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By

L, 8. Bagster,

The work to bhe described is the outcome of an observation
made some time sgo while carryins out an investiagetion for
Profecsor Rennle ia the Dniversity of adelaide. It was desired
to measurs the wvolume of nitric oxide produced by the sction af
dilute (five aormal) nitric seid on conper under special con~
ditions, TFor this purpose sn svpsratus wae constructed consist-—
ing of a vescition vessel and a wash bottle containine caustie
soda solution, the whole beinr connected to & Toepler pump,
After exhaustion the nitric scid was run by means of a tap
funnel snto the copner previously visced in the anparatus, It
was intended that abaeorbahle sases should be retained ia the
alksline soluwion, the nitric oxide which ordinarity is pro-
duoed in quantity being collected in the mercury nump, Under
the conditions descrihed where the paseous products were
lmmediately passed uander very low pressure into the absorbing
liguid it was found that there was 10 ecaseous reslidue, the
products beind sompletvely absorbed,

This reaction has been investirsted in the hope of throve
ine further lisht on the nature of the reaction hetwsen nitrio
acd? and copper., The Tact that comper, in conitradistination
to ziac and many other metals, will not Adissclve in Ailute acids
such ag sulphurie, is usually explained in terms of elsctro-
chemical theory. A metsl ia contact with water will, accordings

To Hernst's "Electrolytic solution wressure” theory, on ascount
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of what 1s ocalled its solution pressure, sxive off inito solution
rositively charoed metal ions, the metal at tha same tinms
acquirias a asgative potentisl,

Owing to the ovnosite charzes develoned these ions are
supposed Lo remaln surrcundiny the metal and not to syrsad
through the solution. The nrocess of ioniec solution will Pro-
ceced until the ueotsl has nocuired a definits nerstive notential,
This notential, characteristic for each metal, is such that, by
c¢lectirostatic attraction, as many loas are withdrawn from
sclution in any time, a8 arec siven off by the metal throush its
"solution pressure" sotion, If metal ioas in the form of a
salt are already vresent in aolution, they, by virtue of their
o9m0tic pressure will oppose the solution oreszsure of the metal,
fewer metal lons are glven snd a lower poteatial 1s resched.

In some cases, copper for example, the 2smotic pressure of any
aporeciable guantity of metal ions slready inm solution is
greater than can be overcome by the s0l ition pressure of the
netal, and ioaz already in solution deposit on the metal con—-
ferring on it a positive poteatial, sufficicat 4o opnose what
mey be oslled the "deposition wressure® of the ions., Thiz
positive potential will be greater, the srester the ionic con-
ceatration,

In scid selution there will exist slso positive nydrogen
iong aund some of these will be tskea up by the negatively
charred metal, siving up their charge, and consequently lower-

ing the potential of the metal, To restore the pomtential



more metal lons must nass inteo solutian, such ions agting as
"partners® 4o the acid ioms thot have lost thelr hydrogen ion,
and thus being able 4o Aiffuse into solution, The hydrogen
liberated w111 be in extromely small quantity at first and will
collect as a layer om the surface of the metal, This filu of
a2 will now asuse the ietal To act alse as 2 "hydroren elect-
rode®, which will endeavour to maintein its owik oquilibrium
potential with the hydrogen ioas in solution, A system will
melal
20W exist whers both ceswer snd hydrogen are strivins to estab-
1ish electricel ecuilibrium with their lons,

To declide the final state of such a eystem 1t ir necessary
te consilder the potentisls cansble of beins reached by the
different eloments of the systen, nancly the metsl slectrode
and the hydrosen 2lectrode.

The values for the electrode yotentiala of metals and
hydrogea against iovmal solutions of their iong may be found
In any work oa electrochenistry, Zinc has a value -*5 volt,
Gopper +'¢ volt and hydrosen, which behaves eieotrochemically
&8 & metal, 4 *27 volt. Tt can be shewn by apnlication of the

ordinary concentration cell gauatlon

é ® = electromotive force
, 057 . Gy { n = valance of metal
B = n 10 Oa ¢ Cy, and ¢y = any two congen~
} trations of the metal lor,
. . . _ A
that even when the iondoc soncenirationsg are ag low ag 110G
normal or =g great as can he reached Ty saturated solutions of

their salts, the zinc potential is still necative, and the
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sopper snd hydrowen potentials positive, conper having the
greater positive value and thus the smaller solution pressures,

It 18 now possible to exnlain why zine evolves hydroaen
by reaction with aecid whils Jopper does not. When zince is
immersed in the scld the system desoribed is set up, the metal
having & nesative charge and baving on 1%t3 surface & minute
filn of hydrogen, This hydrezen film in the presencs of an
appreciable concentration of hydrocen ions, will be in equilib-
riun with the ions only when the potentisl is of the order
+ °27 volt, The metal acting as a zino electrode will tend to
8 potential of the order of -5 volt. The pressure of hydrogen
ions 1n solution will continually force them on to the electrode
until the potential has reached + *S% volt. As the metal
X zin@ electrods will continually zive off ions to maintain a
negative potential, 1t follows that hydrogen ions can continually
deposit andg give up their charge to the metal, their »lace in the
solution being taken by the zine ionas ziven off by the metal in
endeavouring to naintain the negetive potential., Thus the hydrosen
will ascumulate in the metal 214 finally collect in sufficient
quantity to form bubbles an? escave from the system, leaving the
Zinc dissolved as a zinec salt of the acid,

In the copper system the metal will at first acquire a very
small negative votential, (it hes already been pointed out that
éven a -very smell copper ion concentration already in solution is
sufficient to overcome the soiution pressure of the copper and

confer on the metal a positive charge). The "hydrogen slectrode®
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sotion as 1n the case of zino will tend %o csuse the metal to
assume & potential of the order + *27 volt, In order that there

shall be an equilibrium in this system and no svolution of hydrom@n,

it is now only necessary that the covper shall, on account of the
positive charye conferred by the hydrogen, send into solution a
greater quantity of copper ions then it sould by solution pressure
alone until the concentration of copper lons is such as te confer

on the system as copper electrode the same notential that it has

as & hydrogen electrode., These covner ions will of course ééég;;

in gcquian the hydrogen iens depnosited on the metal., The nocessary
concentration of copper ions can he shown by anplication of the
concentration cell formula already stated, to be of the order of
10‘10 normal, When, therefore, the copner ion concentration has
this value the copper and hydrcgen %electrade potential® will be

the same, and there will be no further soluticn of copper or deo-
position of hydrogen. If, however, by some means the hydrogen film
could he removed, this equilibrium would be disturbed, there new
being o hydrogsn film to counterbalance the osmotic pressurs of

the hvirogen ions, which will mew tend to deposit ¢n the metal
fazadin, & corresponding quantity o»f conper again passing inte solut-
ion and replacing the deposited hydrogen iens, By virtue of the

now greater copper ion concentrstion the metal will now have its
potential inocreased tc more than =87 volt., This seens at first (e
be a contradiction of the statement thaot hydrogen "solution prsssure®
would counterhsalance the ionic deposition when the potentisl reached

+ *B7 volt., It must be oonsiderad, however, that it is possible for
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hydrogen to form less than = comnlete moleoular film, in which
case 1ts solution pressure must be considered smallier and con-
sequently the positive potentisl necessary to prevent denosition of
hydrogen ions will Le zrester than in the ca36 of & complste Pilm,
Thus it is possible for a pvartial film of hydrosen to exist on the
copper even should the metal reach the potential o '8 volt that it
has in the 5;;;:;§a of o laree concentration of copper ions, Tae
continued removal of the hydrozen film will therefore have the
effect of causing‘égggt deposition of hydrogen and soluticn »f
copper, the final result beinzy sctual solution of the copner in
the sacid.

It 1s possible to reslise this Process in practise. The
simplest means 18 to add to the seclution & sufficiently strong
oxidising agent to oxidise the hydroqaq,whieh nay be considered
to be in a reactive state similar to hydrosen occoluded in vlatinum,
Hydrogen peroxide is sufficlentto acoomplish this result, and copper
will be found to dissolve in dilute sulphuric or even scetis acid
to which hydrngen peroxide has deon added,

The reaction may be formulated as follows:

Cusi +Sﬂ4‘—_3_-0u*+30” E’—%Cu«-ﬁ% + 8 H0
43 nitric acid is an oxidising agent the reaction bhetween it snd
copzer might be asoribed to the oxidising action of the acid, but
Yeley (Phil, Trans, 1891, 188, £70) bas shewn that copper will not
dissolve in dilute nitric scid ia the absence of nitrous 201d, and
‘n difole solulion

it must be cancluded that nitric azeid itselfAia not a suffioiently

strong oxidisine agent to effect the oxidation of the hydrogen,
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Veley regarded the nitrous acid, which he showed to be rresent 4in
any sample of sven rurified nitric acld, as the primary cause of
golution, In 222 course of his work Veley showed that various
reagents that completely removed aitrous scid from the nitric
2614, had the effect of Preventiig solution, Hydrogen neroxide was
stated to achieve this murpose by oxidising the nitrous acid., ‘This
statenent seems st varisnce with the theory of solution or sopper
Just set out in detatl, Althoush the nitrous acig was destraoyed,
the nitric acid should have acted as an acid sti1l, and in the
rresence of the peroxide, the copper should have dissolved readily
accordingy to the scheme Just set out for aonper and sulphuris acid,
The experiment wsg acoordingly tried in the course of the present
work, when it was found that copper reedlly dissolved in dilute
nitric acid to which hydrogen peroxide was added, though, as would
be expected, there was no evclution of oxides of nitrogen, The
probable explanation of the fact that Veley found ne evidence of
solution is that he used & very small concentration of peroxide,
and that after the axidation of the nitrous acid there was not
sufficient peroxide left te carry on the oxidation of the hydrogen
to an sppreciable extent,

Veley's explanation of the reaction hetwoen copper and dilute
nitric acid is &g follows:

(1) solution of the copper in the nitrous acid

Cu + 4MmQ, =2 Cu(NOy}y + 2NO + Hy O

(2) Reaction betwesn the sovper nitrits ana nitric acid with
rezencration of nitrous ssid

Gu(NG;)s + 2HNOy —> Cu(wOy )y + BHNO



{3) Oxidation of nitric oxide by nitric acid with formation
of nitrous scid

HeO
20 + HNOy + Mg©@ —7  3ZHNO,

oa..‘JC'-
The nitric sedd 2ctually found in hw prsctise was oconsidered

a decomposition product of the nitrous aclid, which was showm te
sccurmilate in solution uv to 2 certain asoncentration, five moleocules
being formed finully as the result of reaction by four molecules.
The inoressed nitrous acid concsntration was considered to be the
sause of the accelerated rate of solution usually found during the
solution of ocopper in nitric =cid,

In view of the work of Lewie and Bdgar (J.Am.Chem,3oc, 1611,
23, 2952} who have shown that there is an equilibrium in the system
nitric oxide, nitric acid, nitrous acld, snd further that this
equilibrium is but slowly reached, it seemed that there might be a
different possible explanation to that of Veley for this reaction.
Donnan, in his article "Kupfer?® in Abegs's Handbuch der Anorganisehe
Chenis, refers to the action of the nitreus acid as catalytic.

The present work was undertaken in the hope of offering an
alternative explanation of the mechanism of reaction between copper
and dilute nitrisc acild.

The experiment desoribed at the beginning of the paver where
the products of reaction between Allute nitric acld and conper were
distilled from the resction vessel in vacuo almost as fast as
formed, and completely absorbed by alkall, suxzests that the first
gbtainable product of reaction is solely nitrous acid. To—wiew—of

Tre fact that an equimolecular mixture »f nitric oxide and nitrogen
peroxide is avsorbed by alkali a2z nitrite shows that an equilibrium



must exist

S HN0p — H,0 + N30y
In vacuoe the nitrogen trioxide would distil from the resction
solution and he absorbed in the alkali thus 1ndirectly removins the
nitrous acid from solution elmost as fa¥st as formed. In view of
the work of Lewls and Edgar previcusly quoted it seems very unlikely
that £ nitric oxide would be instantly and completely oxidised teo
nitrous acid as would be necessary to secure conplete abgorption of
produact,

led te
Consideration of +ee facts discussed presently/the surzestion

of an alternative scheme of §é§§%§%§fegtilg*_hawever, regarding
nitrous acid as the primary source of reaction.
The mechanism proposed is as follows:
(1) Establishment of squilibrium between the copper and
hydrogen icns of the nitric acid as already oxplained,

+*

Cu + 2H + oMoy~ = cu® + Hy + 8NOy~

(2) Oxidation of the hydrogen by nitrous acid which itseld
is reduced to hyponitrous acid in wunimolecular fornm,

Sd + H¥O, —> HNO' + 30
The hypo nitrous acid at the moment of formatlion will be as shown
in unimolecular form, and as Divers (JX.C.S&. 1899, 75, 112) has
shown that free hyponitrous acid has the double moleculs (HHQg%lit
may e assumed that the unimolecular form a2t the monent of form-
ation will be in a very reactive state cprresponding to nascent
hydrozen,

The third stage in the process will be the oxidation of

the active hyponitrous acid by nitric acid with formation of
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nitrous aocid,
HNO' & HAQy — 2Mm0y
The progess 8o Tar as zslution of the aOpDeT ia soncerned will
follow the scheme slready exolained,

Eaoh gram atom of sopner disaslved should, agcoording to this
acheme, wrodiuce e orem wolecule of fresh nitrous acld, nerleotines
the oxtromely small guantiity in solution 2% the becinnine of re-
motion, and 1% will be showm 4n the sxverimental socotion that this
antisivation is rasliges,

If the reaction is sarrled sut in suoh a nanner that the
orofucts can zesumilats in solutien, fdecomposition of the nd troug
anid will ftae nlace snd aitris oxide will he mwaduced, &8 is
actaally found to hanven when nommer is dissolved i ni trioc acid
under atmosrheric wressurs, nitrie orxids and aitroren trioxide
(nitrous aé 14) belar the trofucts Jeseribed in mihlizhed work, A
tabie of mich resulte from the worl of Higley {Am. Chem, Journ,

1968, 17, 13) 18 reproiuced here Ffor weferense, The nroducts showm

were obtained from I00 m.m, of sopper.

lanle T

8.G. of Rormality | Mz, of |Hg.of | C.C.0f | GaCe0f |Tomp.
acid of acid ' WO, NaQy ' MO N0 ‘

1.0 | 1.5 | 8.45 |58.8 | 8.8 65°
1.10

18 54.3 3.36 656°

3
1.20 8 80.5 |45.9 | 20°
8

1.85 78 39 20° |

1.30 10 76,7 141 i 20°
240 15 328 44,7 | 50°

e —
e 3
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If the explanation of the reaction suagested is correct it
is to be expected that very dilute nitric acid would fail to
oxidise completely the hynonitrous acid formed, and in such case,
nitrous oxide, the well known Jecomnosition product of hy onitrous
acld should he produced, This has setually heen found to be the
case by Higley, It will be seen in the sbove %4eble that smell
quantities ®f nitrous oxide wers formed ameny the products of
reaotion with 3 normal =nd more Allute acid, It iz not %a he
expected that amuch nitrous oxide should he formed a8 if the nitric
acid falled to oxidise most of the hyponitrous acid, the nitrous
acid would be destroyed by reaction with the comper, and not re-
gensrated, in which case reaction would come teo sn end,

Thie leads to the suzgestim tmagﬁgé;;%iilute nitrliec acid
should fail to dissolve copwer appreciably. Experiments wore carried
cut to test the sugzestlion, when it was found thst normal nitris
acid took many hours to dissolve thin copper foil, while half
normal acid showed no sign of resction, Addition of a small quantity
of sodium nitrite te either solution caused immediste reaction, but
the reaction became slower, and in the case of the half normsl acid
came to a2 standstill when the nitrous acid was used up by reaction
and decomposition., Addition of more nitrite started reaction agsin
and by addition of sufficieni nitrite the copper could be comnlotely
dissolved., (mantitative experinents asre dsseribed in part é, of
the experimental work to illustrate this noint,

It is of course recnsgnised that these solution experinents will

f1t with any scheme involving alternate reduction and reseneration
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of nitrous acid, but as it is considered that the evidence
available throwm doubt on the nitric oxide theory of Veiey, they
&re included in the work as contributing evidence for the alter-
native course of reaction now sugasested.

Yeley has shown that copper will dissolve in nitroug scid in
the absence of nitrie acid and 1t might be anticivated that nitreus
oxide should be the xasecus nroduct of resctisa, no nitric scid
veiny present to oxidise the hyoont trous acld, butADivsrs (Loc,
cit) has shown that nitrous acid oxidises this substance with pro-
duction of nitric oxide and water, and it has been found in the
course of the present work that nitric oxide is the only gassous
product of resction with an excess of nitrous acié solution. The
experiments are desoribed in detail later,

Just as nitric acid in very dilute solution falls to oxidise
hyponitrous acid completely, so it would be expected that nitrous
acid 1tself rescting with copper in very dilute smolution, would
fail, In such case the hyponitrous acid formed, in part at least
ghould dscomposge rielding nitrous oxide, before ocoming into &
condition favoursble to oxidation. This alse hag been verified,
the experiments being described in part C. of the exverimenial
work,

In view of the statements that nitrous acid acoumulates in
solution when copper is dissolved in nitric scid under ususl con-
ditions, and that nitrous acid will react with copper producing
nitric oxide, it is necessary to point out that it is unlikely that

direct formation of nitric oxide by this process will take place
any quanTity o
in the »rsesence of eeqﬂ%éap&hie nitric aclid, The nitrous scid in
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the direot nelghbourhood of the copuer will be reacting with ¢
and thus nitrous scid is not likely to be present imediately
where the hyvonitrous acid is heiny profuced, while nitric acid,
if »resent in auantity, willi be, and thue the sonditions are
favourable for oxidation of the hyponitrous acid by the nitrie

rathera than the aitrsous acid,

Some recent wark of Peters (Zeitsch, Anorg, Chem. 1919, 107,

313, see Abst. 1918, 11, 116, 413) may be menticned as furnishing
further coafirmation of the course of reaction vroposed, Peters
s%gteg that in the vresence of carbon dioxide & 5% sodium nitrite
golution will resct with cepper at 60° yielding a8 gaseocus pro-

ducts nitrioc and nitrous oxides, while nitrate is formed in solution.
It can be cslouleted that in a sodium nitrite sclution of the atrensth
mentioned, saturated with carbon dioxide at 80° the nitrite will be

converted to free nitrous acid to the extent »f about «25%, % owing

@
This value san be calculsted from the followine dats, The formula
for calculating the distribution of a base hetween two competing

acids le given by Lewis, Systom of Physicsal Chenmistry, 1216 ed,
paes B85, as follows:

-~

; . ! . o . : <8 k. Ky
(@ - 1P« groieon 2 1L 10 Boyaoy s 1hee,
3(% - 1jb

i

X = fraction of basa'coﬂbi&gﬁ with the nitrous acid,

Ky for nitrous =ecid = 6x10™%, Ray, Dey and Ghos (Trans.1917,111,413)

Ky for carbonic acid = 3x10™7, ¥alker ana Cornagk(Trans,1900, 77, 51 )

b = conc, of base. = cone, of sodium nitrite = Je7 gram, mol, ver
litre (5% sol,)

% = oone, of nitrous acld = gonc. of nitrite = .7 oran mol,

Gz = conc, of carbonis acid = 01 pr. mol, %

(oalculated from the solubility in weter at 80°= *57 fox o8
per litre. (Lendolt Bornstein) = .O13 gv. wol,)
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%o the distridbuition of its bhasze between the nitrous and carhonic
acids., The vrogence of this niltrous acid is asufficient to account

for the observed pheonomena, as it would react with sopper, forming,
on account of 1ts small concentration nitrous oxide with perhans
some aitric oxide, in the manner alroady explained, Titrous scid
would 2also be expented to react in the solution not in contect with
the ocopper according to the well known equation

SHNO, = HHO: + SNO + Hy0
forming ditric acid and nitric oxide, and thus the shserved nroducts
are all acoounted for, The equilibrium bhetween the asarbonic acid
and the nitrite will lead to the formation of fresh nitrous acid as
that in solution is destraysd and the resction oan thus proceed.

This experiment has been repeated in the course of the present
work using copner in fine sranular form with the result stated by
Peters, gas beins evolved and copper passing into solution. The
experiment was then repeated substitutine & hyArogen ztream ror the
carbon dioxide, In this case no sign of action was visible even
after a number of hours, thus showing that the carbon dioxide is &
necessary ractor in the reaction, as suagested in the 2bove discuss-
ion.

The arguments an? evidence advanced all geem te confirm the
scheme of reaction suggested whers the primavy oxidisins agent,
nitrous acid, is by resction with the hydrogen ©ilm on the copper
reduced te hypanitrous acid, which 1s then oxidised to nitrous acid
again by the nitric acid, the nitric acid at the same time being

reduced te nitrous acid,
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It is desirable now to coneider in more detail the conditions
un&er which nitrous oxide can he produced Dy reaction hotween
nitric acid and copper.It has already been pointed wat that Higley
obtained this gas when working with very dilute acid,.Bxaninetion of
digley's original paver shows thet his resction products were removed
from the reaction vesssel by a stresm of carbon ﬁiox:i.de‘ the nitrogen
trioxide fourd being collected in the absorption train.It is not
2ulrens 2229 "

likely that any considerable quantity o Aecul& asccumulate in the
nitric scid at 65"(1-.3;5 temperature of the experiment ) owing to
decomposition,and ths conditions would be favoursdle for the
production of nitrous oxide in the manner already explained.When
nitrous acid could accumulate in solntion it weuld not be exvected
in visw of previcus discussion that nitrous oxide would be produced
except under the special conditions to e discussed next.These
conditions appear to have existed in the early work of Ackworth and
Armstrong( J.C.8.1877, ’53,54) These workors appear to have found
small quantities of nitrous oxide when working with acid of
different concentrations.In some esses the gquantity wae very small
and the resulis seem of dcubtPful velue in view of modemn work,but
thers ssems no doubt that they obtained the gas when working with
dilute acid.A constant small volume of acid was used for reaction
8¢ that the actual quantity of acid would be mmsll when nsing
dilute solution.In such case 1t is 1ikely that the strength of the
acid would fall tc & velne where it would cease esemwuladelw to
oxidise completely the hyponitrous acid,as alresdy explained.The

products of reaction,which was carrised out at room temperature
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would sccumulate to some extent 'n solution and Pinally as the
nitrie acid hecame too dilute,the nitroud acid would teke part in

the raact;?? without megerereiier complets regenerstion,snd would
thus itseggageccme veory dilute,the condition necessary for the
profuction of nitrous oxide thue arising.It was also stated that the
pregence of copper malte in the solution gave risze to an incroased
yield of nitrous oxide.Ths explanstion offered by the authors
involved the formation and subsaguont dscomposition of cégroua
nitrate.Bxperinents carried out during the present work mentioned
alroady and degeribed fully lator shiow thst this explanation is not
gufficient. Nitrous oxide bhas beeon obtained by reaction between very
dilute naétrous acid solution and capper'whsre.tha amount of nitrogen
aclids vresent was vsary small end ths total smount of copper disaolved
not nore then 5 gram per litra.

Observation made in the coursae of the present work suggests sn

glternative explanation.It was noticed that s desep Dlue coluur

charsoteristie of coprer complex sslta was n»roduced when copper
wes dissolved in nitrous acid solutions.The colom was developed

in the sbmxence of salts other than copper,when using nitrous acid
preparsd from silver nitrite and d1ilute hydrochloric acid.The
colour disappeared when the nitrcus acid deconnosed, Tre égk;;nad
was formed in the preosence of nitrous scid by aven z zmall concen-
tration of copper and it is likely therefore that when a larpe
concentration of conper salts wss present & small concentrabion

b
of nitroud acid would »e largely combined in the complex.This

fay C J.Cs, 1907, 9/ , %05 ) hes shown [hal cowric mTrile /n selytica

Hes a 9gree n  colovr,



i
effect in the cess of Ackworth and Armstrong's exveriments carried
out under the conditions described alread¥,would lead to a & much
smaller concentration of free nitrovs acid .with congequent production

of 8 groater gquantity of nitrous exidg@@han in the absenos of covper

salts,

Thus far discussiocn has been confined to reasction with dilute
nitric ac;d.It hss been shown that above & certain strength nitrie
acld will react &= with copper in the absence of nitrous scid.The
criticel strength hes heen shown by Thle (Ze1t, Phys.Chem. 1855, Q8
19.877) to be about 35 % hy volume.This strenghh is equivalent %o
Just belocw 8 normal,

In the course of the present werk experiments were alsc carried - °
with this stronger scid under the conditions alresdy degcribed, to
determine in what manner the productes differed from those previously
published,¥t is well known that equilibriun 1= but slowly established
amongst the oxides of nitrogen and 1n_visw of the result with dilute

¥ The sum aar 2o s .
ac®d the results shown later 1n%table ﬁlfbr strong acid may be
considered we more naarlézrepreseﬂt the primary products of reaction
than those quoted in table 1(these lstter of course are not oclaimed
by Bigley to be other than final nroductas.)

It would be empected that with strong nitrio acid a dofinite
mechanism of resction would exist and the production of nitrogeh
Peroxide £rem-id-Cnsvmel-seid in large quantity from 14.5 normal

acid in the present work suggests that the direct reaction yields
this substance..
¥ Poge as,
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Considering for the moment only the oxidatlion of the bydrogen film
tie reaction will he
Hy + 2HNOg —2Ha0 + o0,

The process of solution of the copper will follow the scieme
alresady described.Inspection of the summary just referred to shows
that 8 and 10 normal acid yield a product consisting largely of
nitrous acid.This may bs regarded as due to the simultaneous progress
of both types of reaction,the nitrous acid type still predominatingd
with sti1l1l stronger acid the direct nitric acid oxidation will
proceed at a grester rate and nitrogen peroxide will he the chief
product as is found with 14.5 normal scld.

A comparison of the results obtained with those in table 1 is of
interest. It will be seen thst Migley obtained no nitrogen peroxide
from £ normsl acid_gwhile with 10 normal he found a grester guantity
than was obtained during the present work.Secondsry resction with
water will explain the absence of peroxide in the first csse gwhile
oxidation of trioxide by nitric acid will accoumt for the greater

gquantity of peroxide in ths second csase.
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EXPERIMENTAL  WORK

Part A,

Guantitative determination of the reaction
nroducts,
...... - S

Az stated at the beginning of this naper it wes found nossible
e carry out the resctiom between dilute nitric acid and copper in
vacuo in such & nmanner that the ragseous proiucts of reaction were
completely absorbed in mikali, Titration of the absorbing sclutions
with permanganate in such cases showed the presence of niirite
corresnonding to form 310 to 530 cc. of tenth normal permanganate
for every gram of copper dissclved. This result was obtained with
acid of strength from 5 normal (S.G. 1°17) to about 15 normel (8.0,
1°40). The theoretical quantity of permanpanate corresponding te
the scheme of reaction sugeested earlier is 318 ¢cc., This deter~
minetion is not sufficient to decide whether the produét is altrogen
trioxide, however, A given amount of reducing agent will reduce
twice as much nitric acid to veroxide as te trioxide, but only half
of the peroxide forus nitrite in the absorber, so that the smount of
aitrite formed is the same in either case, thus

aﬁ,aﬁ-zeg BNaDy — EHHNOy + SHNG
FaOp - 80 = M@ —» 2HNOg

n view of the nature of the reactions discussed sarlier it
ssemed very unlively that the product obtained in the course of
the experiments with diiute acid ocould be nitrogen veroxide,
nitrogen irioxide (nitrous anayiride) being nonsidersd more 1icely.

To be quite certain on this point, however, and te determine the
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nature of the products obtained by reaction with stronecer acid
it was considered necessary to be able to determine the exact
nature of the v»roducts ahtsorbed by the allkali., To do this it was
necessary to be able to estimate the total nitrogen collected in
the absorption liquid anart from that distilled there diresctly as
nitric acid from the reaction vessel, Attention was direoted
towards devising some method for fractionally condensing the nitric
acid while allowing the reaction products to pass o the absorbing
system., The ap?aratus shown in the figure was finally edopted, the
various parts ‘:.;;ge either seal-ed together or comnected by ground
Joints as shown, Witric acid was admitted after washing out the
apparatus with carhon Aioxide angd exhaustion, to the reaction
vessel A, containing the covper, by means of the tap funnel 7
NHitric scid was cenﬁén&wﬁ in the condenser o, (which wss cooled
with ice water as neoessany) and returned to the resction vessel,
The gaseous products were sbsorbed in the vossels D. and B, whiech
contained sodium hydroxide solution. From E. connection was nade
to the mercury vyuap by means of 2 flexible coil of 7lass tubing,
the comnection being closed by a tap during reaction, The bulb of
the reaction vessel A, had & cavaclty of about 50 cc., The con-
denser had a length of about 16 cm, ziving the sases a lensth of
passage of sabout 30 om.; the tubine had an internsl dismeter of
about 7 mm, The vedsel E. had Just sufficisnt liquid »lsced in it
to close the hottom of the inlet tube, 1ts chief use heing %o sct

88 a reservoir if any small quantity of gas vassed unabserbed

through D, This apoaratus was used for 2ll the experinents except
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those with the acid of S.G. 1-40 where a double surface reflux
condenser was used, Later work showed that with a large condenser
gurface there was s slight tendency for the nroducts to decompose
and the condenser shown in the diagram wag adopted. As any small
decomposition in the cass of +the strong acid would merely aive a
slightly lower wvalue for the amount of nitrogsen peroxlde, 1t was
not considered necessary, in view of the large amount »resent, to
reveat this »nart of the work, Tests in the absence of copper showed
that ao aoprecisbhle quantity of ailtric acid distilled into the
ahsorption train when the condenser was cooled to about loowith
cold water, In these tests the nlace of the oxlidea of nitrogen
passing throush the condenser was taken by & slow stream of carbon
dioxide., In the course of nreliminary tests with the shove avnaratus
usine 190 normal snd nore dilute acid, it was found that when the ocon-
denser was not cooled there was no unabsorbed gas produced, but
that ea soon as the condenser vas cooled to 0% considerable nitric
oxide was collected in the wump at the end of an experiment, With
the 5 and o normal &nsid this sffect was sonewhat avparent at 10°
and exneriments were carried out with a condsnser temperature of
15%-17°, A pnssible explanstion of this offect 1s that,zaseous
trioxide being & wmixturs,at the lower tempesratures the nitrogen
peroxide is elightly condensed, thus allowing the nitric oxlide to
DASH cn,and throuzh the alkali undbsorbed; the effect would then at
ence be apparent in the case of the gas consisting of the trioxide;
1f exces? nitrozen neroxide were also present greater condensation

would have to take vnlace hefore the composi tion fell bhelow that

correspondine to the trioxide, when it would be expected that
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oomplete absorption would sease ang that nitrioc oxide would appear,
This production of nitric oxides will lead to collection of &
diainished quantitv of nitrous" and@ "total nitrogen® in the absorp-
tion liquid,

In sarryins out an experiment the acid was kept gently boiling
during the solution of the sovper., TIf this were not done some
nltrous asid was left in the hitric 20id and the wroducts collected
in the absorntimn ARONATR LS were congequently smell in auantity,.
When usingy dilute scid s slow stream of carbon dioxide wag pPassed
throuzh the tube 7. to SwWesp the waseous nroducts from the condenser
raridly sfter scondensation of the acid vanours,

The comver waa used in the Torrm of thin 701l; the nitric acid
Wes prepared from different brands of "chemically oure®" and wasg
practically free from oxides o nitrosen, one or two drons of tenth
aormal vermansenate belnr mufficient to oxistise the nitrous acid/
present in the quantity of even the strongest acid uged, after
dilution, For analysis the aslution in the absorption anvaratus
was nade up to & standardg volume, the nitrite in rortion heing
determined by titration with normanqanatéf and the total nitrogen
estimated in the residue by diatillation with Devardats alloy, the
ammonia produced heing absorbed in standard aold. A seriss of re-

sults obtained im shown in the following table,

For this delermin «lcon permanyencte was added in ercerS bo Faxl
Selotioy afler eilolton. Ths sololion was Faew acidif.uy et
Sulphence Qcc ana The rcesy Permanganate Ol yelfea INTE

xalte @cee,



In all the sxperiments detailed in table 8L +350 gram of

copner was usged, i
TATLE &,

& £} -
i 1
| i

o | |
Sels of | Normality Temp. Gr.of No Gr.of W, | % of Gr.of . Temn,of

sold | of acid a8 N33y  Totel ;04 | as MO GCondenser
1  1.40 14,8 60 « 0553 . 0080 i (4 4 - 10
8 1140 | 14,5 80 | .0545 | L1001 | 80 | —- 10
3  1.30 10 | 45-50 . 0B57 . 0616 10,2 - 10
4 1,30 10 A5=50 L0560 | ,0630 11 —-— 10
5 1.30 | 10 4550 L0513 | L0800 | 10,5 - B
8 1,80 3 55~40 JOAL 0688 Y —— 10
7 1,3 3 30 . 0850 L0810 (10.8] —_— 16
8 1.30 | 8 30 . 0450 D | - « 0045 10
9 1.0 | & 30 L0420 | L0435 —~ L0080 | 7
10 1.1% B . 30 «O8A8 0595 (8} — 20

The theoretical guantity of nitregen as nitrogen trioxide
required to satisfy the mechanism of reacticn suggested for Jdilute
sold iz *0555 aram, the %total® nitrogen being the same,

This applies to experiments 7 to 10, In the case of the
atronger 2cid capable of direct resction with copner, where nitrogen
peroxide is suggested as & product, the “nitrogen trioxide, iound
shiould be the smme as before, but the total nitrogen will he greater

according to the amount of peroxide, being double the above guantity

when neroxide is the sole praducf.
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The Dlank tests mentioned show that the “total nitrogentvalues of

experiments 1 to 6,8 and 10 will not inelude any apprsciable
quantity of nitrie scid collected by dirvect distillation from the
resction vessel.It is necessary however to consider the fact that
when carrying out reaction with 6 normal scid and a confenser
tenperature of 10°sma11 volunes of nitric oxide were obtained .The
volume was about 4 to & co.Z corresponding to shout 5 mng. of
nitrogen as shown in experiment &.JIt must bo considered that a
similar asction ta kem place with the stronger scid;but a8 alroady
explained s small effect in such came will not produce sn oxcess of
nitric oxide.An sllowance is made for this effect in the surmary of
table Z that followes this discussion.Tn the case of experiments 7 and
1P the blank test affords less csrtainty as to the absence of nitric
acid.Pive normal acid required about an hour snd 6 normel aocid about
2P minutes on an average to disaclve the covper.The {The reason for
the slow reection is discussed later.) During the solutiocn of the
copper in the dilute azcid the acid occasionslly “boiled with bumping®
and unless the condenser tomperature was at lesst as low as iﬁa

a small amount of vanour woul@ blcw through the condenser and a
pmomentary film of mcisture would be seen on the tube leading to the
sbsorbers.It is almcet certain that from this cause Hha=hke nitric
acid would reach the absorption systogﬁnd the valties for the nitrogen
peroxide in experimsnts 7 end 10 wiil be high on this account.

Bosulte of the nature shown in table £ were repeatedly obtained

but it was not possible to secure more definite results., The faot

alresdy discussed,that the resation rroduct from the dilute acid more
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poadily forms nitric oxide than that from the £ and 10 normal scid

in passing through the condensar is evidencs that it contains at

most a small quantity of nitrogen peroxideThe low values for the
finitraus” end " total nitrogen" in experiments £ and © wlll be brought

to nearly the thecrstical value when correction is applied for the

loss due to nitric oxide formation.Experiments such as the one detailed

presently show that the Zesa nitrio oxide represents sbout two thirds

of the loss.The corrscted value for experiment ¢ #becomes +055 gp

and for experiment 9 it is . 054 or.

As a result of the discussion on the results ghown it may De
concluded that the product of reaction betwsen copper and

1445 normal acid is sbout 10 % nitrous anhydride
and ©0 & nitrogen peroxids

10 nommal acid 80 ¢ nitrous anhydride
20 % nitrogen psroxide
8 normel acid 15 ¢nitrcus anhydride
&5 Fnitrogen peroxide

5 and 5 normal acid Almost entirely nitrous
anhydride.’

of
In all cases the smount of niirous anhydmrids ig,the ordsr
reguirad to satisfy the mechanism of reaction diccussed.
A typical result of an experiunent whers a cold condensor was

useC may be quoted as an example of the roeult obtained under such

cofdditicns.
Copper used 250 gram Acid & nornale
Condenser cooled with ice and msalt,
Nitrogen as trioxide ,015 ar.
Nitrogen as nitric oxide & JO2E gr. = 44 oo at W, TP/

would
The nitrogen percxide romoved by the condenser will bhe convarted
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finally to nitric and nitrous acids or to nitric acid and nitrie
oxide ard in either aage the meud€ nitric acid would be retained
in the condenser or returned to the resction vessel ,thus meking
the nitrogen producte collected less in quantity than reguired by
theory.This loss ig apparent in the above experiment and to a smsll
axtent in esxperiments B and 2 of table 2.

Attention may he cz2lled here to a statement mede in the discussion
on the experiments described,that ths covper tock s considerable time
to dissolve in the dllute acid.The quantity of foil that took an
hour to dissolve in the five normal scid would dissolve in the
gsare acid in a fev nminutes under ordinary conditions at atmospheric
pressure.the different behsviour is asoribed 4o the fact thst the
nitrous acid wag being continually removed from solution in the
pregent oxperiments and canld not acoumulate and sxert the
"antocataliyticteffect ususlly shown.,Bith-aeid

Tith acid of strasngth less than B normal the time regquired for

solution in vacuc was so long that exveriments wers nof practicabled
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Experimental York

Part B,
Effect of nitrous acid on the rate of solution of
the copver,

A series of quantitative tests was also carried out at 25° to
1llustrete the statements previously made recarding the effect of
nitrous acld on the solutien of covper in very dilute scid, Fer
these tests pileces of thin coprer foll were used, 2 om., msqguare,
weicshing about .175!zr. The foll was carefully oleansd before use
by washing in acid, water, alcohol, and sther, The surface area
remained practically constant during solution until the foil was
aimost dissolved, so that the quantity dissolved will be provortional
to the rate of solution. The resction was carried out in small
beakers exnosed to the air, the acid being kept stirred,

Experiment 1,

50 cc. of normsl nitric ascid + 1 co. of 5 normal sodium nitrite
(345 gr. per litre)



Time Weolcoht Loge During

10,40 am, 178

Removed i 11.43 « 083 . 089 62 ntsa,
for i
welching 11,58 « 083
1.0 p.m. s OAS « 041 68 mts,

At 1.5 p.me °*5 co, more nitrite solution was added and
the remainder of the comnper dissclved in 35 mts,

Zxperiment B¢

100 cc, of half normsal nitric acid + 1 ce. of 5 normsl
sodium nitrite,

Time Welaht Lioss Durine

10,40 a,.m, + 168

Renoved i 12,10 v.m. . L1140 « 86 20 mts,.
for
weishing § 12,15 . LAD
1.48 186 +O12 20 nts,

Experiment 3.

100 co. of helf normal nitric acld % 8 ce. of 5 normal
sodium nitrite.

In this experiment the nitric acid has the smaller soncen-
tration of experiment 2, the nitrous scid the ereater
concentration of experiment 1,

Time Weioht Lossg During
1,55 p.nm. <175
Removed ¢ 3,0 .087 « 088 58 mts,
|
for
weighing ] 3,5 « 087
Hext Aaay 10,0 a.m, . 060 . 027 i% hours

The reaction in the case of this experiment had come to a
practical standatill but the addition of more nitrite caused com-

plete sclution in the courss of ahother hour.
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Experinents 5 i1llustrates the statement made that copper will
not dissolve appreclably in very dllute nitric acid and that if
nitrous acid 1is added, solution takes place so long as that acid
is present, but that the acld is decomposed by the reaction instead
of being regenersated as it is with stronger nitric acid, and con~
sequently the rest of solution falls off, reaction finally cesasing,
Bxwnsrimeats 1 and 3, where the concentration of the nitrous acid is
the gsne but the conceatration of the nitric acid is different,
illustrate the fact stated by vrevious workers that the rate of
solution is prowportional to the nitrous acid concentration; reference
to the Fflgures ﬁurnished shows that in the same time the twe solut-
lons dissolved almost the same gquentity of copper. Exveriments
1l and 2 illustrate the effect of dilution on the rate of solutiom,
the rate being much sreater in the more concentrated solution,

though the same total guantity of scids is present in bhoth solutiens.

Experimental Work,

Part €,

Determination of the asture of the gaseocus producte of
the reaction between nitrous acld and copper.

- Ao S

Two sories of sxperiments were carried ocut, namely, with falrly
concentrated and with very dilute nitreus acid solutions. The
stronger solution was prepared by nixinog two volumes of five normal
hydrochloric acid with one volume of 7% (normal) sodium nitrite
solution, both solutions being carefully cooled., This solution

of what” was Mecatsarq lo dissolve Ihe copper,
N :
in considerable excess,was run from a tap funnel on to copper foil

contained in a flask which had heen freed from air by washing oub
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with carbon dioxide. The gases evolved wore colleetsed in a gas
analysis anparatus of the Elliott tyve, the resction solution being
Tinzlly toiled to axnel any nitrous nxide, Nitric oxide wos removed
by adding exygen and treating with alkali, esxcess oxymren being
removed by phosphorus. The absence of residigl gas was taken te
denote the absencs of nitrous oxide, which should either have re-
nained as such afyer the treatment ieseribed, or have vroduced an
equivalent volume of nitrogen ir 1% reaoted with the phosnhorus
suring removal af the Nyzen. The very dilute nitrous scia solutien
wes prepared hy adding 2 co, of 7% sodium niltrite solution to 100 oc,
of £ hormal hydrochloric acld. Reaction betwsen this solution and
excess of copper foil wroducens considersble nitric oxide, When
reactlon had ceased the meses in selution were bolled out, several
co. belny obtained, This aag was found to coansist chiefly of nitrous
oxide, weing tested by the intrecduction of a smouldering gnliinter
of wood, which burst into vivid flame,

In another test carried out with the very dillute nitrous anid
solutien, 500 cc. of solutien were used ascting on a large excess of
copper gauze, and the zas boilsd out of solution was collected over
mzreury. WNitric oxide was removed hy adding oxyysn and removing
“the nitrogen neroxide by zlkali, The oxysen was added in separate
small volumes until ne brown fume was oreduced, Phosvphoreus was
then added and produced no apynreciable reaction in the cold, hut en
monentarily heatiar the phosphorus sn explosive reaction took place,
while the resgidual oss occupied nearly the asame volume as hefore

combustion, the small contraction being due to removal of the small

€xsess of oxywen. This reaction 1z characteristic of nitrous nxide,
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the nitrogen projuced ocoupying the same wvolume &8 the oricrinal
gas, In this particular exveriment 8 cc. of nitrous oxide were
obtained calculated from the volume of the residual nitrogen,

In these experiments nitric oxide wes rapildly eveolved ot first,
and the nitrous oxide was probably formed whon the nitrous acid was
nearly exhausted, and very Ailute, Ua account of the nitric oxide
formed by direct decomposition of the nitrous acid it was not cone
sidered practicable to carry out quantitatively the axveriments
deseribed in this section of the work,

Nitric acid will, of course, also be formed in these experiments
by direct decomposition of nitreous acid but the conversion of even
the vwhole of the nitrous 2c¢id into nitric will »roduce a concen-—
tration much less than that of the half normal solution already
shown to he incapable of takine wnart in the reactien with copner
so that it doea not seem necessary to consider the small smount of
nitric acid formed azs taking any part in the reactions under dis-—

cussion,
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Although considerable attention has been devoted in recent years to the
study of the solvent properties of various inorganic and organic chemicals,
most of the work that has been carried out has dealt only with the power
possessed by various solvents to form conducting solutions and with the rela-
tion between this power and certain physical properties of the solvent. Of
the large number of investigations of this character, reference may be made
to the work of Franklin, Kraus, and others on liquefied ammonia, and especi-
ally to those of Walden and h1s collaborators on a very large number of
solvents, both inorganic and organic, and to the investigations of the liquefied
halogen hydrides by Steele, McIntosh, and Archibald.

The majority of the above-mentioned investigators have examined the
conductivity of solutions in the various solvents, but the behaviour of these
solutions during electrolysis has only been examined carefully in the case of
solutions in ammonia.

The purpose of the present investigation was to extend our knowledge of
some of the lesser-known inorganic solvents, and in particular to determine,
if possible, the mechanism of electrolysis in solutions in these solvents.
Liquefied sulphur dioxide has been selected as the most convenient solvent
to use for two reasons. Firstly, that it is easily obtained in quantity and
-is liquid at the temperature of boiling ammonia ; and secondly, that as a com-
pound containing no hydrogen it should present the greatest possible con-
trast in its general behaviour to that of water.

The fact that minute traces of moisture profoundly modify the nature of
the reaction has interfered with the rapid progress of the investigation, and
considerable difficulty has been experienced throughout in carrying out the
‘manipulations on account of the difficulty of excluding moisture.

Ultimately it was found necessary to carry out certain of the experiments
in vacuo with very carefully dried apparatus and materials.

The electrolysis of the following substances when dissolved in liquefied
sulphur dioxide has been investigated :—

(a) Potassium iodide and sodium iodide.
(b) Trimethylsulphonium iodide.
(¢) Tetramethylammonium iodide.
(@) o D - sulphate.
o sulphite,
(e Hydrogen bromide.
{f) Mixture of hydrogen bromide and elther water or an organic
compound.
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Potassium IoDIDE AND SopiuM IODIDE.

There appears to be no qualitative difference in the behaviour of these
two substances when their solutions are electrolysed. A description of the-
behaviour of a solution of potassium iodide will therefore be sufficient.

Preliminary experiments were carried out in an apparatus consisting of
two glass tubes about 1 cm. in diameter, which were joined together near the
bottom by a somewhat narrower tube, the object of the latter being to mini--
mise as far as possible the mixing of the cathode and anode solutions during
the experiment.

It was soon found that the resistance of this system was variable and very
high when small platinum electrodes were used. When the circuit was first
closed, the current, which started at about 200 milliamperes, fell very rapidly
to the value of about 1 milliampere. On reversing the current, it rose-
momentarily to the value of about 40 milliamperes, and again fell very rapidly
to about 1 milliampere. On again reversing, the current rose, but never to.
its original high value. If this process of reversal was repeated a great
number of times, it was found that after each reversal the maximum value to
which the current rose became less and less, until finally practically no current
passed at all at the original potential difference. If the latter was raised con-
siderably, the resistance, which appeared to have been gradually built up,
broke down, and the same behaviour could then be repeated at the new
voltage. On substituting a fresh pair of platinum-wire electrodes the same
behaviour could be repeated, thus indicating that the very high resistance
was located at the surface of the electrodes. The cathode at the close of
such an experiment was found to be coated with a minutely crystalline dark-
coloured deposit, which, as the liquefied SO, -evaporated, became white in-
colour.

The gradual cutting off of the current is therefore accompanied by the-
formation of a deposit on the cathode.

At the anode no changes were observed, but the changes which can occur
during this experiment are of such a small magnitude, on account of the
cutting off of the current, that in all probability iodine, if liberated at the-
anode, could not be detected.

When an e.m.f. of 40 to 8o volts is applied to the electrodes, it sometimes.
happens that if the current flowing is large for the first few seconds, gas
appears to be evolved at both electrodes, and as long as this happens the-
current is erratic, but does not fall to the low value which it reaches when no-
gas is formed.

With larger platinum electrodes of about 1 to 3 cm. area, the changes are-
very similar, with the difference which might be anticipated that it takes
longer for the current to fall from its initial high to its extremely low value,
and that iodine is liberated at the anode and forms there a characteristic red
solution in the sulphur dioxide. There is, moreover, little or no evidence of’
gas evolution,

When mercury electrodes were substituted for platinum, it was found that
the general behaviour was the same as before. In this case, however, stirring
the liquid electrode caused a rise in value of the current, and at the anode a
green compound was formed as a scum on the surface of the mercury. This
green substance was probably mercurous iodide.

Experiments with silver and copper cathodes showed that with these the-
current did not exhibit any of the erratic variations which were found with
Pt and Hg cathodes ; the silver (or copper) became covered with a dark
brown, almost black, deposit, in all probability silver (or copper) sulphide
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which, since it is a conducting substance, does not cut off the current, Iodine
is liberated both with silver .and with copper anodes at the current densi-
ties employed.

Experiments wilh Anode of other Metal.

With a Zinc Anode.—No iodine is liberated except when a high current
density is used ; with moderate current densities zinc is dissolved and is found
afterwards in the solution surrounding the anode.

Witk an Anode of Iron Wire.—The behaviour of the solution appeared to
depend on the previous history of the electrode ; thus in several experiments
it was found that it sometimes happened that iodine was liberated from the
anode, whilst at other times, with the same electrode, no iodine would be
liberated, but a dark greenish-black solution would be formed in the imme-
diate neighbourhood of the anode. This solution could be decolorised by
reversing the current, and the presence of iron in the coloured solution was
repeatedly demonstrated.

With iron the behaviour is therefore erratic, and suggests the ordinary
behaviour of iron in aqueous solutions and the passivity of iron.

It is interesting to note that both zinc and iron iodides are only very
slightly soluble in liquefied sulphur dioxide, and their solution in the experi-
ments described must be accompanied by the formation of some soluble
complex salt with the potassium iodide already in solution.

In the investigation of the electrolysis of potassium iodide in sulphur
dioxide two series of quantitative experiments were carried out.

The first had for its object the examination of the properties of the deposit
which is formed on the cathode when the solution is electrolysed, and the
second the examination of the permanent gas which is liberated at the
cathode when current densities of a sufficient magnitude to boil the solution
are employed.

The Nature of the Solid Deposit.

In these experiments the electrolysis was catried out in an apparatus
consisting of a pair of glass tubes of about 2 cm. internal diameter, connected
by a narrower tube of about 8 mm. internal diameter. The wider tubes were
closed at the top by means of carefully ground glass joints, through which
the wires carrying the electrodes were sealed. To one of these ground glass
attachments a side tube was sealed containing phosphoric anhydride. Before
carrying out an experiment the potassium iodide which was to be dissolved
was strongly heated and then placed at the bottom of one of the tubes of the
apparatus, the phosphoric anhydride attachment inserted, and the apparatus
exhausted. The exhausted apparatus was then heated to 95° C. for about
twelve hours. It was then cooled and immersed in a bath of liquefied
ammonia and the sulphur dioxide distilled in through a long column of
phosphoric anhydride. This general method of procedure was adopted in all
the experiments that were carried out, and the effect of dissolved water
vapour was in this way eliminated.

The cathode consisted of a piece of platinum foil which could be
suspended from the wire which passed through the ground-glass stopper,
and could be removed and weighed before and after each experiment.

An examination of the cathode after the first experiment showed that the
deposit was partially soluble in water, that the solution smelt strongly of
sulphur dioxide, and that it contained suspended solid matter which proved
to be sulphur, and a series of experiments was therefore carried out in which-
current was passed through the solution and through a silver voltameter in

%
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series, the object being to determine the relation between the amount of
silver deposited in an aqueous solution and the amount of sulphur deposited
by the same current in the sulphur dioxide solution.

The results of the experiments are contained in the following table :—

TaBLE I.
No. of Milligram Equivalents deposited. Ratios.
No. of )
Expexti-
ment. | Of Agin H,0 - c K in SO, S in SO,
A Of K in SO, 0f S in SO,. Agin 0O Agin B.0.
I 058 = 0'33 o 0'57
2 1'06 — 070 — 065
3 I'15 — 064 — 0’56
4 E|xperiment los|t.
5 0°513 0483 0'25 0'94 049
o 0'527 0495 023 0'94 0475

These experiments show conclusively that sulphur is always deposited on
the cathode when a solution of potassium iodide is electrolysed, but that it is
not possible to obtain quantities corresponding with those indicated by
Faraday’s law. This is sufficiently accounted for by the known solubility
of sulphur in sulphur dioxide.

Qualitative experiments showed that the crystalline deposit on the cathode
when dissolved in water and filtered from the separated sulphur, and treated
with dilute acids, yielded sulphur dioxide and a very small quantity of
sulphur, and that the solution contained potassium. This indicated that
in addition to the sulphur the deposit contained some potassium sulphite and
a small quantity of the potassium salt of an acid richer in sulphur, probably
potassium thiosulphate, Experiments 5 and 6 of Table I. were therefore
carried out to determine the ratio of the equivalent of potassium and
silver.

Considering the difficulty of obtaining an adherent deposit on the cathode,
these experiments may be taken as indicating the equivalence of the deposit
value in the two solutions.

In several of the experiments that have been described a pair of platinum
electrodes was placed in the neighbourhood of the cathode during the experi-
ment, and the conductivity of the solution was measured from time to time
during electrolysis. The conductivity fell in every case.

We may summarise the result of this series of experiments as follows :—

1. Sulphur is always deposited at the cathode, but the quantity cannot
be accurately determined owing to its solubility in the solvent.

2. A salt deposit consisling largely of potassium sulphite is formed on the
cathode in quantities which are equivalent in potassium content to the quan-
tity of silver deposited from an aqueous solution of silver nitrate by the same
current.

3. The conductivity of the solution in the immediate neighbourhood of
the cathode is lowered during the changes which occur.

The explanation of these facts is immediately forthcoming if we consider
them side by side with those which occur at the cathode during the electro-
lysis of the same salt (potassium jodide) in aqueous solution. This has been
done in the following table :(—
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Changes at Cathode during Electrolysis of Potassium Iodide dissolved in—
(a) Water. (%) SO..
1. Hydrogen liberated equivalent to  Sulphur liberated.

Ag in voltameter.
2. Potassium hydroxide formed equi- Potassium sulphite (or thiosulphate)

valent to Ag in voltameter. formed equivalent to Ag in volta-
meter.

3. Conductivity increased due to in- Conductivity diminished due to de-
crease in salt concentration at crease in salt concentration at
cathodefrom formation of soluble cathode from formation of in-
potassium hydroxide. soluble potassium sulphite (or

thiosulphate).

From this it will be seen that if the liberation of gaseous hydrogen during
the electrolysis of aqueous solutions furnishes any evidence for the existence
of hydrogen ions in water, the corresponding evidence for the existence of
sulphur cations in a solution in liquefied sulphur dioxide is furnished by the
liberation of sulphur. Justas in aqueous solution we represent the forma-
tion of potassium hydroxide as a combination of the potassium ions which
reach the cathode with the hydroxyl ions which have been formed from the
water by the discharge of hydrogen ions, so also must we picture the forma-
tion of potassium sulphite in sulphur dioxide solutions as a combination of
the potassium ions with the minute number of sulphite ions which are formed
by the discharge of the sulphur ions.

From these considerations we see that potassium sulphite bears the same
formal relation to the solvent sulphur dioxide as potassium hydroxide does
to water, but that it is rather to be compared with the insoluble than with the
soluble hydroxides, and a closer analogy would be obtained by comparing
its formation with that of magnesium hydroxide when a magnesium salt is
electrolysed.

The Nature of the Gas.

The gas that is evolved in small quantity at the cathode when moist
solutions in sulphur dioxide are electrolysed was found to consist of an
explosive mixture of hydrogen, oxygen, and nitrogen. When carefully dried
materials are used no gas is evolved unless the current density at the cathode
is so great that the liquid boils at this point. When this happens a small
quantity of gas is evolved, which, after an examination which was prolonged
by reason of the difficulty of obtaining and of analysing the small quantities
obtained, was proved to consist of a mixture of nitrogen and oxygen con-
siderably richer in nitrogen than ordinary air. It obviously consisted of
dissolved air which was boiled out from the solution surrounding the cathode,
The hydrogen of the earlier experiments was traced to the presence of traces

of water.

ELECTROLYSIS OF TETRAMETHYLAMMONIUM IODIDE AND TRIMETHYL-
SULPHONIUM IODIDE.

The experiments with these two substances were approached with con-
siderable interest, as it was thought possible that their electrolysis might
result in the formation at the cathode of compounds such as ditetramethyi-
ammonium and ditrimethylsulphonium. As it was thought that these com-
pounds, even if formed, would probably be unstable at high temperatures,
easily decomposed by water, and readily oxidised by atmospheric air, experi-
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ments were planned whereby all operations could be carried out at —3 5° and
in a vacuum. As this latter condition involved the continuous pumping away
of considerable quantities of SO, a special automatic mercury pump was
designed and constructed.*

Preliminary experiments showed that in the case of each of these sub-
stances there is formed at the cathode a dark blood-red solution, the colour
of which is very readily discharged. The conditions necessary for its
discharge were first investigated, and it was found that—

(a) The colour is not discharged by dilution with sulphur dioxide.

(b) The colour is not discharged by prolonged standing.

(¢) The colour is discharged immediately by the addition of moist liquid
sulphur dioxide, and

(d) Slowly by contact with dry air.

(¢) The colour is discharged and a yellow precipitate formed by mixing
together the cathode and anode solutions.

Experiments were therefore planned and the necessary apparatus was
designed and constructed to find out, if possible— ’
(@) What is the nature of the compound contained in the red solution.

(b)) What is the nature of the yellow precipitate formed on mixing the
cathode and anode solutions.

Investigation of the Nature of the Compound or Compounds conlained in the
Red Solution.

Several experiments were carried out, in all of which an apparatus was
used which had been specially designed and constructed to admit of the
following operations being carried out i—

1. The apparatus and previously heated tetramethylammonium iodide
could be exhausted with a phosphorus pentoxide tube attached and left in
this condition at 95° C. for twenty-four hours to ensure thorough drying
of the materials.

2. The solution for electrolysis could be made in the dried apparatus
by admitting sulphur dioxide gas through a stopcock and condensing it in
the apparatus on to the dried tetramethylammonium iodide. In some of the
experiments the sulphur dioxide was previously purified and dried by dis-
tilling it from the metal cylinder into a receiver containing phosphorus
pentoxide, leaving it in contact with the latter overnight, and finally dis-
tilling it from this receiver through a long column of phosphorus pentoxide
into the electrolysing apparatus,

3. The solution made as described, with complete exclusion of air and
moisture, could be electrolysed in an atmosphere of sulphur dioxide at the
vapour pressure of the solution, no air being admitted.

4. The red cathode solution, after electrolysis had been carried on for the
desired time, could be transferred, without opening the apparatus, into a
special receptacle, which could then be sealed off from the main apparatus.
The solation in this receptacle then contained the compound or compounds
which were to be investigated and the solution had at no time been subjected
to a temperature higher than —33° C. (boiling-point of liquefied ammonia), nor
had it been exposed to contact with any substance other than the glass of the
containing vessel. It had not passed through any stopcocks and therefore
could not contain anything but the original salt and the products of its
electrolysis.

5. The next stage in the operation was the evaporation of the solution and

* Steele, Phil. Mag., June, 1910.
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the examination of the residue. In order to effect the former, the receptacle
had been provided with a tube and stopcock. This tube was now attached to
the automatic pump, and after the bulb and attachments of the latter had
been thoroughly exhausted, the stopcock was opened and the sulphur dioxide
removed through the pump, the receiver being kept immersed in a bath of
liquefied ammonia.

Fig. 1 represents the type of apparatus used for the electrolysis experi-
ments. The portion B was added when it was desired to separate either

=N M

Y

PR

Fi1G. 1.

anode or cathode solution for examination. The solution could be drawn
over from 4, which is the actual electrolysis vessel, into B, by slight variation
of the temperature of the two vessels with consequent variation of vapour
pressure. B could be sealed off at C by a small blow-pipe flame. EE repre-
sent the electrodes. DD are ground caps to allow of the insertion of solids
and the removal of the electrodes. Sulphur dioxide was distilled in through
a tube containing phosphorus pentoxide, sealed to the tap F. G is-a phosphoric
oxide tube for drying the apparatus.
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The possibility that a compound such as (N(Me),),, even if formed during
electrolysis, might be decomposed during the subsequent evaporation was
investigated. Should such a decomposition occur, it is almost certain that
the products would include ethane, and accordingly the sulphur dioxide as it
was pumped away was tested occasionally to see if any permanent gas could
be detected, and in no case was even the smallest trace of such found. Itis
therefore concluded that no such decomposition occurs.

During the evaporation of the solution the dark red colour is retained until
no liquid is left. If the exhaustion is stopped at this stage there remains a
solid residue of a very dark brown, almost black substance. At the tempera-
ture of the bath the vapour pressure of this substance is about 3'5 mm. of
mercury, and on continuing the exhaustion the pressure remains nearly
constant at this value, but as the gas is removed from the vessel the colour of
the solid substance gradually changes from dark brown to pale yellow. At
this stage the gas that was removed was very carefully examined for perma-
nent gases, but none were ever found.

The practical constancy of the sulphur dioxide vapour pressure during
exhaustion pointed to the dark brown solid as being simply a compound of
the yellow one with sulphur dioxide, and to test this assumption dry sulphur
dioxide was admitted to the vessel containing the yellow solid to see if the
dark brown substance could be reproduced. It was found that sulphur
dioxide was absorbed, but the colour of the compound formed was a pale red.
Whether another modification of the original compound or a fresh compound
was formed was not. determined.

This yellow residue was obtained in about eight experiments, and its
properties were examined in various ways. Itwasfound thatit never contained
more than a trace of iodide, thus showing that separation of the cathode solu-
tion had been efficiently carried out. The substance always smelt strongly of
sulphur dioxide, was not hygroscopic, and in the case of samples from which
the gas had not been continuously pumped away for a prolonged period, it
evolved sulphur dioxide on adding to water.

All solutions of the substance were found to leave a residue of sulphur on
standing and some samples rapidly deposited sulphur shortly after solution.
The samples which behaved in this manner were found to be very strongly
reducing and gave reactions very similar to those of thiosulphate. The

reducing value of the substance was determined by titration with éNG iodine

solution, and the solution after titration was found to be strongly acid. This
is the characteristic behaviour of sulphites when titrated with iodine. The
amount of sulphite present was determined by combining the results of the
iodine and acidity titrations, and the result of the analyses of the different
samples is shown in the following summary :—

Experiment 1.—Analysis carried oul immediately afler solution. Todine
reducing value was due to sulphite 87 per cent. and thiosulphate or other
reducing agent 13 per cent.

Experiment 2.—Analysis made affer the solution had stood some time,
Reducing action entirely due to sulphite.

Experiments 3 and 4.—Analysis made before the deposition of sulphur was
complete,

Experiment 3.—Reduction due to sulphite 93 per cent. Other substances
47 per cent.

Experiment 4.—Reduction due to sulphite 94'5 per cent. and other sub-
stances 5°5 per cent.

The substance is obviously composed mainly of tetramethylammonium
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sulphite, formed at the cathode, together with a small quantity of some ex-
tremely easily decomposed and highly reducing substance formed also at
the cathode by the interaction of the discharged sulphur. It is probable that
the red colour, which is characteristic of this cathode solution and which is so
easily destroyed, is a property of this easily decomposed compound.

Similar experiments to those recorded in the foregoing summary wére
carried out with trimethylsulphonium iodine and the results, both qualita-
tively and quantitatively, were the same, namely, a blood-red liquid was
formed at the cathode. From this a pale yellow solid was obtained by
evaporating off the sulphur dioxide, and this solid, when treated with water,
left a residue of sulphur, and the aqueous solution was found to contain
sulphite and a very small proportion of a very highly reducing substance
which rapidly decomposed with deposition of sulphur.

The Yellow Precipitate formed on mixing the Cathode and Anode Solutions.

The anode employed in the foregoing experiments was of zinc, which
dissolved during the action, and it was therefore probable that the precipitate
was a zinc compound. To test this, a solution of zinc bromide and tetra-
methylammonium iodide in sulphur dioxide was added to a small quantity
of the cathode solution and an immediate yellow precipitation occurred.

The experiment, in which the compound was prepared, was carried out
in an apparatus specially designed and constructed for the purpose of making
the solutions by electrolysis, subsequently mixing the cathode and anode
solutions and transferring the mixture of solution and suspended precipitate
to another specially designed and constructed apparatus in which it could be
washed repeatedly with fresh quantities of pure sulphur dioxide, all the
operations being conducted in a dry exhausted atmosphere. The precipitate
thus prepared was washed seven or eight times, or until the filtrate of sulphur
dioxide came through colourless, and it was then dried whilst still in the
apparatus, and finally removed for analysis.

The results of the analysis are as follows :(—

Sulphur estimated as sulphur dioxide, 19'13 per cent.
Sulphur estimated as sulphate, 20'8 per cent.
Zinc estimated as oxide (two samples), 28'6 and 29°6 per cent.
Theory requires for Zn(NMe,),(So,), S= 193 per cent.
Zn = 29°5 per cent.

The high result of the sulphur estimation as sulphate might be due to the
presence of a small amount of free sulphurinthe precipitate, and is in accord
with the general experience of the foregoing analyses. ’

It is interesting to observe the formation of this particular double salt as
an insoluble precipitate in liquefied sulphur dioxide, corresponding potassium
and ammonium salts having been prepared in aqueous solution and examined
by Berglund.*

ELECTROLYSIS OF TETRAMETHYLAMMONIUM SULPHITE,

For these experiments a sample of tetramethylammonium sulphite was
prepared from the iodide by first precipitating the latter with moist silver
hydroxide, filtering off the silver iodide, and evaporating the bulk of the water
from the filtrate.

The very concentrated solution of tetramethylammonium hydroxide was
then placed in the apparatus in which the electrolysis was to be carried out
and sulphur dioxide passed in in sufficient quantities to combine with all the

* Ber., 1874, 7, 469.
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tetramethylammonium hydroxide and to displace all the air. The apparatus
was then exhausted, after being connected to a tube charged with phosphoric
anhydride. When all the water had been removed sulphur dioxide was
distilled into the apparatus so as to make with the dry sulphite a water-free
solution for electrolysis.

The sulphite is freely soluble in sulphur dioxide, forming a deep yellowish
red solution. On electrolysis, the characteristic blood-red solution containing
sulphur is formed at the cathode. ]

Tetramethylammonium sulphate is also soluble in sulphur dioxide, form-
ing a good conducting solation, which on electrolysis yields the same
characteristic red cathode solution as is produced by the iodide and sulphite.

ELECTROLYSIS OF HYDROGEN BROMIDE.

Hydrogen bromide appears to be freely soluble in sulphur dioxide, but if
quite dry the solution is almost non-conducting, in this respect presenting a
great contrast to the corresponding solutions in water.

If the solution contains as an impurity either water or certain organic
compounds, the current flows freely with any metal as electrode, the products
of electrolysis being hydrogen at the cathode and bromine at the anode.
This behaviour is probably to be attributed to interaction between the
hydrogen bromide and the second solute resulting in the formation of an
oxonium compound, which acts as a good electrolyte.

Oxonium compounds have been investigated by a number of investigators,
and especially by Collie and Tickle, Baeyer and Williger, and Archibald and
Mclntosh.

The last-named workers, for example, have isolated and examined a
number of compounds of hydrogen bromide or iodide with compounds such
as ether, acetone, and generally with the alcohols, ethers, and ketones.

It has been already noted that hydrogen bromide when dissolved in
liquefied sulphur dioxide does not form a highly conducting solution, and
experiments have shown that the same may be said of the sulphur dioxide
solutions of the following substances :—

Dimethylpyrone, Acetone, Benzophenone,
Benzaldehyde, Ether, Water,
and M. dinitrobenzene, but when small quantities of hydrogen bromide are
added to solutions of either of the first six compounds enumerated above,
good conducting solutions result; with M. dinitrobenzene there is no
appreciable change in conductivity.

The compound of dimethylpyrone and hydrogen bromide was isolated
and examined by Collie and Tickle; those of acetone and ether with
hydrogen bromide were isolated and examined by Archibald and McIntosh,
and there can be no doubt that the increase of conductivity in the case of
these compounds and in the case of benzaphenone and benzaldehyde is due
to the formation of these oxonium compounds. If this is granted, we must
accept the same explanation for the case of water.

The view that combination of water and hydrogen bromide is an antece-
dent to conduction is strongly confirmed by the behaviour of mixed solutions
of these substances when electrolysed. When water is added to a solution of
hydrogen bromide in sulphur dioxide, a small quantity dissolves in the
solution, the remainder dissolving some hydrogen bromide and sinking to
the bottom as a heavy liquid, which may sometimes crystallise as a white
solid which melts below the boiling-point of the sulphur dioxide. This solid
is probably one of the hydrates of hydrogen bromide which are known
to exist at low temperatures.
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When a current is passed through such a saturated solution, small droplets
appear on the cathode, increase in size, and fall to the bottom, producing a
liquid similar in properties to the solution of hydrogen bromide in water
previously mentioned.

If the scheme suggested below, in which water takes part in the
conduction, be correct, water should be carried to the cathode, and in a
saturated solution be precipitated there. At the same time the anode solu-
tion should lose water and become unsaturated. To test this an H-shaped
electrolysis vessel was constructed, filled with solution, and an excess of
water placed in the anode limb. A stopper was fitted in the tube connecting
the two limbs. After passing the current for some time the anode and
cathode solutions were separated by means of this stopper and the solutions
stirred, The quantity of undissolved water in the anode limb was found to
have decreased, that in the cathode limb to have increased.

On account of the many similarities between hydrogen sulphide and
water it was considered possible that a solution of hydrogen sulphide in a
mixture of sulphur dioxide and hydrogen sulphide might be conducting.

It was found that sulphur dioxide and hydrogen sulphide did not react in
the gaseous state if even moderately dry. Passage rapidly through five or six
cm. of phosphoric oxide dried the gases sufficiently, It was found possible
to condense the liquids together at — 8o°and to prepare solutions of hydrogen
sulphide in sulphur dioxide at temperatures up to the boiling-point of that
liquid without reaction taking place, in an apparatus dried in a water oven
and cooled in air.

A solution so prepared was almost non-conducting, and the addition of
hydrogen bromide caused practically no increase in the current.

These results are entirely consistent with the following representation of
the reactions that take place :— i

1. H,0 + HBr &= H,0Br, oxonium bromide.

2. H;OBr === H,0" +Br’, and during electrolysis.
3. 2H,0' + 20 —> H, + 2H,0 (at cathode).

4. 2Br’ — 26> Br, (at anode).

This series of reactions is extremely interesting as indicating the pro-
bability that hydrogen bromide (and inferentially the other halogen hydrides)
does not in itself act as an electrolyte, but must first enter into combination
with water, or ammonia, or with some compound with which it can form
oxonium or ammonium compounds.

Thus when hydrogen bromide dissolves in liquefied ammonia it would be
readily conceded that the resulting solution contains ammonium bromide, and
when it dissolves in water we must be prepared to recognise the similar
formation of oxonium bromide, probably very much dissociated, at the
ordinary temperature. The non-formation of a conducting solution when
hydrogen bromide is dissolved in the other halogen hydrides or in liquefied
sulphur dioxide is probably due, at least in part, to the non-formation of such
compounds.

Measurements have been made of the conductivities of sulphur dioxide
containing in solution various mixtures of hydrogen bromide and the
substances enumerated above, a special apparatus having been made to
permit of the preparation of solutions of known strength with carefully dried
matcrials, All the sulphur dioxide used was distilled into the apparatus
through a long column of phosphorus pentoxide. The conductivities were
determined at a temperature of — 35° C.

The cell constant = o0'059.
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The specific conductivity, K, of pure sulphur dioxide = 1'5 X 10 mhos.

As stated previously, water is not very soluble in a mixture of hydrogen
bromide and sulphur dioxide. As time did not permit of determinations of
the solubility of the water, the value for the molecular conductivity only
represents the minimum possible and is really too low, excess of water having
been added, . .

TasLe II.

Molecular Conductivilies.

Specific Molecular

Gram. Mols, Dissolved in e
HBr. of Dilution. Conductivity. | Conductivity.

# Gram. of 8O,

Ether.
0'0 00051 972 1'25 X 1013 |1'I8 X 10| 147X 10"
0'049 000531 19'5 2'5 X 103 I'4 X 1073 [3'50
0'049 0°005I 972 I'25 X 103 |2°95 X 10~ [3°69
Dimethylpyrone.
0'0 0’0011 1017 | 6’1 X 1013 |I'5 X I07* |Q I5X IO
0TI 0°00I1 10°17 61 X 103 28 X 1073 | I'74X 10
0'0II 0'00I1 19°00 I'14 X 104 |I'47 X 10~ |1'67X 10
0’011 00011 338 2'02 X 104 |0908X 1073 |183X 10
M. dinitrobenzene.
00 000595 1000 | I'T00 X 103 |1'48 X 107*| 1°63 X 107"
0'025 0°00595 1000 I'100 X 103 [I'50 X I07:(1'65X 10
Acelone.
oo 0007 9'5 9’0 X 10* 59 X 1075 53X 1073
0016 0°007 9'5 9'0 X 102 185 X 10~ | 1'67 X 10
0016 0007 2034 | 19 X 103 7°406 X 1073|143 X 10
Benzophenone.
0°00 0'00055 10°37 I'24 X 10* |20 X 107¢ |3%72X 107"
0’02 000055 10°37 1'24 X 104 375 X 10—*| 1'08 X 10
002 0'0033 2467 492 X 103|204 X 1073 |0'g8 X 10
0'02 0'0033 10°37 206 X 103 462 X 1073] 0°052 X 10
Benzaldehyde.
000 0'005 100 I'31 X 10® |1I'95 X 1073254 X 102
0°025 0005 100 I'31 X 10 |4'72 X 1073|6°17
0025 0005 219 288 X 108|242 X 1073|695
0'025 00233 21'Q (575 X 10%) [125 X 10—2[(7'15)
Water.
'035 o 98 186 X 10 [I'5 X I0~+ 28X 107
o '0083 98 783 X 10° |1'5 X 1075 —
'035 ‘0083 98 7'83 X 10* {42 X 10 > 33

The results of the measurements are collected in Table I1., which shows
the number of gram molecules of hydrogen bromide, of water, or other
solate, or of both, which are dissolved in the stated weight of sulphur dioxide.

The fourth column contains the dilution of the solution expressed as the
number of c.c’s of solution containing one gram molecule of dissolved
substance.

The fifth column contains the values of the specific conductivities of the
various solutions, and the molecular conductivities are given in the last
¢olumn,
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The molecular conductivities which are given in the case of the mixed
solutions are those of the water or other organic solvent, with the exception
of the most concentrated solution of benzaldehyde, the concentration of
which is greater than that of the hydrogen bromide. In this case the figures
in brackets refer to the volume containing one gram mol of hydrogen
bromide and the corresponding molecular conductivity.

TasLE IIL
Some Molecular Conductivities Compared.

. KClin H,O, 125.

. HBr in SO,, *o405.

. Acetone in SO,, '0053.

HBr Acetone in SO,, 16.

HBr Ether in SO,, 37.

. HBr Dimethylpyrone in SO,, 17°4.
HBr Benzaldehyde, 6'95.

. HBr Benzophenone, 10°8.

. HBrH,O in SO,, > 33.

O N QUL N H

In order to convey a clear idea of the actual magnitude of the conduc-
tivities of these solutions a few molecular conductivities have been collected
in Table III. It will be seen that the molecular conductivity of a mixture of
water and hydrogen bromide in sulphur dioxide is of the same order of
magnitude as that of a 1 per cent. solution of acetic acid in water (3'5), while
the specific conductivity (4 X 1073) is several times greater than that of the
acetic acid solution at 18° (5°8 x 1074).

In all cases but one the quantity of hydrogen bromide is considerably in

TaBLE IV.

Variation of Molecular Conductivity with Time.

Solution containing Mi;l;‘f;;; l::l;lfter Mol. Conductivity.
xing.
H.O 0083 gr. mols ... ! 780 0'0 3'31
HBr -035 gr. mols in 6°5 c.c. of SO ) 30 272
Ether ‘o051 gr. mols ... }1 - o 368
HBr 049 gr. mols in 6°4 c.c. of SO i D25 90 456
Acetone *oo7 gr. mols.. o0 1 900 ) 14°8
HBr roro gr. mols in 623 c.c. of SO vt 9 25 165
Acetone 007 gr. mols .. % o 142
HBr 016 gr. mols in 13 4 C. c. of SO jL9 40 173

excess of that required for combination with the other solute, and the dilution
has been calculated on the assumption that practically all of the water or
organic solute has combined with the hydrogen bromide.

The figures for meta dinitrobenzene indicate that no combination of the
two compounds is brought about. It has been found that the conductivity
of certain solutions varies with time, and this variation is well shown by the
following figures, Table IV., which refer to experiments with water, with
ether, and with acetone,
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When a water mixture was allowed to stand for several hours a heavy
oily liquid appeared at the bottom. The fall in conductivity might be
attributed to the slow formation of this substance, which in general properties
corresponded with sulphur bromide. It is hoped to investigate the nature of
the substance more fully at a later date.

The rise in molecular conductivity +which occurs with the other substances
is consistent with the supposition that the velocity of the formation of
the oxonium compound is not instantaneous, the conductivity rising with the
increase in concentration of the compound.

ELECTROLYSIS OF SOLUTIONS OF ETHER AND HBr 1IN SO..

With ether solutions current flowed freely, but at the start of the
experiment very little hydrogen was evolved. After the current had passed
for some time (an hour or two) much more gas could be collected. Quanti-
ties up to about two-thirds of the theoretical amount were collected from
solutions which had previously been electrolysed for some time.

With water solutions more gas was evolved at the conmencement of the
electrolysis, approximately half the theoretical volume, but this quantity did
not increase with continual passage of the current.

The fact that hydrogen is not evolved in theoretical volume may be
explained by the suggestion that some is used up in the formation of
reduction products. ‘

In view of its possible bearing on the nature of the hydrogen ion and on
the general theory of electrolysis, it is hoped to extend that portion of the
work dealing with the conductivity and electrolysis of hydrogen bromide
solutions at a later date.

ELECTROLYSIS OF PotrassiuMm MERCURY JODIDE.

Qualitative attempts were made to electrolyse solutions of certain double
salts, as, for example, the double compound of potassium and mercury iodides.
It was found that this compound behaved very similarly to potassium iodide :
a deposit containing sulphur being formed on the cathode, and the current
falling very rapidly to the usual small value. In one experiment, in which
the materials had not been carefully dried, it was found that mercury was
deposited as a film on a strip of copper immersed in the solution, but when
the experiment was repeated with carefully dried materials no such effect
could be produced.

ELECTRODE POTENTIALS OF THE METALS.

The programme mapped out for the determination of the electrode
potentials was as foliows :— .

1. To determine the electrode potentials of metals when immersed in
saturated solutions of their salts.

2. To determine the solubility of these various salts, using for the purpose
the microbalance recently described by Steele and Grant.*

3. To determine the conductivities of extremely dilute solutions of these
salts, and so to ascertain the ionic concentrations of the various metallic ions.

From the data thus obtained it should be possible to calculate the normal
electrode potentials of the metals when dissolved in a solvent such as sulphur
dioxide, which contains no hydrogen, and to compare the values thus
determined with those obtained in aqueous solutions.

Owing to the removal of one of us from Melbourne to Brisbane, and the

* Proceedings of the Royal Society, 1909, A 82, p. 580.
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consequent temporary loss of facilities for experimental work, this programme
has been interrupted, and the only part actually carried out is the measure-
ment of the electrode potential of metals immersed in saturated solutions
of their salts.

The choice of metals and salts was limited in the first place by the fact
that the only freely soluble metallic salts are the bromides and iodides of the
alkali metals, and that these are not capable
of being used for electrodes on account of a )
their rapid tarnishing in an atmosphere of \/L / \
metals being extremely insoluble, cells pre-
pared with saturated solutions of these salts

dry sulphur dioxide.
have an extraordinarily small capacity. As F
a consequence of this, it was found to be ]

On the other hand, the salts of other
impossible to determine the e.m.f. of these
combinations by the usual potentiometer
method, since the minute amount of current
taken out of the cells during the measure-
ment immediately lowered the e.m.f. to ) ﬁ
Zero. ¢

The measurements were therefore car-
ried out with a quadrant electrometer, one
pair of quadrants being earthed and the
other connected with one electrode of the
cell, the other electrode being earthed.
The electrometer was one of very small
capacity, and it was found that no polarisa-
tion was produeed in the cell when its e.m.f. A
was measured by this method. It was not \\
found possible to use the ordinary dipping ., \"B
electrode vessels, and therefore an appar- A,/
atus was designed for the measurements.

This apparatus consisted of two electrode " /”'—EC
vessels immersed in a wide test-tube. One L4 ] L] :_( A H

of these vessels is shown in Fig. 2. It con-

sists of an H-shaped tube, one limb of L

which, 4, is closed at the bottom, the other, D\“_//

B, being open. The open limb is provided
with a ground-in hollow glass stopper, C,
with a hole drilled in it opposite the con- U
necting tube, D, and by rotating this
stopper the solution contained in the closed
limb could be brought into communication
with the liquid in the wide test-tube E.

The two electrode vessels were fitted in Fi6. 2.
a rubber cork, F, which in its turn fitted the
test-tube, and the whole could be immersed in a Dewar flask containing
liquefied ammonia.

In carrying out an experiment, the electrodes, G, which were composed of
a wire of the metal under investigation, were placed in the closed limb of the
H tube, a small portion of the selected salt of the metal having been first
placed in the same limb. The upper end of the tube containing the wire was
then sealed with sealing-wax and the apparatus exhausted and dried. When

E
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it was judged that the whole apparatus was thoroughly dry, it was immersed
in a bath of liquefied ammonia, the ¢lectrode vessels placed in communication
with the test-tube by turning the stopper, and sulphur dioxide distilled into
the apparatns through H. The sulphur dioxide filled the test-tube to the
required level and overflowed into the electrode vessels, forming there after
the lapse of a few hours a saturated solution of the salt in question. It
was usually found that the film of sulphur dioxide surrounding the stopper
was sufficiently conducting to allow of readings being taken without
polarisation effect being observed.

The materials employed were from varions sources, and were subjected to
various methods of purification, with the object of testing whether the effects
measured were due to the presence of minute quantities of impurities.

A sufficient number of measurements have been made to indicate that each
metal has a definite electrode potential when immersed in liquefied sulphur
dioxide, and that the magnitude of the potential is affected by the concentra-
tion of the metallic ion in solution in the same manner and in the same
direction as it is in aqueous solution.

The measurements that are described were made at a temperature of
— 35°C. The deflections of the electrometer were standardised by means
of a standard Clark cell. The standard electrode employed was one of
mercury, covered with a layer of purified mercurous chloride, made into
a paste with liquefied sulphur dioxide.

The following measurements of the e.m.f. of a typical cell are given as an
example of the degree of constancy of e.m.f. which can be obtained with the
extremely dilute solution which it was necessary to employ.

Cell Constancy of Hg/HgCl in SO,/SO,/PbCl, in SO,/Pb.

Time Measurement. EM.F.
H M.
o o 040
I 45 0427
3 15 0°430
5 [o] 0'437
7 30 0°430
8 45 0'433

A. Pb/PbCL/HgCl/Hg. Mercury electrode negative,
1. E.m.f. = 0435 volt.
2. Same cell, but freshly prepared and purified materials.
E.m.f. = 0435 volts.
B. Zn/ZnBr,/HgCl/Hg. Mercury electrode negative.
1. Pure zinc cast into rod.
Zinc bromide distilled.
E.m.f. 038 to 0°40 volt.
2. Zinc bromide redistilled.
E.m.f. 0'37 to 040 volt.
C. Cd/CdI./HgCl/Hg.
1. Cd metal electrolytic, Schuchardt, cadmium jodide recrystallised.
E.m.f. 042 to 0445 volt.
2. Freshly prepared and treated material from the same stock.
E.mf. 042 to 043 volt.

Addition of potassium iodide and of tetramethylammonium iodide to the
solution surrounding the cadmium iodide instantly altered the e.m.f., and in all
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cases tested the e.m.f. was sensitive to the addition of any salt having an
anion common to the added and dissolved salt.

SUMMARY.

In the foregoing pages experiments are described which were designed to
ascertain the mechanism of electrolysis'in liquefied sulphur dioxide.

1. Tthas been shown that during the electrolysis of solutions of potassium
or sodium iodides, tetramethylammonium iodide, trimethylsulphonium iodide,
sulphur is deposited on the cathode, and that a sulphite is simultaneously
formed.

2. That, at the anode, changes occur which are analogous to those occur-
ring in aqueous solution. For instance, bromine and iodine are liberated from
solutions of bromides and iodides.

3. That anodes of zinc and iron are attacked and pass into solution
as complex iodides when iodides are electrolysed.

4. Evidence has been adduced to show that water and hydrogen bromide
unite to form an oxonium compound which is electrolytic in character, and
this evidence has been strengthened by comparison with the behaviour of
several well-known oxonium compounds.

5. A few electrode potentials of metals immersed in saturated solution of
their salts have been measured.

In conclusion, the authors wish to express their thanks to the Government
Grant Committee of the Royal Society for a grant made to one of us by
means of which a large portion of the expense of the work has been met. We
also wish to express our thanksto Messrs. Felton, Grimwade & Co. for their
kindness in presenting us with large quantities of liquefied ammonia.

CHEMICAL LABORATORIES,
Tag UNIVERSITY OF MELBOURNE.
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OXXX.—Properties of Binary Mixtures of Some:
Liquefied Gases.

By Lanceror SALISBURY BagstEr (Victorian Government
Research Scholar).

IN a previous paper (Trans., 1910, 97, 2607) an account was given
by the author, in conjunction with Dr. B. D. Steele, of the vapour
pressure-concentration curves of binary mixtures of liquid hydrogen
sulphide with liquid hydrogen bromide and with liquid hydrogen
iodide. The hydrogen bromide curve showed a mixture of minimum
vapour pressure, whilst the hydrogen iodide “ curve ” was a straight
line.

It was pointed out that such a minimum was regarded as
evidence for iomisation or combination or association, and that
existing evidence was against the occurrence of ionisation or asso-
ciation in the case of the hydrogen bromide mixtures, whilst there
was no other reason than the vapour pressure curve for assuming
compound formation.

As hydrogen bromide and iodide usually show a general similarity
in behaviour, it was considered of interest to examine further



1219 BAGSTER : PROPERTIES OF BINARY

these mixtures. The shape of the freezing-point curve of a binary
mixture being usually regarded as trustworthy evidence for or
against combination, an examination of these curves was under-
taken.

The curves obtained are shown in Fig. 1. It will be seen that
both are of the same general type, and that neither is of the
characteristic shape with two eutectic points and a maximum,
exhibited by a mizture in which compound formation is taking
place. There is mo eutectic point in either curve, both being
continuous and of the form produced by a system in which the
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solid phase consists of mixed crystals. It will be seen that
hydrogen jodide has a much greater depressing effect on the
freezing point of hydrogen sulphide than has an equivalent amount
of hydrogen bromide.

Tsakalotos (Zeitsch. physikal. Chem., 1910, 71, 667) concludes
from the evidence of freezing-point curves and viscosity measure-
ments that a minimum in the vapour-pressure curve of a binary
mixture does not necessarily indicate the formation of compounds.
Apparently the hydrogen bromide system may be regarded as
adducing further evidence for this conclusion.
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The apparatus used for the measurements is shown in Fig. 2.
It consists of two parts, a burette 4 for measuring the liquids,
the mixtures being made up by volume; and the actual freezing-
point apparatus B. It was constructed wholly of glass, all joints
being sealed together, and was so designed that a vacuum could
be maintained, in order that, having once removed air, liquid could
be quickly distilled from one vessel to the other without loss. All
points where moisture could gain entrance were protected by

Fia. 2.

phosphoric oxide tubes. Taps were lubricated with a mixture of
paraffins.

To perform an experiment, the burette A was immersed in a
suitable refrigerant contained in a long narrow Dewar flask, and
a little over 5 c.c. of one liquid, say, hydrogen sulphide, distilled
in through the spiral C, which acted as a condenser, uncondensed
gases passing out at D. Air was then removed by alternately
exhausting at # with a water-pump, and admitting vapour through
the tap #. The tube B was then immersed in an unsilvered Dewar
flask @, containing light petroleum, the top of the flask being closed
by a piece of sheet rubber with holes cut to admit the variows
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tubes, this being found to be practically air-tight and more con-
venient than a rubber cork when there is no great difference of
pressure on the two sides. Liquid air was now blown into the
tube H, where it boiled off, cooling the light petroleum in so doing.
The petroleum bath was stirred by a current of dry air blown
through the tube I. When the temperature, as indicated by a
normal pentane thermometer contained in the tube J, had fallen
sufficiently, an exactly measured volume of the liquid (about 5 c.c.)
was distilled from A to B. The thermometer used was graduated in
degrees to —200°. The column was only partly immersed, giving
rise to a considerable immersion error. No attempt was made to
correct the readings for this, attention being concentrated on an
endeavour to keep it constant. The space between the thermometer
bulb and the tube J was filled with petroleum, as shown by the
black shading in the diagram, to ensure good thermal contact. The
lower portion of the freezing-point tube was made narrow in order
that the thermometer bulb should be well immersed with a small
volume of liquid. Five c.c. filled it to about the point 1; the rest
of the tube was wider, a further 5 c.c. changing the level only to
about 2. This was to ensure as small a change as possible in the
immersion error of the thermometer. For the same reason the
apparatus was immersed in the petroleum bath to the point 3, well
above 2, and the petroleum kept at constant level.

Having distilled 5 c.c. of hydrogen sulphide into B, 4 was cleaned
out, about 11 c.c. of halogen hydride distilled in, and air removed
by exhausting at D with a water pump. Having obtained the
freezing point of the hydrogen sulphide, halogen hydride was
distilled into B in small, measured quantities, the freezing point of
each mixture being determined. The temperature of the bath
surrounding B was kept well below the boiling point of the liquid
in 4 when distilling, to prevent back diffusion from B. The
solutions were mixed by means of the glass stirrer K, which was
worked by a magnet acting on a bundle of iron wire sealed into
the tube L. The glass stem of the stirrer was broken at M, and a
piece of platinum wire inserted for the sake of flexibility. In
order to obtain a freezing point, liquid air was blown into H in
small quantities, keeping the bath well stirred by the air current
through 7, and the solution with the magnetic stirrer. The tem-
perature was made to fall very slowly until crystallisation began.
If much solid separated, the reading was considered doubtful.
Having obtained a reading, the solid was allowed to melt, and the
freezing repeated. When a total quantity of 5 c.c. of the second
liquid (halogen hydride) had been added, the liquid was distilled
out from B, and 5 c.c. of halogen hydride distilled in, its freezing
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point being then determined. Finally, the burette 4 was emptied,
and 5 c.c. of hydrogen sulphide were condensed in it. The curve
was then begun from the halogen hydride end, finishing with the
final mixture of the first series. This method was found to be the
quickest and most economical for obtaining the entire range of
concentrations.

The methods adopted for the preparation and purification of the
liquids were similar to those described in the previous paper, except
that hydrogen bromide was prepared by heating potassium bromide
with phosphoric acid solution which had been concentrated to a
thick syrup. Hydrogen sulphide and bromide were condensed by
a mixture of solid carbon dioxide and ether, and measured at the
temperature of that mixture, taken as —80°. Hydrogen iodide
was condensed and measured in liquid ammonia kept at —45° by
blowing a current of air through it. The change in the volume of
the burette 4 due to the temperature change from —45° to —80°
was neglected. For the calculation of the molecular compositions
of the mixtures, densities were taken from a paper by Steele,
MecIntosh, and Archibald (Phil. Trans., 1905, 4, 205, 99). Know-
ing the relative volumes of both constituents of a mixture and
the densities, it was easy to calculate the relative weights, and
from these and “he atomic weights the molecular percentage of each
constituent was calculated. In the tables concentrations are
expressed as percentage of molecules of halogen hydride.

Tables I and II give the experimental data for hydrogen bromide
mixtures, table IIT for hydrogen iodide.

TasLe 1.

Hydrogen Bromide—Hydrogen Sulphide. First Experiment.

Molecular Molecular Molecular
percentage  Freezing percentage Freezing percentage  Freezing
of HBr. point. of HBr. point. of HBr. point.
00 —82° 386 —871° 55°0 —873°
10-7 - 835 42-0 —87°9* - b85 -872
182 -850 455 —88-0% 644 —86°9
250 —-86°0 485 -880* 712 —86°2
310 —-86'7 480 -878 824 ~853
857 - 870 516 -875 1000 -831

All the points in table I lie on a smooth curve, except the three
marked with an asterisk at 42, 45°5, and 48'5 per cent. hydrogen
bromide, which lie on a line nearly a degree too low. These
readings were taken after about eighteen hours’ almost continuous
work. The method of reading the thermometer depended partly on
the nearest ten mark; in the present case, —90° was just invisible;
consequently an error in reading the thermometer was suspected.
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This was to some extent confirmed by the value at 48 per cent.
hydrogen bromide obtained at the end of the second half of the
experiment, which should have almost corresponded with the value
for 48'5 per cent. in the first set. A fresh experiment was under-
taken, the curve being carefully repeated from 35 to 55 per cent.
hydrogen bromide. The results are given in table II. All the points
lie on a smooth curve, which, however, is about 0:2° higher than
for the first experiment. As the apparatus had been cut to pieces
and cleaned between the two experiments, the exact conditions may
not have heen recovered, with consequent small change in the
thermometer. error. |

The curve has been drawn from the data contained in table 1,
rejecting the three doubtful readings. It is shown in Fig. 1.

TasLe IL
Hydrogen Bromide—Hydrogen Sulphide. Second Experiment.
Molecular Molecular Molecular
percentage  Freezing percentage Freezing percentage  Freezing
of HBr. point. of HBr. point. of HBr. point.
350 -87:0° 442 - 87+0° 55°5 —86°7°
39°8 —-87°0 49°0 - 870 1000 -830
52°5 - 869

Table IIT contains the data for hydrogen iodide. The curve is
shown in Fig. 1.

Tasne III.
Hydrogen Iodide—Hydrogen Sulphide.
Molecular Molecular Molecular .
percentage  Freezing percentage  Freezing percentage  Freezing
of HL point. of HI. point. of HL. point.
00 —82°0° 284 —-90-8° 56°0 —88-0°
113 - 870 35°6 -907 71-8 -70°0
- 208 - 890 410 ~89°0 1000 - 46°0
510 -870 .

The author wishes to acknowledge indebtedness to Professor
Magson for kind advice and for the interest he has taken in the
work.

UNIVERSITY OF MELBOURNE,

R. CLAY AND SONS, LTD., BRUNSWICK ST., STAMFORD 8T., 8.F., AND BUNGAY, SUFFOLK.
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LXXTIII.—Electrolysis of Hydrogen Bromide in Liquid
Sulphur Dioxide.

By LancerLor SaLisBurRy BAesTER and Greorce CooLING.

Tae work to be described in this paper was suggested by some
results previously published by Bagster and Steele (I'rans. Faraday
Soc., 1912, 8, 51), who found that, although dry solutions of
hydrogen bromide in liquid sulphur dioxide were practically non-
conducting, the addition of water, which itself in solution is alse
non-conducting, allowed current to flow freely, hydrogen being
discharged at the cathode and bromine at the anode, whilst water
was carried from anode to cathode and deposited there. The
conclusion drawn was that combination between the two solutes
preceded conduction, and comparison with the similar behaviour
of organic compounds led to the suggestion that the water and
hydrogen bromide united to form an oxonium compound which
was electrolytic in character.

The present work was undertaken in order to examine the
nature of this phenomenon carefully, and in particular to obtain
quantitative information regarding the products formed during
electrolysis and regarding the compound from which the products
are derived. As an alternative explanation to that already
offered, it may be suggested that a simple hydrate type of com-
pound is formed analogous to CuS0,,5H,0, and that the deposition
of water at the cathode is brought about during electrolysis by the
loss of the hydrogen bromide holding it in solution. The experi-
mental evidence, however, renders this suggestion untenable.

The experiments to be described were carried out at the
temperature of boiling liquid ammonia, which was used as
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refrigerant. The solutions were prepared and the experiments
carried out in large test-tubes immersed in the ammonia contained
in Dewar flasks. The tubes were closed by rubber stoppers carry-
ing the electrodes and tubes for introducing the gaseous sulphur
dioxide, which condensed to liquid at the temperature of the
ammonia. Water was placed in the tube before placing the latter
in the ammonia. The water remained as a solid at the bottom
of the test-tube after the introduction of the sulphur dioxide, but
on passing gaseous hydrogen bromide into the liquid, two layers
were formed, the lower one consisting of a solution of sulphur
dioxide and hydrogen bromide in water, and the upper one of a
solution of water and hydrogen bromide in sulphur dioxide.

In the course of preliminary experiments, it was found that if
the upper layer were syphoned off and used for the electrolysis, the
current soon fell in value, whilst no water was deposited at the
cathode, sulphur being liberated there in quantity. When the
lower layer was allowed to remain in the vessel during the electro-
lysis, the current maintained its initial value, whilst water
appeared at the cathode, very little sulphur being deposited. The
water deposited at the cathode collected as small drops, which fell
to the bottom of the apparatus.

The probable explanation of the need for the presemce of the
second layer is that it serves to maintain a saturated solution, and
that otherwise the solution near the electrodes becomes depleted
of water and hydrogen bromide, a different type of reaction then
setting in. In the electrolysis experiments to be described, the
second layer was present, but the electrodes were so arranged that
conduction and electrolysis took place in the upper solution with
the sulphur dioxide as solvemt.

Two series of quantitative investigations were carried out,
namely, (1) solubility determinations, and (2) determination of
the quantity of water deposited at the cathode. In both cases the
following method of analysis was adopted for the mixtures and
solutions obtained, which contained water, sulphur dioxide, and
hydrogen bromide. The sample was introduced into a weighed
vessel, and most of the sulphur dioxide and some of the hydrogen
bromide boiled off at a temperature below 0°, the gases being
absorbed in sodium hydroxide solution. The bromide and sulphite
in the hydroxide solution were determined by standard methods.
Trial showed that the water was not appreciably distilled and
could be estimated in the regidue. For this purpose, a weighed
quantity of concentrated sodium hydroxide solution was added to
the already weighed vessel containing the water and residual
sulphur dioxide and hydrogen bromide, the vessel then being re-
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weighed. A determination of the bromide and sulphite in the
solution enabled the water to be calculated by difference. Tests
with known quantities of the constituents showed that the method
was accurate to about 1 per cent.

For the solubility determinations, the solutions were prepared
by adding excess of water to the sulphur dioxide and passing into
the liquid varying amounts of hydrogen bromide. The solutions
were well shaken and allowed to settle, the clear, upper layer being
syphoned off for analysis. The results of the analyses are given

in the following table:
Dissolved in

Hydrogen Gram-mol. of z grams of

bromide. Water. hydrogen Gram-mol. of sulphur
Gram. Gram. bromide. water. dioxide.
0-568 0-126 0-0070 0-0070 10-2
0-970 0-214 0-0120 0-0119 15-6
0-435 0-096 0-0054 0-0053 11-0
0-650 0-145 0-0080 0-0080 9-7

It will be seen that the water and hydrogen bromide are found
in the solutions in equimolecular proportion, and as water itself
1s but sparingly soluble in sulphur dioxide, it may be concluded
that a compound, H,0,HBr, is formed. Whether this compound
is an oxonium derivative or a simple hydrate can be decided from
observation during electrolysis. If the deposit of water at the
cathode were formed by precipitation of dissolved water as the
hydrogen bromide holding it in solution was destroyed by electro-
lysis, a similar deposit should appear at the anode. In no case
was the slightest indication of such deposit observed, and it may
be concluded that a true oxonium compound is formed:

— HyooH
H,0+HBr = 5>0<g ,

and as the hydrogen and water liberated during electrolysis both
appear at the cathode, this compound must ionise as follows:

1>0<p, = (>0<") s br

the HO’ ion losing its charge at the electrode during electrolysis
and forming hydrogen and water.

This formula and mechanism of reaction have been previously
suggested by Bagster and Steele, but no quantitative evidence was
available, and the formula adopted was based on speculation. It
was also shown in the paper referred to that Faraday’s law holds
for solutions in sulphur dioxide, and it is to be expected that the
water and hydrogen liberated will correspond with the quantity
oi silver deposited in a silver voltameter. It was shown, however,
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that in the case of the hydrogen this expectation was not realised,
and further careful experiments lately carried out gave no better
result. As the sclutions were always coloured yellow, probably
by traces of bromine, it is probable that the hydrogen was
destroyed by reaction at the electrode. The water deposited, how-
ever, has been estimated, and found to correspond closely with the
quantity predicted by the theory put forward. For this deter-
mination, the cathode consisted of a platinum wire sealed through
the bottom of a glass tube, the deposited water being collected in
a small glass cup suspended underneath. At the end of the
experiment, the cup was transferred to the weighed vessel and its
contents analysed, as already described.
Two experiments were carried out, with the following results:

Silver in Water Milligram Milligram
voltameter. deposited. equivalent of equivalent of
Gram. Gram. silver. water.
0-120 0-022 1-11 1-22
0-224 0-037 2-08 2-06

It will be seen from the results that one equivalent of water is
liberated at the cathode in the sulphur dioxide solution for every
equivalent of silver deposited in the voltameter. This is the result
to be expected if the explanation offered as to the mechanism of
reaction is correct.

This work has seemed of sufficient importance to publish, as it
is probable that similar compounds exist in aqueous solutions of
halogen hydrides, quite apart from hydrates of the ordinary type,
and that they may take part in the electrolysis and reactions of -
such solutions.

THE UNIVERSITY  OF QUEENSLAND,
Brispane. [Recetved, May 1st, 1920.]
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XLIIL.—Compounds of Calcium Chloride and
Acetone.

By LanceLoT SALISBURY BAGSTER.

ArrenTION was directed to these compounds while drying acetone
with dehydrated calcium chloride, the liquid being treated with
successive amounts of the chloride. The first quantity of chloride
added had obviously taken up water, showing a moist appearance
on the surface, whilst fresh amounts of calcium chloride added to
the same acetone showed quite different behaviour, the lumps swell-
ing considerably and becoming powdery in appearance. These
lumps, when exposed to the air and apparently acetone “dry,”
continued to smell of acetone and to ignite on application of a
flame, the burning continuing for a considerable time.

The existence of a compound similar to the magnesium com-
pounds described by Menschutkin (Zeitsch. anorg. Chem., 1907, b3,
28) was suspected, although calcium chloride is practically insoluble
in acetone, such compound being analogous to the hydrate of
calcium sulphate. No description of such a compound could be
found, and in view of the frequent reference in chemical papers
to the use of calcium chloride for drying acetone, it was considered
of interest to investigate the possible compound.
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The behaviour already described indicated that the compound
would not be formed so long as water was present to form hydrate,
and it was assumed that acetone, when treated with several succes-
sive quantities of calcium chloride, would be practically anhydrous,
liquid so treated being used in the experiments to be described.

Dry acetone was added in excess to powdered dehydrated calcium
chloride, which process caused the development of considerable
heat. The vessel containing the mixture was then attached to a
mercury pump and manometer, and the pump set in action. So
long as liquid was present the pressure remained constant at 18 cm.
(the temperature being kept at 20°), which corresponds with the
vapour pressure of acetone. After the liquid had disappeared, the
pressure rapidly fell to 4 cm. and there remained constant during
further pumping.

A sample of the substance was removed as soon as the pressure
became constant. It had a strong odour of acetone and ignited on
the approach of a flame. A sample was analysed by heating to
constant weight, with the following result:

0-687 lost 0°349. C;HO=50'8.
CaCl,,2C,H,O requires C;H O =511 per cent.

The vapour-pressure measurement confirms the existence of the
substance as a definite compound. The results were repeated and
confirmed with different samples of acetone and calcium chloride.

To search for the existence of a compound containing less acetone,
pumping was continued after the pressure had fallen to 4 cm. The
pressure remained constant at this value for some time and then
fell rapidly to about I mm., at which value it again became con-
stant. A sample removed at this stage still had a faint odour of
acetone and ignited on the approach of a flame:

0291 lost 0°100. C,H,0=344.
CaCl,,C3HyO requires C;HgO=234'3 per cent.

The vapour pressure again confirms the existence of the definite
compound.

It was next considered of interest to determine the vapour pres-
sure curves of these compounds as affording some indication of their
stability. The material was placed in a tensimeter immersed in a
water-bath, using mercury as liquid in the U-tube connecting to the
manometer, etc., and balancing the vapour pressure by admitting
air to the manometer side of the apparatus as necessary. By means
of a side-tube and tap all air could be removed from over the sub-
stance. As a check the pressures of the acetone were determined
in the same apparatus. The values obtained are shown in the
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following table, the corresponding curves being shown in the accom-
panying figure.

Pressure cm.
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20° — 41 about 1.
21° 190 — —
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30° 288 — —
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36° — ©200 S
37° — — 5
40° 427 — —
42° — 300 —
49° — 478 —_
50° 617 — 15
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55° 731 —_ —_
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60° 876 840 _—
62° 933 923 —_—
64° 0997 983 50



497 COMPOUNDS OF CALCIUM CHLORIDE AND ACETONE.

As the apparatus would not withstand a pressure of more than
100 cm., readings were not taken at temperatures exceeding 64°.
It is evident that at higher temperatures the pressure of the
compound, CaCl,2C;H,O, so long as it exists, will continue to
approximate to that of the free acetome. In order to test the
stability at higher temperatures a sample of the compound was
sealed into a thick glass tube, which was immersed in a vessel con-
taining chlorobenzene. The bath was slowly heated to its boiling
point, 132°. At this temperature no liquid appeared in the
tube, and no change in the appearance of the substance could be
noted. On cooling to 130° liquid appeared, showing that at 132°
more acetone was given off than was required to saturate the space
at 130°.

It may consequently be concluded that the compound had not
decomposed at 130° or liquid would have appeared as the tempera-
ture was raised. The liquid formed was reabsorbed on keeping.
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COLXVIL.— Binary Mixtures of Some Liquefied Gases.
By BerTraM DirLoN Steeie and L. S. BagsTeg.

Tue work described in this paper was undertaken in the first place
in connexion with the study of simple inorganic solvents.

Combination between solute and solvent is usually held to be a
necessary antecedent to conduction, whilst the form of the vapour
pressure-composition curve for mixtures of volatile substances is
often accepted as evidence for or against combination in such
solutions.

One of us (Proc. Roy. Soc., 1904, 78, 450) has found that
mixtures of the halogen hydrides with hydrogen sulphide form
solutions which do not conduct, whilst we have examined sulphur
dioxide and hydrogen bromide, and found them to mix in all pro-
portions, forming solutions which show but very slight conductivity.
The hydrogen sulphide solutions are doubly interesting, owing to
the analogy between hydrogen sulphide and water.

We therefore decided to examine the Vapour pressure-composition
curves of the solutions formed by sulphur dioxide and by hydrogen
sulphide with the halogen hydrides. Hydrogen chloride solutions
have not been systematically examined, owing to difficulties caused
by the low boiling point of the hydrogen chloride, and to the
absence of liquid air. We have, however, found from some rough
experiments that sulphur dioxide at —35° dissolves hydrogen
chloride to. form a solution approximately normal, and that all the
hydride can be removed from such a solution by fractional dis-
tillation, and therefore no constant boiling mixture can be formed
at this temperature. Judging from analogy, also, one would expect
the curve obtained to be of a similar type to that given by sulphur
dioxide and hydrogen bromide, which’ pair of liquids has been
systematically examined,

Mixtures of hydrogen iodide and sulphur dioxide could not be
formed, owing to the fact that these substances react in the gaseous
state, depositing sulphur and iodine.

1t will be convenient, first, to describe the apparatus used and
the method of working, following this.with an account of the results
obtained. For the preparation of the various hydrides used, the
methods described in the paper previously mentioned have been
followed. The sulphur dioxide was obtained commercially in a
steel cylinder, and fractionated before use. For the preparation
of the liquid hydrogen sulphide and bromide, a. mixture of solid
carbon dioxide and ether was used as refrigerant, liguid ammonia
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being used to condense the sulphur dioxide and hydrogen iodide. In
the actual experiments, liquid ammonia was used for the low tem-
perature bath, constant temperatures from —35° to —75° being
easily obtained by varying the pressure over the ammonia by means
of a water pump.

Ammonia and hydrogen iodide boil at about the same tem-
perature, but it was found that if the top of the vacuum vessel
containing ammonia were left open to the air and not plugged with
cotton wool, as is usual, the diminution in the partial pressure of
the ammonia, brought about by air convection currents, was
sufficient to lower the temperature to 10° or 15° below the
boiling point of the ammonia under atmospheric pressure. The
temperature thus obtained was sufficiently low to condense the
hydrogen iodide, and as the carbon dioxide mixture froze the liquid
in the condenser, the above method of cooling was adopted. If the
temperature rose owing to heat given out by the condensing hydride,
an air current occasionally blown through the ammonia by means
of a foot-bellows sufficed to reduce it again.

The difficulty of measuring the vapour pressure of substances,
such as the halogen hydrides, which attack mercury was overcome
by using the glass spiral manometer of Ladenburg and Lehmann
(Ber. Deut. physikal. Ges., 1906, 8, 20), as modified by Johnson
(Zeitsch. physikal. Chem., 1908, 61, 458).

It may be mentioned here that as the halogen hydrides arc
decomposed by organic matter, rubber tap grease was not used,
being replaced by a mixture of pure paraffins. On account of the
extremely hygroscopic nature of the halogen hydrides, every entrance
to the apparatus by means of which. moisture could gain access
was protected by a phosphoric oxide tube, and as the oxide
appeared to contain some impurity which slowly reacted with the
halides, the tubes containing it were attached to the apparatus with
taps interposed as shown in Fig. 1. The oxide was thus only
exposed to the halides for short periods.

Fig. 1 shows the apparatus used. Glass was, of course, used for
its construction, and all joints were sealed. The apparatus was
fitted with a rubber cork 4, selected to fit closely the mouth of an
unsilvered, cylindrical Dewar flask. The various tubes were passed
through holes in the cork, and sealed to the apparatus afterwards.
In addition to the holes for the apparatus, the cork was bored to
contain the thermometer, 2 glass tube for making connexion with
a water pump for reducing the pressure over the ammonia, another
tube closed by rubber tubing and a pinchcock for the admission of
fresh ammonia, and a glass tube drawn to a capillary at its lower
end, which reached to the bottom of the vacuum vessel, the iop
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being also closed by rubber tubing and a pinchcock. The purpose
of this tube will be explained presently.

Between the water pump and the vessel containing the ammonia
was interposed a piece of rubber pressure tubing, which could be
more or less closed by means of a screw clip. To obtain any desired
temperature below the boiling point of the ammonia, the pump was
set in action while a stream of air was admitted through the
capillary. The ammonia boiled under the reduced pressure, and its
temperature fell. The air stream
served to prevent superheating
and subsequent bumping, and
also to stir the liquid and obtain ¢
a uniform temperature through-
out the bath. When the tem-
perature was near the desired
point, the pressure tubing was
partly closed by means of the
screw clip, thus checking the
rate of withdrawal of the
ammonia vapour, and conse-
quently the rate of evaporation,
50 lessening the heat absorption
and fall of temperature. In a
short time a state of equilibrium
was reached, and by this means
the temperature could be kept
constant to 0°1° for half an hour.
If it varied, a slight turn of the
screw clip occasionally sufficed to
adjust it again. It was possible
to run for half an hour without
adding fresh ammonia.

A normal pentane thermo-
meter, reading to —115°, was
used. It was not wholly immersed, and there was a large correction
for the exposed portion of the stem, which correction is probably
nearly correct at the lower temperatures, but may have an error of
about a degree at the higher. As our object was to work at a
constant, temperature rather than to know ils exact value, slight
errors are in our case not-important, as our vapour pressure-
composition curves are constructed at constant temperaturc.

The construction of the actual apparatus will be apparent from
Fig. 1. A description of the method of working should render the

use of the various parts clear.

Fie. 1.
Q
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The temperature of the ammonia-bath was reduced to well below
the boiling point of the liquid it was desired to use. The liquid
previously condensed in another vessel was then distilled into the
apparatus through O and the three-way tap B. The first few drops
of liquid condensed collected in the bend F, after which all uncon-
densed gas travelled yound the spiral G rather than force its way
against the pressure of the liquid in #. By this means, thorough
condensation was secured, The capacity of the apparatus was
known at various points, so that mixtures of any desired strength
could be made up approximately by distilling in the necessary
volumes of each liquid. This was more necessary in changing the
composition of a previous mixture than in preparing the first one,
when the volumes of liquid distilled in could, of course, be measured.
About 25 c.c. of liquid were necessary to fill the apparatus to the
amount necessary for its correct working.

To ensure thorough mixing of the two liquids, a hydrogen
generator was connected to 2, and hydrogen passed through E.
When the gas reached the point H, it broke into bubbles, which
ran around the spiral @, carrying liquid with them into the bulb Z,
from whence the liquid flowed back through M, while the gas passed
out at €. The hydrogen pressure was now applied at C, the taps
B, J, and K having been closed. These taps were then carefully
opened, when the liquid rose, filling the bulbs E and L, and on
reaching the warm tubes boiled and displaced the contained air.
The capacities of the various parts were so arranged that when #
and I were full of liquid there was still some in the spiral and
tube M, whilst when % and L were empty the level of the liquid in
I was above the entrance of the spiral.

Having displaced the air as described above, the manometer
and its connecting tube were exhausted through the tap N by
means of an cfficient water pump, B being kept closed. B was
then turned to admit vapour into the manometer. By alternately
filling and exhausting the manometer several times, the air was all
displaced. Suction was now applied at C until the liquid level
was nearly at the bottom of the bulb E, and at this stage, after
the temperature had been constant for several minutes, a vapour
pressure reading was taken. The whole process described above
was now repeated until the vapour pressure was constant, when the
temperature was varied, and a series of vapour-pressure readings
was taken. The volumes of the manometer and ils connecting
tube were small, and did not require much vapour to fill them,
consequently the composition of the liquid would not be much
changed by the exhausting process; in any case, as the readings
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and subsequent samples were all taken after the exhzustion, any
slight change would be of no importance.

Tt was found that after taking a series of vapour-pressure readings
the pressure appeared to increase slightly. This was attributed to
decomposition of the halide vapour by the tap grease with con-
sequent production of hydrogen. To reduce any error caused by
this, the manometer was occasionally exhausted during a series of
readings. The vapour pressures were plotted against the tem-
peratures, and from the curves the vapour pressure at any desired
temperature could be calculated. These curves are referred to later
in the paper. -

Having obtained the vapour-pressure curve, it was necessary to
obtain samples of the liquid and gas phases for analysis. For this
purpose, it was necessary to isolate and ahsorb completely a portion
of the liquid in order to get its true composition. This was accom-
plished by means of the bulb L. By means of the hydrogen
pressure, the bulb & was filled with liquid, and by then applying
pressure alternately at C and K and suitably opening the taps,
L was alternately filled with and emptied of liquid to ensure having
a true sample. Finally, a small quantity of liquid was left in Z, and
the hydrogen pressure applied at /, keeping the tap shut. Geissler
tubes, as used for carbon dioxide absorption in combustions, were
attached at X and C by rubber tubing, the taps being closed. On
opening the tap J, the hydrogen pressure forced a few bubbles of
gas into L and E, and left the connecting tube full of gas, thus
separating the two portions of liquid. The taps K and C' were now
carefully opened. A stream of gas passed down the tube J, and
at O divided into two portions. One stream bubbled through L,
evaporating the contained liquid, which was absorbed by the alkali
in the Qeissler bulb attached to K. P is a fairly fine capillary
tube, which served to prevent diffusion backwards of vapour from Z.
The other gas stream passed into Z and down the tube to H, where
it broke into bubbles at the constriction. The tube leading from
F to L has a capillary constriction, which served to increase the
velocity of the gas stream, and thus helped to prevent diffusion of
vapour from ¥ to L, which would cause an error in the analysis.

The bubbles of hydrogen, on forming at H, ran around the spiral
@, which contained over a metre of glass tubing. These bubbles,
as explained previously, caused thorough mixing of the liquid, and
ensured it being of uniform composition, and ab the same time
became saturated with the gas phase in equilibrium with the liquid.
Finally, the hydrogen saburated with the vapour passed through the
tap C and through the attached Geissler bulb, where absorbable



2612 STEELE AND BAGSTER: BINARY MIXTURES OF

gases were collected. A little experience showed how much liquid
it was necessary to have in L in order to obtain convenient analytical
results, and also how long to pass the hydrogen through the spiral
to get the gas composition.

When the absorption was complete, each Geissler bulb was
removed, and its contents thoroughly mixed by blowing them from
one bulb to the other. The solution was then blown into a beaker,
and as only ratios were required it was not necessary to remove
the whole contents, but it was necessary to have them thoroughly
mixed before removal. Aliquot parts of the solution were removed
for analysis by means of pipettes, the necessary wolumes for con-
venient titration values being judged from knowledge of the
approximate composition of the mixtures and from previous analyses.

Sulphur dioxide and hydrogen sulphide were determined by
titration with & /10-iodine solution, and the halogen hydrides by
Volbard’s method, using ¥ /10-silver nitrate and potassium thio-
cyanate. As silver sulphide is not easily dissolved by nitric acid,
it was necessary to remove liydrogen sulphide from solutions before
estimating the halogen. This was done by oxidation with sodium
peroxide and subsequent removal of excess of hydrogen peroxide by
boiling. The quantities of gas removed for an analysis were
insufficient to change appreciably the composition of the liquid
remaining. A series of analyses of gas and liquid was made at
different temperatures, thus obtaining a number of values for the
composition of the liquid which should agree, and other values for
the composition of the gas which should either agree or show
regular variation with temperature.

To prepare a fresh mixture, the cap @ was removed, a fine
glass tube passed into Z, and a portion of the liquid sucked out by
means of a water pump. The cap was then replaced, and fresh
liquid distilled in.

The apparatus was contained in a vacuum vessel measuring about
4'5 cm. by 20 cm., internal dimensions.

The apparatus we have described could be made on a larger scale
if the liquids to be used were more easily prepared and less
expensive. It might be useful at the ordinary temperature for
liquids which are hygroscopic or decomposed by air. If used on
the larger scale, it could be applied to liquids which cannot be
directly absorbed or estimated, sufficient liquid being used to allow
& quantity sufficient for analysis by physical measurements to be
distilled out and condensed without appreciably changing the com-
position of the residue. With modern means of obtaining low
temperatures, even very volatile substances might be thus condensed,
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Ezperimental Results.

The experimental results are given in the following tables.

For several reasons it was possible to obtain data for the com
struction of complete vapour pressure-composition curves over a
limited range of temperature only. The analyses could not be per-
formed when the vapour pressure of the solution was greater than
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atmospheric, whilst, owing to the differences in the boiling points
of the two constituent mixtures rich in the less volatile constituent,
they could be analysed at a higher temperature than those contain-
‘ing more of the more volatile constituent. A lower limit was fixed
by the lowest temperature that could be conveniently obtained with
the liquid ammonia, whilst with the hydrogen iodide a limit was
fixed by the freezing of solutions rich in that compound.
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A vapour pressure-composition curve has been constructed for
each pair of liquids at that temperature at which most complete

data are available.
Portions of curves for other temperatures can be constructed from

the data given.

Sulphur Diozide and Hydrogen Bromide.

Table I gives the vapour-pressure readings for mixtures of sulphur
dioxide and hydrogen bromide, whilst in table II is given, as a
typical example, the results of the analyses of mixture F. The
vapour pressure-temperature curves are shown in Fig. 2. The letters
at the heads of the columns of tables I and II and the curves in
Fig. 2 all refer to the same mixtures. Pressures are given in cm. of
mercury. All compositions of mixtures are expressed as molecular
percentages of halogen hydride.

TasLE 1.

Mix-
ture.
HBr Temp. -76° -72° -68'6° —668°
) V. P. 517 617 78°9 809

4. Temp. —75'5° —72° -69-3° —66°4° -64°3
V. P. 48°5 579 664 757 858
Temp. -75° -72'8° ~686° —65°9° —638°
V. P, 469 558 64-4 738 821
Temp. —75°7° —726°> —70° —667° —63'9° —61°3°
V. P. 416 482 552 650 741 835
Temp. —73-7° —67:1° —63°5° —585° —54°6°
V.P. 330 462 551 701 825
Temp. —76°0° —71° —66'6° —62:7° —585° —54°4° —49-8°
V. P. 24-1 307 37-9 458 560 667 815
Temp., —750° —69:8° —653° —59:6° —54'2° —49-6° —46°0° — 42°8°
V. P. 190 24°6 304 39-3 506 618 72°8 829
Temp. —751° ~70°0° ~665° —62°4° — 58:5° —56'8° —53°5° — 49°4°
V. P. 14-0 172 210 258 805 341 386 466
Temp. —456° —42°1° —39-3° - 38+0°
V. P. 56°4 64°5 781 781
J. Temp. —750° —700° —630° —60°3° —55°9° —52:0° — 46-6° —4]14° — 37-0°

V. P. 100 12-3 15-3 19-2 241 290 377 486 60°7
80, Temp. —73:0° —67-8° —603° — 53:0° ~450° - 36-0°
Y. P. 21 3-0 5-8 9-4 15-2 26-0

HOR N N QR

TasrE II,
Molecular percentage Molecular percentage
cf HBr (liquid). of HBr (gas).

Tempera- = A % - A =

Mixture. ture, uine used. Value at - 66°.
F. -75° 255 29 953

—675 30 943 94

-60'3 29 981
~58 28°5 922

The samples of gas and liquid were usually taken first at the
lowest tempera,ture, then at the highest, followed by others at
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intermediate temperatures. An examination of table IT shows that
the temperature has a distinct effect on the composition of the gas,
increasing temperature causing an increase in the relative quantity
of sulphur dioxide in the gas phase.

The vapour pressure-concentration curve has been drawn for a
temperature of —66°, and is shown in Fig. 3. If necessary, the gas
composition at this temperature was calculated from the values at
surrounding temperatures,

At lower temperatures the points do not fit so well to the curves,
which, however, appear to conform to the same type. The type of
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curve is well known, and is of the general shape one might expect
from a knowledge of the properties of the constituents and of the
mixtures. The partial pressure curves have not been drawn. That
for hydrogen bromide will nearly correspond with the total pressure
curve, whilst the sulphur dioxide curve will lie almost along the
line of zero pressure.

Hydrogen Sulphide and Hydrogen Bromide.

Table III contains the vapour-pressure readings for mixtures of
hydrogen sulphide and hydrogen bromide, As before, pressures
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are given in cm. of mercury, and compositions of mixtures are
expressed as molecular percentages of halogen hydride.

The vapour pressure-temperature curves are shown in Fig. 4. As
the curves lie so closely together, the points through which they
were drawn are not marked. Reference to the tables will show that
the points fit the curves closely. By chance, mixtures 4 and E have
the same vapour pressure, and are represented by the same curve
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AE. The curves show that a mixture of minimum vapour pressure
and consequent maximum boiling point is formed.

TasLe III.
Mix-
ture,
H,S Temp., —751° -731° ~710° —69+0° —66'6° —650° —63°0° - 61°0° —59-3°
V. P. 353 39-8 456 526 586 6456 709 776 85-3
4. Temp. -750° —-72-7° —70°0° —67°5° —65'0° —62°2° ~59'5°
V. P. 349 395 46'8 532 606 706 815
B. Temp. —754° —717° —676° —64-4° —60'9° —58°5°
V. P. 326 396 50°1 599 727 830
C. Temp. —-750° -720° —68'2° — 64'6° —60°1° - 580°
V. P, 338 387 477 584 736 822
D. Temp. -727° —64°0°
V. P. 360 584
E. Temp. —74'2° —69-0° —657° —609°
V. P. 363 490 589 762
F. Temp. -74'1° —72:0° --69°0° —63'8°
V. P. 464 512 607 783

The gas composition was not so regular as with the sulphur
dioxide mixtures, and, as a rule, the mean value has been taken in
constructing the vapour pressure-concentration curve, which has
been drawn for —70° (Fig. 5). The minimum referred to is well
shown,



SOME LIQUEFIED GASES. 2617

Ostwald has pointed out that in all cases the partial pressure
curves of the components of a binary mixture must be symmetrical,
being, in fact, mirror images of each other except as regards vertical
measure. The partial pressure curves of hydrogen bromide and
hydrogen sulphide, which are shown by dotted lines in Fig. 5, furnish
an example of this.

Hydrogen Sulphide and Hydrogen Iodide.

Table IV gives the vapour-pressure readings for the mixtures of
hydrogen sulphide and hydrogen iodide. The vapour pressure-
composition curves are shown in Fig. 6.

Reference to Fig. 6 will show that the vapour-pressure measure-
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ments for pure hydrogen iodide have not been carried below the
freezing point, which is about —52'5° by the thermometer used.

Owing to the higher vapour pressure of the hydrogen sulphide, it
was necessary to work at temperatures not much above — 60° with
mixbures rich in that constituent. To plot the complete vapour
pressure-composition curve at —60°, we required the vapour pressure,
not of solid hydrogen iodide, but of the supercooled liquid. This
was obtained by exterpolation, the exterpolated portion of the curve
being shown by the broken line.

Two separate series of experiments were performed with these
substances, and are given in the tables as series I and series TT,
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TasLe IV.—Series 7.

Mixture.
HI. Temp.  -3895° —430° —45°8° —49-9° - 528°
V. P. 74-8 638 539 450 383
A. Temp. -620° -57°7° -51-3° —~47°8°
V. P 805 37-9 51°6 624
B. Temp. -68¢° - 62°5° -57-6° - 52:8° —49-4°
V. P, 28°5 38°6 507 637 765
C. Temp. -7380° —68:4° -64°0° - 595° - 550°
V. P, 264 343 42°3 556 702
D, Temp. -73'0° - 680° - 63°5° —-58'5° -560°
V. P, 30°2 404 515 66°6 757
E, Temp. -71°5° -67-0° - 62°5° - 58'5°
V. P. 388 496 631 773
TaBLE V.—Series I1.
Mixture.
F. Temp. —61°5° —-60°3° -59-0°
V. P 376 400 429
Q. Temp. -620° -60-2° -58-8°
V. P. 480 534 576
H, Temp. -62°0° —60°2° —
Y. 566 620 —_
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52:5°
885

The vapour pressure-composition curve at —60° is shown in
Fig. 7, The partial pressure curves are shown by the dotted lines,
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A comparison of Figs. 5 and 7 shows a surprising contrast in
the nature of the curves obtained when hydrogen bromide and
hydrogen iodide respectively are mixzed with hydrogen sulphide. In
the case of the former substance (Fig. 5), a well-marked minimum
of vapour pressure is found. The occurrence of a minimum such
as this is characteristic of a few pairs of substances, the majority
of which, such as the mixtures of water with the mineral acids,
present as their most striking characteristic the formation of highly
ionised mixtures. Other systems presenting the same type of vapour
pressure-concentration curves are mixtures of a few nitrogen bases
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with fatty acids, and in the case of these there is no doubt that
combination occurs to a large extent.

Roozeboom has pointed out that in nearly all cases where such
minima occur we have independent evidence of (a) ionisation of one
component, (b) combination between the components, or (e
asgociation of one or both components.

From this point of view the behaviour of this pair of substances is
the more remarkable, since there is mo evidence of appreciable
jonisation in any of the mixtures, and measurements of the molecular
surface energy which were made by Steele, McIntosh, and Archibald
yielded no evidence of association cither of hydrogen sulphide or
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of hydrogen bromide, and did not point to any difference in the
molecular complexity of hydrogen bromide and hydrogen iodide.
Of the three alternatives suggested by Roozeboom, there remains
therefore only the possibility of compound formation between
hydrogen bromide and hydrogen sulphide, and of this no evidence is
yet forthcoming.

The system hydrogen sulphide and hydrogen iodide is interesting
as adding another to the very short list of pairs of liquids which
form ideal solutions, solutions for which Raocult’s law applies over
the whole range of concentration. This is shown in Fig. 7 by the
occurrence of straight lines for the vapour pressure-liquid con-
centration curve, and for the two partial pressure curves.

In conclusion, we desire to state that the greater part of the
expense of the investigation has been defrayed by a grant from the
Royal Society. We also wish to express our indebtedness to Messrs.
Felton, Grimwade & Co., of Melbourne, for their kindness in
presenting us with considerable quantities of liquefied ammonia,
and to Mr. H. J. Grayson, of this University, who specially ruled
the micrometer scale which we have employed.
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