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So complete freexiiig-point ciirves have hitherto been deter- 

milled for s?.steiiis in ivliicli tn-o series of solids sohitions occiir. 
OIying to the ease of analJ-sis naphthalene and inonochloracetic 
acid1 seeint.d a good s!-stetn to in\-estigate. Tlie naplitlialeiie 
iised in these experiments was purified by repeated cr\.stalliza- 
tioii froin aqueous alcohol and melted sharpl!. a t  79.9'. The 
nioiiocliloi-acetic acid '\vas piirified b!- fractional (listillation. It 
lioilecl at ahout I 8 j' and melted at  62". T h e  following method 
\vas used in preparing aiitl separating the solid solutions. El!- 
preliminary experiments it was tleteriniiied \\--hat amounts o f  
acid aiid naphtlialene slioi~ld be tdien in order to Ket suitable 
amounts of the solid and liquid phases at  each temperature. .I 
inistiire of acid and naphthnlene was then iiieltecl and placed in 
tlie apparatus sl ionn in Fig. I .  

In  the diagrain, -1 is a funnel which held the melted mix- 
ture aiid in n-liicli the crystallization took place ; C is a stirrer : 
1) is a glass stopper for closing the bottom of the fiuinel until it  
\vas time to dran. off the liquid : E is an asbestos filter; F a glass 
titbe sealed to the stein of the fnnnel so that this latter can lie 
kept \varni to tlie very t ip ; H a tube containing soda-lime. 
The  whole apparatus was jacketed with a water-<jacket 13 kept a t  
a constant teixiperature l)?. tlie method previoiisly described.? 
T h e  solntion was kept for several hours at the desired teinpera- 
ture aiid stirred freqiientl?.. .It the end of the experiment the 
liquid portion was slicked off b?. means of a filter piimp. The 
-~ 

' Same unpuhlislietl iiieasurtnients made i n  Leipzig by Arr. ~ u c k i t ~ g h a ~ i l  
seveii years ago l i x l  made i t  probahle that these two substances formed t T r o  series 
of solid solutions. 

'' Jour. I'hys. Chetn. 2, 242  , xS9S I. 



12s 

Fig. i 

teinperatui-e ~ v a h  then raised iiiitil the solid solutioii liqiiefied anti 
tlie melt \vas filtered off. The  two filtrates were anal!.zed 11). 
taking weighed portions anti titrating tlie acid with potassiiini 
h~ ,dros i t l  solution. The  naplitlialene was deterinined b!- differ- 
eiice. There \\-as no tlifficiiltJ- in clissol\-ing the acicl out of the 
iiaplithaletir ti?- iiieaiis of water. On sliakiiig the solid iiiass with 
water hot enoiigh to melt i t ,  the acid went into solution iii a \.er!. 
short time. If the cr).stals were finely piil\-erizecl, cold water 
\voiild reiiio\.e all tlie acid 1.er-y quickl!.. In fact no difference 
could he detected qualitativel?. betn-een the rate a t  wliicli tlie 
acid dissol\.es froiii a finel!. powdered solid solution of naphtha- 
h i e  and nionocliloracetic acid and that a t  which it dissol\.eh 
from a iiiechanical mixture of the same t\vo substances. It1 this 
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and taking thc coiiipo.+itioii o f  tlie ci-J.sta1.q as OT.,-- percent acid 
and 2.<5 percent naphthaleiie. ( h i  the utlier liaiid tlie curi,atiire 
of -11) is such that mi extrapolation from 5 5 3  to 5;‘ is iiot 
iiecessai-il!. l-er!. :iccur:ite. .Ai1 atteiiipt \\.as therefore iiiacle to 
cleteriiiiiir tlie liiiiitiiig coinposition h!. tlie frilloiviiig iiietliod. 
Different inistiires of iiaphtlialeiir aiid acid were allon-ecl to 
solidif!. atid then examined uiitlei- tlie inicroscope. II7ieii tlie 
inistiire contained fiftJ- pcrcent of acid or less there \vas ( i i i l ~ .  oil? 
kind of crJ-stal. \Tit11 sist!. 1:ercent of acid tn.0 kinds of crJ-s- 
tals could lie detectetl. ITe iiia!. therefore con.qider 3 7 percent 
of acid as being 1w-J- near the trutli. 

I t  v a s  thotight possilile that acvtic acid iiiiglit also for111 
solid scolutioiis n i th  iiaplitlialeiie. lint a felv esperiinents sho\ved 
that this \\-as iiot tlie case and that the t\vo snlJstances cr!.stallize 
x i  t 11 on t ad 111 i s t lire. S o e s per i I I I e 11 t s \ye re 111 acle JY i t 11 111 011 o- 
liromacetic acid liecause it seeiiied rensonab1~- certaiii that this 
snhstance n-ould l,eha\-e like inonocliloracetic acid. On the 
other liand it seemed of interest to tilake soiiie qiialitati1-e e s -  
perinleiits with gl!.colic acid to cletennine whether the replace- 



xiient o f  li!.drogeii I)!, ~ i ~ - c 1 i ~ i x ~ ~ 1  wciiilcl teiid to iiixke solitl so1:i- 
tioiis possible. The  gl>.colic acid \vas iiiade froiii inoiiocliloi-acetic 
,icid and was iiot entire;!. free froiii water. In spite of the traces 
(of iiioistiire \.er>. coiisiderable ciiiaiitities of acid clis.wl\~etl i i i  the 
iolid iiaplitlialeiie. ;l\t /A., j" the solid phase coiitaiiied IS. 7 p r y -  

cent x i d  a,< ngaiii..;t 3.3:i percent tiioiiochloracetic acid at ;,sc or  
4.61 percent at 70'. Espei-inieiits n-ere also iiiade ivitli iiialoiiic 
aiid succinic acids: lint these acids a r t  so sparinyl!- s(11111)le i n  
iiielted naphthalene that there \\-as practicall!. i i c i  lo\wriiig of 
the freezing-point and i t  \vas iiiipo~ssitile to iiinlie iiie~~Siii-~iiieiit:. 
1I-e ilia!. coiicliicle therefore that iiialoiiic antl succinic acids (lo 
iiot foriii solid so1utioii.k xvitli iiaphtlialeiie. 

It \vas noticed that tlie gl!wlic acid coiiltl not lie \r.aslied 
oiit reaciilJ- froin tlie naplithalenc. ; it lwiiiy iiec 
latter in order to effect a selm-atioii. I i i  this respert i t  re.wiiihlei 
tlie solid solutions foriiied u-ith bariiiiii cliloritl aii t l  liai-itiiii sill- 
fate. 

Since the tiiiie o f  ix i i  't Hoff's paper oii solid soliitioiis' it  
lias heeii clear that  tlie soliite lon.ers tlie \-apoi--presPiirr o f  tlie 
solid solI-eiit : hiit thew ha\-e lieeii reasoiis for si ipp~sii ix that the 
relation liet\\-een coiiceiitratioii and lo\veriiix of the \.:ipoi--iprts- 
hiire \vas iiot the saiiie ciiiaiititati\.el>. for tlie :olitl ni i t l  for tlie 
l i c i i i i d  soliitioiis. Kiister' pointed oiit tliat, acc(1rc1iii~ t o  tlit. 
theor!., the freeziiig-point shoiild reiii:iiii iiiicli:ui~:.etl \\.lien tlie 
solid antl liqiiid solutions liad tlie same coiiip(isitic~ii. Tliis, 
lionever. is iiot the case for iiiany iwiiiorphoiis iiiistiirc-5 aiid foi- 
tliis reasoii Kiister proposetl to classif!. is~iii~rpliciiis i i i i  xtiii-es :is 
hoiiietliing different froin solid soliitioiis. T\-alker ai id  .\pple)xrd* 
found that the reacting neight  o f  picric acid in  silk :ii deter- 
iiiiiied li!. appl!.iiig Seriist 's distribiitioii lan. to tlie s>.stciii> silk\ 
\v:itt.r and picric acid, was less tliaii tlie reacting \vcigIit i i i  \vatti-. 
This striick tlierii as so iiiiprohalile that  the!. decided that picric 
acid and henzeiie did not forin a solid soliitioii. Kiistcrl cihtaiiicd 
e \ - m  more siirprisiiig rcsiilti; with the s;!.stem, iotl i i i ,  starch and 
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\vatel-, the appai-ent 1-cactiiig \veig-lit of  the iotliii i l l  t he  starcli 
being oiil!. oiie-fifth o f  tlie \-aliie ii i  \vatu.  There seeiiis no goo(1 
reason for deii!,iiig the existence uf solid solutions in all three ( i f  

tliese cases. IS!. defiiiitioii a solid solution is a solid pliahe \vliose 
coiiipositioii caii \.ar!. coiitiiiiiousl!. \vit l i i i i  certain limits.r Iso- 
inorplious inistiires certniiil!. c ~ i i i e  iiiitler this head. '1'0 iliakc 
a cjiialitatil-e classificatioii oii the hasis o f  the applicabilit!. 
or iioii-apT)lical,ilit!- o f  a qnaiititati\.e tlieoreiii biicli as the Tali 't 
Hoff-ICaoiilt foriiiiiln is piittiiig the cart liefore the horse. The  
distinctions iiiatle 11). Kiister aiid 1)). T\.aIlier aiitl Appleyard a1-e 

also had i i i  that the 1)hases Lvliicli are cast out of the 1-aiiks of  tlie 
solid suliitioils ai-e iiot tnlr t i i  iii aii!.\\-liere else :tiid remain a i  
\vaifs aiid stra!.s. The oiil!. coiiclusioii \vliicll does iiot go he- 
~ . o n d  the facts is that i i i  certain cast-s of  solid wliitioiis that  have 
lieen esmiiinecl, the 't Huff-Icaoiilt foriniila for tlie cliaiige o f  
the  partial pressiire n.itIi the coiiceiitratioii does iiot hold -:is 
usiiall!- applied. Tlir iiest step is to tr!. to fiiitl o u t  \vliat the 
d i s t ii rh i ii g factor is. 

For isoiiiorplioiis iiiistiii-es \\.e klion. that the foriiiiila, as 
iisiiall! applied, doe-; iiot liold. I t  is iiot lition-ii \\.liether it 
applies ii i  tlie case of h!-steiiis \\.here tux> series of solid soltitioiis 
are possible. llres of r;llCh s>~stellls, 
direct iiieasui-eiiieiits pre.wit \.et-!. iiiiiis~ial difficiilties;. It is p J S -  

sible iii some case3 to ubtriiii ai1 app-oxiiiiate resiilt l)!. an 
indirect iiietliotl. T h e  effect o f  tlie sep:ii-atioii of a solid soliitioii 
is to raise the appai-ciit fi-eeziiig-poilit of tlie liqiiid solutioii. In 
case a solid solution docs iiot separate the 1oiI-eriii:; of the freez- 
ing-poitit caii lie calciilatetl approsiiiiatel!. b!. iiieaiis of tlit. 

foriiiiiln K , 1 T  " -  ,  lie difference lietn-eeii tliis calculatetl 

freeziii,y-poiiit ant1 tlie actiial frreziiix--poiiit gi\.es tlie rise of 
freezing-point due to tlie solid solution. Aiccordiiig to tlie 1x11 ' t  
Huff foriiiiila, as ordiiiai-il!. applied, the same foriiiiila that liar1 
heeii iised to calculate tlie lmvei-ing of tlie freeziiig-poiiit slioultl 

( )\viiig to tlie lo\\, \-a~ioi--pr 
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i I io~l l i i i i~ler  lis. \ v r i t t t i i  :in excelleiit st,iteiiient of our I;no\\-!etl~e ii i  reg:ir(l 
t u  solit1 soluLioii.;. J:ilirl)iicli fiir 31iii?i-.ilqgie, (>eol(>gi? i11ir1 1'~iiaeotituioKit. 
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describe tlie relatioii betneen the rise of freezing-point and the 
concentration of the solid soliitioti. I t  is clear that this inethod 
is not y'er!. accurate. I t  assullies that  the lolveriiig of the freez- 
ixg-point caii lie calciilatecl n i t h  acciii-ac!. in case no solid solii- 
tioiis occiir. This  is iiot strictly trne for an!. solntioiis o\.er an). 
considerable range of teinperature aiid does not hold at  all for 
itiaii!. solutions, such as alcohols or osiines in benzene. T h e  

iin~ptioii is also made that the reacting n-eight is ' norinal ' 
in the two solutions and there is the further assiiinption that the 
heat of fusion is i inchai i~ed.  Then,  too, the risr of freeziiig- 
jmint  is the differeiice hetn.eeii two other \-slues aiitl contains a 
riflatix.elJ- large perceiitage error. For this reason the rehiilts bj. 
this inetliod caii iie\'er lie \.el-!. satisfactor!., tlioiigh the!. ilia!. he 
iiisti-iicti\-e. 

The obser \~~t ioi is  n-i t l i  iiaplithaleiie and iiioiiochloracetic acid 
i i a i ~  heeii calciilated oii this basis, as beiiix tlie oiil!. data a\-ail- 
able. If A T  is the clepri~ssioi~ of the freezing-point calciilated 011 

the assuinption of no solid .solution, aiid A T '  is the o h s e n d  
Ii.)n-eriiig o f  the freezing-point, tlie rise A T "  clue to the solid 
solutioii Iv i l l  lie KiI-eii I)!. the equation A T  - A T '  AT". The 
rctsults of tlie calculations for the iiaphthalene serirs are gi.i\.eii 
i l l  Talile 11. The constant used in calciilatiiig A T  uxs 0 . 0 1 ~ 3 ,  

a i ~ c l  the E; in the fifth coliimn is that calculated, takiiig A T "  
:itid the conceiitrations i n  the solid phase as g-ii-eu, 

T a n r , ~ :  I1 

Saphtlialene series 
'relrlp AT AT' AT" I;, _ _ - ~ ~  ~~~~~ ~ .~ ~ ~- ~ ~~~ ~~~ 

- -  I 3  10.g= ~ 4 , 9 O  , 6 . 0  0.007 j 

65 2 9 , s  14 0 14.9 0 . 0 O g j  
7 0  20 .0  9.9 1 0 .  1 0 . ~ 0 6 1  

60 , 3,j.S 19.9 ' 15.9 0.015 7 

It will lie noticed that K ,  is in 110 sense of the u.ord a con- 
stant ; hiit it n-onld he iuisafe to draxv the conclusion that the  
\ a i l  ' t  Hoff-Raoult formnla did iiot appl!. to tliesolicl solutiot~s of 
inoiiochloracetic acid in naphthalene. The range of teniperatures 

40.8 24.9 15.9 0.0300 
- -  
33 



is ne:irl!. twent\.-five (leg-rees and it is doubtful \I-lietlier the 
formula ~ v o u l d  apply to any s\-stem ,under such circiiiiistances. 
-Icetic acid gives abnormal resiilts in benzene and presiunahl\- in  
naphthalene and there is no reason to suppose that  monochlor- 
acetic acid does iiot do the same. For this reason the calculated 
L-altie-; for A T  are unynest ionahl~~ too large and the same is true 
for A T ” .  Ikcreasiiig A T ”  n.oiild inake the values of I; diverge 
more tliaii they no\v do;  but, on tlie otlier liaiicl. if \ve are to as- 
siiiiie pol>xierization in the liqiiid solution there is certaiiilj- no 
reason \vhy a similar state of things shoiild not occ1.ir in  tlie solid 
phase. I t  iniist he atlniitted that this is ail exceptionally had 
case from \vhicli to ilialie clecluctioiis and that the most one is 
justified in sa!.ing is that it has iiot beeti possihle to confirm the 
vaii ‘t Hoff-Iiaoult foriiiula. 

T h e  results with the acid series are ecliially unsatisfactorJ-. 
The valiie of the constant \vas 0.0173, the heat of fusion being 
takeii from Pickering‘s data.’ For the first ohservatioii the 
actual Ion-ering of the freezing-point is slightl!. greater than that 
calculated on tlie assiiiiiptioii of 110 solid solutioii, a result doubt- 
less due to experiiiieiital error. For the other obser\-ation the 
rise of the freezing-point A T ”  is roughlJ- t\\-ice what it should 
be. 111 the first three obser\-atioiis in Table I1 the \-allies for I;, 
are iiot o\’er half what the!. shoiild lie> iiieaiiing that the rise of 
freezing-point as calciilated is not less than tu-ice as great as that 
reqnirecl 11)- the theor!.. If \\-e tr\- to account for this by assum- 
ing that the error is in A T .  we are placed in the unpleasant 
position of having to asslime very considerable polymerization 
in the liciiiid phase in order to get ‘normal‘ results in tlie solid 
phase. I n  \-ie\\- o f  the fact that  in all cases of isomorphous 
inistiires the rise of the freezing-point is greater than that re- 
quired hy tlie foriiiula, i t  is probable that one may make the 
generalization that in solid solutions the lowering of the partial 
pressnre is a1waT.s greater tliaii could be predicted from the van ’t 
Hoff-Kaoult foriiiula in its usual forin. T o  assume dissociation 
in  order to account for this \voiild be ridiculous. 

’ Jour. Cheni. Suc. 67, 664 ( 1 b 9 j \  
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.~4ltliougli it is not ~iossible a t  present to t w i t  tlie stil.),jwt 
quantitativel!-, for lack of sufficient data, i t  is cas\- t C J  slii!n 
quaiitatively that tlie vaii ' t  Hoff-Kaoiilt forriiula coiild iiot 1)c 

expected to apply to solitl sointioiis sa1.e in  \.er-!. esceptil.)iial 

cases;. Tlie deduction of the formula ~ ~ - = l o g  '~ is the saiiir 

for a solid as for a liquid solution aiid contains t h e  esplicit ab-  

siitiiptioii that the heat of diliition is zero. I n  tlir case of licjiiid 
solntions tlie heat of dilution ma!- lie so great as to reduce tlit. 
apparent iiiolecular \ve!glit nearly to half the iioriiial \.slur, :is 
for iiistatice n-it11 the aiiialgaiiis of the inetals of tlie alkaliec and 
o f  tlie alkalitie earths.' T1.e kiion- iiotliiiig abolit the heat of 
dilution of solid solnticlns ; lint there is 110 reason to siippose tliat 
it is zero iii the large iiiajoritJ- of cases. IYhene\.er it is not Lcro 
the formiila of \.ail ' t  Hoff-Kaoult for the change of partial pre+ 
siire witli coiicentratioii n-ill not appl!. unless a correction lie t i l ) -  
plied for tlie heat of dilutioii. .Inother factor that has lieen 
coiiipletel!- disregardecl l)!. Liister atirl otlieri; is t l int  tlie lieat of 
fusioii of the solid solution is not that of either p i re  coiiipoiiciit. 
1i.e see therefore that there is iio reasoii ~ - 1 i y  tlie change of i>r~ ,s -  
siire \\it11 coiiceiitmtioi?. iii solid soliitioiis shoiild folio\\- tlie b i i i i -  

1)le \.ai1 't Hoff-Kaoiilt foriiiiila. It is also obvious that all t l t -  

terminations of reactiiig \\-eights in solid solutioiis are liable to 
\.er>. coiisiderahle errm-s3 errors of such extent as pr;icticall!. tc 1 

1-i tiate all conclusions t1ran.n froin thein -for the present. 
This  research has lieen carried 011 uiider the tlirectioii o f  

Professor Bancroft. 
I .  Saplithaletie and ~nc~iioclilon~cetic acid foriii tlvo serics of 

solid solutions. 
2. T h e  data iiecessar!. for tlie constraction of the coiiceiitra- 

tion-teiiiperature diagrani have been determined. 
j. C;l!-colic acid forms two series of solid solutions ni t11  

tiaplithaleiie aiid is niucli iiiore soiuble in iiaphtlialeiie thaii is 
tiioiiocliloracetic acid. 

12 

1- P. 

Tile chief results are : 
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4. _Acetic acid does not foriii solid solutioiis with naplitha- 

j. I t  is probable that for most solid solntions 1L <log  . 

6. The  caiise of this discrepancy is to he sought in the heat 

lene and it is probable that inalonic aiid succinic acids do not. 
P 

?; P 

effects. 
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