13 -39.67 0,27 0,25 420
0,027 0,30 -10,01 0,61 0,57 o
0,079 0.88 -40,81 119 1.7 320
0,08k 0.93 -l1,605 1.99 1.8 k70
o5 L. ~hli .82 5.20 8.9 230
0,507 5.6 ~b5.61 5.99 10 220

*From observations by Rich and Travers _15







be. of the same consistency after freezing end melting es they were before
freezing, When a tube of amalgam prepered by electrolysis is immersed
in a Dewar flesk contedning liquid nitrogen, ges is repidly evolved and

the odor of ammonia is very apparent. The upper surface of the amslgam
atteins a sponge-like appearance with large bubbles being interspersed
in the mercury, Upon warming a frozen amalgem additional ammonia sppears
to be evolved, but a second freezing is usually not sccompanied by so
vigorous a release of gaseous materiel as a first freezing.

A qualitstive messurement of the volume of gas releessed by an amelgam
during freezing was made, Inside the cold box the masgnetic susceptibil-
ity tube was filled with emelgan and immersed in a bath of boiling
Freon-12, The tube wes attached to the ges burette previously used in
the znalysis of some emalgams. With the emalgam at the temperature of
boiling Freon e slight increase of sbout 0.2 ml, in volume was noted
after five mimutes. 'hen & liquid nitrogen bath was substituted for the
Freon bath bubbles were evolved from the amslgem but the gas burette
showed a decresse in volume dus to the contraction of the amelgeam end
ges at the liquid nitrogen temperature. Upon warming the frozen amslgem
in Freon-12 the volume of ges in the system had increased to sbout two
milliliters, #n edditional freezing and welting produced no observsable

volume change,
Apperatus for Recording Cooling end Warming Curves

The freezing process of emmonium amelgem was investigated by obtain-

ing a series of cooling curves for several amelgams in three types of
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experiment, In each case the spparatus consisted of a freezing tube
for the smalgem, an air jecket to keep the cooling rate uniform, and
a Dewar flask for immersing the semple tube and jacket in a suiteble
refrigerant. The tempersture in esch of the three different experiments

was with eopper tant ples to a Leeds
eand Northrup Type K-2 Potentiometer, In addition, complete cooling and
hesting curves were produced on a Brown-Honeywell Electronic Recorder
operated in conjunction with a Leeds and Northrup D.C, Indicating
implifier and a bucking voltsge produced by three 1.5 volt dry cells
and regulated with the slide wire of a Leeds and Northrup Student
Potentiometer, The circuit disgram eppesrs in Figure 7. Without addi-
tional modification a meximum potentisl of 2,k millivolts could be
measured with the amplifier and recorder with a sensitivity of only
0,2 millivolts (sbout six degrees) per inch of recorder tape, For the
proposed study of the freezing process in ammonium emelgam both the
renge and the sensitivity of the recording potentiometer were increased
through use of the bucking voltage which, as seen from Figure 7, was &
varieble e.m.f, opposed to the e.m.f, produced by the thermocouple
Jjunctions, By opposing the potential difference between the thermo~
couples with a sufficiently large known voltage the totel potential
difference wes reduced to any suitable smell value which could be smpli-
fied to satisfy the requirements of the experiment, At eny time the
e,m.f, which represented the difference in temperatun'betwaan the two

junctions was the sum of the sbsolute velue of the bucking voltage and
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Figure 7. Schematic diagram for recording cooling
curves: A, Heathkit Resistance Decade for coarse
ad justment of bucking voltage; B, slidewire of L,
& N, student potentiometer for fine adjustment.







%he voltage read from the recording potentiometer., A scale sensitive
enough to allow detection of smell arrests in the cooling curves was
necessary, so thet sufficiently large bucldng voltages were introduced
+0 make the scsle factor either 0,02 or 0,05 millivolts per inch in 211

the recorded cooling curves, A meximm £, of 1,6 volts could be

measured in this way without the introduction of a voltage multiplying
device on the potenticmeter, The exact e.m.f, produced by the thermo-
couple at any time wes read from the Type K-2 potentiometer snd simul-
teneously marked on the recorder tape, From the Type K-2 potentiometer
reading and the scale sensitivity of the recorder, the voltages could be
accurstely calculated for each setting of the bucking voltage without

actually knowing the bucking voliage.

Cooling and Werming Curves for Eech of the Two Phases
of =n imslgem

Experimentsl Procedure
The first type of experiment performed in the investigation of the

freezing process of ammonium amelgam was the simulteneous procurement
of cooling curves for each of the two phases of an amalgeam in en attempt
to distinguish differences between the phases, If the upper phese con-
tains a higher concentration of ammonium, combined in some way with
mercury, then the lower phase contains, then the cooling curves of the
two phases should be dissimilar, The effect on the freezing point of

successively freezing and melting the same emelgem wes slso investigsted,







The freezing tempersture of an amzlgam should differ efter freezing snd
melting if the composition chenges during freeszing,

Two thermocouples were used for measuring the temperature of each
of the two phases independently, To keep the phases separate stirring
was eliminsted in this particular experiment, In most freezing point
determinations stirring is necessery to keep the temperature of the
sample uniform throughout, but stirring is not so essential when & good
thermel conductor such &s mercury ia e large constituent of the material
under observation, At the same time the good conducting properties of
mercury may have been @ hindrance in this study because the two phases
of the amalgams were in no way insulated from one another, so that some
of the heat produced by chenges in one phase wes probably transferred
to the other and may have altered the appearsnce of the cooling curve for
the second phass,

For accurste comparison of the temperature in two pheses with two

different iples the ples had to be well matched,

A longer segment of the thermocouple used in studying the lower phase
must necessarily be immersed in the sample than of the thermocouple used

in the upper phase. Such difference in immersion depths could introduce

8 slight tempereture deviation the two th ples as a result
of variations in the amounts of heat conducted down the wires from the

different surroundings of the two th ples, To minimi the effect

of heat conductance the smallest diameter thermocouple wires aveilsble

were used, namely, number LO copper wire and mumber 30 constanten wire.







Bach th uple was with two silver-soldered junctions,
one junction for an ice bath st 0°C end the other junction for the
semple, To further lessen the differences in heat conducted down the
thermocouple wires the length of the wire actuslly exposed to the cold
eres was made larger by coiling the wires, A six inch piece of 3 mm,
Teflon tubing was sesled at one end by warming in 2 smell fleame, ibout
fifteen inches of insulation were removed from each wire just ebove one
junetion end the wires then coiled around the Teflon tubing with the
Junction st the sealed end, Along three inches of the Teflon the wires
were coiled as tightly and as closely es possible without shorting.
The tube was warmed very gently to embed the wires partially in the
Teflon, after which the tube and wires were covered with a thin coat of
polystyrene to protect the thermocouple wires from resction with mercury
in the smalgams, In the same mammer one junction of the other thermo~
couple was mounted on the outside of a four inch piece of 7 mm, Teflon

tubing which had not been sealed at one end, After the coating had

on each iple the larger dismeter Teflon tube was slipped

over the smsller dismeter tube in a sleeve-like arrangement which permitted
adjustment of the relative positions of the two junctions. The sample
tube was made from 25 mm, i,d. Pyrex tubing end was supported with a
rubber stopper inside a jecket made from b5 mm, i.d. Pyrex tubing. The
thermocouples were centered in the sample tube by a one-hole rubber stopper
as shown in Figure 8, The two thermocouples were checked ageinst one
snother by measuring their respective temperatures when both junctions

of each were immersed in en ice-water bath at 0°C, and when one junction
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Figure 8, Pyrex freesing tube and jacket for
studying the freezing process in a two-phase
system., The thermocouples are mounted on

concentric fluorethene tubes.






©f0sch wes in powdered Dry Ice end the other junction wes at 0°C.
‘Three pairs of mounted thermocouples were made before a sufficiently
well matched pair wes obtained, The difficulty in mstehing wes largely
a result of differences in the smount of hest conducted from the sur~
roundings down through the wires because of the difference in level of
the two thermocouple junctions in the sample, The problem was overcome
by coiling the upper thermocouple up and down the Teflon tube several
times end by using a thinner coat of polystyrene on the two thermo-
couples, The two thermocouples were calibrated, and simulteneously the
purity of the mercury used for preparing the esmslgams esteblished, by
comparing the freszing point of mercury measured by the matched thermo-

couples with the freeging point measured by a calibrated thermocouple,

The calibrated 1le made from copp tantan was at

several temperatures with a platinum resistence thermometer and found to
compare well with the velues listed in tebles. The freezing point of
mercury was determined from the cooling curve obtzined using the cali-
brated thermocouple and the electronic recorder, and was found to be
-38.87°, or -1.423 millivolts, which agrees exactly with the best

72

reported freezing point of mercury. The freezing point of mercury

ned from the metched th ples wes ~1,L09 millivolts, A suite

gble correction was mede for sll measurements with these thermocouples,
Jymonium smelgam wes prepered by electrolysis, washed in slcohol

and water, and dried as well as possible with sbsorbent tissue. Inside

the cold box the freezing tube and jecket, which hed been kept in the

cold during the electrolysis, were placed inside a Dewsr flask containing
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2 Dry Teesscetone bath, ibout 30 ml, of the amelgam was poured imto
the sample tube, and the thermocouples were fixed into place with the
lower couple sbout 1/2 inch from the bottom of the tube and the upper
couple centered in the less dense phese, The Dewer flask conteining
the semple wes left inside the cold box during cooling, During werming
the jacket and tube were removed from the Dewar flssk, but kept inside
the cold box, The cooling curve produced by either phase of the amalgam
was plotted by switching the proper thermocouple into the circuit of
the recorder, As the temperature decreased the indicator would move to
the far end of the recorder scale, but upon introduction of the proper
bucking voltage the indicator returned to the zero point and was per-
mitted to scan the width of the scale once again, For each adjustment
of the bucking voltage a Type K Potentiometer resding was mede end

merked on the recorder chart,

Results and Discussion

Cooling curves extending down to =7L°C for two emelgams were obteined
by means of the described procedure. Warming curves were likewise
plotted, For two amelgams the successive cooling and warming curves
sppear in Figures 9, 10, 11, and 12, which were plotted from the date
on the recorder chert. During freezing ges bubbles were evolved from
the surfece of the amalgems end the volume of the semples was observed
to decresse after the first freezing and melting, The emslgezms were not
anelyzed for ammonium content as it was felt that epprecisble decomposi-
tion took place during the freezing process and thet an anslysis after
freezing would be of little significence.
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Figure 9. Cooling curves procured simultaneously for
two phases of amalgam I: extension shows solid state
transition; --- cooling curve for lower phase; ..
cooling curve fer upper phase; f.p. of Hg is -38.9°C,
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Figure 10, Warming curves procured simultaneously for
two phases of amalgam I: =--- warming curve for lower
phase; —. warming curve for upper phase; f, p, of Hg
is -38.9°.
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The freesing point observed from cooling curves with the upper and
lower thermocouples in pure mercury are essentially the same, The
length of the break at the freezing point depends on the quantity of
materiel in the region of the thermocouple snd for this resson is shorter
for the upper thermocouple, which occupied a more shallow position in
the mercury, then for the lower thermocouple, The effect of the amalgem
on the freezing point of mercury is not entirely clear, In the series
of cooling curves for amslgam I the freezing point at the lower thermo-
couple is essentislly thet of pure mercury. The break produced by the
upper thermocouple is not completely linear, but in some cases crosses
the freezing point bresk of the lower couple, During warming the
temperature tends to rise neer the completion of the break of the upper
phase, and during cooling, at the initiation of the bresk., 4 slight
chenge of slope sppesred during the first cooling of emelgem I in the
vicinity of -69°c to -70°C and was not present in the successive warming
end cooling curves,

During the first cooling of amelgem II the freezing point in the
vicinity of both thermocouples was essentislly the same as the freezing
point of mercury, slthough a second bresk sppeared at -40°C in the cool-
ing curve of the upper phese. The second break approximates that of &
eutectic break, but does not eppear in any of the other cooling curves
from this experiment and cannot be regarded as particularly significamt,
On the same cooling curve a third smell break occurred at -61°C, The
werming curves produced by the lower thermocouple in amalgam II ere come

pareble to that of mercury, although the freezing temperature during the
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second freezing and melting is lower than that of mercury, Both warming
curves show that the temp of the 1 near the upper thermo~

couple rises at the beginning of melting, falls for a time, and then
rises again at the completion of melting,

Cooling and Warming Curves Obtained During igitation of Amalgams

Lxperimental Procedure
A second type of experiment for investigating the freezing process

in ammonium amalgam consisted of freezing an amalgam in a fluorethene

tube attached to the shaft of a raciprocating stirver,'> The shaking
motion of the stirrer provided a means for making the amalgam sample
relatively homogeneous with respect to composition and temperature, In
the apparatus for this experiment a single copper-constantan thermocouple
was coiled around a fluorethene rod attached to the top of the tube as
shown in Figure 13, To decrease the rate of cooling the freczing tube was
enclosed in a jacket made from sheets of fluorethene and sealed together
with fluorethene wax, Inside the cold box the sample tube with the jacket
attached was filled with about 30 ml, of amalgam, quickly placed outside
the cold box in a Dewar flask filled with Dry Ice-acetone, and connected
to the stirrer by fitting the tube over the machined fluorethene top.

The reciprocating stirrer was turned on and the amalgam sample moved up
and down through the cooling bath as the time-temperature curve was plotted
on the electronic recorder in the same manner as in the previous experi-
ment, During warming the Dry Ice-acetone bath was removed and the tube
shaken in air, Three successive cooling and warming curves obtained by

this method for one amalgam sample appea: in Figures 1l and 15,

Tl
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Figure 13. Fluorethene freezing tube and jacket:
the shaft was attached to the chuck of a recipro-

cating stirrer.
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Results eand Discussion

During the first freezing the initial bresk in the cooling curve
otcurred below the freezing point of pure mercury but the temperature
rose sbove the freezing point of mercury before the smalgeam solidified,
The first warming curve, although slightly erratic sbove the freezing
point of mercury, conteined a definite breek at the freezing point of
mercury, while in the last two cooling end werming curves the freezing
temperature of the smslgeam was slightly sbove that of mercury. Between
~56°C and -59°C the slope of each of the cooling curves chenged, The
break occurred et a higher temperature and became less pronounced after
esch consecutive freezing,

The time-temperature curves produced in this experiment suggest
that some decomposition of the amslgam takes plsce either during freez-
ing or as a result of the agitation of the stirrer,

4 trensition in the solid phase which occurs at different tempera=-
tures depending on the original composition of the smelgam would explain
the bresks in the cooling curves at low temperastures, However, sincs
no relstionship can be estsblished between the temperatures at which the

slope chenges occurred and the compositions of the amalgems, it seems

possible thet the ureais resulted from failure to attain thermsl equilibrium

during the cooling process.







Cooling end Hn‘ing Curves Obtsined While ‘mmonium imslgem
Was Decomposing in a Closed System
Experimental Procedure

To investigate further the nature of ammonium smelgem a system was
devised in which an amelgem could be frozen and the volume of hydrogen
and ammonia relessed during the freezing could be messured. If ammonium
emalgam contains gaseous material only loosely combined with mercury
some separation of gas from the mercury could be expected when an
amslgam wes placed in an evscuated vessel, Measurements of the volume
of hydrogen, which diffuses resdily, sre better msde under reduced
pressure then under positive pressure in e gas burette,

The spperatus, as illustrated in Figure 16, consisted of 2 pump for
evacusting the system, a menometer for messuring pressures between 0,1 cm,
end 76 cm,, & freezing tube for the emzlgam samples, a trsp for complete
removal of water and elcohol from the amelgams, snd a flask of known
wolume for calibration purposes. The freezing tube shown in Figure 17
was made from 1l mm, o.d, Pyrex tubing attached to a 8 19/38 ground joint
and the jacket surrounding the tube was made from 25 mm, o.d, Pyrex
tubing. The trep D in Figure 16 was used for condensing alcohol or water
vapor which remasined in the sample--under the assumption that most of
the alcohol and water would vaporize as soon ss the amelgsm was under
reduced pressure and thet the vspors would condense rapidly in the trep

surrounded by liquid air., The spperatus would have been improved if s

meens for stirring the amelgam hed been provided, but no space wes
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Figure 17, Pyrex freezing tube and jacket for
studying the rate of decomposition of sn amalgam
during freezing: a 10/30 standard taper joint
connects to vacuum line.







availeble for putting 2 stirrer through the top of the tube and the
Hiecessity of surrounding the sample with a cooling bath prevented the
use of a megnetic stirrer, Liquid nitrogen was used es a refrigerant
to provide rapid cooling of the smalgam to a temperature below that
attainsble with a Dry I bath, Liquid nitrogen provided too
rapid cooling in the previous experiments.

Before flask A was sealed to the manifold the volume wes celculated

from the weight and density of the distilled, sir-free water which just
filled the flask to the stopcock, The volume of flask A wes found to
be 51L4,2 ml, With the flssk attached to the manifold the volume V of
the vecuum system wes determined through the use of the perfect gas

reletion,

PY = PWY,

4 volume of V ml, of helium wes introduced into the system at P cm,
pressure and the flask 4 of volume V! ml, was closed to the manifold,
The remainder of the system was evacuated and the helium from flask 4
wes released into the system at pressure P', The pressures P and P!

were measured by observing the level of the mercury in each arm of the

with a ter; the volume V' of the flask had previously
been determined, so that only V wes unknown and was computed from the
sbove equation,
In-the measurement of pressure with a mercury-filled manometer
convention requires that the height of the mercury colummn at the tempera=-

ture of measurement be corrected to the height st 0°C, Mercury expands

=79~






on heating; therefore, the height of the column is greater at room
temperature then at 0°C and a correction is subtracted according to the
eguation

hy = Rh(l-qt)

where h, and hy ere respectively the height of mercury st 0°C and at t°C,
The coefficient of expesnsion of mercury is represented by & and has the
value 182 x 10'. ml,/ml .QC. The stainless steel scele of the cathetometer
expands a8 the temperature increases, which mekes the measured height of
the mercury colum less than the true value and necessitates the addition
of a correction to the height of the column at 0°C:

hy = h(l-at)(l- Yt)

where ¥ is the coefficient of expension of No, 18-8 stainless steel and
hss the value 10 x 10~° ml./m1.°C. The term which conteins the product
of & by Y was negligible, so that the corrected value for the pressure

readings in this investigstion was
hy = hy(l -t - Yt) =h(1l - ,000072t) .

The date for the calibration of the volume of the closed system
appear in Teble IX., The volume V measured in the calibration with
helium is represented by the expression

V = V' + volume of amelgam + volume of mercury

displaced in left arm of the manometer
+ volume of flask A,

=80~







TABLE IX

CALIBRATION OF THE VOLUME OF THE CLOSED SYSTEM

Pressure Volume AV Volume Volume of Volume
of Helium v of Flask Freezing of
Tube System
(em,) (1) (m,)  (m1,) (m,) (ml.)
Including 28,56 1302 10,2 51,2 27.L3 750
trap &
Including 27.33 1303 9.8 S1k4.2 27.43 752
trep
Without 31,08 120k na 51k,2 27.8 650
trap
Without 29.61 1202 10,6 51k4.2 27.8 649
trap
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where V' is the actuel volume occupied by the gas evolved from an smalgem,
The volume of mercury (in ml,) displaced in the left arm of the manometer

was calculated from the equation
Av, =T A
L b,

where r was the redius of the menometer tubing in centimeters end A h
was the difference in the levels of the mercury at zero pressure snd at
the messured pressure in centimeters,

Before a sample of the amalgam was pleced on the line the system was
pumped out end then closed to the pumps, 4 Dewar flask of liquid nitrogen
wes placed sround the trep D end &ll stopcocks were closed except the one
to the left arm of the manometer. Inside the cold box the freezing tube
was filled with amelgam, particuler care being taken to remove the
alcohol and water from the surface of the amalgam, The freezing tube
end jecket were assembled &s illustrated in Figure 17 and immediately put
into place as shown in Figure 16, An unsilvered Dewasr flask with liquid
nitrogen wes placed around the jecket end the thermocouple wires were
connected to the potentiometer, Stopcocks b, ¢, end d to the liquid
nitrogen trap were opened for two or three minutes snd then the trap was
closed while stopcock e was opened, Under decressed pressure gas was
vigorously released from the emslgam. The pressure in the system in-
cressed repidly soon after the amslgem was placed on the system and
during the initisl stages of freezing. Whenever possible several cooling

and werming curves were plotted on the electronic recorder for a given







amalgam semple, The pressure in the closed system was recorded st the

minimum snd maximum temperatures, During warming, the Dewar flask con-
teining liquid nitrogen wes replaced by a Dewer flask contsining iso-
propyl slcohol at room temperature, At the completion of = series of
measurements the amelgam wes warmed to room tempersture while it de-
composed slowly on the vecuum line, On several occasions sfter the
emelgan had remained at room temperature for a time the residue was
frozen and the pressure at the low temperature recorded, In each case
the pressure and volume of the enclosed gas decressed moticesbly probzbly
a8 a result of contraction of mercury in the sample tube and of ges in
the vieinity of the cold area, In addition small quantities of alcohol
and water vepors which had not been removed earlier mesy have condensed,
That the pressure change after cooling a decomposed sample wes not un-
ressonsbly large suggests that most of the alcohol and water impurities
had been removed, Droplets of liquid slweys were present in trep D

after a series of measurements, Aifter four to eight hours the decomposed
amalgam wes removed from the spperatus and the mercury wes dried and

weighed.

Results and Discussion
The observations made on five amalgams appear in Tebles X and XI
and Pigures 18 through 21, A sample of pure mercury was also frozen on
the vecuum line and & cooling curve plotted down to sbout =150°C to
show that none of the breaks in the curves were produced from solid

state transitions in pure mercury, The pressure remained constent while
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MEASUREMENT OF THE DECOMPOSITION OF AMALGAMS
FREEZING AND MELTING

DURING

T/BLE X

Pressure of

N

Hy and
cms,

Hy
(cms,

AILL

)

avy Total Volume
NHy and Hy
(ml,) S.T.P,

fmelgem IV
Volume of ges in trep = 6,5 ml, t = 26°
At -TLD 32 2,70 1.9 9.9
Ab -3 6,39 3,26 2.3 58,6
A% room 10,55 5.32 3.8 92,7
(after 7 hrs,)
imelgeam V S
Volume of gas in trap = 8,6 ml, t =29
At -160° 7. .73 2,0 65.9
After nglting 6.719 3.3 2.5 63,7
At =100 6,72 3,43 2,5 63,2
After melting 8,11 L2 2,9 7h,2
&% -7U° 8,06 k.11 2,9 73,8
After melting 8,64 L5 3.2 78,6
At ~160° 8.2k L.20 3.0 75.3
After melting 8.60 L.ho 3.1 78.2
Finsl 14,23 7.23 5.0 123,7
(after L hrs.)
Amslgem VI
Volume of ges in trap = 4,8 ml, t = 26°
At =160° . 2,00 1.k 37.6
After melting” L1 2,06 1.5 38,5
! 3,7k 1,88 1L 35.6
After melting 3,80 1,91 1.k 35,9
it ~160° 3,39 1,72 1,2 32,6
After melting 3,1 1,73 1,2 32,7
At =160° 3,22 1,62 1,1 31,1
After melting 3.a 1,67 12 31,9
At room temp 7.33 3,67 2,6 6.7
(after L 1/2 “mours)
After freezing residue 6.78 W] 2.k 601

*Between -35°C end -L0°C.

Continued next page







T4BLE X ~ Continued

Pressure of A hl. avy, Total Volume
NHy and H, NHy end Hy
{ems.) (oms.) (m1.,) S2.P,
Amalgem VII
Volume of ges in Trap = 1,2 = 32°
At =160° 0,98 0.k 0,35 9.00
Melting)
Freezing) No data
Melting%
ke -160° 1,01 0.52 0.37 9.2k
After meltin k.68 2,10 1.70 38.8
(1 hr, later
After freezing L,32 2,18 1.55 35.9
(1 br, later)
Final 6.10 3.10 2,20 50,2
Jmalgam VIIT
Volume of gas in 't:rlp =5.3ml, t = 30°
1 -160° L.k0 2,20 1.6 10.8
After ne:;.ti.ng’ 3.93 1.96 1.k 37.0
Freezing,
Melting ) Mo dubs
14 =160° k.57 2.30 1.6 k2.1
Final 5.78 2,90 2.1 52,1
After !reezégg 5.n 2,86 2,0 51,2
residue (~160°)

*Botween ~35°C and -L0°C.
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Figure 18. First successive cooling and warming curves
for amalgam V obtained with the freezing tubg joined to
an evacuated apparstus; f, p. of Hg is -38.9°C,
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Figure 21, Cooling and warming curve for amalgam
VILI obtained with the freesing tube attached to
an evacuated spparatus; f. p. of Hg is -38.9°C,
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the semple was cooled and warmed on the vscuum line and no changes in

slope were epparent in the time~-temperature plots.
The volume of gas present in the system at any time under standerd

conditions was repr by the 151
V = VIP'T/PT' = (volume of system)(273°C)P!/T6cm.T7,

A small correction was added for the volume of mercury displaced in the

arm of the manometer by the gas in the system:
Dvy = TCr? Ahy. '

The initial pressure was messured after the liquid nitrogen trap had
been opened to the system, For tiis reason the pressure as first
measured was the pressure of & volume which included the volume of the
trap, The volume of the ges in the trap at stenderd conditions wes elso
computed with the @bove equation and that volume was added to each of
the volumes measured after the trap wes closed, In Table X the volume
of ammonia and hydrogen which was released from the smalgams up to the
time et which the second freezing wess begun is listed in the second line
of the date for esch amelgam in column 5. The per cent of decomposition
during the initiel exposure to reduced pressure and during the first
freezing was calculated, but there is no obvious correlstion between
this decomposition end the original density or composition of the
amslgem, Perhaps the amount of loosely held ges which is present in an

emalgam depends on the past history of the sample,
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The accuracy with which the temperature of the amelgsm end the
pressure in the closed system could be measured doubtlessly surpess the
fundemental errors in the procedure, The temperature of the ammonis
end hydrogen in the vicinity of the freezing tube was probably lower then
room temperature and the measured volume of the gases sccordingly less
then if the system were entirely at the temperature of the room, The
means for trapping out alcohol and weter may not have been entirely
effective elthough the largest decrease in volume observed on cooling &
decomposed smelgam to ~160°C was sbout three milliliters as is shown in
the data for amalgem VII., Although sbout 0,5 ml, of this chenge can be
sttributed to the contraction of mercury the decresse is spprecisble,
‘but should have been much larger if vapors of impurities were present
before coocling the tube with liquid nitrogen, 4 correction was made for
volume of ammonia end hydrogen which remeined in trep D, but the possi- |
bility exists that this correction masy heve been too smell because more !
ammonia and hydrogen may have been entrapped et the low temperature then E
if the trap were &t room temperature where its volume wes celibrated,
Since some of these errors would have opposite effects on the measurements
the meximum insccuracy of the volumes should not be more than sbout five
per cent,

The results from this series of observations on freezing amslgems
in a closed system indicate that in certain cases smmonia and hydrogen
are so loosely held in the emalgam that reduced pressure eand freezing

remove sbout hslf of the gaseous msterial, Nevertheless, the remeining .
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emmonia end hydrogen form a stsble combinstion with mercury that decom-
poses only et higher temperatures and sfter seversl hours. No correls-
tion between the composition of the emalgam and the helts in the cooling
curves could be established, It is difficult to essign an ectusl freez-
ing temperature to 2 given amelgam from the eppearamce of the correspond-
ing cooling curve,

The rate of cooling in most cases wes much more rapid in this experi-
ment then in the previous experiments, and the sppeerance of the curves

varies d ding on wi

r liquid nitrogen or Dry Ice-isopropyl
gleohol was used as 2 refrigersnt. In generel arrests appear in the
cooling curves at higher temperatures on successive freezing and warming,
and et times occur even gbove the freezing point of mercury, The shape
of the cooling curves is perheps more cheracteristic of a two component
system in which solid solutions form then of a system in which a eutectic
composition exists, A4 eutectic halt produces & horizontal portion in
the curve, but when two substances form a continuous series of solid
solutions only breaks eppesr at the beginning end at the completion of
freezing, Slope chenges at temperatures between ~60°C and -75°C were
observed in several of the cooling curves from this particuler series of
observations, However, the rate of cooling was much too repid for
equilibrium to be ettained so the errests in the cooling curves cannot

be easily interpreted.
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Conclusions

The cooling end warming curves for the system amonium~mercury show
thet the system is more complex then thet expected if ammonium forms an
idesl solution in mercury, If the freezing point of mercury was ectuslly

lowered by smmonium the depression wes masked by the rise in tempersture

a8 a result of decomposition at the freezing temperature, The first
freezing decomposes the upper phsse of the smalgem extensively as observed
by the volume of gas releesed during freezing, the contraction of the
volume of the amalgam after freezing, and the tendency of the upper phase
to dissppear after the amalgem has been frozen and melted seversl times, -~
Nevertheless, en apprecisble concentration of smmonium was retesined in
the amalgam after a succession of freezings and meltings. The fact thst
many of the cooling curves exhibit definite chenges in slope without e
hordizontsl break in the vieinity of -L1,5°C suggests that & solid solu=-
tion may form. Such s solution might well be a solution of some compound
between ammonium and mercvry in mercury. The concentration of emmonium
in the amalgams was so small that the possibility of the solutions exhibit-
ing enything but idesl behavior might be thought unlikely; however, in
the thermsl snalysis diagrams for sodium and potassium amalgams eutectics
zppesr at concentreations of less then two atom per cent, The correspond-
ing eutectic halt for sodium occurs at -50°C end for potassium et -bSOC.
On seven cooling curves definite slope chenges appeared between

-50% end -66°C while similer breaks sppeeared on six warming curves

between -54°C end -7300; no correlstion was found between the appesrance
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of these breaks and the freezing temperasture of the smelgems, These

slope changes were not necessarily exhibited by successive warming and
cooling curves, The rate of warming and cooling may have been such thet
@ solid state transition did not slways occur, so that one form of the
solid was in a metasteble state part of the time, The possibility thst
these breeks eppesred becsuse thermel equilibrium wes not attained during
cooling of the solid mixture must be considered, Equilibrium msy not
have been reached perticularly in the experiments in which liquid nitro-
gen was employed as a refrigerant end the rate of cooling was accordingly
very rapid, On the other hsnd under circumstences where equilibrium
should have been reached; e,g., when the rate of cooling was very slow
as shown in Figures 9 through 12 and when on smelgem was stirred during
cooling, similer breaks sppeared in the cooling curves, Compzrable
breaks were never observed when pure mercury was cooled down to the same
low temperatures,

No experiments heve been performed which show whether or not
emmonium smalgem is a colloidal dispersion or whether it contains a
colloidally dispersed solid, If ®ordinary" ammonium emzlgem were a
colloidsl dispersion or & froth of solid colloidal NH"ng' particles in
mercury then the cooling curves might be ressonsble since the "true"
amglgam or compound phase would slready be solid at higher temperstures
and only the mercury phese would freeze at -30°C, Johnston end
U'bbelohdezl found thet the (alreedy very high) surfsce tension of mercury
is greatly lowered by the amslgam which would then tend to concentrate

in the interface to form & stseble froth,
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VII, CERTAIN OBSERVATIONS OF THE BEHAVIOR OF
JAMMONTUM AMALGAM ELECTRODES

Historical Introduction

imalgem electrodes have been the source of many interesting in-
vestigations, The standard electrode potentials of the alkali metals in
aqueous solution were determined by a series of ingenious experiments by
G, N, Lewis and his co-workers using slkeli metal olectrodel,m'.ls’-’é’"
The reactivity of the slkeli metals with water prevented direct measure-
ment of the electrode potentials but Lewis determined the potential
between the zlkali metal and its emslgam in ethylamine or propylamine
solution of the metsl ion, and subsequently determined the potential of
the amalgam with respect to a standerd electrode in an aqueous solution
of the metzl ion, The sum of the two potentials was the stenderd oxi-
dation potentizl of the elkeli metal in aqueous solution,

Data procured by Richsrds and Daniels’® from e.m.f, messurements of
thellium emalgam concentration cells were used by Lewis snd Renda117?
for computation of the activity of thellium in the smslgems, The electro-

motive force produced by the concentration cell was
i BT a
E=-wploegd,

where a, and ap' represented the activities of the metal solute in esch
smelgam electrode. Lewis end Rendall demonstrated that for a concentra-

tion cell in which one electrode was an amelgam of fixed mole fraction
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Na' and the other was an amalgem of eny mole fraction N the following

expression related the electromotive force I to the concentration terms:

o (NF:
logﬁi‘ = [ -E (ﬁr) ~ log N3] + log 25'.

From a plot of the term in brackets versus Np the velue of log ap' wes
calculated, At infinite dilution when Nz = O and by definition log
ﬁ-: =0, log e3' is the intercept on the y-axis, Knowing ap', the activity
of thellium in the reference smelgam, Lewis and Randell calculated the
activities of thellium and mercury in the smelgam of varisble composition,
and from this information the partial molal thermodynamic functions for
each component. Richards and Conantso mede similer experiments and
calculations for sodium smalgam concentration cells in aqueous solution,
while Bent and Svltt81 studied sodium amalgam concentrstion cells in di-
methylamine solutions,

Bent and Foniattiaz measured the e.m.f, of a concentration cell
in which one electrode wes a very dilute sodium emzlgam and the other
electrode was & sodium amelgam of composition varying between O and 100
per cent sodium, In their plot of e.m.f. egeinst concentration, platesus
sppesred &t the e .m.f, velues corresponding to the compositions of the

L5

mercury-sodium compounds predicted from Vanstone's™” phase diagrem for

the solid-liquid equilibria,

1 Caelm,l3 and &nithlé on the reduc-

The investigations of LeBlanc,
ing properties of amonium in the amalgam suggest thet the oxidation

potential of amonium in aqueous solution is comperszble to the elkeli







metels,

LeBlenc and Coehn also reported that the polerization properties

of emmonium amelgam electrodes were cherazcteristic of the slkeli metal

amalgams, Nérsy-Szzbé and &lltinlyae measured the electrode potentizl

of ammonium smslgsm at pressures up to 600 atmospheres in order to

minimize decomposition, Their observations were made in aqueous solu-
tion at 0° with a reference electrode of Hg(l)/HgBry(s) JNHBr(ag), The
potentisls with respect to the hydrogen electrode calculated from
observations mede 2s soon as the cell was in operation were 1.80 20,10 v,,
but the electrode potentizl was not entirely stable even under high
pressure and decreased to velues as low as -1,75 volts within forty
minutes. In Tsble XII eppeer the potentials of the alkali metal amalgams
in aqueous solution which were reported by Lewis end his collsborators,
The velues for E° would differ slightly from the values for EH since the
concentrations are not those for the stendard state,

Instebility of the potential of the ammonium amslgam electrode may
be attributed to polarization by gsseous products from two different
reactionst

NH, + HO —> THOH + 1/2 H,
NE, —> NH, +1/2 H, .

The decomposition reaction should be suppressed at sufficiently low
temperatures, as well as at high pressures, but the resction of the

emelgam with water is comparsble to that of the alkali metal amalgems

which was observed by Lewis and )(z‘eus"h end which interfered with their






T4BLE XII

POTENTIALS OF THE ALKALI METAL AMALGAMS
IN AQUEOUS SOLUTION*

E

Electrode (With Respect to Hydrogen Electrode)
L1 eamalgem (0.0350%)/Li*(1 N) 42,0720 v,
K emalgam (0.2216%)/K* (1 N) 41,8781 v,
Ne emslgem (0.206%)/Na™ (1 N) +1.8673 v.

Rb amalgam (Unknown Concentration)/
(1 N) 41,8186 v,

- Reported by Lewis7h175’76’77 and his collsborators,
** The composition of each amelgam is given in atom per cent,
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e.m . f, measurements. The slksli metal amslgems were not sttacked

immediately by water but once hydrogen evolution had begun the reasction
proceeded repidly, Lewis and Kraus overcame the problem by the use of

a device compersble to a dropping electrode which continmously supplied
a fresh surface of amalgam to the electrolyte. The viscosity of emmonium
amalgam made its passage through the cepillary of such en electrode in-
feasible, so that in the present investigation stirring was relied upon
to decresse polarization effects,

Two types of experiments involving amonium emslgam es an electrode
were attempted, One experiment wes an investigastion of the relstion
between the concentration of ammonium in en smalgam end the potentisl of
the amalgam with respect to a stendard electrode; the other experiment
was an unsuccessful attempt to measure the e.m,f. of a concentration
cell consisting of two amelgam electrodes,

The Effect of /mmonium Concentration on
Electrode Potential

411 measurements were made at -30°C in a 1 N solution of amonium
chloride in 50% aqueous ethanol, Electromotive force wss measured with
2 Leeds and Northrup Type K-2 Poténtiometer., In order to record the
e.m,f, a high impedsnce, which served as a filter to overcome the im-
pedance of the cell, wes pleced in perellel with the recording potentiometer,
i silver-silver chloride reference electrode wes prepared by electrolyzing
2 silver wire snode in 1 normel potassium chloride solution for two hours

gt one milliampere, An spproximete value of «0,195 volt for the
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electrode potential of the silver chloride electrode with respect to

the hydrogen electrode at -30°C in 2 50% ethanol-water mixture was
obtained by extrapolation of data reported by Pstterson and Folsing.83
The potential between pure mercury and the silver chloride electrode
was 40,0285 X 0,0005 volts, Two different reactions might explsin the
behavior of the mercury electrode. In the chloride solution sufficient
mercury may have dissolved to form a calomel electrode., The potentisl
difference between such an electrode and the silver chloride electrode
in an ethanol-water solution not saturated with calomel would not be
the seme 8s the potential difference between s normzl calomel electrode
in water and a normal silver chloride electrode which is 0,06 volts,
In addition the potentisl between mercury and the silver=-silver chloride
electrode could be attributed to the deposition of emmonium ions to
form ammonium amalgam with the mercury. The potential of the mercury
electrode when compared to the silver-silver chloride electrode did not
chenge when ammoni:: smelgem was placed in the electrolyte, The potentisl
of the amalgem was negetive with respect to both the silver chloride end
the mercury electrodes.
The effect of varying the ammonium concentration in th: amzlgams
on the e.m.f, of the cell shown in Figure 22 was studied. The potential-
time curves for amelgams which were warming from -30°C to room temperature
were recorded on the electronic potentiometer, and similer dasta were
recorded for emalgems meintzined at constant tempersture, Curves 1 and

2 in Figure 23 show that the e m.f, varied irregulerly with time for
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I }RGURY

ELECTROLYTE
|~

Figure 22, Cell for obtaining e.m.f.-concentration
data for ammonium amalgam: electrolyte was 1 N
ammonium chloride in S0% aqueous ethanol,
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two emalgams which were slowly warmed to room temperature while curves

3 and L show thet the e .m.f, of the amalgam attained a constent vslue
when the temperature was not varied, The initial reading in each case
wes that observed as soon as electrical commection was mede between the
cell and the potentiometer circuit, and does not necessarily represent
the maximum potentisl of the cell, fipparently concentration polerization
was partially responsible for the decresse in e.m.f, with time as indi-
cated by the large increase in potentiel immediately following stirring,

The potential of a mumber of amelgams of differont concentrations
was measured at =30°C with the Type K~2 potentiometer, For each amslgem
& series of potentiometer reedings wes made until the potentiel remained
constant, efter which time the amslgam was immedietely withdrawn from
the bottom of the cell into 0,3027 normel sulfuric acid end following
decomposition was titrated with 0,2245 normsl sodium hydroxids, The
data for these observstions appear in Tsble XIII end suggest that the
cell potentisl decreased es the smmonium concentrstion incressed. The
potential difference observed for meny amalgams was spproximately 1,30
volts with respect to tiw silver-silver chloride electrode snd no velues
lower than 1,26 volts were observed,

The experiment may be considered to be a study of the effect of
smmonium concentrstion on the irreversibility of the emzlgam electrode,
High negative potentisls spproesching the value of the alkeli metsal
amelgam electrodes were observed for extremely dilute amalgems, snd in

certain cases where the initisl potentisl of the cell was recorded

=10k~







TABLE XITI

[ELECTROMOTIVE FORCE-CONCENTRATION DATA
FOR AMONIUM IMALGIMS iT -30°C

nutrolylil EMJF, Millimoles Weight Moles Mole

(ls;:::-) h:l.fn NH, Hg (gns,) Hg Psr'%:snt
hg/hgll
5 -1,82 0.00 321 1.60 0
5 -1.80 0,03 337 1,68 0,0018
10 ~1.77 0,55 lno 2,05 0,0268
} 10 =177 1.32 Log 2,05 0,065 %
15 -1,70 0.8 301 1,50 0,0560 '
30 -1.67 0.76 3u6 1.73 0.0L40
15 -1.60 1.56 L2t 2,1k 0.,0729
\ 60 -1.33 1.59 327 1.63  0,0975
; 3000 -1.32 1.60 38l 1.92 0.0839
60 -1.31 1.1k 322 1.61 0,0707 j
25 -1.30 2.75 353 1.76 0.156 '
20 -1.27 1,64 330 1.65 0,099k
61 -1.27 2,01 3L3 1.7 0,118
120 -1.26 2.80 277 1,38 0.203
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electronically, The enmmonium amelgeam electrode was spparently most
irreversible when the ammonium concentration was high, under which con=
ditions a correspondingly large amount of geseous decomposition products
would accumulate at the electrode surfece.

A Concentration Cell with jmmonium fmelgam Electrodes

tn attempt was made to procurs dats for ammonium amslgeam comparzble

%o that obtained by Richards and Demiels'®

for thallium amalgam concen=-
tration cells., The problem was not pursusd to completion becsuse the
electrode appeered to be irreversible and the potentiels fluctusted too
widely,

h cell was designed with compariments for two smalgam samples as
shown in Figure 2L, In ths cold box an amelgam was divided into two
portions of as nearly equel concentrations es possible end esch portion
was poured through a fumnel into & compsrtment of the cell and covered
with ammonium chloride electrolyte wiich had been cooled to sbout -30°C.
The cell was then immersed in a Dewer flessk conteining boiling Freon=12
at =30°C. The platinum electrodes were plsced in the two amslgams end
the silver chloride electrode was suspended in the electrolyte which was
stirred with e motor driven stirrer. Messurements of the e.m.f. between
each amelgem and the silver-silver chloride electrode, as well as
between the two amslgems were made with the Leeds and Northrup Type K-2
Potentiometer, The potential between the two amalgems was never zero

and was usually sbout 0.020 volts while the potentisls with respect to
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Pt AgCl
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ELECTROLYTE

Hlu[l:!\\llHHl

AMALGAMS

Figure 2. Concentration cell with ammonium amalgam
electrodes: electrolyte was 1 N ammonium chloride
in 50% aqueous ethanol; the diluted amalgem was
placed in compartment A,






the silver chloride electrode varied within X 0,05 volts of 1,27, the
sme potential as was observed with meny smelgems in the previous
experiment, Potentisls sbove this velue were never observed even when
readings were mede immediately after stirring the amslgams with the
Platinum electrodes, rfter several hours the potentisl of the cell was
not constent and did not drift in a particuler direction but merely
varied sbout the vslue-1,27 volts, One hundred grams of mercury which
had been cooled to -30°C wes added in 10 gram increments to the amelgem
in compertment % of the cell, The potentisl of the diluted amalgam wes
never observed to differ apprecisbly from thet of the originsl emaslgam,
£8 a result of the unsteesdiness of the potentisl a much grester dilution
would have been necessary to produce significant e.m.f. chenges, and
moreover, polerization and decomposition might completely obscure the

effect, The compositions of the amelgams were determined by the usual

pry ure, The dats procured from two series of measurements appear in
Table xIv,

From these experiments it can be concluded that an emmonium amslgem
electrode rapidly becomes irreversible at -30°C in & 1 normel solution
°f ammonium chloride in squeous ethenol,

If polarizstion decressed the potential of the ammonium amelgem
electrode below the potential of the elkali metsl amalgam electrodes one
Seemg Justified in selecting the highest observed potentisl for ammonium
eMaY gem for comperison with the alkali metzl emslgams, The single

elQetrode potentizl for ammonium emelgem was computed using 0,20 volts







TABLE XIV

DATA FOR TWO CONCENTRATION CELLS VITH
AMMONIUM AMALGAM ELECTRODES AT -30°C

ter
1 Hr, 2 Hrs, 5 Hrs,

Moles Moles Molality
NH, Hg

Cel1l 1 5
e) ~1,263 -1,286 -1,283 -1,284 0.290 x 10~ 0.714  0,0020} -

b) -l.27h -1.277 -1.256 -1.270° 0.259 x 107 0.884 0,00Lk6*
Cell 1T 5

a) =1,261 1,307 -1,255 0,131 x 10° 1,174 0,00056

b) 1,265 -1.296 -1,259 0174 x 0™ 0.570 0,00153

o ifter the addition of 100 greams of mercury,
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for the silver chloride electrode potentisl and an estimsted value of
0.2 for the activity of chloride ion in aqueous-ethenol at -30°C, For
&n smalgam electrode of concentration 0,0018 mole per cent smmonium the
single electrode potentisl was celculetedt

NH, emel, (0,0018%) —> NE,"(1 N NHCL) + o,

+,
4t =30°, E(NH, amal.) = E°(NH, emal,) - 0,048 log 'g%")iu.)
1gCL(s) + e~ —> sg(s) +C1™(1 N NHC1),
At =30°, E (4gC1) =0,20 - 0,048 log (C17),
Euoll
E(NH, eamel,) =1,80 - 0,20 + 0,048 log 0.2 =1.57 volts,

= E(NH, emel,) + E (/gCl) =1,80 volts,

The potentisl, 1,57 volts, represents the potentiel of & 0,0018 mole per
cent, or 9 x 10™° molal , solution of ammonium in mercury in & 1 N ammonium
chloride solution in aqueous ethanol at -30°C. The potentisl of a sodinm
amelgam of comparsble concentration in e 1 N sodium chloride solution in
equeous ethanol at -30°C wes calculated from Lewls and Randzll's data
which eppears in Teble XII, The assumption was made that & 1 molel solu-
tion of metal dissolved in mercury represents the standard state for an
amalgam, The activity of a 1 N sodium chloride solution at 25°C is
0.657,&’ and an activity of 0.3 wes assumed for sodium ion in aqueous
ethanol at -30C,

At 25°, E°(Na emsl, 0,206%) = E(Ne amal,, 1 § NH(C1)
i + 0,059 loé ?“85
ama.

=1.,867 + 0,059 log $0:6 7;)

3







at =30°, B(Ne amel,, 9 x 20™m) = E°(Ne amel,)
~ 0,048 log A

therefore, at -30°, E(Na amal., 9 x 10" m)

=1,867 + 0,07 - 0,167

= 1,80 volts,
‘The velue 1,80 volts for the electrode potential of the sodium emslgam
is significantly higher than the velue 1,57 volts for the ammonium amalgeam
under the same conditions, and suggests that even in the cell in which
the potential wes highest for en amslgam of known concentration the
ammonium smalgem electrode was irreversible, Possibly this velue is not
greatly in error since sodium amalgsm reduces smmonium ion to give
ammonium amalgem in a conventional method of preparing the amelgam, It

has been reported thet this resction goes essentially to complation.n‘
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VIII, COMPRESSIBILITY OF AMMONIUM AMALGM AT -30°C
Theoreticsl Introduction

In 1807 Seeley reported that ammonium emslgem wes more compressible
than mercury. In 1872 Rﬂutladge9 mede some quantitative measurements of
the volume of *he smelgam at various pressures up to sbout three stmos-
pheres, The results of Routledge's investigation indicste that the com-
pressibility is slightly less than that expected for a mixture of
ammonia, hydrogen, and mercury. His experiments were carried out st
room temperature, under which conditions the amslgam may have been largely
a combination of gas end mercury as a result of decomposition, It wes
decided thet a study of the compressibility of the liquid amalgem &t o
temperature low enough to minimize decomposition, end up to pressures at
which the volume cheange per atmosphere is negligible, would give more
information as to the composition of the amelgam, The compressibility
of an amalgam which has been frozen and subsequently melted might differ
from one which has never been frozen if some decomposition occurs on
golidificetion, For this reason compressibility measurements on liquid
zmelgams which had previously been frozen were slso plenned,

Isothermal compressibility is the chenge in volume per unit volume
for a unit change in pressure st constent temperature, and is defined

by the equation

a3, 632)







where V, is the initial volume, and V is the volume messured st
pressure P, Compressibility is determined with an aspparatus, celled a
plezometer, by measuring the volume as incressingly large pressures are
exerted on a sample of the material under study. At room temperature
and relatively low pressures geses have messursble compressibilities,
but most liquids and solids require several hundred atmospheres' pressure
to produce a significent volume chenge, £ piezometer frequently employed
flor compressibility measurements on fluids consists of a large bulb for
the sample to which is attached a capillary contsining mercury, The
change in the height of the mercury column as pressure is spplied provides
a measure of the volume chenge of the fluid, The spperstus containing a
sample may be pleced inside a pressure chamber and subjected to the
pressure of en hydreulic press. The externel and internel pressures on
the glass epparatus ere equal so that the denger of bresking the gless
spparatus is eliminsted, For investigetions in which the pressure is

low enough for the piezometer to withstand, the pressure may be spplied
by an eir pump to the mercury in the capillery. Suitable veriations of
these methods were used in determining the compressibilities of many
1iquids and solutions, particulerly by T. W, Richerds snd his collebore-
t,or._ss The most recent messurements of compressibility on systems
compsrable to ammonium emelgeam were made on liquid metels by en ultre-

sonics method, The velocity of sound in a substance is related to iso-

thermal compressibility according to the following expression







where V, is the initial volume, and V is the volume measured at

pressure P, Compressibility is de with en spparatus, celled
plezometer, by measuring the volume as incressingly large pressures are
exerted on & sample of the material under study., At room temperature
and relatively low pressures geses have measureble compressibilities,
but most liquids and solids require several mmndred atmospheres' pressure
‘to produce a significant volume chenge, 4 piezometer frequently employed
flor compressibility measurements on fluids consists of a large bulb for
the sample to which is attached a cspillary containing mercury, The
change in the height of the mercury column as pressure is applied provides
a measure of the volume chenge of the fluid, The apperstus containing a
sample may be placed inside a pressure chamber and subjected to the
pressure of an hydreulic press. The externel and internel pressures on
the glass epparatus ere equal 80 that the denger of bresking the gless
spperstus is eliminsted, For investigetions in which the pressure is
low enough for the plezometer to withstend, the pressure mey be applied
by an air pump to the mercury in the capillary., Suitable veriations of
these methods were used in determining the compressibilities of many
liquids end solutions, particulerly by T. W, Richsrds and his collebore-

tm'l.e5 The most recent of compressibility on

comparable to ammonium emalgem were mede on liquid metels by an ultre-
sonics method, The velocity of sound in a substance is related to iso-
thermal compressibility according to the following expression
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in the substence, and Cp/Cy is the rstio of the hest capscities,’t

ipparastus

Heither ultrasonics equipment nor an hydrsulic press were readily
aveaileble; therefore, s simpler device wes devised for the investigstion
of the compressibility of ammonium amslgsm, If an amslgam sample con-
teins entrepped ges the volume should chenge significantly when subjected
to pressures of & few atmospheres; otherwise it should be relatively
Ancompressible &t such low pressures, In order to determine the presence
or sbacnce of entrspped gas the spperetus illustrated in Pigure 25 wes o= 1,
designed for exerting low pressures on an melgem sample at -30°C, the
tempersture of boiling Freon-12,
Pressure is force per unit ares and msy be represented by the

expression

L
"
]

- =
&
in which p is pressure, F is force, . is the cross-ssctionsl arsc over
which the force is spplied, end mg is the weight of mess m under the
influence of gravitetionsl acceleration g. In the piezometer desigmed
for messuring the compressibility of emmonium smelgam pressures sbove
one atmosphere were produced by the weight of & column of mercury scting
on an emalgam ssmple of uniform cross-section eree, The height of the

mercury column wes the ssme 28 the lower level of the sample when the

spplied pressure wes the pressure of the etmosphere, and higher pressures
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SAMPLE TUBE

PRESSURE WHEN THE
MERCURY IS THIS LEVEL
IS THAT OF ATMOSPHERE

Figure 25, Appsratus for studying the compressibility
of ammonium amalgam,







were obtained by the eddition of weighed quantities of mercury of the
column,

The weight of mercury which exerted one atmosphere of pressure on
the sample was the weight in grems of a column of mercury which had a
eross-sectionel ereca in square centimeters equal to that of the semple
‘tube, and was 76.0 cm, high under stenderd conditions of tempersture end
pressure, The pressure in atmospheres exerted on the amelgem in the
apparatus was 1 + PHg where PBG is the pressure exerted by the mercury
column sbove the one atmosphere level,

With the spplication of pressure to the sample & volume of mercury
equal to the decrease in volume of the amalgam entered the sample tube
from the reservoir, The volume of the amelgam sample was calculsted at
each pressure by measurement of the height of the mercury in the column
before and after a given increment of pressure was spplied to the semple,
i cathetometer was used to determine the level of the mercury within

% 0,005 cm, The volume of mercury entering the sample tube was
AV = Try® Ah= 81Aah,

where ra is 1,55 cm,, the redius of the reservoir column, end A h is
the change in the height of the mercury in this column, The original
volume of the amelgam V, is calculated from the volume of the sample tube,
$0 that the volume at any pressure is V, = Vp‘

The piezometer, Figure 25, was constructed in the gless shop from
heavy welled Pyrex tubing, /s protection ogeinst leskage stopcock

retainers were employed and 2 rubber stopper was wedged tightly into the
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ball and socket joint clamp to prevent it from opening readily, A piece
of 3k mm, o.d, tubing wes fitted over a rubber stopper just sbove the
two-way stopcock to provide & means for keeping the sample at .3o°c with
a Freon-12 cooling bath, Melted paraffin wes poured eround the stopper
inside the jacket to prevent leaking of the refrigerant. The piezometer
was secured firmmly by means of clamps to a vacuum rack,

That part of the spparatus from the sphericsl joint to the two-way
stopcock was the sample tube, 4 glass sesl was made just sbove the stop-
coek, which means that the crosssectlonsl ares of the tube was not
uniform throughout, For this resson & weighed amount of mercury, on the
order of 35 grams, wes poured in the tube before the amslgam was intro-
duced, The welght of mercury sdded to the tube varied somewhat with each
series of measurements and likewise the initial volume of amalgem varied,
as well as the initial height of the mercury column, The volume of the
sample tube was calculated from the weight and density of the smount of
mercury required to £ill it, The mean velue of four weighings of the
mercury contained in the tube is 153.2 grems.

o Weight of mereury 153.2 ~
Nolukes;/of; bube density of mercury = 13,56 gms, 5

Volume of seample = volume of tube - volume of mercury
necessary to cover seal,

Experimental Procedure

Before each series of measurements mercury wes poured through the

sample tube into the pressure column until the level was that of the top
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of the sample tube, That level in the pr column corresp to
about one atmosphere of pressure, the exsct value of which was obtained
from a barometer reading, The mercury was drained from the sample tube
by the proper change of the stopcock which was then closed to both
chambers and never moved agsin until 2 messurement was made on some
amelgem, Air was removed from the mercury in the pressure column by
cerefully hesting the sres containing mercury with a Bunsen burner end
simultaneously pumping on the column, 4 weighed quantity of mercury
sufficient to cover the non-uniform area was poured into the sample tube
end the level was meesured with the cathetometer., The mercury to be
added to the column in portions corresponding to the desired pressures
was weighed, The first weighed portion of mercury was csrefully poured
into the column and the air bubbles removed by pumping, The cooling
Jjacket was filled with Freon~12 zbout ten minutes before the amslgam was
introduced into the spparatus.

imslgem wiich hed been prepared snd washed in the ususl way was put
into a Pyrex tube in a Dewar flask containing Freon-12 for five minutes
and then trensferred to the ssmple tube of the epparstus, With the two-
way stopcock still closed end the one-way stopcock open the height of
the mercury in the column wes meesured with the csthetometer. Pressure
was spplied to the emalgam by opening the two-way stopcock to the mercury
column and again the level of the mercury was determined with the
cathetometer, With the stopcock closed to the pressure column snother
weighed portion of mercury was added end the effect of this additional

pressure on the volume likewise measured. In this menner sbout three
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atmospheres of pressure could be spplied to the sample, Even et the

higher pr the more ted amalgams retsined & frothy
appesrance as if ges were entrspped, When a pressure was reached at
which the sample volume did not change upon two successive additions of
mercury to the column, observations were discontinued, The sample was
removed from the tube into & solution of 0,0517 N sulfuric ecid by first
opening the two-way stopcock end then removing the cep from the tube,

A definite odor of emmoniz was epperent when the cap wss removed. The
excess acid was titrated with 0,0379 N sodium hydroxide in the usuel
way. The mercury from the decomposed amelgem wes rinsed, dried, and
weighed, To remove the mercury from the epparatus a glass tube with a
spericsl connection wss clamped to the top of the semple container.
This attaclment was bent so that mercury would run from the pressure
column into the sample conteiner and out of the epperatus into a bottle,
Some mercury alwsys remeined in the epparatus but no more than that
supported by the weight of the atmosphere.

By the method described compressibility dsta were obtained for two
samples of pure mercury &t room temperature and for five different
amalgam samples which were never at temperatures below -30°C, In sddition
samples of two of the five emelgams were placed in a Pyrex tube, immersed
in liquid eir for en hour, end melted in a Freon-12 bath at -30°C,
Volume-pressure dete were then taken for these two samples. No changes
sppeared in the volume of the pure mercury samples as pressure was

gpplied,
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Calculations and Results

Dsta for the volume-pressure measurements of mercury end the amslgams

sppesr in Tsble XV and Figure 26, Detailed cslculations for amalgem V

are as follows:

Uncorrected barometer reading st 27°C = 73.80 cm.

Correction to 0°C for expension of the bress scale and of the
mercury = =0,32 cm,

Correction of sea level from sltitude 860 ft, and latitude
b2° = -0,02 cm,

Corrected berometer reading = 73,80 - 0,32 - 0,02 = 73,46 cm,
Pressure in stmospheres = %’%’ stm, = 0,967 atm,

The pressure exerted on the sample when the volume is V, is
0,967 atm,

Vo, = volume of tube - weight of mercury covering seal/ density
of mercury st 25°C.

Vo = el -32B Lgasm,

The pressure on the sample at any time = P

=P, +Ppo, where P, is stmospheric pressure and

Pﬂg is bﬂg pressure due to the mercury in the column,
Py = 73.46 + 66,38 mm, =139,84 cm, =1,8L atm,
P, = P +12.93 =152.77 em. =2.,0 atm,
a hy = difference in cethetometer readings = 0.26 cm,
Avy = Wra shy = 81x026 = 21m,
Vy = Vo= pvy = 82ml, -21ml, =6,1ml,

Vo = V- Avy = 61-03 = 5.8ml,

By this same procedure all other volumes and pressures for this series

of observations were computed, V, was celculated from the weight and
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TABLE XV
PRESSURE-VOLUME DATA FOR A COMPRESSIBILITY STUDY OF
AMMONTUM AMALGAM

Sample P P T, of Mer h Vv Vol, of
(i) (om) EHREOEE O @) imdp

sed
()  (cm.)

B
BE
g

I 74,38 0.978 8.4
13k.8 1.78 2,57 2,25 0,32 2.6 5.8
a1 1.85 8.91 8,82 0,08 0.6 5.2
7.1 1,95 15.k5  15.k0 0,05 0.k L.8
154.3 2,03 2211 22,06 0,05 o.L L.
161.0 2,12 28,78  28,7h 0,0k 0.3 L
167.7 . 35,10 35.35 0,05 0L 3.7
180,9 2,38 48,55  L8.53 0,02 0,2 3.5
187.h 2,46 55,10 55.10 0,00 0.0 3.5

II 7h.b 0,978 8.7
135.1 1.78 2.k2 2.39 0,03 0.2 8.5

ua, 1.87 9.06 9.05 0,01 0.1 8.L
1L8.3 1.95 15,6k 15,6k 0,00 0.0 8.

15L.9 2,0h 22,22 22,22 0,00 0.0 8.4

IIxr Th.b 0.978 8.
1.2 1.85 8.95 8.8 0.07 0.6 7.8
167.5 2.20 35.19 3516 0.03 0.2 7.6

80.L 2.37 L8.13 48,10 0,03 0.2 N

193.5 2.55 61,26 61,26 0,00 0.0 7.4

by N 0.978 8.0
140,6 1.85 8.37 8.37 0,00 0,0 8.0

153.9 2,02 21.67 21,62 0,05 0.4 7.6

167.1 2,20 34,87  34.87 0,02 0,2 Tk

180,2 2,37 47,93 47.93 0.00 0.0 7.4

v 73.5 0,967 8,2
139.8 1.8 8.31 8.05 0,26 2.1 6,1
152.8 2,01 21.2h 21,20 0,0k 0.3 5.8
166.0 2.18 3b.k9 3L, 0,05 ol S
179.1 2,36 47,57 L7.57 0,00 0.0 S
192.3 2,52 60,80 60,80 0.00 0.0 5.k

VI 73.8 0.972 8.3
134.1 1.76 1,75 1.61 0.4 p 6 § 7.2
110.5 1.85 8.20 8.13 0,07 0,6 6.6
153.8 2,02 21.52 21,48 0,0k 0.3 6.3
167.1 2,20 34,75 3L.73 0,02 0,2 61
180,0 2,37 .11 . 0,00 0.0 6.1
193.2 2,5k 60.88 60,88 0,00 0.0 6.1

vII 73.8 0.972 9.0
135.0 1.78 1.52 1.Lk8 0,0k 0.3 8.7
11, 1.87 8,05 8,03 0,02 0.2 8.5
154.8 2,0k 21,27 21,26 0,01 0.1 8.4
168.1 2.21 34,58  3L.58 0,00 0.1 8.l
18.3 2.38 L7.76  L7.76 0,00 0.0 8.
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Figure 26, Volume-pressure data at -30° for six ammonium amalgams
of verying compesition; Semple I, @; Sampls II, X; Sample III, @;
Sample IV, O; Sample V,©; Sample VI,®; Sample VII, @
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density of mercury which are known to four significent figures; therefore,
only on & v which in

in these the 1 acy of Vo
turn depends on the acouracy with which A h was measured., The difference
A h between two cathetometer readings is accurate to * 0,01 om, which

makes the error in 4 v

A(av) = 001 Tr,? = 01m,

The volumes are listed with only two significent figures and are accurate
to X 0,1 ml, which introduces a meximm error of three per cent for volumes

&t higher pressures for amslgem semple I, In most cases the volume is

in error by only one and one-helf per cent.

Results of the data for computing the density and composition of the
&ma) gams sppesr in Table XVI, The weight of an emelgem is essentislly
the weight of the mercury in the emalgem, The weight of mercury added to
the sample tube to cover the glass seal and the weight of the mercury
Which entered the sample from the reservoir during compression were sub-
tracted from the weight of mercury remaining after decomposition of the
@malgem, Following ere exemplery calculations necessary to complete the
datg for mmslgam V in Table XVIs

Weight of mercury which entered the sample tube during
compression 1s (Vo = Vpina1)yy = 2.8 ml, x 13.6 gm./ml,
= 38 gn.

Weight of mercury added to cover glass seal = 43.2 gn,

Weight of amelgam =116 - L3 - 38 = 35 gn,

Density of amalgam = weight of mercury/sample volume
= 35.,1/8,15 = 1,31 gm,/ml,
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Mole per cent of smonia in the mslgam = (moles NHp/moles Hg)
100%) = 0,35 mole per cent,

From Figare 26 it sppears that the very concentrated amalgams are
somewhat more compressible than the dilute emelgams, /melgams II and
IV, which are samples I end III after freezing, retein slight compressi-

bility and only a smsll concentration of ammonium,

The weight and density of the mercury d from each d P
amelgam were used to calculate the volume occupied by the mercury elone.
See Teble XVII. If the difference between the volume of the smelgem and
the volume of the mercury represents & volume of ammonia and hydrogen
gas entrapped in the amslgam, then the compressibility of this volume
should be the seme as thet of a combination of emmonia and hydrogen gas
in g 2:1 mole retio, The volume incresse over thet of pure mercury for
amalgam VI was considered to be V,, Employing the seme A v's &8s in
Table XV the volume was computed at each pressure for amelgam VI, end
thege date plotted as points on Figure 27. .ctually the points plotted
in Figure 27 ere identical to those for amelgam VI in Figure 26 except
for their positions with respect to the volume exis,

The molar volumes of smmonia and hydrogen at -30°C and et esch helf
@tmosphere of pressure between one and three etmospheres were computed.
For celculation of the moler volume of ammonia two terms of the Besttie-
Brjdgnenn equation were employed in conjunction with the re-evelusted

87

Begttie-Bridgnann constants of Maron end Turnbull, The part of the

Besttie-Bridgmenn equation used here was
B
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Figure 27. Volume-pressure relationship at -30°C. for a volume
of ammonia and hydrogen equal to the difference between the
volume of amalgam VI and the volume of mercury in amalgem VI:
the points represent experimentsl values; the curve represents
ideal gas behavior.
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vhere/é for ammonis has the velue of =3,291, The molar volume of ammonia
&t 1 astmosphere and st -30°C is

¥ - -RT 2 SMRETT - (L x 3.29L x P)

57 = 19,8 liters

‘The Besttie-Bridgman equation could not be expected to apply to ammonia

st pr sbove 1 stmosphere and at -30°C, which is only 3° sbove its
boiling point, but no better corrections were aveilsble in the literature,
Molar volumes for hydrogen were calculated from the ideel gas law., The

combined volume occupied by one~half mole of hydrogen and one mole of

ammonies was evaluested for esch pressure, In Teble XVIII sre listed the
volumes in milliliters which would be occupied at each pressure by the
ammonia and hydrogen in each amalgam if 211 the emmonis and hydrogen were
4in the gaseous state, The pressure-volume curve for amalgam VI in
Figure 27 was plotted from the data in Tsble XVIII, A4 compearison of the
curves for the geseous mixture with th;e pressure~volume data shows that
the initial volume of some of the amalgsms is not es large as the volume
would be if 211 the ammonia end hydrogen contsined by them were in the
geseous state, but that the chenge in volume with pressure is grester

then for the geseous mixture,
Discussion

If g1l the ammonia and hydrogen were combined with mercury in the

amelgem, the emalgam should have been much less compressible then a

perfect gas, The data show that the smalgems st the pressures for which
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VOLUME OCCUPIED BY GASEOUS AMMONIA AND HYDROGEN
IN EACH AMALGAM AT -30°

T4BLE XVIII

P Moler Volune of NH, and Hy (ml,)

(m:.) Volume

NHy +1/2H, I I Ix w v vI vII

ters

1.0 29.7 29 2.k 1,0 oNn7 19 8.9 0,53
1.5 18.9 145 0,7 0,30 12 5.9 0,k0
2,0 1L.8 .2 11 o5 0,2k 9.3 Lb 0,26
2,5 1.7 1,1 09 ok o002 7.4 3L 0,20
3.0 9.8 9.k 0,75 0,33 0,16 6.2 2,9 0.17
(Concentration NH,
in millinoles) 0.96 0,764 0,03L0 0,006 0,63 0.30 0,0177
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measurements were obtained were more compressible than an essentizlly
perfect gas, Only an imperfect ges is more compressible then a perfect
one, which mesns that emmonia was doubtlessly being liquified during the
compression st -3D°C. The essumption was made that 211 the smmonia
present in an amelgeam wes compressed by the exertion of 1,5 atmospheres
on a sample and thst hydrogen behsved as a perfect ges, so that 1.5
atmospheres! pressure reduced its volume to one-third of the original
volume, If this assumption was true then the following expression in

which v°(lm,) and V°(x,) represent initial volumes applies:

Vom,) * 23 Vo(m,) " 2.5 atm, ~ "1 atm

If each ammonium radical dissociates into one molecule of ammonia and
one atom of hydrogen then
Votun,) = #olHy),

and
ZVQ(Ba) +2/3 VO(HB) = v2.5 st T Vl atm, *

The preceding relation wes used to celculate the initial volume of

hydrogen from which the total initisl volums of gaseous msterisl present
was computed. The difference between the volume of amalgam in the tube
and the originel volume of ges was then the actuel volume occupied by sn

amalgam in which no gas was entrapped,
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Data from these calculations sppesr in Teble XIX, Using the

corrected initisl volume and the weight of mercury in the ssmple as the
weight of the smelgeam the density of esch amslgem at one atmosphere
containing no gas entrepped was computed and listed 4n the last column

of the tsble, The density of pure mercury is 13,56 gm./ml. st -30%.

For &ll the dilute emalgams the corrected demsity corresponded to mercury,
but for the concentrated smelgsms was less than that of mercury, The
lerge difference in the actusl volume of the smelgem and the volume that
would be occupied if &ll the ammonia and hydrogen were in the gaseous
state establishes thet ammonium, hydrogen, end mercury ere combined in
some wey in common amzlgem, Only & few compressibility measurements were
made and those were in a narrow range of pressures, but the information
gained was sufficient to show that at ~30°C the amslgem contains ammonie
which cen be liquefied, and must also contain emmonium in combination

with mercury,
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SUMMARY

Following an investigation of several methods for prepering and

hendling amonium amalgam, an electrolytic preperation wes adopted, and
a means for purifying end menipulating the emslgem st temperstures in

the vieinity of =30°C was devised. Acid extrsction of the ammonia from

the decomposing amelgam provided a means for enalyzing samples of the

amelgam, In most cases the amslgams on which measurements were made

conteined less then 0,50 mole per cent of ammonium,

Meagnetic susceptibility measurements by the Gouy method &t -, 0%

gave evidence that ammoniz and hydrogen were combined with mercury in a

wey which decreased the freedom of electrons in mercury, Values as large
as -0,270 x 10"° c.g.s.units/gm, were observed for the specific suscepti-
bility of the eamelgam as compered to -0,167 x 10-‘ c.g.s. units/gm, for
the specific susceptibility of mercury. The large increase in the
diamagnetism of mercury to which only a smell emount of ammonium hed been
added established thet uncombined NH;* radicals comparsble to slkeli metal
atoms were not present in the eamalgeam, Apparently the emalgem is an
entity of the type NH‘4ng' in which the few electrons furnished by
ammonium to mercury suffice to remove the temperature independent para-
megnetism of mercury. Failure to find a relstionship between the compo-
sition and the density of the amelgam suggests that the amelgem is
partielly decomposed at -30°G and contains ammonia and hydrogen geses

entrepped in the mercury as well es some ammonium in solution in, or in
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combination with mercury, The amalgam ordinarily studied tlms eppears

to be ami aining g: decomposition products,

A study of the solid-liquid equilibris in the system ammonium-
mercury showed that sbout 60% of the amonia and hydrogen present in the

mercury were released during a single freezing and that the decomposition
produced by additionsal freezings was insignificent, although an eppreci-
sble quentity of ammonium remsined in the mercury, This indicated that
some ammonia end hydrogen are very loosely bound to mercury in the
amelgem perheps ss entrepped ges and that the remeinder is present as
ammonium or a compound of mercury with ammonium, The amelgem or possibly
a stsble froth containing the emslgam floats on top of mercury as indi-
cated from cooling curves obtained simulteneously for each phase of the
amalgam in which the cooling curve of the lower phase was not signifi-
cantly different from that of pure mercury, From the cooling curves it
was observed thst during the solidification process the temperature of
the system increesed slightly perhsps as a result of the breaking of
some type of bond between the components of the system, Definite freez-
ing temperatures were not obvious from the ecooling curves for the
amelgam, although the shepe of the curves wes reminiscent of solid solu-
tion formetion, If the "true" zmelgeam exists ss a colloidsl dispersion
or a froth of colloidal particles in mercury then the freezing curves
would be reassonsble since only the mercury would freeze et -L0°C 3 the
fusion point of the amslgam would be higher then ~L0°C,

fmmonium smalgem electrodes were found to be largely irreyversible

in aqueous ethenol solution at -30°C, elthough a value of 1,57 volts

=13k
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for the potential of an smelgem electrode in solution with

ions was computed. Only in very dilute solutions immediately efter
connecting the potentiometer does one observe e .m.f, values approximat-
ing those for the slkali metel amalgams,

Compresgibility measurements were made on samples of the amalgem,
These indicated that the smelgem contained emmonia, which was liquefied
during compression, as well as ammonium, in solution with mercury or in

combination with mercury.
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