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Since the publication of the work of Walden1and Oent-
nerswer in 1889, announcing liquid sulfur dioxide as a ne~ 

inorganic dissociative solvent, nw1th the remarkable power 
of dissolving the most variod subatanoes, both iriorganio 
and organic'', a very considerable amount of attention has 
been directed to\vard the subject and many of the properties 
of dry liquid sulft1r dioxide solutions have been studied. 
In pa~ticular the oonductivit~ of some of these eolut1ona 
has been measured by Walden, by Dutoit and Gyr2• and by E. 
o, Franklin3 • the behavior of auoh solutions during elec-
trolysis by Bagster and Steele4 and the measurements of the 
E.M.F.s of three voltaic oelle by the latter. 

It was to study further the properties of eleatrolytio 
sulfur dioxide soluttons, and espeoially to see whether the 
same laws hold for this as for aqueous eleotrolytio solu-
tions that the present work was undertaken. The problem 
parallels the work of Dr, Cady5 on oonoentration aalls in 
liquid ammonia and the proceedure a.nd apparatus were in the 
main similar. 

In spite of the fact that much work has bean dona on 
sulfur dioxide solutions, it ws.s not possible to find even 
rough estimates of the solubilities of various eelta in it:-
the nearest thing to a table of solubilities found being 

l Waldena article where, as ver~ soluble inorganic salts, ha 
lie ta: 



KI Na I NH4I 

Rb I (OHs) .. I XBr 

lffi4Q?~S ( CHs·) $NH20l {CHs)alffiOl 

{OHs) ~ml FeOls 

And among very soluble eaids: 

· Mono .. ohlor-aoetio 

alpha~brom-propionio 

·aalioylio 

bata-naphtoio 

OoSONa 

di-ohlor-aoetio 

Benzoio 

meta-ox1-benzoio 

2. 

From Franltlin'e work. one gathers that the following 

solutions are about saturated: 

Tempera t~ire Weight Sttbstanoe Volume 

-10 0 l mole NH'"J:C!IS 166.44 oa. 

-33.6 1 mole (CI!3} ~U 375. cc. 

--33 .. 5 l mole KBr 375. cc. 

-20. l mole KI 300. oo. 

As a working basis for the problem, it seemed neces-

sary to determine the solubilities of a number ·of salts 

quantitatively; aspeaially thoee yielding ordinary metal-

lic cations. The salts used were either ignited or dried 

for a long period in a vaouu.m dessioator equipped with a 

heating unit by whtoh a temperature of about 65° O wna main-

ta.inedo• 



To determine the solubilit~, a quantit~ of the dried 

salt \Vas plaoed in a speoial long test tuba immersed in 
liquid ammonia and some ten o.o. of liquid sulfur dioxide 
distilled in from an iron cy-linder through P205. The milc-

tttre was than stirred for a few minutes - exposed to room 
temperature and 'allowed to boil for some time - then tight-
ly O'Gl'lted a.nd replaced in the liquid amn:ionia, where 1 t stood, 

usually over. night. in contaot with.the solid salt. A kno~n 
volume of the solution was then removed with a oalibratod 
immersion pipette of the type shovvn and the lntter placed 
in e small beaker which h.~d previously been weighed with 
it - allowed to evaporate • brought to a temperature of 
100° 0 and weighed; the difference in the two weie;hings 
divided. by the volume of the pipette being t::tl:en as the sol-

ubility of the salt in grams per c, c,, ~Fha method is open 

to the objection that if there is stable compound formation 
( oompound.s sta:t>le in the air at ioo0 ) the solt1b 111 ty will 

seem to be rnuoh too great and no attempt was made to chook 
up on this. 

The solubilities of the following salts were deter-
mined: 

Salt Sol. in grams per litm .... 
-·---------

XBr 136.6 
KI 89. 
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Salt Sol~ in grams per liter 

OdOl2 l.O 
Cd(liOe)2 l.O 

OdF2 54;4:> . _,,,., 

Odis 3.6 

znso.Qi 0.,5 

Zn{ Oelis. O!i:·Cit.1 OO)s 7,6 

ZnO '·' .3 

BaF2 o.o 
BaB>.,.2 o.o 
r .. 101 .3 

Sn Ola .. 5 

HgI2 o.o 
Hg(SCN)s o.o 
HgSQ4 0.2 

Hg(CM)e 0.2 

UaC2Hs02 56.7 

Ne.U02 Oo4 

Naa02 .19 

Na OH 0.,2 

NataSOs o.775 

Na?ms l.O 
NaKC-.:>H ~oa 0.,4 

Cu{CH2Cl,COO)a 6.06 



~ 

Sal ... c Sol. in grnms per liter 

Ou( CtJIIs. CH: CH. COO) 2 2. 'I 

Cti( OHa: OH. COO) a 4.62 

ouso" o.4 ·. 
Cu{C1aH3400)2 1~'12 

OuOl.ra .89 

Oo(SCU)s · .5 
...._._ 

Oo(CeHs.CH: CR.000) 2 8.,.1 

FaOls 1108 

MgClra .s1 
Pb(OHeOOO)a 37.5 

s (lac) .44 

NOTE l. The oinne.mates of the_ heavy metals were made 

by precipitating a solution of sodium cinnamata with a solu-

ble salt of the heavy metal and washing the prao1p1tate free 

from the anion of the lat·ter salt. They were then dried for 

two days in an oven at 100 ° O and later for some weelta in 

a vacuum dessicator. 

NOTE 2~ As an indication of the degree of aoouracy of 

the method, it should be mentioned that though in.soma oase~ 
the solubility came out exactly zero, 1n9llo case was it even 

slightly negative, indicating that the apparatus remained 

constant in weight~ 
The only reference found concerning the measurement 

of an electromotive force in dry liquid sulfur dioxide so-



lution was to the work of Bagster and Steele to v1hioh rf3-

ferenoe has already been made• They give: 

Pb PbCle I!~l Hg .435 Hg Mega.ti 'V"e .435 

Zn Zn Bra HgCl Hg 38 Hg Uegative ~ 

-4 

Cd I Odira HgOl Hg ·o42 
.• 445 

not stated 

They used a quadrant eleotrometer and saturated salt so-
lutions ta.king the measurements at •33. 5 a. T'na eleotro-
motive forces of tha·various 'cells are eurpri.s1ngly.oloae 
to ea.oh otharo 

In this work, the regular potentiometer o!rouit was 
employed to whlch, at the emggestion of Dr. Oad3, a. micro-
farad mica condenser was added, in parallel with the oell 
so as to compensate for the low capacity of the oell due 
to its high internal resistanceo The oirouit as shown in 
the die.gram was completely msulated by means of a11lfttr sup-
ports. A galvanometer of megaohm sensib111t:.v ______ _ 
was used. The secondary battery was standardized against 
Vleaton normal oell No. 5439. of which the E.M.F. variation 
with temperature is given in the following table: 
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Weston Normal Oell 15439 

To 0 E.M.F. volte T
0 

0 E.M.F. volts 

9 1~01888 20· l.01855 

10 1 .• 01885 21 1.01850 

11 1.01882 22 l.01845 

12 l.,01679 23 l.01840 

13 1.01876 24 l.01835 

14 l.01873 25 l·.01826 

.15 l.01870 26 1.01s20 

16' l.01861 2'1 1~01.816 

17 l.01864 28 1.01810 

18 1001861 29 1~01805 

19 1.01858 30 

Tha E.M.F.s of the following Voltaio oombinations wore 

measured: 

I, 

II. 

Positive NeBative 
Co Co airLuamata Zn cinnamate Zn .425 

Ou Ou o irJl.8.w.a t e co cinnrunate Co .41 

Same oell two days later .41 :t .01 
tt n three " n .41 ;t .01 
tf n four ff " .41 ! .01 

At this time some anhydrous FeCls was' introduced with 

·the idea of improving the conduotivi ty; the E.M, F. im-. 
mediately dropped to 



III. 

I Va 

b 

s. 
Same cell two days later ;535 

eight '' tt .,445 

This cell was kept twelve days and was ramurksbly oon-

etan t before the addition of the ferric chloride, 

Fe FaCls Al I AlCls (not constant) 

Fe I FeOla • OrOls Or ' 

Fe J FeOls OrOla Or 

Same cell at three hours 

" tf 11 six " 
,, " ff 24 tr 

,, ft ft 30 " 
Wne cell ws.s then shaken 

at the end of 30 hours. 15 minutes 
n rr tt tf t 50 " 

1.01 

,303 
.309 

.67~4 

.7170 

.7187 

.5503 

,5725 

.3415 

,,2951· 

The iron electrode \Vas found to be ooated v1ith a blaok 

film which. on treatment w1 th acid, gavs H2S shovving 1 t to 

be a sulfideo This acoounts for the variable E.M.Fo ob-· 

served •. 
v# Ag \ Ag oinnamate : Zn oinnamate J Zn .3312 

VI a 10 Hg l.96% 
Od I Odia : KI I KHgX (at end of 24 Hrso ) 08365 

24:15 .8366 

10% le96~ 
24~36 .,8366 

b Od I Cdia KI I KHg 60 min., 1.425 

'16 ff lo39'/ 



The Ji~. M,. F. of the cell was falling rapidly. The in-
ternal resistance v11as low as evidenced by a vigorous ga.'l-

vanometer _throw. 

VIo 10% 1. 96~ 
CdHg \ OdI:a i KI· I XHg · at end of 15 min. 

30 " 
45 n 

60 ,, 

76 tt 

90 " 

685 rr 

795 tf 

l.5057 

1,4987 

l.4965 

'l.5232 

l.5122 

1.505'1 

l.2988 

l.2860 

cell shaken 1.20$61 
UOTE: The oadmlum amalgam was made up by heating under 

melted paraffin a. weighed quantity of o. P., ·cadmium with 
ten tlmes its weight of O, ·:p, mercury. 

In malting the :potassium amalgam·, a ball of potassium 

was cleaned under toluene and rolled into a cylinder. A 

portion of it weighed in toluene was placed in the ·upper 

·and of a pyrex tube, eonstriated as shown snd which con-
tained a. weighed quantity of _o •. P.., mercursr, 

The pressure was then reduced. to· less than 1 om. Hg 

and K melted and allowed to run into the mercury with wh1oh 

it combines vigorously.· The oxide coating of the K adh9res 
to the side of the tube and a mirror aurf'aoed amalgam.ls 



obtained. 
In these cells, the potnsa~um amal~ 

ga.m soon became coated over with a lemon 

yellow substance which yields eome HaS 

~ith acid and probably aooounts for the 

rather oonsistant deorease in their :r~.H.F .. e 

CONOENTHATION CELLS • 

. ·~ Ycn:;r great number of experiments have been perform-

ed with conoentrntion oelle, esp·eoinlly in aqueous solu-

tion. and many praotical uses have been found for them. of 

which the following may be mentioned: 
Dete:rmination of haa.t of d11ution6. 

Determination of tra..naport nwnbers. 
Determination·of liquid to liquid potential. 

Determination of solubility7• 

Determination of chemi.oal e.ffini ty~ 

Determination of transition po1nts9, 
De.termination of moleoula.r state. 

Determination of the solution pressure of a metal. 

Determination of the valenoe of an ion10 •. 

Evidence of the existanoe of complex ions~ 

In addition to these. the_agreem9nt between the· measured 



ll. 

E.lt •. F.s of concentration cells and those oaloulated by· 

equating the eleotrioal to the osmotic work or the eleo-. 

trical to the three stage distillation work necessary to 

produce equilibrium,·afford an interesting lneight into 

the physical meohuniam of such a oell and a confirmation 

of the theory of solution presattre, 

The oldest method of oa.lcrn.lat1ng the E,M,F. of a con· 

oentrs.tion cell 1s t at due to f!elmholtz, antedating 1878. 

(Phil. l~g. 18?9) 

When a. metal is in conte.ot with ita salt (ion.), there 

is a tendency for it to dissolve. as ion positively charged 

(solution pres.sure) ·leaving the metal negative; there. 1a 

also a.tendenoy for its ton to· preo1pltate out ea metal 

(osmotic pressure of the ion) giving n poaitiva ohe.rge to 

the metal. If the solution pressure, P. is greater than 
·, 

the osmotic pressure, p, the metal le said to be negative 

to ita ion. that is. it acquires a neg3tive oherge when in 

oontao t with aoluti~ns of 1 ts sal.ts and this charge, for a 

given conoentratton, a.lwe.ys builds up to·a potential just 

sufficient to overcome by electrostatic attraction the ten-

dency of the positive ion to leave the metal, The reverse 

holds for tho condition p greater than P e.nd.suoh a meta~ 

is said to be positive to its ion. Of two electrodes of 

the same metal in solutions oontn.ining the same ion but in 

different amounts, that in the more concentrated will be 
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the more poei ti vo ( or the leas negative where P > p) and 

when the solutions and eleotrodes are oori.naoted current 

will flow in the external circuit from that in the aonoen~ 

tre.ted solution to that in the diluto; precipitating ion 

as metal of the former and dissolving metal as ion from 

the latter, tending toward the equilibrium condition of 

equal ion ooncentra.t1on in the two parts of the cell • 

. Thia phenomenon is reversible - starting wlth the solu-
tions of equal cor.JJentratlons send the same quantity of 

eleotria1ty through it and the original unequal concentra-

tions are obtained~ 
· Vle know from· thermodyi1aniios that if we pass from . one 

equilibrium stage to another by any reversible path wha·t-

ever the· work· done· i's the :same - so that the v1orlt done when 

the two solutions are brought .. to equal aonoentrations 1n 

any reversible manner can be equated to the eleotrioal work. 

Helmholtz chose the three s~nge distillation of solvent 

from weak to strong. In case of solutions of concentrations 

0 and 0 + de (where C = *+'. + and f is the number 9f moles 

~f solvent per mole of solute.,,. the transfer of one mole of 

solute from strong to weak· gives rive ·to NFdE units of elec-
trical work (where N is tha valence of the ion, F c Fereday, 

E = volts and V = Volume of l gram mole of solvent in vapor 
atnte.) This oould be exactly oompeneated for by the dla-

tlllation of r moles of solvent from strong to weak; r moles 

from a vapor pressure p • dp to the greater pressure p wh1oh 



would re qlli re 

- f" V dp uni ta of work. 

Then UFdE = - /Vdp or since PV = RT 

MFdE = • r RTdp / 1? 

When the solutions differ in concentration by finite amounts 

0 .. a' "" ~i- \ 1£]1; 0 + dO = 0 I I .. 1 It\. + 1, and the Elqua-

t ion must be integrated between the limits 

and µ 
I 'l.... 

For dilute solutions, a relation between f< and p 1a given 

by the Raolt law. 

Po - P l 
Po = f + f 

µ 
P = Po f. + 1 

d p d( fA- )= Po( 14 -. l)dfl • rdr 
p r::; 0 f< + 1 { ~ + 1)2 

or 

) ~ 
m df° = - rR1 Po (~ + l)i 

r, 
f4 

Pot"+ 1 

f
,...., 

dt t~ + l RT l O~ 
• RT f + l = - RT log t, + l = og c 

ti 
EFE = RT log £& 

0 

E =~log Qa. 
NF 0 

= 



potentiometer leads 

rubber stoppers 

- - -1 

com1ested to 
so2 line 

· - -pin hole for equalizing pressure 

- -cotton plug 

- _electrodes 

---Dewar flask containing ammonia 
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var. Res. 

sulfur 
insulated 

key 

Weston cell 

D.P.D.T.sw. 

cell· 

S,P.D. 1E. Sw. 

ordi.nary' portable 
galvanome~er 

Microfarad mica 
cotj.dens er 

Sensitive 
cell 



APPARATUS AND lM~NI?ULATION. 

The apparatus :f'or concentration eel.ls included. a po-

tentiometer set, a Xohlrausoh bridge set, a conductivity 

buretta, the cell proper and phosphorus pentoxide drying 

trains for air and sulfu.r diox1deo 

Before maklng up a cell, the conductivity burette was 

boiled in sodium hydroxide - rinsed - washed with sulfurio 

aoid - rinsed and steamed out for a period of hours. It 

was then dried at 106 0 by drawing a current of ai-r through 

it (from a train consisting first of a three foot oalo1um 

chloride tube·~ a.'1.d 'then a heating coil) for 48 hours. It 

was left in oontaot with a. phosphorus pentoxide tube until 

used. The anhydrous salt was then added from a weighing 

capsule and sulfur dioxide distilled in.from the cylinder 

at ,!: through the long phosphorue pentoxide drying tuba and 

then through£!.' into the burette whore it waa condensed by 

the liquid ammonia in the surrounding Dewar flask. When the 

buratte was filled well above the scale _t, the atilfur diox-

ide v"las shut of~ and a.ir from a phosphorus pentoxili.e drying 

tube forced through l?. to .stir the mixture until solution 
,. 

occurred. The volume was then adjusted by evaporation and 

the resistance measured; oonneation being made to the pla• 

tinized platinum electrodes through the mercury wells l, 1 - -
to the Kohl~ausoh bridge leads. 

Air pressure was applied at !. and enough of the solu-

tion forced over through !. £.• .!., ]5. _into the outer call to 

the lower level of the cotton plug .2.• the remainder being 
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run to waste through !! until the proper level at !!_ we.a 
reached, The burette was again filled to the proper lev-

el on scale _R; stirred; its resistance measured; and the 

dilute solution partly run; to waste to rinse tube J! and 

then into the inner cell through 1- The amalgam electrodes 

were introduced through the goose necked thistle tubes ~.~ 
and oontaot \Vi th the potentioznete:r obtained by means of pla-

tinum tipped. oopper wireso Fo·1· cells without transference 

mercury, covered with the insoluble mercury salt of the same 

anion as that in the solution, was placed in the bottom of 

both halves of the oell and contact betvveen them obtained 

by a platinum tipped oopper wire through tubes ~.~. After 

. the measurement of the E,M.oF without transference, this 

wire could be removed and direct contact between the solu-
tions obtained through the cotton plug .2. by· raising the sur~ 

face of the liquid in the outer tube_ Thia was· done by foro-

ing air into the chamb.er l,o 

The ratio of tha volwnas of the oonduativity cell at 

various points on the upper and lower scales was determined 

by weighing with water on an anal~tioal balanceo 



-z3 zz-- ze.s 
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},~A ~PI 0 OF vorJm.rms OF CONDUCTIVITY CELL. 

Temperattire 250, Zero of balance eoale 

.0004 .. 

Wei~ht of cell empty 109.6331 

Poso of Wa.tar level Weight Volume 

0 

9 

.a 

146.7683 37.1352 

146.1100 36,4769 

145.6730 36.0399 

118.703 9.0690 

It was found that the ratio~ when the 

cell was filled to 8,574 and again to 

22, was ~xaotly 4 to 1. and as a very 

accurate adjustment can be made using 

the method of evaporation, this was 

used, 

For the Halta of reference, the oonduct1vity oonetant 

of the cell was determined using tenth normal potassium 

chloride at 25 o. The average resistance was 4,111. From 

"Gamelin Kraut'' the specific concluotivi ty. of potassium 

chloride at this temperature and oor.oentration is .012ee. 

The cell constant is then 4.11 x .01288 or .0529. The fol-

lowing calls were ·tried: 
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In making up the voltaic oella, the dry salt nnd its 

corresponding electrode were placed in the inner test tuba 

of the cell after which it was corked gas tight, plaoad ln 

the flask of ammonia. a.nd filled to the top edge of the 

cotton plug by distilling in sulfur dioxide (dried with 

PnOs),, Salt corresponding to the electrode in the outer 

cell was then introduced and the whole cell removed frorn 

the ammonia and allowed to boil for some minutes to stir 

itself and saturate the solution, the gas oo~1ng off through 

the oalc1um chloride tube, · It was then replaoad in the 

flaslt of ammonia, i ta elaotrodes conneated through mercury 

wells and e.malgams.ted copper wires to the potentiometer o1r-

ou1 t, and its electromotive force measured. 

KHg l KI :·: 

lOlg I KI I Hgt Hg 

and 
. . 
ti .• 

KI' I KHg 

Hg IItr.I I KI I I KHg 

Ratio of ion concentrations 9 to 1 
Initial salt 

Ratio of salt concentrations 16 to 1 .1992 gram 

The .m.u. F. fell from :• 365 volt to O in 10 minute a and 

then reversed, When a gresh s11rface was exposed, 1 t rose 

to .• 165 in the original direction. The amalgams were at 

onoe ooa tad w1 th a yellov1 solid which yields H2 S with acid. 

Two other trials showed the same generallJJehavior but actu-

al concentration ratios were lost in manipulation.· 

The experiment was.repeated with metallio poy11ssium 

electrodes and concentration ratios: 
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Ion 12.a to l 
Initial salt .5192 

Salt 25 to l(approx.) 

The E.M.F. 's were measured as soon us possible after set-

ting up the cell: 

With transference .115 

Without .171 

but were wo variable as to be of no value. It fell off 

to .02 volt in 10 mi.nutes and the surface ~as coated e.a 

before. 

AlCla was next tried. 

Weight of salt .0336 

The St-\l t dis.solved slowly until the ree!stanoe across 

the cell was 1000 ohms but on standing for two hours the 

solution developed a gelatinous cloudiness nnd the. resis-

tance want up to 4000 ohms. The experiment was repeated 

and extra precautions ta.ken to exclude moisture; the air 

for. stirring was sent through an extra 5 feet of phospho-

rus pentoxide. The cloudy precipitate ooourred aa before, . 
with the corresponding decrease in the oonduatlvity. It 

was oonoluded that aluminum ohlorida reaata slowly with 

sulfur dioxide, malting the solution unstable, so its use 

was abandoned. 

Zn(CeBs.CH:CR.000)2 

With this salt. the bridge seemed to be balanced at 

40,000 ohms and no positive difference oould be deteotecl 

when a 16 to 1 dilution was made. It seems to be very lit-
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tle dissooiated and therefore unsuitable. some further . ' 

work on oobalt sulphocyanate is in progress. 

From the work: to date. tho follov1ing general conolu.-

siona oan be drawn: 
• 

1. The position of the metals in the electro-

chemical series for sulfur dioxide is the 

same as that for ordinary aqueous solutions. 

2. The problem of measuring concentration cell 

m.H. F. s ln this solvent has been raduoed to 

one of finding salts which meet the follow-

ing conditions: 

{l) :r.:ruat be anhydrous. 

(2) Must be soluble in SOe. 

(3) The solution must be stable. 

{4) The solution must ionizaf 

(5) The cation must be matallice 

(6) The corresponding metal muet 

not tarnish in SOa. 

The probability of meeting six conditions at the same 

time !s not high; it ia· not likely that many suoh salts 

exist., 
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