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Since the publication of the work of waldenland Cent-
nerswer in 1889, announcing liquid sulfur dioxide as a new
inorganic dissociative solvent, "With the remarkable power
of dissolving the most varied suﬁstanaes. both inorgsanic
and organic", a very considsrablé amounf of attention has
been directed toward the subjesct and many of the properties
of dry liquid sulfur dioxide solutions have been studied,
In particular the conﬂuétivity of some of these solutlions
has been measured by Walden, by Dutoit and Gyrz, and by E.
C. Eranklims, the behavior of such solutions during elec=-

4 and the measurements of the

trolysis by Bagster and Steele
B.l.P.8 of three voltaic cells by the latter.

It was to study further the properties of electrolytio
sulfur dioxide solutions, and especially to see whother the
same laws hold for this as for aqueous electrolytic solu-
tions that the present work was undertaken, The problem

parallels the work of Dr, Gaﬂy5

on concentration cells in
liquid ammonia and the proceedure and apparatus were in the
main similer,

In spite of the fact that mush work has been dons on
sulfur dioxide solutions, it wss not possible to find even
rough estimates of the solubilities of various selts in it:-
the nearest thing to a table of solubilities found being
Wulaensl artiocle where, a8 very soluble‘inorganio salts, he

lists:
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o Nal NHoI
Kbl - (CHs) oI By
NH4CNS {CHs) gNH2C1 (CHs ) sNHC
(CBs ) s11C1 PeGls CoSCHe
And emong Vvery soluble scids:
' Hono-chlor-acetic di-chlor-acetic
' alphanbram;pfépibnie Benzolo
salicylic o meta-oxy-benzoic
beta-naphiolc

Prom Franklin's work, one gathers that the following

golutions are about saturated:

Temperature | Weight Substande Volume
-10 ¢ 1 mole NH..CHS 166,44 cc.
-33,5 1 mole | (CHs)«NI | 375. ce.
~35.5 1 mole | ¥Br 376, cc.
""’80« l mOl@ KI 300. 00.

As & working basis for the problem,
sary to determine the solubilities of a number of salts

| guentitatively; especially those yielding ordinary metal-

lic cations, The salts used were either ignited or dried

for o long period in a vacuum dessioafor equipped with a

heating unit by which & temperature of about 65° C Was main-

tained,"

it seemed neceg-




Se

To determine the solubility, & quantity of the dried
salt was placed in a special long test tube immersed in
liquid emmonie and some ten o.¢, of liquid sulfur dioxide
ﬁistillaﬁ in from an iron cylinder through P205., The mix-
ture-was then stirred for a few minutes - expoéed to room
temperature and allowed to boil for some time - theh tight-
1y cerked and replaced in the liquid ammonia, where it stood,
ususlly over aight, in contact With‘the solid salt., A known
volume of the solntion was then remdﬁed with a calibrated
immersion pipette of the type shown and the latter placed
in 2 small beaker which had previously been weighed with
1t - allowed to evaporate - b&ought'to a témperature of
100°_O‘and weighe&; the diffewence in the two welpghings
aividea by ﬁhe voluma of the pipette being talsn as the sol-
ubility of the aait in grams per c.c. The method is open
to the objaefion’thaﬁ 1f there is stable compound formation
(compounds stable in the air at 100°) the solubility will
seem to be much toe’great and no attempt was made to check
up on this, \

The solubilities of the following salta wafe deter~

mined:

Salt ‘ Sol, in grams per litexr

KBy 136.5
KI Sgg




Salt

Sol, in grams per 1itér
CdaCla - 1.0
0a(T0z)a 1.0
CaPrs » 542
Cals 3.6
71804 0,5
Zn(CeHs,CH:CH,Q00)a ~ 7,5
Zno R
Bals 0.0
BaBrs 6.0
Lici 03
5nCls o5
Agle 0.0
He(SCN) g 0.0
HeS04 0.2
Hg(CN) . 0.2
¥alzHg0s 55,7
Nal0g 0.4
Nez Oz .19
WaOH 0.2
NaeS50s 0.775
Hall0g 1.0
NaXC 4H40s 0,4
Cu(CHzC1,000) 5 6,05

4,



salt So0l.in grams per liter
u(Col s, CH: CH,CO0) 2 8.7
Cu(OHg:CH.CO0)n 4,62
' CuS0. ~ 0.4
Cu(Cy 4H,,00) 8 LT
| cuols .89
co(scms - B
00(C ol 5.CH: CH.CO00) 5| . 8,1
Fotla | | 11,8
Mells © .81
Pb(CHs000) e | 39,5
S (1sg) 044

NOTE 1. The cinnamates of the heavy motals were made
by piecipitating‘a-solntion of sodium cinnamate with a solu-
ble salt of the heavy metal and washing the precipitate free
from the anlon of the latter salt. They were then dried for
two days in an oven et 100 © ¢ and later for some weeks in
a vacuum dessicator. |

| EOTE 2, As an in&ication of the degree of accuracy of
~ the method it should be mentioned that though in some cases
the solubility came out axactly zero, in no case was it even
slightly negative, indleating that the apparatus remained
comstant in weight,

The only reference found aoncerning the measurement

of an electromotive force in dry liguid sulfur dioxide so-
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lution was to the work of Bagster and Steele to which re-
ference has already been made. They give:

‘Pb | PbCle : HgCl | Hg =235 gp Wepative

7o | ZnBre : Hgll | Heg | &gﬁ He Negative
442

ca | cal, : He0l | Hg =2

not stated

T
:1They uSéd a quadrant’é10etr0meter and saturated éalt 80~
lutions taking the measurenents at 458 5 C, The electro-
motive forces of the various colls are aurpriaingly close
‘to each other, |

In this Work, ﬁhe regular pdteﬁti@meter aireuit wasg
employed to which, at the suggestion of‘Dt. Cady, a micro-
farad mica oon@ensér was adﬂéd, in parallel with the cell
80 as to compensate for the low capacity of the coll due
to its high 1nﬁaruél resistancec' The oirouit as shown in
the diesgram was compleately fnsulated by means of eulfnr sup~

ports, A galvenomster of megaohm sensibility

was used, The secondary battery was standardized sgainst
Yeston normsl cell No, 5439, of which the E,M.F. variation
with temperature is given in the following table:



Weston Normal Oell #5439

° ¢ | BJILT. volte ° ¢ | BMLP, volts
9 1.01888 20 1.01855
10 1.01885 21 1,01850
11 1.01882 22 |  1.,01845
12 101879 23 1,01840
13 1.01876 24 1,01635
¢ | 1.01878 25 1.01825
15 1,01870 26 1,01820
16 1,01867 27 1,01815
17 1,01864 28 |  1,01810
18 | 1,01861 29 1,01805

19 1,01858 30

I,

The E,M.FP.8 of the following Voltaic combinations wore

measured:
Positive_ | Nehative ML P,
Co Co cinmamate : Zn cinnemate Zn 2425
II, Cu Cu cinnamate : Co éinnaméte Co .41
Same cell twd days later 41 2 .01
" v thpee .41 % ,01
" " o four "T0T .413 .dl

4t this time some snhydrous FeCls was introduced with

the idea of improving the conductivity; the E.M,F, im-
mediately éroppea to 0 D7
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Same sell two days later | . 536

" " eight ¢ " o445
This cell was kept twelve days and was remarkably con-

stant before the sddition of the ferric chlcride,

I1I. Pe | PeCls : 41 | A1C1ls  (not constant) 1,01
IVa Pe | FeCls : CrCls | Cr . 303
: | | 309
b Po | Pells : OrGls | Cr o | 6764
Same cell at three hours - - L7170
T S | - 7187
e e wopg o o 5505
| " u "3 " - : o B725

The cell was then shaken
at the end of 20 hours, 15 minutes e 3415
1 4 B ] 14 43 " . ’ 50 Yt . ' N 2951 !

The iron electrode was found to be coasted with a black

f£ilm which, on treatment with acid, gave HaS showing it to

be a sulfide, This sccounts for the vafiahle B, 1, o Obw

served,
V. Ag | Ag cinnamate : Zn cinnamate | Zn » 3312
Via 10 Hg 1,964 | |
Cd | Cals : XI | KHgX (at ond of 24 Hrs.) . 8365
24:15 . 8366
24320 8365
. 10% 1,965

cd | cals : KI | Kig 60 min. 1,425
75 " 1,387
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The B.I,F, of the cell was f£alling repidly, The in-
ternel resistance was low as evidenced by a vigorous gal-

vanometer throw.

Vie 10% | 1,96% | o
CdHg | €dIs : KI | EHz at end of 15 mim,  1,5057
- 80 v 1,4987
45 1,4965
60 " ".Tv'l,saza d
76 " 1.5122
90 " 1, 5057
685 © 1,2988
795 1,2860
call shaken 1,20351

KOTE: The cadmium emalgam was made up by heating under
melted paraffin a weighed quantity of C. T, cadmium with
ten times its weight of C. P. mercury. |

In méking the‘potasslum amaigém} & ball of potassiﬁm
was cleaned under tbluane and rolled info a cylinaer;' A
portidn.bf it weighed in tbluene was placed in the upper
end of a pyrex tube, constricted as shown and which con~-
ﬁained a welghed quantity of C. P, merecury,

The pressure was then reduced to less then 1 om, Hg
and X melted and allowed to run into the mercury with which

it combines vigorously, The oxide coating of the K adhores
to the side of the tube and a mirror surfaced amalgam is
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obtained,

In these cells, the potassium amels
gam soon became coated over with a lemon
yellow Substance which ylelds some HaS
vith acid end probably sccounts for the

rather conSistant decrease in thelir E.M.F.s“

\+’J | CONCENTRATION CELIS,

L ovary great number of experiments have been perform-
aﬁ‘wﬁﬁh concentration cells, especially in agueous soiu~
tion, end many practical uses have bheen found for them, of |
which the following mey be mentioned: |

Determination of heat of dilutionS,

Daterm;nation of transport numbers.

Determination of liquid to liguid potentisl,

Deterﬁinaticn of soluhilityv.

Determination of chemical affinity?

Determination of transition pointsg.

Deﬁermination of molecular state,

Detormination of the solution pressure of a2 metal,

Determination of the valence of an ionlo.

Evidence of the existence of complex Lons,

In sddition to these, the agreemsnt between the measured
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8,}.F,s of concentration cells and those caloulated by
éqﬁafing the eieatricél to the osmotic work orvthe eleéu
tiical to the three stage distillatién work nedeésarykto
produee equilibrium, afford an interestang insight into
}the phvsxeal mechanism of suen a enll and a conﬁirmation
~of the theory of sclution pressnre. _ _

?ha oldest watho& of ealnulating the Q,M.L. of 8 eon~
centration cell is t at due to Helmholuz. anteﬁating 1878,
(?hn. Mog, 1879) ' |

When a metal is in contaot with ite selt (iom), there
is a tendency for 1t to dissolve es ion positively ehargad
(salution pressure) 1eaving the metal negativa* there is
alss a tendenoy for its ton to precipitate out as metal
(osmotio pfassure of the ion) giving e positive cherge to
the metal, if the solution pressure, P, is greater than
the osmotie préssuré,'p, the ﬁatal‘1s said to be négative
to its fon, that is, it scquires a negative charge when in
contact with solutions of its salts éna this charge; fqr.a'
given concentration; always bullds up to-a potentiél‘just
sufficient to overcome by eiectrestatic atﬁraction the ten-
deney of the positive ion ta'leave the metal, The reverse
holds for the condition p greater than P end such a metal
i5 said to be positive to its iom.  OFf two electrodes of
the same metal In solutions containing the same ion but in

different amounts, that in the more concentrated will be
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the more positive { or the less negative whers P> p) and
when the solutions and electrodes are connested current
will flow in the external cirouit from that in the concen-
trated solution to that in the dilute; preciplitating ion
as metel of the former and dlssolving metal as ion from
the latter, tending toward the equilibrium condition of
equal ion concentration in the two parts of the cell.
This phenomenon is reversible - starting with the solu-
tions of squal concentrations send the same quantity of
electricity thiough 1t and the originéi unequal concentra=
tions are obtained. -

' ¥e know from thermodynemies that if we pass from one
equilibrium stage to‘&nother by any reversible path whate
evor tﬁe'wofk‘&oﬁé‘is the ‘same ~ so0 that the'work‘done when
the two solutions are brought to equal concentrations in
any reversible manner ean be eQﬁated to the electriecal work.

Helmholts chose the three stage distillation of solvent
'from weak to strong. In case bf golutions of concentrations ‘,J
¢ and »4 de (whers C = %,;," + end p is the number of moles
of solvent ﬁef mole of solute+ the transfer of one mole of
solute from strong to weak gives rive to FAE units of elec-
trigal work (where F is the valence of the ifon, F = Féraday.
B = volts agd V = Volume of 1xg§am mole of solvent in vapor
state.) This could be exactly compensated for by the disé
tillation of p moles of solvent from gtrong to weak; p moles

from a vapor pressure p - dp to the greater pressure p which
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would require
| - MV dp units of work,
Then NF4BE = - MVdp or since PV = RT
NF4E = = «RTdp ¢ P
When thé solutions diifar in concentration by finite amounts
k@::: G'm!/g“ 3 C » dcmC"'a;/rxl + 1, and the equa~
tion must be integrated between the limits
,u‘ and VL
For dilute solutione, a relation between M and p is given

by the Raolt law.

Po - P _ 1 M
o /,-%‘T P=Po 77
Po{k + 1)dr = MdP
or
o+
. K [ :
NF|4E = - [pm RTAL -J RT Po =il
[., r{u 7 /‘?r * (~+ 1)ZX -
LA
Por*l

ke
d .
-Jm T;%m-m log-%:%%w-RT 10g%¢=~
h _
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APPARATUS AND MANIRULATION.
 The apﬁaratué foi concentration colls inciuﬁed:a PO~
'tentiometer set, 2 Yahliausch bridge set, a conductivity
barette tha eell proper and nhoephurus pentoxide arying
trains for air and sulfur dioxide.‘
| Before makinp up a cell, the oonductivzty burette was
boilea iv sodium hydroxi&a - rinsed -~ washed with sulfuric
scid - rinsed snd steamed out for a period of hours, It
wés fhea dried at 105 C by drawing é.ourrent of air through
it (from & train consisting first 6f a(thre@ foot oaleium’
chloride tubs, end thenm a heating coil)for 48 hours., It
was left in contact with a phosphorus pentoxide tube until
used, The anhydrous salt was then sdded from & welghing
cepsule and sulfur dioxide distilled in from the eylinder
at a: through the long phosphorus pentoxide drying tube and
then through & into the hurette Where it was condensed by
the liquid smmonia 1nrthe surrounding Dewar flask. When the
burette was £111led well sbove the seale z, the sulfur dlox-
ide was shut off and air from & phosphorus pentoxide drying
tube forced through b to stir the mixture until solution
~ocourred, The volume»was thenvadjusted‘by evaéoration and
:the registance measﬁrea; connection bging made to the pla-
. tinized platinum electrodes through the mercury wells 1, 1
to the Kohlrausch bridge leads.
Air pressure was applied st g and enough of the solu~

tion forced over through d, g, i, k, into the outer cell to

the lower level of the cotton plug o, the remeinder being
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run to waste throungh h until_tha proper level at g wes
reached, The burette was aspain f£illed to the proper leve
el on scale R; stirred; its resistance measﬁrea; and the
dilute solution partly run to waste to rinse tube g and
then into the inner cell through j. The smalgam electrodes
were introduced through the poose necked thistle tubes 2,2
and eontact with the potentiometer obiained by means of pla-
- tinom tipped copper wires, For cells without transference
mereury, eovere& with the insoluble mercury salt of the same
anion &s »hat in the solution, was plaoed in the bottom of
, bath halves of the cell and contact between them obtained
by a platinum tipped copper wire through tubes 3,3. After
. the measurement of the B,M,F without transference, this
wire could be removed and direct contact between the solue
tioné obtained through the coﬁton plug ¢ by raising the sur-
face of the liguid in the outer tube., This was done by fore-
ing air into the chamber 1.

The ratio of the volumes of the conduc%ivity cell at
various points on the upper and lower scales was determined

by weighing with water on an analytical balance.
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33T10 0? VOLUMES OF COHDUCTIVITY CELL,
Temperature 25C, Zero of balance scale
.0004, |
Weight of coll empty  109.6331

(

y

Pos, of Water level Velght Volume

i

0 © 146,7683 37,1352
146,1100 36,4769
8 145,6730 36,0399
22,4 '118‘. 9420  9,3084
22,0 . 118.703 9,0690
It wag found that the ratio, when the

cell was £illed to 8,574 and sgain to
22, was exactly 4 to 1, and as s very
agourate adjustment can be made using

the method of evaporation, this was

used, ,

For the sake of referénee, the conductivity consfant
of the cell was determined using tenth normal potassium
chloride at 25 ¢, The average resistansce was 4,111, From
“Gemelin Kraut" the specific conductivity of pofassium
chloride st this temperature and concentration is ,01288,
The ¢ell constant is then 4,11 x ,01268 or ,0529, The fol-

lowing cells were tried:
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In making up the voltalo cells, the dry salt andlits
corresponding electrode were placed in the inner test tube
of the cell after which 1t was corked gas tight, placed in
the flask of ammonia, and filled to the top edge of the
cotton plug by distilling in sulfur dioxide (dried with
P20s). Salt corresponding to the electrode in the outer
cell was then introduced and the whole cell removed from
the smmonia and allowed to boil for some minutes to stir
itself srd saturate the solution, the gas coming off through
the caleium chloride tube, It was then replaced in the
flask of ammonie, its electrodes connected through mercury
wells}anﬂ amalgamated copper wires to the potentiometer clr-
cult, and 1ts electromotive foree measured.

KHg | KT iz  KI! | xmg

 amd
Kdg | XTI | Hel Bg :: Hg Hel | KI' | XHg
Ratio of ion concentrations 9 to 1 .
Ratio of salt concentrations 16 to 1 I?igéglgggét

The Q,H.F. fell from , 8565 volt to O in 10 minutes end
then reversed, Yhen a gresh surface was exposed, it rose
to »165 in the original direction, The amalgams were st
once coated with s yellow solid which yieldé HeS with aecid,
Two other trisls showed the same genersl ipehavior but actu-

al concentration ratios were lost in manipulation,

The experiment was repeated with metallio pbtgssium

electrodes and concentration ratios:
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Ion 12,8 to 1
salt 25 to 1(approx.) fnitial sal® L6192
The E,M,P.'s were measured as soon as possible after set-
ting up the cell:
| with trensference ,115
‘Without " .17
but were wo variable as to be of no valus, It.fall off
to ,02 volt in 10 minutes énd the surface was éoatéd as
befdra. _ |
A10ls was next tried. | |
Weight of salt - .0336
The salt dissolved slowly until the resistance across
the cell was 1000 ohms but on stending for two hours the
solution developed a galatinousgbloudiness and the resis-
tance went up to 4000 ohms, The experiment was repeéted
and extra precautions faken to exclude moisture; the air
’forjstirring was sent through an extra 5 feet of phospho-
rus pentoxidei The cloudy precipitate occurred as before,
;%1th the corresponding &ecrease;in ﬁhe‘eonduptivity. It
wae concluded that aluminum chloride reacts siowly With
sulfur dioxide, making the solution unstable, so 1ts use
was abandoned. | f o
Zn(CeHs5,CH1 CE.C00) 2
With this salt, the bridge seemed to be balanced at
40,000 ohms and no positive difference could be detected

when a 16 to 1 dilution was made, It seems 1o be very 1lit-
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tle dissociated and therefors unsuitable, Some further
~work on cobalt sulphocyecnate is in piogress.
‘From ths worlk to date, the following general conclu-
giong can bevﬂrawn: .
1., The position of the metals in the electro-
chemical series for sulfur dioxids is the
same as that for ordinary aqueous solutions,
2, The problenm of measuring concentration cell
B, F,8 in this solvent has ﬁaen reduced to
one of findiﬁg salts which meet the follow-
ing conditions:
 (1) ¥ust be anhydrouns, .
(2) 1ust ve solubls in SO0g.
(3) The solution must be stable,
{4) The solution must ionize,
(5) The cation must be metallic,
{6) The corresponding metal must
not tarnish in Soa.
The probability of meeting six conditions at the same
time is not high; 1t is not likely that many such salts

exiat,
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