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INTRODUCTION 

The  theory of electrolytic dissociatioii as ad\.anced 1 ~ ) .  -1.- 
rheiiiiis2 in ISS;. is based pi-inial-ily iipoii the fact, that  tlir 
iiioleciilar conductivity of solutioiis increases with tlie dilution, 
tiiat substances which when dissol r e d  conduct electricit!., alba 
h ~ i - e  ahtiorinally lon. iiioleciilar neigh ts in sncli solutions n-hen 
tested b!. osiiiotic 01- freezing- or boiling-point iiiethods;, and that 
tlie so-called degree of dissociatioii ma!' lie calculated fi-oiii tlir 
electrical coiidiictii-ity or tlie results of the niolecular n.eig-lit dt- 
teriiiitiations. In  his original article -4rrlieiiins states that tlic 
plieiioiiiena of electrol!.sis, when YieIvecl froiii the staiidpoiiit uf 
tlieriiiodyiiaiiiics, require tlie assuiiiptioii of tlie preseiice uf free 
ions, as \vas pointed out bj" Clausins, and that the heats of neu- 
tralization of acids and bases i n  dilute solutions niid tlie \.arious 
phj.sica1 properties of salt solutions, n-liicli are \vel1 l;iio\.i-ii to 
he  adc1itii.e in character. support tlie electrol>.tic tlismciaticjii 
li>-pothesis. The effect which the publication of that nieiiiorahle 
article of ;Irrlienius had, need not to be dwelt upoii at  leiigtii 
here. Suffice it to recall that its author sought to sa1.e 1x11 ' t  
Hofi's theor!- of solutions from lia\.iiig hiit a liiiiited application. 
and a t  the same time to bring into correlatioii facts that had 
hitherto been entirely isolated. Clieiiiists and pli!.sici.5t: alike 
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were astonished by the audacity of the assutnptioii made by this 
investigator of recognized abilitJ-. T h e  theor!. a t  once inet with 
great opposition, notablj. iti England, aiicl i t  was by no iiieaiis 
received with open arms oii the continent. But the 1ij.pothesis 
iiispired esperitiientxl investigation, and the results of this phe- 
iioiiieiial activity (which a t  first centered in Ostnald’s laboratory 
a t  Leipzig, but spread rapic1lJ- to other parts of Geriiiati\-, to 
various other countries of Europe and  to -4iiierica soon silenced 
oppositioii in Geriiiaii~-, aiid gradnally dimillislied it also in 
England. I t  iiiiist not be supposed, lion-ever, that  this silence 
ineaiit that  all \yere coii\.iticed. T h e  silence seemed to result 
on the one h i i d  because of a recognition of the futility of tlie 
debate with the kiionledge of existiiig facts, and because of a 
recognitioii of, if iiot an adiiiiratioii for, the etitliiisiasm dis- 
plaJ.ed hy the adliereiits of the theor\-, - enthusiasiii that  bore 
fruitful resid t s in ex periin en t a1 iur-es ti gat  ions of 1-arious ph j.sical. 
chemical aiicl plij-siologicai properties of solutions, which results 
were ingeniousl!- iiiterpreted ii i  the light of the iiew theor!-. 

I t  was a t  first oii1~. in the case of aqiieoiis solutio~is of tlie 
ordinary acids, salts and bases that \.nil ‘t  Hoff’s theor:- of solu- 
tioris met its difficulties ; aild when Alrrheiiius pointed out that  
these solutions are conductors of electricit?., and assumed that 
the dissoll-ed snbstances are electrolj~ticnllj~ dissociated into free 
ions, these solutions n.ere on this hasis showii to support the 
theor).. -4rrlienius calculated the troulilesonie factor i (wliich 
van ’t  Hoff had found it necessar>- to introduce to make the he- 
havior of the above iiientioiied solutions conform to the 2-as 
equation) from the electrical conducti\.ity 011 the one liand and 
f roiii molecular weight de teriii ilia t ions oil the other, the resiil t - 
iiig fignres showing an agreeinelit to lvithiti j to I j percent, 
according to his estiiiiation. 111 Tien- of the f e n  expel-iiiiental clata 
a t  hand in 1887, and the fact that many of tlieiii had not been de- 
teriiiiiied with accurac?., the poor agreement, of a goodl!~ niimber 
of 1-alties at  least, vias readily overlooked iii \.ie\v of the generali- 
ties tliat the theor). sought to bring, generalities which were soon 
incorporated without proper qiialificntions into test.books. T h e  



electrolytic soltitions with nhicli  .-Irrheiiius made his compari- 
sons and deductions were 11-ithout esceptioii aqueous solutions. 
T h e  noli-aqiieoiis solutioiis knowii a t  that time were practicall!. 
noli-conductors of electricit!. ; aiid in diliite solutions a t  least, 
they generallj- conformed fairl!- well in their behavior to van 't  
Hoff's theory of soltitions. (Indeed it was not until Iiaoult 
began his fainom work 011 the freezing-points of lion-aqtieoiis 
solutions that i t  \vas discovered that molecular weights could be 
calculated froiii the lowering of tlie freezing-point. ) In view of 
the facts tlieii kiio~vii, tlie idea graduall!. gained ground in the 
iiiiiids of those holding \-an 't Hoff's tlieorj. aiid .\rrlieiiius' 
auxiliar!. li!yothesis coiiceriiiiig the iiature of electrol!.tes, that  
lion-aqueous solutiolis in general yield ( '  iioriiial ' ' molecular 
n-eights for the solutes, aiid that the!. are of coiii-se " iioii- 
conductors of electricit!.. This  iiotioii took root with siirprisiiig 
i-apidit~. and the iintnral result was that investigations of e1ectr.i- 
cnl coiiductivitj-, of electromotive forces aiid of electrol!.sis iii 

lion-acjiieoiis solutions was eiitit-el!. neglected.' TTlien in 1895 I 
had tlie gi-eat pi-ivilege'of norking in the iiispiriiig atiiiosphere 
of Ostn-ald's labor at or!^, I iipon oiie occasioii :i,&ed the genial 
director of tlie institute ~ ~ - 1 i j .  tlie electrical coiiducti\-it!- of lion- 
aciiieoiis Folutioiis was not studied ; the reply n-as, G L  Dic iiicht- 
; ~ n s s ~ ~ i - i ~ e 7 i  Liis~i~i~~~cii  i~i ' ici i  J;7 iiichf." S o  it \vas liarill!- a siis- 
prise ~ v h e n  in 1899 the l ien edition of Ostn-ald's Grundriss der 
nllgeiiieiiieii Clieiiiie appeared, containing oii pages 390 and  391 
the sweeping, iiiiqualified, italicized statement, '( fcric~smni ;t~('izii 

( ~ i i i  g c / L ~ i c i -  S f o f  x i i i  driz ~ i ~ s i i r i ~ ~ ~ ~ ~ c s c f ; i . i i  iii solchciii .~l'iiJlC 

iioii 
nis sciIzcui L l h ~ l ~ ~ k i i / ~ i ; q  cwicht ciifsji*icht3 so ze/<@t o- 17~i~.h c1~:kii-o- 
(icfi.Tchc Lciff2ihic+kL,it ziird iiiicgc~kc/li,t." I t  is to be noted that 
Ke!.cliler's book on plij.sica1 clieiiiistrj., a much less compendious 
\-oliiiiie, the Eiiglish translation of n.liicli appeared earl!. in I 899, 

ichl) dirss s f ~ z ' i z  osiiidi.schci- Di-itcJ (ode7 di(, d i t  
Gq?iei$ii ~ i k t s -  odri. Sirdejii ii kfs-2iiidei-ii izcy 
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' O n  the other hand it  was at once assunled that free ions exist whcnever 
a substance conducts electricity with accornpanying clieniical decoilipoiition, 
he that  suhstailce a gas. a molteii salt. or a solid. 



iieverthelrss contains a 1.et-y fair consideration of the work that 
had at that  time lxen accomplished in  the study of 11011-aqueous 
soliitioiis. 

Behavior of non-aqueous electrolytic solutions 
Before entering iipoii tlie experimental part of this paper, 

I desire to call attention briefly to tlie import of some of the 
n-ork 011 iioii-aqiieotis condncting solntions as bearing iipon the 
theor>- of electrolytic clisociation. I n  the first place Inany cases 
have been found iii nh ich  the molecular conductivity decreases 
with increased dilution. Th i s  is true for instance of solutions 
of S a 1  and S a R r  in lieiizoiiitrile,l of L4gSC]7 in piperidine,‘ of 
FeCl? in pyridine,’ of FeCl in benzaldehyde 3 and of CoI- in  
POCl-.; 111 other cases tlie iiiolecnlar conductivit!. at first in- 
creasgs ailti tlieii again decreases \\-it11 the c1ilutioi1, as for in- 
stance in so1ution.c of FeC13 in  paraldeliyde,’ of CDr-COOH in  
I)OCl-.2 -\pain man!- solutions have been found in \Tliich tlie 
solute according to molecular weight cleLei-miiiatioiis is undisso- 
ciated, and n-liich ne\.ertlieless possess excellent pon-er of con- 
ducting electricity. So - igS03 has a nornial iiiolecnlar weight: 
i n  pj.ridine and benzonitrile, aiid !.et it  conducts‘ fairly well in 
tliese sol\wits. A\ccording to Ilutoit a ~ d  Fridericli,; CdIz, LiCl, 
S a I ,  HgCl? and SHtCSS have iioi-mal niolecular weights in  
acetone, aiid !,et these solutioiis are conductors of electricity. 
\Yalclen” has found that K I ,  SaI .  KbI,  SH+I  and K C S S  con- 
duct well iii liquid SO2 and !.et have abnoi-mally large molecular 
neiglits in this solvent : while S\CH3)31, S( CHq141 have niolec- 
jar n-eiglits in  this solvent n-liicli hardly differ froin the theoreti- 
cal more than do tlie iiiolecular weights of uon-electrolytes ex- 
xmiiied in SO2. n‘alden liiinself says concerning this, ( (  galis 

’ Iluler. %it. phj-s. Chem. 28, 619 i ihgg I _  

1.i1iroIii. 
KalilenlJerg a n d  Liucolti. 

’ \Y:tlcleii. 
IVeriier. Ibici. 15. I  IS^;'. 

’ *  i<niileiilxrg arid Liiicolii. 1. c .  .Us0 Lincoln. I. c 
1;iill. Sot. Cliini. Parib, I j 1 ,  19, 334 irS9S I. 

. Ber. clicni. Ges. Ik r l i i i .  32, 2S62 8, 1599 ’ ,  

Jour. Phys. Clieni. 3, 45; [ 1S99). 
Ihid.  3, 12 I 18991, 

Zeit. aiiorg. Cliern. 25, 213 ( 19oo). 
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hc~i*0iiAf&?/t zoid iiichf ohrii IC 2ifrrr.r i i i r t  der iiblichrn L4iifa.vsiiii'q 
- I ?  7-pii~6nlr ist." Fraiikliti and  Kraus' 1iar.e foillit! that a h i l e  
S H 4 S O * ,  S a S 0 ;  a d  KI dissolved in liqiiid aiiiiiioiiia are e s -  
celleiit coticluctors of electricity, the boiling-points of the solu- 
tions, like those obseri.ed b y  ITaldeii iii SO2,  are iiot iiearlj. as 
high as the!. ouglit to be 011 the basis of the assuiiiptioii that  
elcctrolj.tic dissociation takes place. ,Again latelj, Sicolo Cas- 
toro' foiiiid h! means of the freeziiig-point method tliat ,?igKO-, 
CdCl-. HgC12, and ZiiC1- have iiorlrial molecnlar weights in 
iiretliaiie. I have iriade a fen. pi-eliiiiiiiary tests 011 tlie first three 
of tliese salts which slioned that their solntioiis in urethane are 
coiirliictors of electricity. Yerj, recently Iiiiies; found the 
iiiolecnlar weights of succinic, salicj,lic and tartaric acids to be 
noriiial in p.ridiiie according to the boiliii:,r-point method. 
Tliese acids uiidoii1)tedlj~ form salts xvliich redissolve i i i  tlie es -  
ct'ss of tlie solvent. I'reliiiiinary tests liave assured iiie that  all 
three of these solntioiis are fairlj- good coiidnctors of electricit!.. 
T!:e tartaric acid soliitioii conducts best, as iiiiglit have been 
espec ted. 

1\7iile iii inaii!. cases tlie molecular condiictii.it\. of non- 
acliieoiis solntioiis increases n-it11 tlie dilution, this increase is 
g:enerall!. relativelj- slight. I t  has generail!. been iiiipossible to 
calculate the degree of dissociation of substances in iioii-qiieoiis 
solutions from the conductivity, because in these solutions the 
inoleciilar conductivity coriiiiionlj- either diminishes with tlie 
illcrease of dilution, or it iiicreases slightly with tlie dilution es -  
Iiibitiiig no teiidenc\. to reach a iiiaxiiiiiim, or i t  reiiiaiiis prac- 
ticall!. constant, or so011 reaclies a iiiaxiiiiuiii with so low a i d u e  
that  coiiipleteness of dissociatioii can not consistently be assiiiiied. 
These facts will become exvideiit to tlie reader bj, a perusal of 
the figures coiitaiiied in tlie original articles above cited. IIia1.e 

~ ~ 6 ' k f i * c l ( ~ ' / c ~  ,f-,7> Z('0.Y g ( l i 1  Z O l t S  d C i I 1  Rtlhlilf'll dL'S GCfi,l.df'J-fcll 

' Anier, Chein, Jour. 20,  Sj6 ( rS9S). 
'' Ga7z. chiin. Ital. 2 8 ,  11, 317 i 1S9S) 
'' Jour. Clierri. SOC. 79, 261 (1901). 



already discussed at  some length the difficult!- of calculating the 
degree of dissociation in  lion-aqueous solutiniis,I and shall there- 
fore simply add here that the calculation of tlie degree of clis- 
sociation from iiiolecular neigh t determinations is in the case of 
non-aqueous solutions also inipracticahle, hecanse the iiiolecular 
weights are, as a 1-ule, noriiial or greater tliaii noriiial in spite of 
tlie fact that the soliitioiis conduct well, and that the boiling- 
poiiit constant of the solvent is so liigh that dissociatioii certainl!, 
ought to be indicated, i f  it were present. 

I t  is a well known fact also that iiiolecular weights deter- 
milied according to cryoscopic or ebullioscopic methods at  times 
increase with tlie dilntioii, agaiii at  other times they do not 
cliaiige much with the dilution, and at  still other times the!, de- 
crease as tlie dilution increases. T h e  latter behavior only is in 
Iiariiioiij- n i t l i  the tlieor!. of solutions atid the tlieorj- of electro- 
lytic dissociation. E’iirtheriiiore, occasionally siiiiple substances 
show ahnorinally low iiioleciilnr weights and yet their solutions 
are not conductors of electricit!.. This  I haye found to be true, 
for instance, in the case of solutions of diplienylamiiie i t i  iiietli!.l 
cjxiiide, - results as yet nnpublished. 

1 lie osiiiotic theor!. of tlie galvanic cell, wliicli uses the dis- 
sociation hypothesis as a hasis, also naturally meets great diffi- 
cnlties n.lien applied to chaiiis coiitaiiiing- iioii-aqiieoiis solutioiis.’ 

I n  tlie face of these facts the tlieorj- of electrolytic dissocia- 
tioii is untenable in tlie case of 11011-aqiieoiis solutions. TTliile 
clieiiiists have frequeiitl!. iii conversation adiiiitted this to he 
true, I ha\-e also often‘heeii told, h b  I2ut in the realiii of aqueous 
solutions the theory concords with tlie facts so well.” This  led 
me to in\.estigate tlie belia1,ior of aciiieoiis solutions somewhat 
further. 

Experimental part 
The geiieral plaii of the iiivestigation was to determine tlie 

boiliiig-points of aqueous soliitioiis of t!@cal, coiiiiiioii, chemical 
coiiipoiiiids from low to very high concentrations, in order to see 

I ,  

~~~ ~~~ ~~~~ ~~~- 

’ Jour. I’hys. Chem. 3, 379 (1899). 
See Kahlenherg. Jour.  P~IJ-S. Chetn. 3, 395 (1Sg9 1 .  Ibid. 4, 709 8, 1900:. 
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how the molecular weight changes with tlie coilcentration, arid 
at the same time to measure the electrical coiiductiyit!. of such 
solutions a t  or near their 1,oiling-poiiits. This  ~ v o u l d  enahle one 
to make iiiuch iiiore accurate coinparisons between the \-al~ies of 
the degree of dissociatioii as calculatecl froin coiiductii.it!. and 
inolecular weight, than bl. the but too co~iiiiioii practice of com- 
paring coefficients deduced from coiidiicti\.ity results obtained 
at room teiiiperature nit11 those reckoned froin boiling- or freez- 
ing-point esperiinents. Tlie n.oi-k of making the coiic1iictivit)- 
iiieasnreiiients at high teinperatures and the correspoiidiiig boil- 
inx-point -detei-minations \vas undertaken b!. 11r. Arthur -1. 
I<ocli, to whose diligence and care tlie iitiiiieroiis taliles i 2 ant1 
12 to 3 1  iiiclusive) given l~elon- are diie. .igaiii i t  \vas part of 
the plan to iiieasiire tlie coiiducti\.it>- of sncli solutiolis a t  0" and 
at the saiiie time to liiake iiioleciilar n.ei,qlit deteriiiinatioiis liy 
the cryoscopic nietliocl, and then to compare the degrees of dis- 
sociation fouiid according to the tn.0 inetliods.' ;111 tlie coli- 
ducti\-itj. cleteriiiiiiatioiis at oc n-ere iiiacle 1 ) ~ .  Xr. KO!- I>. Hall, 
the results of n-hose work are coiit:iiiied in  Table I belon.  

Tlie coiiductii.ity deteriiiiiiatioiis ivere iiiade 1 ) ~ .  means of 
the usual I<ohlrausch iiietl~od, a teleplione being eiiiplo!.ed. A l i i  

Alrrlieiiius i-e,+itaiice cell \vas iised for the clilutr solutiolis niicl 
a l.'-sliaped cell n-itli platinized electrodes sitfficieiitlJ- far apart 
was eiiiployed for the coiiceiitratecl solutioiis. -411 of tlie soln- 
tioiis were carefully made tip to the proper s.oluiiie at tlie tein- 
pel-ature inclic~.ed. 'l'lie iiieasiii-eiiieiits at 0" were made i i i  3 

liatli of uieltiiig ice surroundecl b>- another vel-!- large ln th  o f  the 
.miie iiature. In  the iiniiiediate 1.iciiiity of the resistaiice cell a 

' Hut feir- coiit1uc:ivity deteriniiiations at  or near 1o03 coul(1 he founrl in 
t h e  literature. For seven of the salts nainetl i t i  Tahie 2 ,  Iiraitiilials [&it. 1)l:ys. 
Cheiil. 5. z jo  I iSgo ] deteriniileil the coiitluctivity at  99,~". He tlitl not. ltoi{-- 
ever. as a rule, liegin irith as conceiiti-ate(1 solutiolis as those represented hy the 
correspontling salts iii Table 2 ,  and 1:is series are frequently iiiconiple:e. .I5 
far :is coiitluctivitj- ileteriiiinatioiis at  o3 are coiiceriietl. 0i:ly a few scattered tle- 
teriiiinatioiis could he found in the literature, ~ v h i c l i  ~ v o u l ~ l  not haw heen 
atleriuate for the purpose in hand. Jloiecular n eight (~leteriitiiiations of a 
gooilly iiuniber of the salts under consitleratioii are to lie fouiid in tlie literature. 
hut they do not cover a snfiicieiit raiige of concentration for the present purpose. 



delicate thermometer was kept which reiiiained very constant at  
0'. At first i t  was atteiiipted to iiieasiire the conductivity of 
solutions at IOO', but i t  was soon observed that sinal1 gas bub- 
bles are so apt  to foriii on the electrodes at this temperature as 
to introduce coiisiderable error. I t  was found that a t  9 j" this 
particular difficulty is iiot so promiiient, aiid so the conductivity 
ineasiireiiieiits a t  the higher teiiiperature were tilade a t  9 j" ill- 

stead of at  zoo". The  resistance cell n-as immersed in a large 
paraffine bath whose temperature was carefullj. regulated at  95". 

T h e  freezing-point determinations were iiiade with a regu- 
lar Recliinaiin's apparatus of large size, about 40 grams of water 
being used iii each case. Tlie soliitioiis were cooled only froin 
two to three-tenths of a degree below their freezing-points, and 
the cr!.stallization was each time iiiaugnrated b!. means of a 
poiiit of ice. T h e  boiling-point deterniinatioiis were inade with 
a Reckiiiaiiii's apparatus of about double tlie ordinar:. size. 
1:nless otherwise stated, appropriate Reckinann's tliernioiiieters 
graduated to 0.01" jtiiade b y  F. 0. R. Goetze in Leipzig) \\-ere 
used. I t  was a t  first tlioiiglit best to surround the tlieriiiometer 
with a platiiiiiiii cylinder in the boiliiig tube, as recommeiided 
by  Jones, hiit it was sooii foniid that  this at  times causes slight 
fluctuations in  the boiling-point, apparently due to tlie fact that  
tlie so1u:ioii within tlie cj.linder is apt to  be slightl!, more con- 
ce 11 t ra t ed t 11 an t li at  w it 11 oii t . 

The water used in the esperinieiits was distilled n-ater coii- 
densecl in a block tin condenser. 1 3 ~ .  drawing air freed from carbon 
dioxide throiigli it for a long tiiiie its conductivity was reduced to 
2 b, IO-' (or  somewlint less) at rooiii teinperature. The  conduc- 
tivity of the water has heeii deducted in each case, after liaviiig heeii 
deteriiiiiiecl a t  the proper temperatiire of course. Tlie suhstaiices 
used \\-ere all of the C. P. variety of standard tiinkes, generally 
either Kalilbauiii's or Schucharclt's. They  \\-ere tested as to 
their purit!., aiid as a rule were recr!-stallized. TT'lien the salt 
contained water of crystallization, the aiiiouiit of this was ascer- 
tained, aiicl the salt was weighed in  the cr!.stallized form for the 
iiiolecul ar w ei gli t de t eriii i iia t i o 11, t 11 e cry s t a1 water be i iig add e d 



to the solvent iii making the coiiipntatioiis, so that tlie 1atte:- 
are all based oii tlie :iiiioiiiit of anl i~droi is  salt i i i  the solutions. 
For t 11 e con d 11 c t i 1.i t >. d e t  er i i i  i ii a t i o 11 :: t 11 e appropriate ci 11 a 11 titi e i 
of salt I also calculated 011 the lixsis of the anliytlrou:: .suljstaiict. 1 

of coiirke siiiipl!. had to 1)c made t i p  to tlie required 1-oluiiie a t  
tlie proper teiiiperatiii-e. 

111 Table I are gi\.en tlie results of tlie coiidncti\-it!- measure- 
iiieiits a t  os, while in Table 2 tlie values obtained a t  9,;' arc 
presented. T h e  i~iiiiibei-.; in each case indicate tlie ecjni~.alent 
coiiclucti\-ity ( +  ) in reciprocal ohiiis. T h e  1.alue of ;' indicate-; 
the \.oluiiie in liters in wliicli a grniii-eyui\-aleiit is contaiiieti. 

-111 iiispectioii of Tables I aiid 2 s l iom tliat it1 each c a . ~  
iiicreases with tlie dilution, n-liicli fact has also beeii ohserr-eJ 
b y  other iiir-estigators' \ r ho  c1eteriiiii:ecl the coiiducti\-it!- of tliese 
salts at IS" and 2 5 " .  T h e  geiieral iiiaiiiier in n-hicli the eqiiix-- 
aleiit conducti\.it!. increases with tile dilution caii best be ieeii 
li!. charting the results i i i  tlie foriii of curves. For the salt, 
liere under coii.iideratioii, it is true iii geiieral tliat -I:, iiicrease,. 
with increase of ;' i i i  a siiiiilai- maiiiier i i i  the case of salts tlint 
are clieiiiicall!. niialogoiis, Tliiis i f  ciiri-es he charted iii wliicli 
ortliiiates represent tlie voluines atid abscissas the coiic1uctii.i- 
ties, these ciii-1-es \vi11 liar-e n siiiiilar trend in the case of the 
chlorides : the .same Trill be true for the nitrates as a group : and 
a p i i i  for the sulpliates as a group. At the same time, tlie cur \ -e ,~  
for the nitrates are vel-!. similar to tliose of tlie chlorides. but  tlie 
sulpliates have cur\-es with inore of a characteristic treiicl of their 
onii. I t  was deeiiied iiiiiiecessar). to present here tlie ciii-T.es for 
all the salts in Tahles I niicl 2 .  TYhile they ha\-e nll 1)ee:i 
plotted, it will siiffice for the present piifpose to reproduce curve, 
of the various tj-pes of salts contained in the tables. Ac iucli 
tj.pical salts 11a1.e beeii selected SaC1, RaC12, JIgSO, atid -1g-SO4. 
Figures I aiid 2 sliow the trend of the curves at 0' and x t  95' 
respecti\-ely, tlie ordinates representing the cube roots of t l ic> 

\-olutnes and the abscissas tlie eqiiivaleiit coiiducti~-it ie~, T1i-c- 

. 

I Cornpar,- for instaiice tlie tables in I<o!ilrauscli ui id  € 1 0 1 1 ~ ~ ~ 1 - : ~ ,  ~- I )a \  
Leitverniogen der Elektrolyte. 
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shape of the curves of KCl a i d  KI is similar to that of S a C l  ; 
the shape of the curves of ZiiSO+, lIiiS04. CdS04, SiSO+,  C o S 0 4 ,  
FtSOt :ind C u S 0 4  closel!. resemble that of lIgS04, vh i l e  
IqSO and S a S O -  have cnrx-es iiiucli like that of XgSOq. The  
great siinilai-it? betn.eeii the curves of the chlorides aiid those of 
tlie nitrates has ahead!- heeii alluded to ; this similarit!. is clearly 
shonn 11). the curves represented in  tlie figures. ;1 coiiiparisoii 
of Figs. I aiid 2 slions that a t  95' the lIgS04 cur\-e is practically 

01 I I 
40 80 A" 
Fig. I 

:I straigiit line, atid that  the curves of S a C l ,  IkiCl- aiicl &?.gSO- 
also exhihit a. iiiarked tendency to straighten out a t  tlie higher 
temperature. I t  sliould be stated in this coiiiiection, that  the 
curve for CdSOI1 preserves iiiore of its coiir-esitj- toward the axis 
o f  abscissas at 95" tliait do the curves for tlie other sulpliates. 
Curves that were chartered froin data obtained for the saiiie 
salts at IS' and a t  2 j" sliowecl ;c iiiai-ked s i ~ n i l a r i t y ~  to those in 

' This curve is not  represeiitetl in tlie figures. The curve for HgCI, - 

- Si:icli similarit\- has  also heen pointed out a t  various times hy other ob- 
also not repre>ented - is practicallj- a straight line at  9j3. 

seri-ers. 





Fig. I at  (a t  o"), and indicate that the change iii tlie shape of 
tlie curves a t  0" and a t  9 j" takes place graduall!. as the tern- 
perature rises. I t  should be clearlj- borne in iiiiiid that  the 
ciirves for eveti verj- closelj. analogous salts are iiot perfectlj, 
parallel ; all that  can be said of them is that  they are siHiilar iii 
trend . 

Tlie results of the freezing-point deteriiiitiatioiis are gix-en 
iii Tables 3 to 11. Tlie headings of tlie tables are self-explana- 
tory. In calculating tlie molecular weights I 8.9" was assuiiiecl 
as the lowering of the freezing-point c a k e d  bj- tlie presence of 
one gram-molecule in 100 grams of n-ater. 

Tables 3 to I I  do not contaiii all the salts represented in  
Table I .  Tlie freezing-points of barium chloride solutiolis have 
lately beeii determined by Jones and Chambers' between ap- 
proximately tlie coiicentratioiis 0. I and 0.6 normal, as have also 
those of tlie chlorides aiid bromides of other alkaline earths. 
Table 3,  gi\-icg the results obtained with KaC1, iiidicates that  
for tlie concentratioiis investigated (,0. 2 to 1.0 normal approxi- 
matelj-) tlie molecular weight is practically constant. For  about 
0 . 2  normal tlie molecular weight \vas found to be 32 .6 ,  which 
corresponds to a dissociatioii of 79.4 perceiit ; for an approsi- 
iiiatel!. normal solutioii the molecular weight was foniid to be 
31.7, wliicli corresponds to a dissociation of 84 percent. These two 
results represent tlie estreiiie variations of tlie values in  Table 
3. For  tlie average value of tlie six cleterniiiiations, 32 .2 ,  the 
dissociation is S I  percent. Aiccordiiig to Table I tlie degree of 

dissociatioii calculated according to the usual formula ) is 
abont 79 percent for the 0 .2  iioriiial solution and 70 percent for 
the noriiial solution.' T h e  degrees of dissociation 79 percent and 
jo percent correspond, respectivel!-, to the molecular weiglits 

ii 

' -1mer. Chetn. Jour. 23, S9 :1900). 
In calculating the degrees of dissociation from the coniliictivity the 

values of the conductivity at  infinite dilution were take11 either ciirect1:- from 
tlie highest values given in the  tahle of coiiriuctivities : or ~vlien tlie trend of the 
curve (which was in all cases charted 1 required i t ,  frorn the careful extrapola- 
tion of the curve. 
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TABLE 3' 
Sodium Chloride (NaC1). Mol. wt. 58. j 

- - _ ~ _  ~~ ~- ~ 
~ -- 

.\riiount S a C l  in ' Loaering of the 
100 g. water 1 freezing-point hIolecular m eight 

1 . 1 9 j  

2.970 
3.927 
4.914 
5.74' 

2 . g j O  

0.693 I 32.6" 
I . j I 2  I 31.9 
I . j j 0  , 32. I *  
2.300 32.3% 
2.866 324* 
3.395 I 31.7 

TABLE -1 

Llagnesium Sulphate ( MgSO, 1. Mol. n-t. 120.4 

.\mount hIgSO, in Lowering of the 
100 g. water freezing-point Nolecular weight 

0.699 
1.51; 
2.550 
5.994 
6.961 
9.246 

0. I j4 
0.314 
0.480 
I ,006 
1.16j  
1 . 5 2 7  

8 j.8 
91.3 

100.4 
112.6 
112.9 
I 14.5 

TABLE j 

Zinc Sulphate (ZnSO,). Mol. wt. 161.5 ---- -~ ~~ ~~ _ ~ _ _ _ _ _ ~ _ _  __ _ _ _ ~  
.imount ZnSi), in Louering of the 

100 g. mater freezing-point Molecular ueight  

1.602 
j. 026 
8 . ~ 6 2  

10.930 
13.6.75 
16.935 

0 . 2  58 "7.4 
0.62 j 152.0 

I .030 164.5 
I .  246 165.8 
1.493 '73.1 
1 .y22  I 166. j 

' The four deterniinations marked * in this table were made in this labor- 
The other two determinations were niade by the atory by Mr. G .  M. Wilcox. 

writer. 
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TABLE 6 
llangaiious Sulphate (1IriS0,). 

Lo\\ eriiig of the 

-~~ ~ 

Amount hlnSO, in 
100 g .  water freezing-point 

1.941 
2 .  j 0 2  
j .  I 2 0  

IO.  843 
18 j 7 2  

0. "93 
0 . 3 6  I 
0.68; 
1.395, 
2.591 

1101. vt. I 51, I 

3Iolecular weight 

TABLE 
Cadmium Sulphate (CdSO,).  Mol. v t .  2 0 8 .  I 

Xtriount of CdSO, in Loweriny of the 
100 g. water freezing-poin t 3Iolecular iveight 

3 .071  0.313 1 S j . j  
8,608 0 . ; q  219.3 

I j .640 1 .322  223.6 

26. I 2 0  2 .330  211.9 
22.647 1.968 217 .5  

TABLE S 
Sickelous Sulphate ( SiSO,) .  

.%mount KiSO, in Loweriiig of the 
IOO g. water f reezing-point 

1.0'i; 0. I S 9  
2.364 0 .3 j I  

j. 896 0 . i i 9  
4,332 0.557 

10.443 I 2s-1. 

16.030 I .984 

LIolecular weight 



TABLE 9 
Cobaltous Sulphate (CoSO,). Mol. wt.  155. I 

Airtouiit CoSO, in  Lon ering of the 
100 g. na te r  freezing-poin t 3Iolecular neight 

- ~ = = ~ ~ =  - -~ = ~~- 

1,457, 0.209 
2.982 0.390 
4.927 0.600 
9.65: 1.067 

14.143 I .  j 8 7  

131.8 
144.5 

1 7 1 . 2  
16s. j 

I j g . 2  

TABLE IC) 

Ferrous Sulphate (FeSO,). Mol. wt.  I j 2 .  I 

Anloutit FeSO, in Lowering of the 
IOO g .  water freezingpoint Molecular weight 

- ~ - 

2 . 2 7 0  
2.6j1 
6. j 0 2  
8.980 

13.849 

TABLE I I  

Copper Sulphate (CuSO,). Mol. wt. 159, ;  

. iniount CuSO, in Lowering of the 
IOO g. water freezing-poitit Jlolecular weight 

1.83j 0.300 

5.443 0.743 
9.232 0.996 

3.312 0.405 

14.2  I O  I .  j69 
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3 2 . ;  aiicl 34.4. I t  is clear then, that  tlie degree of dissociatioii 
for the inost dilute solution tested is found to be the same by 
freezing-point aiid conducti\-ity methods to withiii the esperi- 
iiieiital error of the foriiier iiietliocl. Eiit the disssociation iii- 
creases rapidl!- with the dilution according to tlie coiiductivitj-, 
whereas the freezing-point results show, that it a t  least reiiiaiiis 
constant, if it does iiot cliiiiiiiisli with the iiicrease of the dilution, 
within the limits tested. C. Dieterici' has sliowii by his very 
careful iiieasiireiiieiits of the diminution of the vapor tension of 
Sac1 solutions a t  0" that between the liiiiits 0.1 and 1.0 normal 
the molecular diiiiiiiutioii of' the vapor tension decreases as the 
dilution increases. R. TT. n'ood' fouiicl that  the degree of dis- 
sociation of KC1, while nearly the same by cryoscopic atid coii- 
ductii-it!. iiiethods at  a coiiceiitratioii slightly above 0. I tioriiial! 
increase5 iiiore rapicll!. with tlie dilution according to the latter 
than according to the foriiier iiietliocl. 

I n  the cabe of lIgS0, (Table 3 )  the solutions examined 
x-aried in coiiceiitratioii from about 0. I to 1 .5  iiorinal, the de- 
gree of dissociatioii for tlie most dilute solution being 40 per- 
cent aiid for the iiiost coiiceiiti-ated oiily j percent. .According 
to the coiiducti1-itj- determiiiatioiis (Table I ) the corresponding 
degrees of dissociatioii are 44 aiid z 2 perceiit respectil-el!.. T h e  
discrepancy between the dissociatioii as determined by the two 
Iiietliods then, while relatively rather small a t  first, increases 
en or iiio u sl j- wit 11 t h e coil c e ii t ra t ioii n- i t 11 i i i  t h e 1 i iii its i n ves t i g a t ed . 

Ziiic sulphate (Table j) shows iio dissociation accordiiig to 
tlie freezing-poiiit deteriiiiiiatioiis \\-lien the solutions coiitaiii a 
gram-equivalent or iiiore of the salt per liter, aiid yet ziiic sul- 
phate solutions haye an electrical coiiductivity nearly the same 
as that of tlie equiI-aleiit solutions of XgS04 (Table I ) .  T h e  
iiiost diliite solution represented in Table j yielded a iiiolecular 
n-eight of I I 7.4, corresponding to a dissociation of 38 percent ; 
the conductivity iiietliocl !,ields about 40 percent. For the iior- 
iiial sollition, where tlie dissociatioii is nil according to tlie crj.0- 
scopic n-ork, it is 24 perceiit according to the conductivity. 

Lon is h'd ir i z  bcrq 

___~_.____ 

' IYied . inn.  62, 616 is97 1 .  

' Zeit .  phys. Chetn. 18, j22 ( ~ S g j : .  



llangaiioiis sulphate (Table  6) at  first shows an iiicrease of 
inolecular weight with the increase of concentration aiid then a 
decrease. This  also appears in the case of %iiS04 (Table  5 ) ?  

tliougli less inarkedlj.. -4gain C d S 0 4  (Table  7 1 slions tliis lie- 
havior in a iiiarked degree, nliile SiS04 (Tal>le S I ,  COS(-)+ 
(Table  9) and CtiS04 (Table  I I )  show it sli,olitl~-, aiid possibl!- 
also F e S 0 4  (Table  io). T h e  electrical c o i i d u c t i ~ ~ i t ~ ~  of lI i iSO+ 
solntions increases regularlj- with the dilutionl as does that of 
solutions of all the other sulphates investig.ated. I t  is clear tliat 
accordiiig to condiictix-it!. cleteriiiiiiatioiis the dissociation con- 
stant]>- increases nit l i  the dilution in the case o f  the particular 
sulpliates, just enumerated, whereas accordiiig to the cr!-oscopic 
determinatioiis there is at first a dzcrease of dissociation lvitli in -  
crease of concentration aricl then ail increase of dissociation with 
increase of concentration. T h e  iiiost dilute solution of MiiS04 
tested (about 0.2 j normal) gave a iiiolecular iveiglit of 12 5.1. 

corresponding to 2 I percent dissociation, tlie coiiclucti\.ity tiiethotl 
!.ields aboiit 35 percent. n'lien the molecular weight is 146.5 
tlie dissociation is 3 percent, - the condiictii-ity indicates 2 0  

pe rce 11 t . 
It  is practicall!. useless to make the coiiip;irisoii i i i  the ca,se 

of C d S 0 4  (Table 7 )  for tlie cryoscopic cleterniinatioiis slion. 110 

dissociatioii except i n  the most dilute solntioii tested : \\.liereas, 
as stated a!)ove, the conduct i~ i t>-  of the soliitioii~ is excellent aiitl 
increases regularly n-itli the dilution. T h e  iiiost dilute solution, 
in whicli a inolecular weight of 185. j was found, nould coiitaiii 
the salt dissociated to the extent of 12 percent : the co i iduc t i~- i ;~~  
results yield about 30 percent. 

Sickel  sulphate is practicallJ- undissociated accorcling- to 
crj.oscopic deterniiiiations (Table  8 )  when tlie solutioli is aI)out 
I O  percent strong. T h e  condncti\-itj. at  about this streiigtli in -  
dicates 2 2 percent dissociation. T h e  molecular n-eight of the 
inost dilute solution investigated correspoiicls to 43 percent clis- 
sociation ; the conductivity indicates 3 2  percent. 

In the case of CoS04 the freezing-point indicates 110 disso- 
ciation i n  a solution about j percent strong or stronger ( Table 



9)> whereas the conductivity determinations show about 26 percent 
dissociation when the observed molecular weight is I 55.2. In  
tlie most dilute solution the molecular weight found is 131.8 
corresponding to I 8 percent dissociation ; the condnctivity iii- 
dicates about 34 percent. 

-kcording to cryoscopic determinations F e S 0 4  also is 1111- 

dissociated in about 6 percent solutions or over (Table IO). 

TYhen tlie observed molecular weight is I 54.6 the conductivity 
nevertheless indicates 24 percent dissociation. T h e  most dilute 
solution shows a molecular weight of 135.8, or 12 percent disso- 
ciation ; the conductivity indicates 30 percent. 

Copper sulphate is also iiudissociatecl in j percent solutions 
or oyer (Table I I ). T1:lien the trioleciilar weight observed equals 
163.9, which corresponds to no dissociation, tlie conductivity in- 
dicates about 2 2  percent dissociation. In the most dilute solu- 
tions tested, the molecular weight found, I I 5.6, corresponds to 
38 percent dissociation ; the conductivity indicates about 3 2  

percent. 
From the foregoing it is evident that  with the exception of 

n few instances (and these at  certain special concentrations) the 
agreeiiient between the yalne of the degree of dissociation as 
calculated from the freezing-point of tlie solutions aiid that de- 
duced from their conclacti\-ity iiiust in gtiieral be prononnced 
poor, even in the case of the most dilute solutions tested ; while 
in the soiiiewhat stronger solutions there is no agreement at all, 
many of the cryoscopic deteriiiiiiations sliowing no dissociation, 
whereas the conductivity indicates quite appreciable dissociation. 

-1rrlienius' in his original tables presents figures from cryo- 
scopic data indicating no dissociation for llgS04, FeS04,  CuS04,  
ZiiS04 aiid CdS04, whereas tlie electrical conductivity (he used 
the results obtained at room teiiiperaturesj showed coiisiderable 
dissociation, wliicli substantiall>. agrees with the results above 
recorded for the stronger solutions. Cadmiuiii iodide, as ,lrrlie- 
nius shows, exhibits a siiiiiliar heha\-ior. Xrrlienius seeks to 
explain ana\-  the discrepancy in the case of the sulpliates men- 
-~..~ ~ 

' 1. c.  



Theory of  Electro(ytic Dissncin f ion  359 

tioned b!- assuming that the inactive or undissociated inolecules 
in tlie solutions are polymerized ; and lie seeks to base this as- 
sumption 011 the fart  that Hittorf I found that the iiiigration 
iiunibers of RZgS04 and Z n S 0 4  show a considerable variation 
with the concentration, which was also found to be true - 
though iiiucli inore inarkeclly- in the case of Cd12, for which 
Hittorf assumed double molecules in  the solution in order to 
explaiii the plienoiiieiia lie observed. T h e  latter also clearly 
states that lie applies the same explaiiation to the other salts of 
the iiiagiiesia series, for their migration niunbers also vary con- 
siderably with the concentration. This  a t  first seeins to justify 
perfectly tlie position taken by Arrhenius. However, the latter 
has iiot applied the explaiiation to all the salts of tlie magnesia 
series as lie ought to, but lie has siiiipl~. assumed polymerized 
iiiolecules in the case of those salts that  did not behave accord- 
ing to liis theory. He oiiglit to assiiiiie polymerized inolecules 
in tlie case of RlgCI,, for instance, for Hittorf found tlie migra- 
tion nuiiibers of this salt strongly dependent upon the coiiceii- 
tratioii as lie did those of MgS04. Rut it happens that to 
assiiiiie po l~mer ized  iiiolecules in tlie case of MgClz would be 
ver!- inconvenient for Arrlieiiiiis' theory, as liis calciilatioiis of 
the factor I' slio~v ; arid so lie did iiot make tlie assuiiiptioii 
which he, in order to be consistent, ought to have inade. In  
the case of CaC12, RaCI2, Ca(N0q)2,  Ra(N03)2 Hittorf likewise 
f 011 lid t 1: e 111 i gr a ti on 11 1.1 111 be rs s t roii gl y d epe t i  d en t upon t h e coii- 
centration, yet Arrlienius does not assiiiiie polymerized iiiolecules 
for these as lie oiiglit, to be consistent, for these salts agree 
better wit11 his theory when such an assiiiiiptioii is not iiiade. 
T o  assiiiiie polymerization of the inolecules of such salts as 
MgC12, CaC12 and BaClz would lead to the greatest difficulty also 
in liariiioiiiziiig the freezing-point results obtained by Joiies and 
Chambers' with tlie dissociatioii theory ; for they have found 
that the iiiolecnlar lowering shows a ininiiiiuin between tlie 
_ _ _ ~ ~  

' Pogg. Ann.  106, 547 ( i859) .  
rimer. Chem. Jour .  23, 89 (1900).  Compare also in this connection 

Chambers arid Frazer. Ibid. 23, 5 1 2  (1900). 



strengths 0. I and 0.2 norinal, and that in concentrated solutioiis 
tlie lowering is as great or greater than the theoretical lowering, 
if the compounds were completely electroljtically dissociated. 
Jones and Chambers seek to liarmoiiiye their ( (  abnormal " freez- 
ing-point lowerings by assiiniing that tlie salts forin hydrates in  
the solutions. There can hardly be an\- doubt that tlie salts in 
question unite with water to form hydrates ; but when the 
authors seek to use this to explain the ii ahnorinally " low 
freezing-points of solutions, it might be well to remind them 
that  the dissociation theory itself \vas promulgated to explaiii 
( (  abnorinally " low freezing-points of solutions, and tliat since 
they have found the tlieorj- unable to do this and 1iaI.e reached 
out to the li\-drate theory for help, it niiglit lie well in the face 
of the facts to acknon-ledge freely the weakness of the clissocia- 
tion theory, aiid to proceed to explain the Facts on the basis of 
the hjdrate  theor?. alone. If it be urged that the solntions con- 
duct electricitj- and therefore tlie salts innst be electrolyticall!. 
dissociated,- the aiiswer is, they must be, only if the dissociation 
theory be assumed. 

,~ t ten t ion  mnst nevi be directed especially to the careful 
determinations of C. Dieterici,' who measured tlie loiverings of 
the yapor teiisions of a series of aqlieous solutions of electrol!.tes 
and non-electrolytes at  0'. He found that for CaCIZ the iiiolec- 
a lar  lowering of the \-apor tension diniinislies strongly with tlie 
increase of dilution, and then at  about 0.1 noriiial it again in- 
creases n-it11 the dilution. He also emphasizes the fact that tlie 
ver>- carefiil freezing-point work of Looiiiisz aiid of Ponsot; 
shows a inininium of the molecular lowering of the freezing- 
point at  nearly the same concentration. T h e  work of Jones and 
Chainbers above cited also corroborates this. Between the con- 
centrations 0. I and 1.0 noriiial, to which Dieterici's work is 
really limited, he found that for 
HZSOI, SaC1, CaCI2, cane sugar, 
_ _ _ _ _ _ ~  

' 1  c .  
\Vied. . i i i n  51, 500 [ 1894 1 : Ihitl 
Reclierclies bur les congelations 

the substances tested IH3P04, 
dextrose and urea) tlie inolec- 

57, 495 (1S961, Ibid 60, 5 2 3  I r S 9 7 1 .  
Gauthiers-T'illars. Paris I 1S96). 
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ular Ion-ering of the vapor tension diminishes as the dilution in- 
creases, which is the opposite of that  nh ich  the theory of 
Alrrheiiins requires. In view of tliis fact Dieterici rightfully re- 
frains from even attempting to make a further coinparison be- 
tween the degree of dissociation as calciilated froin the 1.apor 
tensioii iiieasiireiiieiits 011 tlie one hand and the conductivity 011 

the other. T h e  reader is also referred io the able critical con- 
s i de ra t ioii of t 1 i e very care f 11 1 f reez i ng-poi 11 t de t eriii i ii at i o ii s of 
various investigators, nliich is coiitained in Dieterici's article. 

-Ittention is now called to the results of the boiling-point 
deterininations (Tables 12  to 29). For  a number of the most 
important salts represented in these tables, two, aiid in a few 
iiistaiices three or four series of deteriiiiiiatioiis were iiiade by 
11r. Koch, in order to be perfectl!. siire of the facts. 

In Table 12, gi\.iiig the results for XaC1, it appears that  the 
niolecular weight decreases steadily with the increase of conceii- 
tratioii,' becoming in tlie strong solutions less than half the 
theoretical iiiolecnlar weight. T h e  facts then indicate that the 
dissociation of coiiiixioii salt would increase with the conceiitra- 
tion aiid that in solutions above about 2 0  percent the molecule 
n-ould break up into more than two parts, which is impossible 
on the basis of the atomic theor!- as generally accepted. Tlie 
behavior of S a C l  is clearly diametrically opposed to that which 
we slioiild expect according to tlie theory of electrol!tic disso- 
ciation. Tlie electrical conductivity of KaC1 solutions increases 
regularly with the dilution as Table 2 shows. From the cliar- 
acter of the boiling-point results, it is clearly oiit of the question 
to iiiake even an attempt to compare tlie dissociation as calcu- 
lated from the molecular weight deterinitiations with the dissocia- 
tion as deduced from the electrical conductivity measurements. 

TTliat has beeii said concerniiig S a C l  applies also to KC1 
(\Table 13j, KBr  (Table 14) aiid K I  (Table I j). T h e  molecular 
weights of these salts coirtinuallj. diminish with increase of con- 
ceiitration, finall!. hecoiniiig less than half the theoretical, 

The same fact is also dernotistratrd by the determinations of Lands- 
Ilerger and Biltz.  Zeit. aiiorg Cliem. 17, 4 j 2  ( ISgS). 



TABLE 12  

Sodium Chloride ( NaC1). 
(Series I ) 

Mol. wt. j8 .  j 

.knount S a C l  in Rise of the I Barometric 1 Molecular 
ICO g. u ater hoiliiig-point pressure u eight 

~-~~ - ~ ~ -  ~ 

I 
1 .  I39 I 0.197 747.; mill 1 33.4 
4.167 ~ 0.744 1 747.1 32 4 
5.524 , 1.002 ' 747.0 31.9 

< ,  8.254 1.553 
I 1  010 1 2.157 746.9 1 29.5 

2 7  8 15.910 3.304 I 

20.520 1 4.495 '746,s 26.3 
(Series 2) 

2.900 0.499 I 743.6 33.6 

' .  

6.006 1 1.0S2 1 74;31.5 32. I 
7 .  Io; I .  690 ' 30.6 

29.0 
28.0 

1 26.7 
26.0 

" 12.625 2.514 
I j.640 3 231 
I S .  j 3 O  4.032 
20. I30 1 4.471 

' .  
L' 

' I  

(Series 3) '  
I 33.5 

33 3 
~ 32.5 
I 32.0 

31.8 
I 31.0 
' 30.1 

(Series 4) 
I O  090 1.68 743.7 I 31.5 

30.4 12.902 1 2.23 
29.6 I 5.631 2.77 

19.043 
2 2  9jo 1 4 . j 6  
25.320 5.28 

1.256 0.195 I 7-54 0 

2.500 0.390 
0. j98 3.793 
0.820 5 046 

6.295) I 1.031 
8. 792 1.474 

. *  
* <  

' (  

< <  

i i  

' /  II.409 i 1.970 

I ,  

* '  
1 3.70 743.4 l 27 .0  

25.8 

28.697 1 6 . 1 j  24.4 

I ,  

1 2 j . 2  a ,  

24. I " 31.242 I 6.82 

' The results in Series 3 are those of MY, G. 11. \Vilcox. In Series 4, a 
thermometer graduated to tenths, which readily permitted the hundredths to be 
estimated with the aid of a lens, was nsetl, the temperutILre range heing greater 
than that of the Beckmann's therniometer. 
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TABLE 13 
Potassium Chlor de (KCl) .  

( Series I 1 

.Imount KCI 111 Rise of the Haronietric 31 01 ecnl r 
100 g ~ r d t e r  boiling-point pres,ure v eight 

Mol. wt. 74. j 9  

... I 

__- ~~~ 

2 .  I 2 2  
j. I24 
9.012 

13.990 
20 .170  
24.160 
2 7 .  7 2 0  
31.840 

1.911 
4 .0 j2  
7 . 2 2 5  

11.620 

21.350 
26.130 
3 0 . 3 7 0  

16.520 

- < -  0.293 
0.700 

2 .  004 
2,975 
3.653 
4.266 
j ,009 

, <, , .6  111n1 
L /  

1.247 

1 :  

, L  

. '  
, ,  

(Series 2 )  

0 . 2 j j  744.0 
0,554 
0.986 
1.62.; 743.9 
2.406 744.0 
3.206 
3.91 1 744.2 
,J. 756 744.7 

' /  
I /  

( Series 3) '  
0 . 6 j  7,36. I 
0.91 

r.59 736.2 
2.05 
2.60 

1 .  

5 .  I . 2 j  

3.  I S  

736.3 1 - -  
L '  

J ' 1 ,'I 

4.30 
5.00 
,i. 60 736.2 
6 . 2 8  
6.88 
7.60 

, '  

' I n  Series 3 the thermonieter graduated to tenths was u.er1 
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TARLE 14 
Potaisium Bromide {KBr). 

(Series I ) 
1101. wt. I 19. I 

- 

.Imount KBr i n  Rise of the Aaro~rietric Molecular 
bolll::g-point preisure N eight 

2.413 
2.899 

(Series 2 )  

66.0 
66. I 
65.4 
63.7 
61.8 
60.7 
59.7 

57.4 
56.8 
5 5 . 7  

j S . 4  

7 2 . 0  
6j. j 
67.6 
6j.8 
65.0 
62.6 
61.2 
59.1 
5 8 . 0  
56.6 
55.3 
53.9 



TABLE 15 

(Series I J 

l i i iount  XI in  Rise of the Ilarotiie tric 3101 ec I: 1 ai- 
IOO g. water boiling-point pressure ~veigl i t  

Potassium Iodide (KI). Mol. nt. 166 

~~ 

______ . ~ ~~ - 

2 .  so3 0.155 736.1 1 l l I l l  94.0 

I 0 .  so I 0.620 
0.S;o 59.2 14.923 

19.782 1.184 
2-\. 3 7 1.494 736.0 85.4 

83.9 29.244 

80.9 
C I  ;;.666 2.134 

t5.4 
39.059 

(:Series 2 ') ' 
-!,IT-! 0 .  2 3  740.6 94.3 
6 . 1 ~ 7  0.33  740.4 97 .3  

12.929 0 . 7 2  93.3 
8y x I9 024 1 . 1 0  

26.237 1.5s 740.0 56.4 
3 j ,003 2.14 

43,059 2.74  
66.253 4.6; I J.4 
I / . I T  3,,7,7 
Yj.71 6.36 

7 . 0 2  65.6 
67.9 

92.73 
104.80 8.02  

92. I 
90.6 

56.9 

j .O<;2 0.397 

1 . 8 1 2  

2 . 5 1  I 

5 2 . 0  . a  

., 47.61 I . I .i 9 

, *  

' (  

. ,  

- _ 1  

739.4 

IS9.5 

< &  

7 2 .  I 
70.0 

-- - - -  - *  
. 1  

The thermometer graduated to ten ths  was used in  thi. c e r i ~  
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TABLE 16 
Magnesium Chloride (&lgCl,). 3101. wt.  95 26 

~ 
~ ~ 

.hiiount -11gC12 i n  Rise of the Barometric Molecular 
I O O ~  \rater boiling-point pressure weight 

- ~ ~~~ 

42. I 3,371 0.416 ,20.~ m m  
6. '99 o 850 7 50.0 37.9 
9. I j b  1 .3j1 749.0 35.2 

'3 869 2.380 7 j O . 0  30.3 
16.802 3.164 749.8 27.6 

22.0jh 4.720 749.6 24.3 

- -  

20.4 2 2  3.243 749.8 2 j .0  

TABLE 17 

Barium Chloride (BaC1,). Mol. x t .  208.3 

(Series I ) 
- ~ ~ ___._ - --- -~ , 

.hioutit  BaCI, i n  
I O U  8. water 

4.078 
8 ,777  

13.422 
18.615 
24.076 
32.02 j 
40.468 
47,879 
54.519 

3.39; 
8.290 

13.612 
19.S6S 
2;.0;1 

35.036 
38.843 
44.255 
4s. I 30 
53.863 

Rise of the Barometric 
boiling-poitit pressure 

0 .242  742.8 Iiim 
, <  

0. j 2  j 
0 . s ~  j 
1.174 742.9 
I .  j8h 
2.243 
2.970 
3.62j 
4.157 

, <  
/ <  

/ .  

< ,  
< c  

(Series 2 )  

7 j2.8 

Molecular 
weight 

89.i  
86.9 
84.7 

78.9 
74.2 
70.9 
68.7 
68.2 

82. j 

84.9 

84.4 
86.6 

79.9 
75.5 
72.4 
70.2 
68. j 
67.0 
67.3 
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TABLE IS 
Mercuric Chloride (HgC1,). 1101. wt. 270 9 

~ -~ ~- ~ 

Amount HgC1, in Rise of the Baronietric Molecular 
roo g water boiling-point pressure IT eight 

0.056 7 j 1  inm 310. I 
312.0 

3.341 
8. j8O 0.143 

I j .463 0.24s 7jO 9 324.2 
24.8 jS  0.376 343,s 
34.90 0.496 7j0.8 ~ 366 4 
45.87 0.600 7 j0 .6  397.6 
52.59 0.64j 7 j0 .  j 423.' 

' <  

' i  

TABLE 19' 
Potassium Chlorate (KCIO,).  Mol. wt  122.6 - -. 

Arnount KClO, in Rise of the Barometric Molecular 
roo g .  \rater hoiling-point pressure weight 

3.743 
8.121 

12.837 
17.116 
23.454 
29.689 
35.42 
42.96 
48.92 

0.34 
0.6 j 

1.31 
1 . 7 2  

2.49 
2.98 
3.43 

I .or 

2 .  I O  

738.8 317m j j . 2  
66.4 

j 3 S . 6  66.0 
" 

67.9 
738.4 70.9 

76.7 
73s. I 73.9 

74.9 
737.6 74.1 

6 '  

, c  

( <  

' This series of determinations was made with the thermometer graduated 
to tenths. 



roo g.  water 

2.789 
6.0j8 
9.727 
11.798 
21.333 
27.095 
33.80 
41.54 
49.42 

62.83 
j 7 . 2 0  

4.2% 

13.068 
19.740 
2 8.0.5 6 
35. j 4  
44. 5 3 
5 3 . 3 7 
61 .h.+ 
70.76 

8.434 

TABLE 2 0  

Potassium Kitrate (KNO,).  
(Series I )  

1101. x t .  1 0 1 . 2  

~ - 

Amouiit KKO, in Rise of the Barometric Molecular 
h ~ i l i i ~ g - p ~ i n  t pressure ive~gli t 

- 

0.248 
O. . j I8  
0 . 8 2 2  
I .  207 
I .  706 
2.123 

3.079 
3.570 
4.027 
4.357 

2 .  j 7 7  

0.37s 
0 . 7 2  j 
1.101 

I .ho3 
2 . 2 1 2  
2.710 

3 .275  
3.795 
4.339 
4.677 

i Series 2 )  

j S .  j 

61. j 
60. 8 

63.8 
6j.0 
66.4 
6 8 . 2  
70. 2 
7 2 . 0  

I J . 9  -9 

7 5 .0  

59. I 
60. j 
61.7 
64.0 
66.0 
6s. 2 
7 0 ' 7  
I J.1 
14.4 
78. j 

'? 



TABLE 2 1  

Silver Sitrate ( X g S O , ) .  Mol. n-t. 1;o.o 
(Series I )  

. .  - -  - 

.ltriouiit - 1 y S 0 ,  1x1 Rise of the Raroxrietric 
I O O  g.  water boiling-poin t pressure 

3.893 
11.926 
23.342 
3 5.08 
45.89 

S3.38 

j6.30 
68.68 

99.74 

122.33 
136.26 

1 1 0 . 2 2  

8.315 
16.289 

30.61 
45.39 
54.32 

74.52 
S b . 4 3  
99.71 

I I L j . 2 j  
1,36.46 

2 5. 137 

65.40 

0.197 ' i39.4 Ill111 
0. j70 

I .  j 2 3  
~ I . 9 I j  

( I  

t c  

L '  

I .066 

1 <  

' <  
', 
/ /  

( ,  

/ '  

1 2.249 
~ 2.636 
1 3.047 
, j . j Z I  

3.755 
4.060 
4.398 

0 .422  738,s 
0 . 7 7 2  738.7 
1.091 
1.526 
I . 8 S j  

2.516 ( <  

3.  I43  738. j 
3 . 4 4  
3.900 
4.43' 1 

(Serie, 2 )  

" 

5 '  

, '  
' <  2 .  I j S  

' i  2. 790 

738.4 
' (  

( (  

---- - ~~ 

3Iolecular 
TZ eight 

102.3 
106.3 
113.9 

124.6 
129.9 
135.5 
142.3 
147.3 
1~52.6 
I j6.7 
161.1 

- . ~ _ _ _  

11g.5 

102.4 
109. j 
I 19.8 
131.3 

135.9 
135.2 
135.9 
'43.0 
'$5.3 
153.7 
160.2 

12j.4 
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TABLE 2 2  

Magnesium Sulphate ( MgSO,) . Mol. wt. I 20 .4  

Amount JIgSO, in Rise of the ' Barometric Molecular 
roo g. water boili tig-point j pressure weight 

2 .  j j 3  
7.236 

27. jt? 
36.91 
43.47 

60. 5 2  

64.39 

j 2 . 7  j 

7 2 . 2 8  

0.09 j 
0.28 I 

0.92 j 
1.455 
1.9'34 
3 .220  

3.3'6 
3 630 

0. j24 

146.5 
168.6 
273.7 

155.4 
138.3 
91.7 

2 0 7 .  j 

I 0 1  .0 
105.9 

TABLE 23 
Zinc Sulphate (ZnSO,). Mol. wt 161. j 

- _ _ ~ ~  ~___-_ -~ ~~ 

~~~ ~~~ ~ 

Amount ZiiSO, in Rise of the Barometric Molecular 
loo g water boiling-point pressure v eight 

-___ ___ ~ ~ 

0.080 1 743.0 111m 18j.6 
204 5 
1y8.2  

/ L  

2.886 
6.64.; 0.169 

ro.rL?g 0,266 
. 0.3.;2 

0.461 17 .7 '3  

' 0.690 25.199 
28.249 0.81 I 
.30 47 
32.89 0.995 
35.18 1 . 1 2 2  

I .  240 
1.3S1 

41.30 l 1,459 

' <  

201.1 

199.8 
< '  

13.389 . '  
190. j 
189 9 
181. I 

0.899 I 742.0 176.3 
171.9 
163.0 
I 56.7 

147 2 

$ '  

, <  
, <  

2 2 . 2 0 2  0.59 I 

' L  

' (  
" 

I j O . O  
37.36 ' L  

39.83 ' I  

138.7 . L  44.56 I 1.671 



TABLE 24 
Manganous Sulphate (MnSO,) . Mol. 

_ _  - ~ 

.lnioulit JInSO, in Rise of the Barometric 
ICO g. water boiling-poiiit pressure 

0.114 , J9 111n1 - +  

< I  

' <  
3.713 
'7. I32 0.  I93 

10.250 0.282 
0 .373  14.464 

19,349 
24.209 0.678 

6 ,  

. a  
0. j 2 0  

. $  

io0 g .  nater  
-~ 

4.563 
10.972 
I 5.090 
20.662 
24.76 
2 7 . 7 7  
32.93 
36.76 
41.2s 

47.38 
53.47 

TABLE zLj 

Cadmium Sulphate (CdSO, I .  1101. wt. 208. I 
- ~ -- ~-~ ~ -- - - -  - ~- - - ~- 

.iniount CdSO, it1 Rise of the Barometric JIolecii1,ir 
boiling-point pressure \\ elgll t 

0.105 
0 . 2 1  j 
0 . 2 S 7  
0.3j6 
0.38 j 
0.494 
0.604 

0.s20 
0.988 
1.164 

0.699 

I '  

, ,  



TABLE 26 

Xickelous Sulphate (NiSO,).  1101. wt. I jq .8  
~ ___-____ ~ - ~. ___ _ _ _ ~  ~ 

LI~noun t  S i S O ,  in Rise of the Barometric hlolecular 
1013 p. water boiling-point pressure weight 

~~ ~~- 

2.766 0.096 737 mm 149.8 
161. j j 2 5 j  0.169 

7.6 76 0 230 173.5 
11.196 0.336 173.3 

175.7 
'74.1 
169. I 
163. I 
157.8 

C '  144,s 

" 

" 

' ,  
4 <  

" 
I j . 1 3 j  0.448 
17,943 0 536 
20.s47 0.64 I 
23.143 0 .738  
2 j . 5 2  j 0 . Q I  

27  159 0.939 
29 0 2 1  1 .042  

1 .190  31,144 
,32.;Oj I 302  

34.461 1.389 
1 . j 7 6  

3 7 . 7  3 5 ' . i 3 4  

/ /  

, '  
., 

I j O . 4  L '  

I 36. I 
I 30.6 
129.0 

" 118.; 
113.2 

< <  

" 

35.163 . '  

TABLE 2 7  

Cobaltous Sulphate i COSO,), 1101. W t .  I j j .  I 
- ~ . _ ~ _ _  ~ 

~~ ~ 
~ -~ 

Rarometrlc Nolecular .Irnount CoSO, in Rise of the 
100 g nater  hoiliiig-point pressure v, eight 

- - ~ 

160.8 
'05.3 
2 2 6 .  I 

194.3 
186.3 
185.6 
I s4.0 
I S 0 . S  
I T j . 7  
170.8 

190. j 

1G1.9 



Riie of the 
boili i ig -p in  t 

0 09 3 
0 IS2  
0 . 2 4 3  
0 343 
0 412 
0.483 
0.545 
0.633 

~ 

O . j I 3  
0 so5 
0 899 
0.994 
1.099 

TABLE 28 
Ferrouc Sulphate ( FeSO, 1 .  Mol. Kt. 152. I 

Barometric 
pressure 

- ~~~ 

738  llllll 

( <  

' <  

< a  

* <  

L' 

" 

. I  

'. 
' <  

TABLE 29 

Cupric Sulphate ' CuSO, 1 .  1101. wt.  159.7 
~- ~-~ ~~ 

Barometric 
pressure 

3Ioiecular 
weight 

~ 

1Sr .4  
191.6 
197.3 
198.4 
'99.5 
193.4 
2 1 2 . 6  
2 0 0 .  9 
'94.3 
1S5.6 
I b 1 . 7  
::I.+ 
167 .2  

.. _ _  
31 ol e c 11 1 ar 

1% eight 
- 

I c j I . 3  

214 9 
2 2 1 . 5  
2 2 1 3  
20s.; 
201.  8 

1 S r . g  
172.6 
15s.4 

192.5 

149.5 
140. 
I 29.; 
114.9 
106.7 
1n1.s 



whereas tlie conductivities increase regularly with the dilution 
(Table  2 ) .  I t  is interesting to note the similarity of the be- 
havior of the lialoid salts of the alkalies, to which attention has 
been previously directed in a general way. 

Tlie molecular weight of 31gClz too decreases with tlie iii- 
crease of coiiceiitration (Table  1 6 ) ~  finally becoining less than 
one-third the tlieoretical'value. This  salt wonld then have to 
dissociate into more than three ions and that jii concentrated 
solutious. On tlie other hand tlie conductivity increases with 
the dilution. I t  is again clearly useless to attempt a comparison 
of the degree of dissociation as coinputed from tlie observed 
iiiolecular weights and tlie coiiductivitj-. 

Kl ia t  has beeii stated concerning 1IgClz applies esactl!. to 
13aC12 (Table I 7 ), so that  further coininents about tlie belia\.ior 
of the latter salt are superfluous. I t  is interesting to note that 
these two salts of analogous composition exhibit a siiiiilar be- 
havior, which reseiiibles closely that of the lialoid salts of the 
alkalies. 

Xercuric chloride (Table I S )  shows 110 clissociatioii by tlie 
boiling-point iiietliod. Tlie behavior of iiierctiric chloride cliff ers 
froiii that  of the salts last iiieiitioiied in that its iiioleciilar 
weight increases \\-it11 tlie concentration. Of course, with this 
beliaI-ior pol~mieri7atioii of the iiioleciiles with increase of coii- 
centratioii could consisteiitl!. be assiiiiied ; it could further be 
assumed that some of tlie iiiolecnles iiot \.et pol!.iiierized are 
electrolj.ticallj. dissociated and thus tlie observed phenomena 
coiild, with these assiiiiiptions, be brought into liarniony with ex- 
isting conceptions, at least qualitatively. Tlie electrical coii- 
ductivity of the solutions of this salt (Table 2 )  tliongli relatively 
1 o n-, i iic r eases regu 1 ar 1 y w i t 11 t 11 e d i 1 11 ti o 11. 

Tlie boiling-point deteriiiiiiatioris for KClO- (Table I 9) were 
made with a thermoiiieter graduated to tenths, so that the iiieas- 
ureiiieiits are relatively less accurate tliaii those in nhicli the 
Heckiiiaiiii thermometer was used. Tlie results are sufficient to 
indicate, however, that  in  the case of this srllt tlie riiolecnlar 
xeight  increases with the concentration, \vliicli is at least quali- 
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tatively in harmony with that which tlie dissociation li! pothesis 
requires. T h e  degree of dissociation corresponding to a inolec- 
iilar weight of 66 is 88 percent, whereas for the same strength 
of solution tlie conductivity results (Table 2 )  indicate a dissocia- 
tion of not more than 7 9  percent. S o  special stress is laid upon 
this comparison, however, because the Beckinatin instrument was 
not eiii plo) ed in niaki ng the deter tnina t ions. 

In the case of K K 0 3  (Table 2 0 )  we again have an increase 
of molecular weight with irirrease of concentration, wliicli agrees 
qualitatively with tlie reqiiiretnents of the dissociatioii theor!. 
For the niost dilute solution tested the rnolecnlar weight is 
j8. j, which corresponds to 7 1  percent dissociation ; from the 
conductiI-ity results (Table 2 )  the dissociation for tlii5 concen- 
tration is about 72 percent, -a satisfactory agreement. For a 
norilia1 solution the molecular weight found is about 61.7. cor- 
responding to 64 percent clissociatioii ; the conductivity results 
~ i e l d  56 percent. 

Silver nitrate (Table 21) also shows an increase of inolecuiar 
v.eiglit with increase of conceiitratiori, which beliavior agrees 
qiialitativel!. with the disociatioii theor!. T h e  itiost dilute 
solution teFted ! ielded a niolecnlar weight of 102.8, correspond- 
ing to a dissociation of 65 percent ; the conductivity resnlts ) ield 
about 6 j percent, - ai1 acceptable agreement. For a normal 
solntion tlie mo1ecal:i.r weight is about I IO, correspondiiig to j 4  
percent dissociation ; the conductivity deterininations indicate 
5 2  percent, -again a very fair agreement. I t  happens then, that 
the behavior of p o t a 4 u m  and silver nitrate agrees iniich better 
Tvitli the deinands of the dissociation theory at the boiling-point 
of the solntioxis than at  the freezing-point.‘ It will be noted that 
these iiitrates behave alike and that solutions of RC103 appar- 
ent1)- exhibit a beliavior similar to that of tlie iiitrates. 

T h e  snlpliates (Tables 2 2  to 29) again show great siinilarity 
in their general behavior. In the case of LIgSC)4 (Table 2 2 )  the 
~nolecular weight begins with a valiie somewhat above the 
theoretical, - which indicates no dissociation ; then i t  increases 

’ Compare for instance Arrhenius’ table. 1. c. 



a t  first ni t l i  the concentration, atid filially i t  decreases \\-it11 in- 
crease of coticeiitratioii after having passed through a masiiiium, 
the values in tlie stroiigest solutioiis becoming less than the 
theoretical. There is clearly iio irregularity in tlie conductivity 
values (Table 2 )  to even suggest such a behavior. n‘hat has 
been said about I\IgS04 applies also to ZiiSO+ (Table 2 3 )  X i S 0 4  
(Table 26)) and C u S 0 4  (Table  29). T h e  same general behavior 
is also esliibited by 1ltiSO4 (Table 241, CdSO, (Table 25)) 
CoS04 (Table 2 7 ) ,  and FeSO, (Table 28) )  except that  the 
molecular weights of these salts, while first increasing arid then 
decreasing n-itli tlie increase of concentration, a l ~ i a y s  remain 
above the tlieoretical values. As Table 2 s h o w  there is nothing 
iii the conductivity resiilts to lend one to expect such a beliavior. 
-4 coinparison of t!ie freezing-point resuits (Tables 4 to I O )  with 
those obtained by the boiling-point iiiethod (Tables 2 2  to 29j 
shows that the molecular weiglit of the sulphates is less by tlie 
former than by the latter method in  the case of correspoiicling 
concentrations. So that if it be assumed that these sulpliates 
are polyiiierized in their solutions, it follows that this polyiiieri- 
zatioii is greater at tlie boiling-points of the solutions than at  
their freezing-points, which seems unlikely. 

I t  n-as tliought to be of interest in this coniiectioii to iii\-es- 
tigate the behavior of a iioii-electrolj.te. Cane sug-ar \vas selected, 
tlie results obtained with cvliich b!. tlie boiling-point method are 
given in Table 30. T h e  results indicate clearly that the molecular 
weight diiniiiislies appreciably as the conceiitratioii increases. 
Stroiig siigar solutions, however, do not - as is well knowii - 
conduct electricity in coiiseqiieiice tliereof. T h e  solution was 
finall!. tested with Fehling’s solution to see whether any sugar 
had hecoiiie inverted during the process of boiling, but no invert 
siiqar was found. On the other liaiid, a series of’ boiling-point 
cleterniinatioi~s of solutions of H3R03 !Table 3 1) slion-s that tlie 
inolecular weiglit remains practically constant for very coli- 
sitlerable changes in the coiiceiitratioii of this sabstai:ce, con- 
sidering its low inolecular \\-eight. T h e  freezing-points of ~ o l n -  
tions of H-13O-I show that the molecular weight is lower at  0” 

3 . 2  

1 Compare Iialilenberg und Schreiuer. Zeit. phy.;. Clieiri. 2 0 ,  j48 i 1896). 



20.75 
29.51 
36 .  1 5  

42 69 
49 3s  
57.35 
65 97 

92.97 

-- 
/ / ' / I  

103.4 
113.4 
114.9 

13'7 8 
149, I 
1\59 9 
16;. j 
1 7 5  I 
187.1 
'97 7 
207.  I 

2<76.9 
24s.o 

125.1 

2 2 2 . 0  

2 j9 .  I 
266.7 
276.2 
2S9.4 

Rise of the 
hoiliiig-poi11 t 

0 . 3 0  
0.42 
0. jLi 
0. '70 

0.7.i 
0.91 
1 . 1 3  
1.41 

2.06 

2 . 3 2  

2 .  5 7  
2.90  
3 . 2 0  

3.4s 
3 . i 0  
3.84 
4 2<5 
4.56 
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j . 6 0  
5.92 
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6.71 
7 .  I O  

1 . 7 7  
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than at 100' ; and its solutions at  the lower temperature really 
oiiglit to be soniewliat better conductors of electricit!. (according 
to the dissociation li~-pothesis) than tliey are. 

Discussion 
T h e  difficulties which the theory of electrolytic dissociation 

encounters in explairiiiig the plienomena in aqueous solutiotis 
are really insurmountable. TYe have seen that there are solu- 
tioiis which are excellent electrical conductors, and yet the 
molecular weight deter~ninations show a normal molecular 



weight of tlie dissolved substance. I t  is clear that while iii 
some cases the molecular weight increases with the concentra- 
tion, thus according at  least qnalitativeljr with tlie theor), in 
other cases the molecular weight decreases n itli the increase of 
tlie concentration, finall!- becoming less than what i t  otiglit to 
be even 011 the assumption that electrolytic dissociation is com- 
plet?. &4gain, iii other cases, the molecular weight a t  first iii- 
creases with the concentration and theti it  ditiiinislies as tlie 
coiicetitratioii increases. &And these phenomena are observed in 
solutions, the conductivity of which steadily increases with tlie 

TABLE 31' 
Boric Acid (H,BO,). Mol. wt. 62 

~ 
-~ - ~~ 

- ~- ~~ 

Aniouiit H,BOI in Rise of the 1 Barometric 31 ol ecii lar 
100 g .  rrater 1 boiling-poiiit , pressure eight 

__ - 

0.26 
0.42 
0 . 7 2  

1.18 
1.41 

2 . 0 0  

1.01 

1.6; 

2.13 
2.41 
2.s2 
3 . 0 1  

63.2 
6 j .2  
63.0 
62.2 
62 .  I 
61.2 
62. I 
62.1 
64. j 
63.2 
62.3 
62.9 

increase of tlie dilution. I have not given any examples of 
aqneous solutions iii which the iiiolecrilar conductivity does not 
increase regularlj. with tlie dilution : but such cases do exist, 
So for instatice tlie molecular conductivity of aqueous solutions 
of the alkalilie hydroxides first increases with the dilution and 
then decreases as tlie dilution increases.z 

From the facts here presented in the case of aqueous solu- 
-~ 

I I n  this series. which was really only a preliminary one, the thernionie- 

The determinations of Kolilrausch show this phenonienoii. See also the 
ter graduated to teiiths was used. 

nieasiirerxieiits of Kahlenherg aiid Lincoln. Jour. Phys  Chein. 2, S i  ( 1S98). 



tioiis aiid those detailed above iii the case of 1ioii-aqiieoi:s solu- 
tioiis. i t  follows tliat tliere is no such connection betn-eeii tlie 
freeziiig-points and boiling-points of solutions on the oiit liand, 
and their electrical coiidiictivitj. 1011 tlie other, as is claiiiied bj. 
tlie theor?. of electroljtic dissociation of .\rrlienius. In  nuiiier- 
oils cases iiot eI-eii a qualitative agreeiiient exists. -1 careful 
scrntinj. of A-lrrlieniiis’ origiual table reveals tlie fact tliat while 
iii a certaiii nuiiiher of iiistaiices the agreement of the values of 
the factor I :  as coinputed froiii cr>.oscopic iiieasiireiiieiits aiid 
from coiicluctivitj- determinations is acceptable, in many cases 
it is poor, aiid again in others it is eiitirelj. \vaiiting. To be sure 
-1rrlieiiius bases this table upoii iiieasurenieiits which lie deeiiietl 
iiiiglit in some cases contain large errors ; h i t  later esperiiiieiital 
work lias reall:. oiilj. sen-ed to eiiipliasize the presence of snch 
discrepancies. Further we have seen that itir-estigatioiis uf noii- 
aqtieous aiid of aqueous solutions have in reality yielded n liost 
of facts n-liicli el-eii the most ardent adherents of tlie dissociatioii 
tlieory have iiot beeii able to liariiioiiize with it. For soi~ic 
facts, to he sure, explanations have heen offered upon the 1:mis of 
aiisiliar!, assuiiiptions wliicli frequently Iiad no root in facts, 
liaviiig beeii created siiiiplj- to sa1.e the dissociatioii theor!. from 
being pronounced ui-iteiiable. 

Tlie attempt lias been iiiade to explain all of the 1-arious 
properties of e1ectrol)tic solutions upon tlie basis of the theor!- 
of electrolytic dissociation. T o  tliese efforts attentioii iliu;t i ion 
he directed. Tlie 1.ariotis additive properties of salt solutiolis as 
ineiitionecl by .~rrl ic~iiius and as detailed hj. Ostnald aiid b ~ .  
Seriist  in their text-books are presented as siipportiiig tlie dis- 
sociatioii theory. Hut i t  is clear that  ex-en i f  these additi\-e 
properties could he explained on the basis of tlie dissociatinn 
theor?., the theory could not be based 011 this aloiie, siiice additil-e 
properties are well kno\vii to exist iii the case of true cheiiiical 
coinpoiiiids, where siiice there are no solutions under considera- 
tion, and siiice there is no electrical conductivitj- obserrxhle, the 
possilility of electrolytic dissociatioii is eiitirel?. out of tlie clues- 
tion. In  the realm of physiology, where it at  first seenieci that  
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the theory of electrolytic dissociation would be particularly help- 
ful. i t  lias after all appeared that it can riot cope with tlie facts.' 

T h e  heats of neutralization of acids aiid bases in dilute 
solutions have been heralded as an argument in  favor of the dis- 
sociation theory ; but Croinptoii' has slio~vn that the dissociation 
hypothesis is not only unnecessarj. to explain the heats of neu- 
tralization, but that  i t  is really inadequate, for it does not bring 
the behavior of electrolj tes, as far as heat changes that acconi- 
pan\- tlie forniation of salts in aqueous solution are concerned, 
into line with the behavior of noii-electrol>tes. I t  is unnecessary 
to dwell further upoii tlie insurmoutitable difficulties which tlie 
dissociation theor!. meets in general in the realm of thermal 
chemistry. These difficulties have been sufficiently discussed by 
Keychler,? whose conclusion is that, L t  above ever? thiiig else we 
notice that the /ij$otlicsis o j j i i - e c  iorzs is in o$$osrtion io ihernici- 
(-hem i m  I o bscr i w f io 71s. ' ' 4 

' In this connection the reader is referred in particular to the following 
articles and to the additional references that they in turn contain : I,. Kahlen- 
berg, The Taste of Acid Salts and  Their Degree of Dissociation. Jour. Ph j  s. 
Chem. 4. 33 (1900). T.  IV,  Richards. The Relation Between the Taste of .Acids 
and Their Degree of Dissociation. Ibid. 4,  207 I, 1900). I,. Kahlenberg, The 
Taste of .Acid Salts and Their Degree of Dissociation, 11. 1909). 
J .  F. Clark, Electrolytic Dissociation and Toxic .Action. Ihid. 3, 263 (1899). 
Id. Kahlenberg and R .  M,  .lustin, Toxic Action of Acid Sodium Salts on 
LzL$i721l,Y .-lIDzis. Ibid. 4,  jjj ( 1 9 0 ) .  In reviewing the above articles for the 
Jour. .Arner. Cheni. SOC. and the &it. pliys. Cheni.. Arthur A. Noyes has made 
the attempt to bring the facts into harmony wit11 the dissociation theory. I 
will simply state here that I have no desire whatever to enter upon a discussion 
of these ( '  explanations " of Mr, Soyes, the weakness of which is sufficiently 
apparent upon the face of thern. The facts are before the reader and he can 
safely be left to judge for himself. I must request the reader, however, to refer 
to the original of the third article in the above list, or at  any  rate to use the re- 
view of it given in the Cliemisches Centralblatt or the Jour. Chem. SOC. 
iLondon) ,  since Noyes has omitted to mention an essential part of the very 
simple experiment upon which the argunient is hased and has then claimed 
that tlie experiment is irrelevant. Evidently Mr. Soyes, in his ardor to uphold 
the dissociation tlieory, did not see the full import of the experinlent in question. 

See also Crompton's interesting arti- 
cle on Rotations of Optically .Active Salts. 

'! Outlines of Physical Chemistry." (Translated by JIcCrae). ll'hit- 
taker and Co. (1899). p. 214. 

' The italics are Reychler's. 

Ibid. 4, 533 

Jour. Chern. SOC.  71, 9j1 (1897). 
Ibid. p. 946. 
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T h e  attempts to harmonize the theory of electrolytic dis- 
sociation with the law of inass action have sigiially failed in the 
case of the electrolytes #ai* e.rceI~e~zce as is well known, in spite 
of the fact that  ver!. earliest endeavors have been made it1 this 
direction for over a decade. In the case of weak organic acids 
to be siire a tolerable agreement between the law of mass action 
aiid tlie dissociation theory has been found by Ostwald. T h e  
fact that  the dissociation 11)-potlieses cannot be brought into 
harmony with the law of inass action is one of the strongest 
arguments against the theory. I t  is really unfortunate that iii 
discussing problems of equilibrium into which strong electrolytes 
enter (their solnbilit y for instance) the adherents of the dissocia- 
tion theory shoulci go right ahead with their matlieiliatical 
equations and deductions as though the theory were in full 
accord Iyith the law of mass action.' 

T h e  chemical reactiveness of electrolytes has been explained 
by attempting to ascribe to tlie ions a peculiarly strong chemical 
activity on account of the electrical charges that are supposed to 
reside upon thein.' T h e  fact that  a goodly number of substances 
will not react with each other when mater is not present. and 
that they do react in aqueous solution, or at  an!. rate when inoist, 
has been called into requisition in this connection. IYIiile this 
behavior may be claimed to agree with the dissociation theory, 
i t  cannot be used as an argument to support the latter ; for i t  is 
clear that many pure substances aiid mixtures of substances in 
which there are no grounds whatever for assuming the presence 
of ions, are nevertheless exceedingly reactive cheinicallj., - take 
for instance many well kiiowii explosives as a striking example. 

' Compare for instance the general and unqualified statements concerning 
the so-called solubility product contained in Ostwald's " Scientific Foundations 
of -1nal-tical Chemistry, " which the author applies to electrolytes to most of 
which it certainly does not apply unqualifiedly. 

A recent statement of H. C.  Jones illustrates the extreme views that are 
entertained by some regarding this matter. He concludes a review of the work 
doneon the dissociating power of solvetits [Xmer. Chem. Jour. 2 5 ,  232 ( 1901 I ] .  
with the statement, " The chemistry of atomsand molecules has thus given place 
to the chemistry of ions ". 



Alnd 011 tlie other liaiid, it is a well recognized fact that ,  in many 
cases a t  least, salts, acids, and bases unite cliemically with water 
and otlier solvents, and that any reaction wliicli then takes place 
it1 solution is one between these new products ; and that there- 
fore such reactions might easily occur in  presence of water, 
whereas the anli!.drous substances iiiiglit not react a t  all. I t  
might be helpful to soiiie to use the language of tlie dissociation 
theor!. and to say, for example, - the analytical test for chlorine 
ions is silver ions : instead of saying, - the analytical test for 
chlorine in tlie forin of a soluble cliloride is silver nitrate or any 
other soluble sili-er salt in which silver is tlie base ; hut that  tlie 
new teriiiinolog~-, coupled with an attempt to applp the law of 
mass action to electrolJ-tes in a wa!. in n.1iicli i t  certaiiil!. does not 
apply, forins a scientific foundation for analytical clieiiiistry, is a 
position tliat is clearl!. untenable. T h e  very fact that analytical 
cheiiiistry lias not received mucli benefit from Professor Ostwald’s 
little book on ‘‘ The Scientific Founclatioiis of A-lnalytical Chem- 
istry ”, in  the way of iinproviiig existing analytical tnethods and 
discovering new ones speaks for itself. 

In  coiiiiectioii ni t l i  tlie dissociatioii 1ij.potliesis the solvent 
lias been considered as having a peculiar ( (  dissociating power )’. 
IYater, then, yielding such excellent conductiiig solutions as it 
does, n-ould have a very liigli degree of this dissociating power. 
T h e  effort has beeii made by Serns t  and by J. J. Tlioinsoii, 
practical1:- simultaiieousl\, to ascribe this strong dissociating 
poker of water to its high dielectric constant which is about So 
a t  rooiii temperatures. -It the tiine when this was done rela- 
tively few solvents had been investigated that j.ielded solutions 
having considerable conductivit!., and so it was perfectly easy to 
show that in the case of xater ,  formic acid, alcohol, ether, and 
benzol. for example. tlie conductivitl- of the solutions in which 
these licliiids are the solvents diminishes with tlie dielectric con- 
stant of the solvent.’ T h e  idea uiiderlying tlie attempt to bring 
this hypothetical dissociating power into correlation with tlie 
~ _ _ _ _  

’ Cotii~>are for instance Sernst’s table. oil page j6 j .  of the third edition 
of his lxx)k, ” Theoretische Cheinie.” F. Enke. Stuttgart (1900) .  



dielectric constant of the solveiit is, that  a liigli dielectric con- 
stant of the latter would make it inore difficiilt for the electrically 
chsrged ions to neutralize their charges by reason of the electrostatic 
attraction existing between them. I t  is iiot claiined that the 
dissociating power is proportioiial to tlie specific inductive 
capacity of tlie solveiit, but sirnply that it increases and diiniii- 
ishes with it, the exact inatheinatical relation being as >.et 1111- 

known. Since tlie ?;eriist-Tlioiiison rule has been put forth the 
electrical conductivity of various salts in a goodly nuiiiber of 
solvents has been iii7.estigated.l While tlie dielectric constants 
of all the solvents tested were iiot known at the time so that a 
comparison coiild be made in all cases, i n  tlie majority of in- 
staiices where the dielectric coiistants were knowii, the Sernst-  
Tliorixon rule was iiideed corroborated.' - I t  the same time a 
few striking esceptioiis were present. T h e  relativelj. low 
diel ec t r i c cons t a11 t o f 1 i qni d alii iii o ii i a a and t 11 e 11 i g li con d 11 c t i v i t j,-> 

of solutions of salts in it,  speak powerfully against tlie Seriist- 
Tlioinson rule. It call hardly be argued that this high coli- 
ductivity in liquid ainiiionia is dne largely to the liigli rate with 
which tlie ions inove because tlie conductivity of the solutions 
has been esaiiiiiied at  the boiling-point of the solvent, ~- 38" ; 
for liquid aininoiiia has a specific inciuctise capacitjr loiser than 
that of alcohol and >.et alcoholic solutions at their boiling-point 
have iiicomparablj~ lower electrical conductivi ty tliaii that  oh- 
served in liquid ainmoiiia solntions. Another strikiiig escep- 
tion to the Sertist-Thoiiison rule has recently been pointed oiit 
bj. H. Scli luiidt ,~ who found tlie dielectric constants of butJ.ro- 
nitrile and pyridine to be 20.3 and 12.4, respectively, and pointed 
out that nevertheless the solutions in the latter sol\.erit are 
kiioivii to be the better conductors. -Again liquid SOz ,\.liicli 
IYaldetij has shown to !-ield excelleiit conducting solutions, has 

Compare Kahlenherg and Lincoln. 1. c. Also Lincoln. 1. c. ,  and tlie 

Goodwin and Thompson. 
additional articles referred to i n  these papers, 

Physical Review, 8, jt; (1Sg9). 
:! Franklin and Kraus. 
' Jour. Phys. Chenl. 5, r j 7  (1901). 

1. c.  

1. c. 



a low dielectric constant’ that  would not lead one to expect such 
a behavior. T h e  dielectric constant of liquid HCS was found by 
Schlundt’ to be 9 j ; this would lead one to expect this solvent 
to have a dissociating power greater than that of water. Pre- 
liminary tests which Mr. Schlundt and I have macle show that 
solutions in liquid HCX are very niucli poorer conductors of elec- 
tricity than corresponding aqueous solntions.3 On the other 
hand I have found that ainyl atnine with a specific inductive 
capacity of the order of that  of  chloroform^ yields fairly good 
conducting solutions. More striking proofs that the Fernst-  
Thoinsoti rule is ontenable could hardly be prod1iced.j T h e  
fact that  the Nernst-Thoiiison rule can not be maintained takes 
away another pillar upon which the dissociatioii theory has been 
resting. 

That  the L (  dissociating power” of solvents is dependent 
upon the pol\-inerization of their ~noleciiles, as claimed by Dutoit 
and Astoti, is not in harmony with the facts in  many cases, has 
clearly been s h o ~ v n  by Kahlenberg and -Again it has 

I The exact value has been determined in this laboratory by 31r. Schluildt, 
mho will report upon the same in connection with numerous measzrenients 
made on other solvents, among which are practically all tlie solvents investigated 
hy Walden. 1. c. Some older determinations of the dielectric constant of SO2 
have been found in the literature by Xr .  Schlundt, which he will present in 
connection with his own work. Mr. Sclilundt’s article will appear in the Octo- 
ber number of this Journal. 

1. c. 
’’ \Ve hope soon to be able to puhlisli exact conductivity measurements of 

solutions in liquid H C S  and also of solutions in liquid cyanogen. 
The exact value of the dielectric constant of amyl amine will he reported 

by Mr. Schlundt, whose list of determinations includes a fairly complete series 
of tlie suhstituted ammonias of both the fatty arid aromatic series. 

5 Sernst himself (“Theoretischc Chenlie,“ 3d Edition, p. 36 j )  has realized 
the difficulty of harnionizing his rule with the far less striking instance that 
SaC1, KBr, etc., in formic acid (dielectric constant 6 2 )  solutions conduct 
alniost as  well as the corresponding aqueous solutions, - in which connection 
he remarks that other “specific influences” come into play. He states : 
j ‘  Wahixheiii i ich steht hiei, in ei-stei. Linie eiize Associtrtioir del- Ioiien f i t  it 
.lfolekiiieii des Ld;su~igsmitte/s ’’ It is interesting to compare in this connec- 
tion the treatment which the hydrate theory receives at  the hands of tlie same 
writer, page 491. 

li 1. c. 



been maintained by Briihl’ that  (‘ dissociating power” is pos- 
sessed by such solvents as are unsaturated in character. I t  has 
been shown in this connection’ that Briihl’s position is untenable 
inasmuch as some soivents, which according to Briilil’s view are 
unsaturated, and of nhicli  Briihl had predicted that they would 
yield conducting solutions, were found to yield solutions of high 
resistance. Later Brillll3 has entered tlie objection that he did not 
mean to assert. that whenever a solvent possesses spare valences 
it must necessarily yield conducting solntions. In other words, 
lie claiins that he did not mean to 3ssert the converse of his 
original statement. Briihl cites in this connectioii that the 
statement, that  whenever a compound is optically active it pos- 
s e s e s  an asymmetric carbon atom, is also not necessaril~. true 
when taken conversely. H e  apparently forgets, however, that  
in  o m  knowleclge of racemic mixtures and ineso compounds, lye 
have reasons w5.h~. tlie converse of tlie latter statement is not 
necessarily true. -1 correspondiug reason as to why his own 
statement should not hold in  the converse has, however, not beeii 
f 11 rn i sh ed b!. Rr ii 11 1, 

T h e  theory of electrolJ,tic dissociation is a t  present at  its 
best in  explaining the phenomena of actup1 electrolysis. Rut i t  
must nevertheless be admitted, that  there are important phe- 
nomena of electrolysis which the theory does not explain sat- 
isfactorily. Thus if when for example a silver solution is elec- 
trolyzed, the process consists in each case of neutralizing tlie 
positi\-e charge residing on silver ions (as far as the process at  
the cathode is concerned) as tlie theory claims, why do we always 
get poorly adhering crystalline deposits from certain solutions 
and dense, well-adhering deposits from others, the potential and 
the current density being the saiiie. T h e  writer has also ob- 
served certain phenomena which appear to him to be inconipati- 
ble with the idea that during tlie process of electrolysis there is 

Zeit. phys. Chern. 18, 514 (1895) .  Ibid. 27, 317 (1S9S). Ber. chem. 

Kahlenberg and Lincoln. 1 c. 
Zeit. phys. Chern. 30, I (1Sg9). 

Ges. Berlin, 30, 163 (1897) 



a regular processioii of charged, oriented, material particles in 
the solution. T h e  study along this line is being pursued further, 
and it is hoped that  the results may be read! for publication a t  
some date in the near future. T h e  study of the changes of coii- 
centration that take place around the electrodes in tlie electrol! si5 
of non-aqueous sollitions promises to > ield resiilti of iinusual in- 
terest, especially as bearing iipoii Liie value of the dissociation 
theory in interpreting electrolytic plienoniena. Since the time 
when Hittorf determitied the migration numbers of Cd12, Zn12, 
and ZnC12 iii absolute alcohol, aiid those of Cd12 in  amyl alcohol 
this field lias not been cultivated. S o w  we know of a nnniber 
of fairly good, aiid soiiie cases of excellentl> conducting iion- 
aqueous solutions in  which the migration numbers await deter- 
mination. Th i s  mork has been begun in  this laborator!, 

I t  inight not be superflnous to recall in connection with the 
claim that tlieriiiod!~naiiiics requires the dissociation theory, that  
Clausiiis n 110 showed tlie discrepancy between the Grottlius 
theor!- and theriiiod!.tiamics did not find it necessary to put  
forth such a radical h\-potliesii as that of Xrrhenius. Algain,  
Hittorf, 011 the basis of his studies of the iiiigratioii of tlie ions, 
evidently did not tliiiil; it necessarv to frame a theorj. giving the 
term ioii the meaning that i t  now has. Finally let the reader 
tr j-  to recall any real marked iiiiprovemeiits or discoveries in  
the realm of electrolysis u hich are directly traceable to the in- 
fluence of the dissociation theory. T h e  function of E. 31. F. in 
electrolysis, especiallj. in  electrolytic separations has been more 
stroiiglj- emphasized, but that  is reall>- about all. T h e  iniport- 
aiice of current density lias early been pointed oiit by Runsen, 
and as far as tlie influeiice of the temperature of the electrolj-te 
npon tlie ~nechanical aiid chemical character of the deposit is 
concerned, we are still upoii an empirical basis as before. I t  is 
very sigtiificant for instalice, that  in the latest edition of his work 
on qnaiititative anal! sis by electrolysis, Classen lias devoted 
about four pages of the iiitroductory part of the book to the ionic 
theory, and after that  in  the inain bod!' of the book we read 

1. c.  



nothing more of that  tlieorj. ; the preparation of the solutions 
froin which to get suitahle deposits is very much upon the same 
empirical basis as ever. .And it is also safe to say that electrolysis 
as used in tlie arts has not received niucli help from the theory 
of .Irrhenius. 

T h e  dissociation tlieorj. has led to Sernst 's  theor!- of tlie 
E. 11. F'. of galvanic cells, which has already been referred to 
above. This  theor). is an attempt to explain tlie difference of 
potential between two electrolj.tes and to account for the differ- 
ence of potential bet.\veeii an electrode and an electrolyte, and 
this not only qualitatively, but also quantitativelj.. Sernst 's  
tlieorl- assumes that tnetals have a certain tentlencj. to pass into 
t 11 e ionic condition, ~ v l i  i cli tend en c!' is t er 111 ed t 11 e elect ro1j.t i c 
solution teiisioii of the metal. That  which operates against this 
tendencj. is supposed to be tlie osmotic pressure of the ions of 
the inetal alreadj- present in the soliition, and the difference of 
potential between the metal and tlie electrol!-te is the result of 
the action of these two forces ; on tlie other hand, the difference 
of potential between two electrolj-tes is ascribed to the different 
rates with which the charged ions move. Neriist's fortnula 
really involves the assumption that the law of mass action is 
applicable to electrolytes in the sense required by the dissocia- 
tion theor).. That  the law of inass action does not hold, h o n -  
ever, in the case of electrolytes $ai- excPI/Eizce, has alread!. beeii 
mentioned. € 3 ~ -  maintaining the correctness of Sernst 's  foriiiula 
and thus assuming that the law of mass action does liold for sucli 
electrolytes, Jahn ha? arrived at  the conclusion (as  clearly lie 

mustj  tliat '7 does not correctly represent the degree of clisso- 

ciotion, and that the ionic velocities vary in dilute solutions. 
T h e  latter is not, in many cases a t  least, in harmonj. with the 
facts. Arrhenius on the other hand stoutly defends his original 

, which of coiirse leads to a denial of the validit!. of the inass 
AL 

law as applied to the electrolytes in  question. Ostwald, too, in  
the new addition of his Grundriss ip. 406) clearlj- inclines to- 

A 

A. 
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A. ward maintaining the time-honored forintila. T h e  polemi- 

cal discussion between ,lrrhenius and Jahn is still going on in 
tlie Zeit. pliys. Chem., and recently Kernst has also taken a 
hand in the debate. I t  seems at  first rather deplorable that so 
much valuable energy is being- expended in trying to decide 
wliicli is the correct way to calculate the degree of dissociation, 
of which there are such excellent reasons to believe that i t  has 
no connterpart in reality. Saturally,  then, insurmountable ob- 
stacles must arise in determining tlie value. These polemical 
discnssioiis, however, are doing considerable good in that they 
emphasize how inadequate the dissociation theory really is, - 
they represent the beginning of the end of that  theory. 

I t  is true that a5 soon as the theory of electrolytic dissocia- 
tion is declared invalid the original difficulty with the van 't 
HOB theory of solutions' recurs, namely the theoretical interpre- 
tation of the factor I: JT'henever the factor 2' iii the equation 
PI'= zRT, is unity, we have the gas equation in its simplicity, 
as it holds for dilute solutions of tlie now classical cane sugar. 
IT-hen in any case 2' is less than unity and diminishes as the con- 
centration increases,the assuinption that polymerization of the dis- 
solved tnolecules takes place can be made ; but when 2' is greater 
than unity dissociation must be assumed. Arrhenius assumed 
so-called electrolj.tic dissociation ; from ivliicli it  followed that 
whenever a solution conducts electrolj-tically i t  requires a cor- 
responding factor ?'greater than unity, - that this is by no means 
always the case has been sufficiently set forth above. Again, it 
has been shown above that in the case of cane sugar, for in- 
stance, a factor 2' which increases with the concentration must 
be introduced. There is no other logical theoretical significance 
to put upon this behavior than to assume that the stronger the 
sugar solution is the more the solute dissociates. This  conclu- 
sion is absurd, - let alone tlie additional fact that  sugar S O ~ U -  

tions do not conduct. Xnd cane sugar is by no means the only 

L 

. - ~ _ _ _ _  

Compare in this connection Crompton's explanation. Jour. Chem. SOC. 
97, 925 1897;. 
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non-electrolyte that behaves thus. .Attention haz been directed to 
the fact that  Dieterici found that the molecular lowering of the 
vapor tension of dextrose and urea also increases with the con- 
centration like that of cane sugar. 

I am well aware that the gas equation is supposed to hold 
strictli- only for infinitely dilute solutions, just as it holds 0111~- 

for ideal gases, anti that  the solutions with wliich Dieterici 
worked varied between 0.1 and 1.0 normal, and that thoqe used 
in experiments detailed above frequentlj. were much stronger 
than normal. T h a t  a nornial solution is ne~ertheless  for inany 
of the practical purposes of life a rather dilute solution will 
hardly be disputed. No one expects the gas equation to hold 
strictly for a norinal solution or even for one co~i~iderably  more 
dilute : but what one lias a right to expect froni the inodern 
theory of solutions ia, that with increasing coiicentratioii a solu- 
tion should behave a t  least qualitatively as a gas does ~vitl i  in- 
crease of pressure. ,Ind this requirement is clearlj- not met, 
since ii*hile all gases behave alike under increase of pressure 
(so that  van der Waals has heen able to expreis their behavior 
by means of his well known equation) solutions as has beeii 
sliown, often behave in the opposite manner in wliich a gas 
does, and this too, frequently in solutions that can not be termed 
concentrated. This  demonstrates then that the van 't HofY law 
is a t  best only approximate and must be applied with great care. 
-qs Dieterici well says '( Raozilf hat seiue Ge>sefze dm Dnuzpf- 
spa ?i?izi?zgs- zind ~ef~i~?'pzi~ikf~de~~'e~~io?k dzirchnzis uichf nls 
nbsolzit sIYe?zg gi i l t ige 12i t fz i~gesefze  nzlfgPstellf, so?ir(cr-rr n1.s 
zahezzi ziiti-eflende E ~ f a / l m ~ i g s s b f z e ,  welche die Zajerkr ~ P J -  

,Volekzi la ?/gezlz'ch t yht'sf i m  ut ZL ug g e I I  n zi g e  ?z fig sin d ', 

We have seen above (and the literatiire is replete with 
records of facts illustrating the same point) that  substances of 
similar chemical composition, when dissolved in the same solvents 
behave similarly, as far  as the changes of the boiling- or freezing- 
points are concerned ; this clearly shows that the influence of 
the chemical nature of the dissolved substance enters into the 
determination of the molecular rise of the boiling-point atid the 
molecular lowering of the freezing-point. 



In pressing tlie analogy between gases and solutions (which 
undoubtedly exists and from which at times \.aluable sugges- 
tions n i a ~ '  be derived) it has often been forgotten that this is 
after all simply an analog). ; and like other analogies it fails 
when carried too far. I t  is so easj' to coinpare the process of 
dissolving a lump of stigar in a beaker of water with the ex- 
pansion of a gas ; - the analogy is at  once apparent. In  seeing 
it with the mind's eye one abstracts from the water and centers 
the attention entirely 011 the sugar. But it must be remembered 
that a gas will expand readil!. in vaciio, and that it will i n i s  
with any other gas or mixture of gases, while on the other hand, 
the lump of sugar will not dissolve when for instance benzene 
or absolute alcoliol is poured over it. T h e  process of solution 
of a substance and the expansion of a gas tlien, while possessing 
analogy, are in realit). very different processes. Li t id  right here 
lies the difficulty with the theory of solutions. I t  neglects the 
all important r61e of the solvent. I t  fails to emphasize tlie fact 
that  the process of solution takes place because of a inutual 
attraction between solvent and dissolyed substance, and that this 
mutual attraction which is a fiinctioii of tlie chemical nature of 
lioth soll-ent and dissoll-ed substance, is the essence of the so- 
called osniotic pressure.' I t  is true that tlie tlierniocl\-naniic con- 
siderations of van 't Hoff will hold whether the osmotic pressure 
be considered as the outcome of a iiiutiial attraction of solvent 
niid dissolved substance or as resulting from the boinbardinent 
of the inolecoles of the dissolved substance against the senii- 
permeable membrane. Rut if we choose to use the gas equation 
in working with solutions, it is ver!. evident that tlie factor I' 
must never be placed equal to unity (unless direct experimental 
evidence Justifying this step is at hand) if exact results are de- 
sired, no matter whether we work with electrolytes or non- 
electrolytes. T h e  dissociation theor!., as has been sliowii, does 
not furnish a satisfactory explanation of the zignificance of i in 

, 

' Compare here the warning words of Lothar Neyer ,  in his article - Das 
\Yesell des osrnotischen Ilruckes. Zeit. phys. Chem. 5 ,  23 ( ~ S g o ) .  Also the  
reply of v a n  ' t  Hoff. Ihid. p. 1 j 4  ~ S g o ) .  
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tlie case of ele2trolytes. This  value of ?' 1.aries in all cases with 
the nature of the solvent and also in general, with the strength 
of the solution ; and it does not always vary to the same extent 
nor even in the same sense in different solutions. I t  is clear 
then. that when the simple equation PT' = R T  is applied to a 
soli1tio11, only approximate results are obtained at  best, nnless 
experimental data are a t  hand showing that in the particular 
case and for the part icnlar concentration under coilsideration I' 
is actually eqiial to iinity. 

I t  must be full) aiid freely admitted that the dissociation 
theory has done much good in stimulating research in inany 
line.. I t  has been fruitfnl in proportion to tlie amount of truth 
contained in it. Like other theories founded upon too narrow a 
basis of induction, i t  has gradually been ontgrown, -the facts 
are too rnnch for it. I t  would be difficult of course to say of 
an!. theory - even of one long ago discarded- that i t  is entirely 
worthless, and so the writer has no inclination to make siicli a 
statement concerning the dissociation theory. And further, he 
would not be understood as having the remotest intention to be- 
little in any way tht. work done b). the enthusiastic adherents of 
the theory of electrolytic dissociation, for this will no doubt 
alwa>s foriii a bright page in the history of the development of 
chemistry and of science in general. 

I t  is solely because of the rapid growth of the erroneous idea 
that  the deductions drawn from the iiidiscriiniiiate application of 
the simple gas eqnation to solutions arid from the notion that all 
well-known facts harmonize with the theory of electrolytic dis- 
sociation, that I have felt compelled to call attention to the real 
status of the experimental facts underlying these deductions. It 
is hoped that this will stiniulate to reliewed experimental activity, 
for surely our theory of solutions leaves much to be desired. 
T h e  analogy between gases and solutions does not help us  to 
understand even moderately concentrated solutions ; and when- 
ever experimental work on such solutions is done, the assunip- 
tion that there is chemical union between solvent and dis- 
solved substance calls for recognition. T h a t  there is chemical 
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union between solvent and dissolved substance, in many cases a t  
least, there can be no doubt ; and as for the osmotic pressure, 
the outcome of that  mutual attraction between solvent and dis- 
solved substance, its various eccentricities and caprices, as ex- 
hibited even in moderately concentrated solutions, show clearly 
that  it is closely related to, if not essentially identical with 
chemical affinity. Our hope in the study of solutions lies in the 
recognition of this. T h e  problem of solutions is preeminently 
one for the chemist. Each solution will have to be examined 
separatel!., and then it will appear that chemically analogous 
solutes in the same solvent will have a similar behavior, the 
closeness of the agreement being determined by the degree of 
the analogy ; and finally from such a study of solutions, whicli 
can and should begin with the most concentrated, the behavior 
of the most dilute solutions will appear as a limiting case, - and 
then we shall see the present theory of solutions in its true rela- 
tion to the facts. And finally as far as the answer to the ques- 
tion, - IYhat must be the relation between solvent and dissolved 
substance in order that  the resulting solution may conduct elec- 
tricity’ is concerned, we are unfortunately as !.et in  the dark ; 
just as we do not know why certain solids conduct electricity 
and others do not. T h e  essence of electrical condaction iti 
electrolytes and in metals is after all not so radically different as 
is frequently supposed. T h e  further experimental investigation 
of the general problem of electrical conduction will, let us hope, 
ere long give us the true key to the situation. 

i a hovaatoi y o j  Physical Cheirr istiy, 
ll.~ iversity o j  Wiscoitsin, 

Xad i son ,  IVis , 
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The investigations of D. Konowalow [\Vied. Ann. 49, 733 (1893)] are of 
special interest in this connection. 


