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08MOTIC PRESSURES OF CONCENTRATED SOLUTIONS

BY Wn.DEB D. BANCBOFT AND HERBERT L. DAVM

"VWV_y..

Probablythé largestsinglecontributionto the theoryof solutionswas

madebyvan't HoffinMapapers,'inwhichheelaboratedtheanalogybetween

osmoticpressureand gaspressure. Manyarticleshavesince appearedas

extensionsof or deduotionsfromthe generaMzationsthere enunoiated;but

it seemsthat thé mostfundamentalrelation,that betweenosmoticpressure
andthe vaporpressureofa solution,waenot stated very clearlyby van't

Hoffnor~ndemtoodthoroughlyby thosewhohaveworkedonauchproblems
since. Severalauthorshaveindeedgivenfaifty compoteand aoouratestate-

mentsof the van't Hoffequations;butMmanymorehaveerred inapplying.
themor their simpHRoatioBBand extODBionato Mtuatdata that it appears
desiraMeto derivethe equationsagain,and to pointoutsomeusefùtappli-
cattoMof them.

It maybemadeolearthat thispaperwiBnotdealwiththevexedquestion
ofjust what thé natureofosmoticpressureis,notto whatit is due.Those
interestedmaySnda veryinterestingdiscussionof that in the Transactions

oftheFaradaySocietyfor June, t0t8 vol.13,pp.t t9-!8o.For ourpurpose,
itwiHbesuSeienttofoHowvan'tHofF.'$

"In orderctearlyto realizethe quantityreferredto as osmoticpressure,

imaginea vessel,A,completelyfuUofanaqueoussolutionofsugar,placedin

waterB. If it beconoeivedthat thé soUdwalIsofthis vesselare permeàMe
towaterbutimpermeableto thedissolvedaugar,then,owingto the attraction

ofthesolutionforwater,waterwillenterthevesselAup to a certainlimit,

therebymoreasingthe pressureon the waUsofthévessel. Fquilibriumthen
enmes,owingto thepressureresistingfurtherentryofwater. Thispressure
wehavetermedosmoticpfessMre."

Therearetwoformeoftheequationconnectingoamoticpressureandvapor
pressuresthat maybededucedbythe aidoftheréversiblecycleof transforma-
tionssousofuito van't Hoff. Certainassumptionswhichwillbe introduced
intothe derivationwillbestatedas needforthemadses. Subjeotto these

weU-recognizedand easilyevatuatëdlimitations,the equationsderivedare

absolutetyaocùrateand gênera!.

DérivationofFormI.

Wemayimaginethe solutionin a cylinderfittedwitha pistonpemeable
to thé soïventbutnot to the solute. Thesystemisat constanttempérature.

i. The pistonispushedinfarenoughtosqueezeoutonegramof solvent
fromso largea volumeof solutionthat the concentrationchangeproduced

Z.phyaik.Chem.,t, 481(tMy);Kong!.eveMtMVetenh&paAkadmntensHMdMn~a'
M,3('88s):PM).Mat.,(5)M,8t(t888).

*PMt.Mag.,(s)20,8t(t8M).
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shall benegligible.Bytakinga eumoientlylargeamountof tfiesolution,ten
millionlitomforexample,the errorintroducedby this, the Brstassumption,
oan bemadeas amatias onepleases. In pt~saingout this gtamof solvent,
the pistonmuetmovethmughV,,the volumeofonegrainof the solventin
the<o!i<<«~andagainstthe osmotiopressureP of the solution. The work
donethenwill be:

Wt =.PV,
workdonconthesystembeiagcaUedpositive.

a. Thisgramofsolventmaythenbevaporizedat iteownvaporpressute.
The secondassmaptionhere introducedis that thé volumeof soiveatas
liquidiaaegtigiMeincomparisonwith ite volumeas vapor at the sametem-
perature. At ordinarytempératures,one oanuauaUyignorethe ertor hère
introducedwhichiaof thé orderof onepart in four thousand for waterat
~s''C; but whiohbecomesverylargeaaoneapproaohesthe oritioa!tempéra-
ture. Inaccordancewiththi8,then

W,
wherepoandVearethevaporpressureofthe puresolventand its molvolume
at that pressuiCtandMI is thé moleoularweightof the solventin the vapor
and not the liquid.

3. Thegramof solventvaporie then permittedto expandfromthe vapor
pressureof the puresolvent(p.) to the vaporpressureof the solutionp..
Hereis introducedthethirdand!astassumption,–thatthe vaporof thesol-
vent followsthegaslaws. ThisintrodueesveryUttîeerror for mostsolvents
although,ofcourse,aceticacidisbarred,beoauseits moleouïarweightin the
vaporis a funetionof the pressure. If pv = RT, weget by differentiating
vdp + pdv=' o and vdp = -pdv. A!sov = RT/p, whenoevdp = RT
dp/p. Theworkdonein thie stepwillbe

W,J~'pdvM2 Ytpdv

=+,rrvdp=-RT~Mt~p, Mt./p, p

RT.p.

Jp~

~nr"*–
M: p,

In this derivationViisthe volumeofonemolofsolventvaporunderpressure
pi, the vaporpressureof the solution.

4. Thegramofsolventvaporat pressurep, and occupyingvolumeVtis
condensedreversiblyintothesolutionandthe workdoncis

w = P'
T~

Accordingtothésecondlawo~thennodynamice,theresultantworkproduced
bysuoha réversible,isothennal,cyclemust be zeM.

W,+W,+W,+W4-o 0

or PV P°~"
RTi.,P<i.P'Vtor –' icr' ny r"' Tf`

M< M< pt1 Mt
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andsincepeVe='ptVt

PV.=~n&"IMLt pi
whiohtaaybowritten

PV.=RT!n~'
P'

in whiohVmis the volumeofonegramofsoiventin the solutionmultiptied

bythe moleeutarweightof thé solventin thé vapor,P ia thé osmotiopres-

sure,poandpi are the vaporpressuresof the puresolventand the solution

tespeotive!y,R la the usa<Jgaaconstant,and T, thé absohte température.
ThisequationwiQbereferredto hereafteres Form I. Vmia obviouelythé

volumein thésolutionofa maesofthé solventequalto one gram moleoular

weightof thé solventin thé vaporstate.

Van'tHoS*earlyarrivedat this relationin disoussiogthe meaaurements

of ohemioalamnityas appHedforconcïoteneosto somesait hydrateswhoae

vaporpresaureshadbeenmeasured.Heassumesthat in his infinitelydilute

solutionthédemityofwaterisoneanddérivestheformula

P.4.5ST!n~
forthecaseofwater. In thisformula,

ïoooR R

4.55-v~
whereR is the gaaconstantandVn,is the volume,in liters,in the solution

ofeighteengramsofwater. Thisisc!ear!ythemoleoularweightof waterasa

vaporandnot as a liquid. Théother term are deBnedas they havebeen

prev!ous!yin this paper.
UsingthévaluesofosmoticpressurecalouJatedbythis formula,van't Hoff

thoncateu!atedthé workdonebythis aBnity. Fromthe vaporpressurere-

lationsthe osmoticpressureof Gu80<.sH<0is catcutatedas 1300atmos-

phères. The workdonewhentBMiogramsof water pass througha semi-

permeablemembraneintoa hypothotioa!Cu80<.4H<0is formulatedas

A = ï~ooX 10333X

In this expression,10333is the conversionfactor of atmosphèresto kilo-

gramspersquaremeter,sothat 1300X ï0333isthe P tenu. Aleoin thesame

wayasabove,18/1000representsthe volumeof the waterintroduced,and

is the Vrntenn asusedin thispaper. ThoreforeA representsour PVn,term,
the workdone in the Srst stepof this derivation. Sincevan't HoSatso

showsthat

A=RT!nB"
PlPt

~ehave

PV.=RT!nË?PV. RT
Pt

"ËtudeadeDynamiquechimique,"187(tS&t).
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Exaottythesamederivationisgivenin Cohen's'revisionofthisearlierbook
whichwaetrans!atedintoEngHshbyEwan.

Van'tHofPmakespraot!oa!Iythesamederivationin hiséquation'jr the
déterminationof"i" byvaporpressufe. Heassumesthat aonepercentaugar
solutioniasumcienttydiluteto renderall correctionnegngiMe.Atranslation
is subatantiaMyas fottows:

"Thepebtioa? derivedfroma cycleof revetsiMotmasfonnationsat con-
stanttemperaturein wh!ohoneStst removest8 kg. of waterfroma solution
(t :ioo)in theformofvaporwhiehh then compreasedto completeoondeasa-
tionto causeit to reenterthe solutionthrougha semipermeablewall. The
workabsorbedduringthe separationof the water must be equalto that
whichcauaedits retum to thé solution. Thisworkis

RT!a –'–
1 -A

wherei/(i A) is the ratiobetweenthe vaporpressuresof the waterand
thesolution."

"The workwhichaccompMshesthe retumof the water is equatto the
productof its volumein oubiometersandtheosmoticpressureia kitograms

persquaremeterandequals
Xa

P wheres isthe denaityofthewater."

Van'tHoffthenproceedsto addto thislast,otherapproximationswhich
ledto thettimpMedrelationhedesired.It isevidentthat s willbethedenaity
of thé waterin thesolutionandonlyfor the infinitelydilutesolutionwi!!it
approachthe densityof the pure solvent. Therefore,in perfect!ygeneral
tenns i/s Vgandthe secondworktormequals

V. X t8 X P

orPV~asdefinedabove.ThefirstworktermRT!n J maybe written

RTh and thesetenm equated,aswasdoneabove,into:PI

PV.=RT!n~
pt

Smoevan't Hofffirstpublishedthé derivationas givenabove,several
other workershavepresentedderivationsof this formulaor of formulas
closelysimilarto it. Gouyand Chaperon'werethe firstof these. Their
derivationwasquitesimilarto the onehereemployedexceptthat they in-
troducedthe assumptionthat, for expressingthe osmotiepressureexerted
betweentwosolutionsof sUghtiydifferingconcentrations,theycouldneglect
the changein densityof thé wateria the processof solution,althoughthey
eteadyrecogaiMdthat sucha changeexistedandthat the volumeto be in-
troducedshouldbe the volumeof the solventin the ao!«<MMand notin the
puresolvent. Theyomit thé molecuiarweightof the solventin thévapor
andgivethé formulaas

"SMtdiesinOhemic~tDynamMs,"236(t896).
Kong!,svenskaVetenkapsAttademiemHMdtinga)-,21,32(t88g).

'Amt.CMm.Phye.,(6)M, Mo(t888).
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P- ±D,RT!n~
P'

whereDois the densityof thepuresolvent. Theyexpressthe workdonein

changingunitmassofvaporfromp. to ptas RT ln (po/pt);but this wiUbe

trueonly ifunitmassbea grammolecularweightofthévapor,forthisvalue

onlyMassociatedwithR,thégasconstant. Thiswillbeclearfromstepthree

in the présentderivation.

VanLaar'derivedFonn1andatsointroducedanapproximationwhiohwill

bedisoussedlater,and whiehwasadoptedand usedbyFrazerand Mynok

(ïptô). Ewan'abo giveaFonnï as havingbeen6rst derivedby van't Hoff

andthen by severalotherauthora.

Portersmadea verycarefuldeductionsimilarto the oneherepresented,

but introduoinginadditioncorrectingfactorsfortheeffectofpressureonthe

volumesandpressuresinvolved.Theexactequationderivedby Portercon-

sistsof three integralsand is consequentlynot aoimmediatelyusefulas the

formaheregiven. Hetoopressesout onegramof solventand his resultant

equation,after certainsimplifyingaasumptionsare made,ia approximately

PstRTtnB!"
Pl

in whiehs is the reductionin volumeofsolutionwhenone gramofsolvent

escapes–thatis V, as wehavedeBnedit. In this equationa!so,there is no

tennfor the moleoularweightofthesolvent.

CaBendar*sharedin thisgeneraldevelopment,oonsideringsomewhatthe

questionof hydrationof the solute. Findiay' reviewsthe wholeproblem

quitethoroughly,but seemstoregardtheso-caMedthennodynamicequation

(Form1ofthe présentpaper)asnot immediatelyusefulorat leaetusefulonty

for the idealsolutionswhichwillbedisoussedlater. Kendau*givesa most

interestingdiscussionofFormI, oalIingit "thedilute-solutionéquation." He

seemsto exhibita bettercomprehensionofthe equationand its realmeaning

tbanmostauthorswhohavetouchedon it. He pointsout clearlywhyit is

uselessfor thé catouiationofsolventassociation.MeUordiscussesosmotic

pressureat lengthbut doesnotgivethe formderivedhere. Thenearestap-

proaehtoitis

p+~=-~tog(i-N'),2 V«

whiohwillbeshownlater to involvethe assumptionofan idealsolution. In

thisequationa is the compreasibilityfactorof thé solvent,N' is the mol

fractionofthesoluteandVoisthemolvolumeof thesolvent.

'Z.phy8tk.Chem.,M,457(t894).
Z.phytdh.Chem.,14,4to(1894).
R-oe.Rcy.Soc.,MA,5:! (!907).

<PMc.Roy.Soc.,80A,466(tt)o8).
'"OemoticPfemure,"SS(""9).
J.Am.Chem.Soc.,43,139!(t9:!).
"TteatiaeonInoirganicandTheoteëc&tChemietry,"1,553(t9?~).
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At varioustimes,Frazerbasdealt withthe questionofosmotiopressure
andina recentohaptertpresentsa derivationsimilarto théoneusedhèreand
comesoutwith

p.~mB!"
Ve pt

in whichvois the moMvolumeof the solventin the solution,and conse-

quentlyVmasusedhere,providedthat the molecularweight.usedin catcu-

latingvobethemolecularweightofthesolventas vaporandnot in the solu-
tion. Frazerdoesnot mentionthis point atthoughit eertainiyentera in

aqueoussortions, thé osmotiopressuresof whiohhe hasmeasuredso we!I.

However,in mostof his workhe assumesan ideal solutionfor whiohthe
molecularweightin the vapormustbe the sameas in thé solution. W. C.
MeC.Lewis*derivesForm 1 usings!ight!ydifférentnotationand is quite
olearthat themoleoularweight.ofthesolventasvaporisto be introduced.

Thegeneralexpressioneonneotingosmotiopressureand vaporpressure
ofa solutionis thenour FonnI,

PV. RTh B?
P*

It willbewellto observethat in thisexpressionthereisnotermforthe con-
centrationofthesolution,onlythevaporpressuresofthésolventandsolution,
thé températuresandthevalueofVmbeingneededfortheca!ou!ationof the
osmotiopressure. AIso,as KendatI'pointsout, the expressioncanhaveno
valuein indioatingthe extentofassociationof the solvent. Attomptshave
beenmadeinvainto determineby its aid thé existenceof,or the extentof,
associationof waterin aqueoussolution. The molecularweightintroduced
mustbe themoleoularweightofthesolventin the vaporstateandmostsol-
ventvaporsarenotassooiatedregardiessoftheirconditionin the liquidstate
or in thesolution. Aninterestingexceptionto this is theoaseofacetioaoid
as solventwhichRaoultandRecoura4foundto give quiteabnormalvapor
pressuresloweringsonadditionofsoluteswhohinothersolventswerenormal.
Raoultcaleulatedbis mol fractionsfromthe molecularweightof the sub-
stancesin thésolution.Conaequenttyheconcludedthat thisabnonna!lower-

ingof the vaporpressureindioatedthat thé apparentmoleoularweightof
aceticaoidin thé solutionwasabout oyinsteadof the formulaweight,60.
Theapparentabnormalitywasexplainedby van't Hoff,who,in a note to
the Raoultand Recourapaper,showedagain that thé mo!eou!arweight
of the solventin thevaporphaseshouldhavebeenintroducedinto the cal-
outations.Themolecularweightofaceticacidvaporwasknownto beabbut
97andwhenthisvaluewasusedinsteadof60,aceticacidwasfoundto follow
the samelawof vaporpressureloweringas did the othersolvents. This

questionwillbediscussedmoreat lengthlaterinthe paper.

1Taylor:"TreatiseonPhyaicalChemistry,"~75(!?~).
"ASystemofPhysicalChenMtty,"2, (~s).
J.Am.Chem.800.,4~,t~t (!9:t).

<Z.phyaik.Chem.,S,~6 (tS~o).
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DedvattenofPMmII

There!s anotherformof the omnoticpressurevaporptesaurerelation

whiohmayhe derivedaswaathé arst, and whiehinvolvesthe sameassump-
tions.

ï. la this dérivation,thé semipermeablepistonispushedinfar enough
tosqueezeout fromthesolutionthe number{ofgramsofsol-vontm whiehone

jnoIecatM'woi~tofthosoiuteiBdiasolved.Th&workdoncia

W,-PV,,

in wMehP is théosmotiopressoMand V[ is thé -volumein the solutionof

that massof the solventin whichonemoleoatarweightof the solutéiadia-

solved.
a. If the originalsolutioneontainedgtgramsofsoluteto gi gram ofthe

solvent,therewillbeS–'grams ofthe aolventsqucezedout or ~– molaof
Bi giMa

Boiventsqueezedout, whereMi is the molecularweightof the solutéin the

solutionandM)isthemolecularweightofthesolventinthevapor. Théwork

doneinevaporatingthismaesofsolventat itaownvaporpressurewillbe

~g~

wherepoiathe vaporpressureof the puresolventandveis the volumeofone

motofsolventvaporunderapressureofpe.

3. Thissolventvaporat poiaexpandedto pt, the vaporpfessareof the

solution,and,bytha sameprocessesas wereemployedin the firstderivation,
thé worktenn is

W~RTh"?.Wo
giMi)

RT
p,

4. Condensingthe vapor,at pressurep)and oortespondingVt,into the

solutiongives

w. 9IM2

Asbefore,theaumoftheworktermsmustequalzéro.

g<Mt
po,~o g~Mt Pô g~Mt pivl o~

~-g~P~RT~+g,M,P~~
fromwMch

PV~~RTInB?.
gtM:

Since '= n,thenumberofmo!sofsolutein thesolution,and = N,

thenumberofmo]sthesolventwouldproduoeifconvertedintovapor,wemay
write

PV~~RT!nË?
<

n p.
Thmequationwillhèreafter bereferredto as Form11.
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This relation is a!soto be foundin van't Hoff's'paperwhenho derived
thé rotationbotweenconcentrationand vapo~pressuretoweringfor a very
dilutea'percentsugarsolutionsubstantiattyasfouowa:

ï. Remove,bythe useofa oyMnderwithsemipermeablewaU,a portion
ofthe solventcontaininga kiiogram-moteeule(MI)ofthedissotvedsubstance;
herethe total quantityof solutionis supposedto beso greatthat no alter-
ationofconcentrationoccars,and the exponditureofworkisthereforeRT.

2. This quantity, ––' kilogram, of thesolventis retumedas vapor;

it maybe conceivedasproducedfromthe liquidbyovaporationat its vapor
pMssure;thenexpandeduntilits presaureiaequalto the vaporpressureofthé
solution;and finallyliquefiedin contact withthe solution. The kilogram-
tQoteotdeof the solventwiUthus receivean expendituroof workof RTA,

whereA representsthé relativediminutionofpressure;andthé M!o<
w

gramsmJIreceiveRTA Hère isRaoult'smoleoulardiminution
~M: w

of pressure,whichweshall tenn K; employingthis abbreviation,the ex-

pressionbecomes-pressJonbecomes
Mt

In a note to thé Raoultand Reoourapaperin îSgovan't Hoffextended
this derivationand madeit completelyaceurate. "In the changeof vapor
pressurefrompoto pt, if normaldensitiesexiat,thereis an energyinorease

ofRT tnB?whieh fordilutesolutionswherep(diSeralittlefrompo,beeomes
PI

RTEl~P""
Pe

Thisratio, P is the relativevapor pressureloweringwhichhepre-

viouslyrepresentedby A, and whiohnow is acouratelystated shouldbe

!n Wemay nowcombinethe firststep of théearHerpaperwiththe cor-
Pl

reotedvalueof thésecondworktena inthe laterpaper.

PV, RT A
tr Mt

In thisequation100= g~,x--=& andA ehouldbereplacedby !n Mak-
Pt

ing thesesubstitutionsand omittingthe simplifyingapproximationsvan't
Hoffintroduced,wearriveat the relationpreviousiyderivedasFormII,

PVt=RT~inB?'
n pt

Z.physOt,Chem.,t, 494(tMy);Phil.Mag.,(5)26,93(t8M).
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The.relationbetweenthe two formshere derivedfor thé samesolution

maybeshownasfoHows

PV~-RTIn~pv..
P'

PV, .RT~lnP?n p.
Dividing,V~/Vj n/N or in generalnV~=<NVmwhiohin wordsmerely
saysthat thevolume,Vi,ofthe solventin asolutionforwhichn r isequal
to the moisof solventprésentmultipliedby thé mol volumeof the solvent

in thesolution,themolsprésentandmolvolumeof the solventbeingcaleu-
latedon thé basisof its molecularweightin the vapor. Sincethis is, of

course,obvious,theequivalenceofthe twoformaiaeatabUahed.

AlthoughFonn II appearsmoreusefulthan FormI, verylittleworkhas

beendonewithit. BanoroftlgaveFormII as havingbeenderivedfromvan't
Hoffand wentonto showthat, if there is an évolutionof heatondilution,
theosmoticpressureof the solutionswouldbe largerthan that calledforby
theformulaandsimuar!ythe loweringofthe freezingpointofsucha solution

willbegreaterthan whenthe heatofdilutioniszero.
Beforeleavingthe derivations,it might be well to pointout that these

equationsareperfeotlygeneralandare aoourateexceptfor the assumptiona
definitelystated and easilyevaluated. Up to the third worktenu in eaoh

equation,the onlyassumptionintroducedis that the volumeof the solvent
aaa liquidmaybeneglectedin compansonwithits volumeasa vapor. This

assumptioninvolvesonlya amall,readilycalculated,error,and,if it ia de-

sired,womayfromstep three take:

PV,=~ T pdvM<

whiohinvolvesonlytbis singleassumptionand is free fromthéassumption
that thé vaporof the solvent followsthé gas laws; This formis therefore
moreaccuratethan FormI asabovederived,but is not souseful.

Possiblythe workdonein thé fourstepsemployedin the abovederiva-
tionsmayberepresentedby a parallelogramsuchas ishereshown:

-RTInB?L ~RTmP!Il

M~ pi n
RT

pt

N
(3)

1

(2) For n–pev. (2) Form1 (4)
–PiV,

-p.v. (a) Form11 (4) -ptV,tvi~ ) ~wt; n n

H–<i)––~ L<–(i)–~
PV, PVI

In the derivationof Form I, onegramof solvent is pressedout of the
solutionandthenretumedto it; inFormII, that massof thesolventinwhich
onemolofsoluteiedissolvedis put throughthesamecycle. Thiscyclecon-

J.Phys.Chem.,M,gaa(t9o6).
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sists ofthe fourstepsaa ahown:first,pressingit outof thesolution;second,

vaporizingthesolventat its vaporpressureasa pureHquid:thM, pormitting

it to expandto the vaporpressureof thesolution;and finally,condensingit

baokintothesolution. It maybementionedthat thé VtofFonaII eontains

N/n moisof thesolvent,theN alwaysbeingcaloulatedfromthe moboular

weightof thesolventin the vaporstate. In both cases,worktercMa and4

areequal andoppositeandtherefore,theworkdoncinetep i eqaabthat donc

in step 3. Thecycleis representedbya reotanglefor conveniencebut any

parsUeIotEtamwouldserveequa!lywell.

TheUseof PV=- RTto expressOsmoticPressures

For most ohemists,the mostinterestingitemin the originalpapersof

van't Hoffembodyingthe essentialsof thé abovederivatioaswaa not the

derivationsbut wasthe analogywhichheshowedto existbetweenosmotie

pressureandgaspressure. ThisanaiogywaaexpressedasfoMows~ [
"The well-knownformulaexpressingbothBoyle'sand Gay-Luasao'a!aws

forgases
P V R T

are,in aofar as thoselawsareapplicableto tiquidsa!so appiioaNeas regards

osmotiopM6sare;withthe reservationaisomadein the caseofgases,that the

apaceoccupiedby the moléculesmuetbe sogreat that the aotualvolumeof g
the moleculesbecomesnegligible."

This limitation howeverwassupptementaryto an earlieronestated fully

byvan'tHonanddisoussedatiengthbyEwan.'
"In 1885vaa't Hoffshowedthat theequation

PV=RT

whichexpressedthe relationbetweenpressures,températures,and volume

of a perfeotgas,ia likewiseapplicableto the osmotiepressureofa solution..] 'I

Neverthe!ess,the behaviorof most solutionsis not 6trict!yin accordwith

this equationand the présentpaperconaiderscertainfactorswhioharenot

repreaentedm the simpleequationPV = HT and thus producesa fonnula- <

tion whiohis nearerthe truth.

"The mostimportantof thesefactorsis,as van't HoSobserved,the heat

of dilutionof the solution. Hesays,' afterhe bas shownthat the equation

PV = RT is as validfor solutionsas forgases;'Hèrethe sameréservations

applyasin thecaseofgases,andthe analogybetweenthe twostatesofmatter

is suchthat the reasonfor thelimitationisexactlythé samein the twocases.

Weknowthat in the caseofgases,deviationsappearas soonasthe concen-

tration of the gas !ssuch that the mutualattractionof the moléculesis no E

longernegHgibIe.By the samereasoning,the lawsdeducedfor solutions t

canno longerbeacceptedinsuchoiroumstances.Wemayaddthat, in the

'PM!.Mag.,(5)!M,9o(t8M).
*Z.phyNkChNn.,14,409(t894).

Kong!,svenskaVetenatMpaA~adeoueMHandlingar,21,M(t88$).
)
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caseof solutions,this mutualeffectof the solutepartioleson eaohother is

easilyobserved;duringthe proceœof dilution,this effectgivesrise to the

productionof intefnatworkterms whichare manifestedin their thermat

equivalents. Consequentiythe lawsherederivedapply to those solutions

eodilutethat theheatofdilutionbecomesnegligible'
Ewan thon continues:

"By taking into aocountheat of dilutionand the volumechangestbat

appearondilution,1haveobtainedcertainequationsfortherelationbetween

osmoticpteœure,temperature,volumeand heat of dilutionwhichare so

construotedthat, whentheheatofdilutionand thevolumechangesare zero,
theequationsbecomeidenticalwiththosederivedbyvan't Hoff."

Bymeansof equationsthen developed,Ewanwasableto calculatethe

vapor pM~uresofsomesuiphunoacidsolutionsfromthe freezingpointeand

heateof dilution. Ewandealtwiththe quantitativeconversionof the heat

of dilutioninto workat the changingtempératuresof thé freezingpoints.
Neitherhenoranyoneetsebasyetevaluatedthe heatofdilutionat constant

températureas a workterm. Untilthis is done,no simpleequationof the

form,P V = R T plusor minussomeworkterm,canbederivedfor the cal-

oulationofosmoticpressures.Theequationsheredevelopedas Forms1and

II are perfectlygeneraland needno furthercorreotingfactorsof any sort

to expressosmoticpressures.
Sincethesefactorswerediffioultto evaluateandof lessrealinterestthan

the fundamentalrelation,muchof the subséquenttheoretioaldevelopment
basbeenalongthe lineofthe idealsolutionandthiswillbediscussedat this

point in orderto makeclear someréférencesthat have precededthis and

manythat follow. Theconceptof idealsolutionswasintroducedto obviate

the necessityof introducingthe heatofdilution.

Ewan~himself,fiveyearsafter theabovepaperwaspublished,gavewhat

wasprobablythe firstdefinitionofan idealsolutionas: "an idealsolutionis

distinguishedbythe factsthat noheatisevolvedorabsorbedand nochange

ofvolumeocourswhenit is diluted."

Severatauthorssincehavedealtwithidealsolutionsinoludingespecialiy
G. N. LewisandHildebrand'who,in bisrecentmonograph,says: "Wemay,

therefore,followG. N. Lewisin defininganideal solutionasonewhiohobeys
Raoult'slaw

pe- pt o

"p.r'"N+n

at all concentrationsand pressures,a définitionwhiohbas someimportant

conséquences.It followsfromit, as Lewisbas shown,that the formationof

sucha solutionwilltakeplacefromits componentliquidswithoutany heat

ofmixingand withoutany changein volume."

Washbum*expressesthe samerelationin a slightlydifferentform as

pA*=p<AXA,definingthe terms in the statement: "The partiai pressure

Z.phyaikChem.,31,M(tS~).
'"SotuMHty",59(~4).

"Mnc!p!e8ofPhyeicalChemMtry",144(!9!$).
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of anymolecularspeciesaboveanideatsolutionMequalto its vaporpressure
asa pureUquidmultipliedbyita moleoularfractioninthé solution.Inother

words,the partialvaporpressureof any moleoularspeoiesfroman ideal

solutionis a tmearfunetionofitsmotoouiarfractionin that solution."

At this point,it mightbewellto addonemorecharaoteristicof the~idoat

solutionwhioh,althoughit ia notalwaysintroducedintothe discussion,may
beofmorefundamentalimportancethan the othersmentioned.If wegén-
éraux theidealsolutionequationto avoidthe confusionofsoluteandsolvent

usingthe deSnitionofan idealsolutionas just given,thé relationmaybe

written:
NA

~=~+Na

whereNAreprésentathénumberof molsofAdissolvinginNBMotsofB and

whereP~ is the partialpressureof Aover the solutionand Pe*the partial

pressureofpureA. ForthedilutesolutionwhenNAisemalloomparedwith

Ne,thiemaybecome:

PA
NA

P~~Na

But NB
volumeof Bused

= y
But Nn

= g ° (M.V.)B

andconsequently

PA-P~(M.V.)a~.

For definitepairsofsubstancesAandB, thé valuesof poAand(M.V.)aare

constantsoverthewholerangeofsolubility.Therefore,wemaywrite

~NAP -~V.

where,it is emphasizedK = po,(M.V.)Band so isat onceoaloulablefor a

givensolution. Butp~= K– issimilarto thegêneraifonnofHenry'slaw

whichis usuallywrittenp = ko. In sofaraa the equationjust derivedis of

the formof Henrys law,wemayfollowvan't HoS'whoshowedthat "we

mayconciudethat gaaeawhiohon solutionfollowHenry'slaw,possessthe

samemolecularweightin thesolutionas in the gaseousstate, withonlythe

possible'exceptionthat hydrateformation,alwayswithoutchangein size

of the gaseousmolécule,mayoccur."
Thesameresult mightbavebeenarrivedat in anotherway. Insofar asa.

givensubstanceAdissolvesin Baccordingto a linearreMon betweenpres-
sureand concentration,it foHowsHenry'slaw. In casethis straightlino

coincideswiththestraightlinedrawnfromzéroto thévaporpressureofpure

A,thesolutionissaidtobe ideal. CotMequentIythecaseofthe ideaisolution

isa specialcaseofHenry's!aw,whichlattermayberepresentedbya straight
Uneof unpredictableslope,whilethe slopeof the unefor the idealsolution

"LectuteaonTheoMMeaIChemMtty"~t(1899)-
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basa verydennite vatue. Consequently,since theidoalsolutioniaa spécial
caseof Henry'siaw,andsinoeanysolutionwhiehfollowsHemy'atawbasas

its necessarycharacteristiothat the molecularweightof the solutemust be
thesamein the solutionas in the vapor,this is to beaddedto the dennition
of the ideal solution.

Wemaytherefore summariseourdeflnitionof an idealsolutionas ono
whoseformationis aocompamedbynoheatchanges,and whosevolumerep.
resentsthesumofthé volumesofitscomponentsbeforemMng–that is there
arenovolumechanges. Furthermore,thepartialpressureofeaohcomponent
isequalto its vaporpîessureasa puresubstancemultipliedbyitsmolfraction
in the solutionand, lastly,thé moleoularweightof eachcomponentin thé

solutionis the sameas in the vaporabovethe solution. Thenfor the ideal
solutionaccordingtoWashbum,

N

p,.p.~

or pe N +n

p,=-Tr'
whichis thé formthat wiUbeusedextonsivelylater in thé paper. Conse-

quentlywemaywrite forthe idealsolutionForm1as:

PV~=.RT!n~L5N
andFormII as:

pV,=~RT!n~n N

Aleo
N N

~~P~=N~n~N~-po N-i- n po N-i- n

andconsequently

pt pt n

po N+n

This is the formpreviouslyreferredto as Raouit'slawand is the relation

Raoultdaimsto havearrivedat empiricallyasa resultofstudyofhisbrilliant

vaporpressuremeasurements.It is thereforeclearthat the dennitionoby
WashbumandbyLewisareequivalentandarecapableofbeingderivedfrom
eachother.

It wouldbe wellbeforeproceedingfurther to pointout that, although
in theabovedevelopment,wehaveshownthat fora specifiegasandaspeoino
liquid,idealsolutionpropertiespermitthé ideal solutionequationto be con-
vertedintoa formsimilarto Henry's!aw,thesetworelationsarenotequiva-
lent. Fordefinitenessthesearehèresetdown. Raoult'sequationis

PA= PO,
NA

P~~N~+N.

andHenry'slawi8 expressedby= kc.

Thetemptationis greattosaythetwoformsareequivalenttermforterm
but this isnot true. Thetormp~is a perfectlydefinite,.usuallymeasurable,
quantity,whilethé &of Henry'slawis to be revealedonlyexpenmentaUy.
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Sofar, Henry'slawbasbeenshownto betrueonlyfordilutesolutions.For

suchsolutionstherewouldbenochangein its formif, insteadofvolumecon-

centrations(gramsperco.),wesubstitutemassconcentrationssothatit might

become:
NA

N

P='~
r

whereNAandNa representmoisof soluteandsolventM~ecHvety.Forthe

dilutesolutionsthedifferenceisnegtigtMebetweenthisformand

~N. a

It is quitepossiblethat thiBisthéformia whiohHemy'slawoughtalwaysto t

beexpressed;but,sofar,thishaanot beenstatedexpUdt!y.' If weassume

definitelythat h =<pe~then weshaBhaveideaHzodHenry'alawinto the

expressionofRaoult'slaw. In orderto dothie,however,it haabeenneces- c

sary to changethevolumeconcentrationsofHenîy'alawintothe maœcon-
E

centrationsofRaouit'alaw.Thischangeis notparttouJarJysignificantlnthe

ditutesolutionstowMchHenty'alawapplies. It leimportant,however,that

the specifieconstantofHenry'alawmuetbereptacedbythegénérâtconstant

ofRaoult'e!aw. ÏtwiHbeahownbebwthat this oannotbedonc. Further-

moreit is dear that fora gaaaboveits otticattempératurep~ canhaveno

physioalsigniScance. <

Considerthécaseofa singlegasdissolvingintwoor moredînèrentliquida

underthe samepartialpressureof the gasabovea nxedvolumeof liquid.
The idealizationofHenry'slawintoRaoult'slawasindioatedabove,givesfor

thé ideatsolutionthe idWsolution

p.~(M.V.)BgAP°' MA V.'

wheregA/VsistheCofHenry's!aw,(M.V.)BthemolvolumeofliquidB and <

MA.the moleou1arweightof A. TheogtOUghttobeinverseiyproporMonat

to(M.V.)B. InotherworQB,ifagasmdissoivingfo!IowsHenry'8!aw,andif

Henry's lawiséquivalentto the ideaisolutionequationof Raoult,then the

BohtbHityof thegaaought to be invemetyproportionalto themoteoularvol-

umeof the absorbingliquid.
d

Thismayabobeshownin thesymbolspreviouslyusedinthispaper. For
n

the idealsolutionofthésamegasinvariousliquidep -=PojjTn
1°theex-

perimentthe vatueof p, the partial pressureof the gas over the solution
sHt Ht

nMybe!~coBstant;pewiUa~be constant.
ThoMforejj"j~=i~~ s

wherethe sabacriptsreferto the two différentsolutions.This relationgives

ni~N;
nt N:

If Hemy'elawiatobeMpKmedinmMsccMentMtions,thedbtnbationlawmuet
&)Mbe MexprMsed.
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M
votumeofabsorbingHquid(ï)

ButsiacoNt
=- –;–;––,––ïnoteoularvoimneofuquid(t)

volumeofabsorbingMquid(a)

'mo!eoa!arvotumeofMquid(:)'

ifweusetheaamevolumeofabsorbingliquidin eachcase,eayi oo.the ratio
ofmoleoularsoîubiUtieaofthegaainthe twoUquidaia:

m &
mo!volumeoftiquid(a)

nj) gt mol volumeof Uquid

aawasfoundbefore. It willbeweUto testtMarel&tionforsomeexperimental.
cases.

Data fortestiagthisretationshipwillbe foundin a studyofthéabsorption
ofgasesin petrotoumbyGaiewoszandWaMsz.' It iareadily admittedthat
wehavenoknowledgeofthemoleoularweightor volumeof petroleum. But
ifwecomparethe absorptioncoeSeieNtsofthe samegasesin petroleumand
inwater,weneedto takeintoaoeountthemoleoularvolumeofneither. The

ratioof théabsorptioncoefficientsoughtto be a constantif the ideauzation
ofHenry~s!awia justiBed.

It maybe objeoted,however,that wecannot test this relationtruly by
reforenceto water becausewater is an abnormalHqaM. For answer to

that ia brought the evideneecoHeetedby.WouMoS*whofoundthe solu-

bllityofcarbondioxidein i ce.ofcarbondiadpMdeto be0.844ce.,whilei ce.
ofcHorofonnabsorbaa.~sSce.ofcarbondioxide,the gaabeingineachcase

reducedto standardconditionsandtheabsorptiontaldngplacein eachcase

undera pressureof 4~8mm. The moleoularvolumeof carbondiauïphido
iaabout80ce.and ofcMoroformabout60ce.but the absorptioncoefficients
of0.844and2.75wouldhardtyseemto bein inverseproportionto the mole-

cuJarvolumes.

Z.physik.Chem.,t, yo(tSS?).
Compt.rend.,108,674(t889),tM,6t (tSS~).

TABM)!I

AbsorptionCoeNcientaat ao"

(1) <& (t)/~)ForPetroleum ForWatet Ratio

H: 0.0582 o.oio3 3.02
Nt o.ny 0.0140 8.36
O. o.M: 0.0284 y.ït
NitO 3.n 0.670 3.ïs
CtH< 0.14~ 0.149 o.o$
CO: i.iy o.goi 1.3
CO. 0.1:3 0.0231 5.3
CHt 0.131 0.0350 3-7
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ït seemsovident,then,that Henry'slawandRaoult'slaware notequiva-

lent. The constant in Henry'slaw may containpM, (M.V.)B,and MAas

basbeenshownabove. In addition,however,it must containsomeother

factorwhosenature is as yet unknownand whiohwillrepresentthe specifie

chamoterof solubilities. ExperimentallysomeliquidefollowRaoult'sem-

pinçâtrelation,whilesomegasesin liquidafollowHenry'slaw,a!soempiricat.

Asyet no syatemis knownwhiohfollowsbothaimu!taneou8!y.

Considérablespace bas been given to this demonstrationbecausesome

modernauthomhavetreated thèseequationsasequivatent,derivingRaoult's

!awfromHenry's!aw. Ffazer'sdérivationisacaseinpoint.'

"Smeethe pressureof a gas is proportionalto the numberof partioles

presentper unit volume,the vaporpressureofa liquidduoto anymoleoular

speoiesprésent,willbe proportionalto the numberof partiolesofthis mote-

cularspeoiesprésentin thé liquid

N

P=~NTn

n

i

s

In otherworda,an ideal solutionièpostulatedandput into théformofHenry's

lawusingmaasconcentrations. The speoiScfaotorof Henry'slawis then

disregardedand k ia set equat to pe. NaturaNyRaoutt's~w follows,since

it waeput in as the originalassumption. Onemaywe!Idoubta!soifassocia-

tionofthe solventbasnoeffectandif the soluteeffectondisplaoementof the

solventequilibriummightnot influencethe relation,thoughit is exp!icitly

statedthat inanassociatedHquid!ikewaterthesamerelationshipistrue.
e

Wecannow comebackto the relationPV~RT. Eversinco van't j

Hoffshowedthat an analogyexistedbetweenthé osmotiopressureofa solu-

tionandthe gaseouspressurewhiehwouldbeexortedbythe solute,andthat

bothcouldbeexpressedas PV = RT, the Vto be usedbas beenthe object

of muchspéculationand the subjectofoonsideraMecontroversy. Probably

thémostcommonlyusedvalueofV basbeenthevolumeofthe <o!«(t<Mtcon-

taimngonemolofsolute. Van'tHoffmadeit quitedefinitethat thesolutions

withwhichheproposedto dealwere,"solutionssodiluteasto becomparable

withidealorperfectgases,in whichthe actionononeanotherof the dissolved

molecules,as wellas their actualvolumeoomparedwiththat of thé space

theyinhabit,is sosmallasto benegligible."Atbestthen,van'tHotfexpeoted

PV = RT to have validityonlyfor the verydilutesolutionsand he would

nothavebeenat all surprisedthat it failedforsolutionsofsuchconcentrations

as havebeenmeasttred.

Thisapproximationformbassomevalue,however,if it be writtenPVf ==

RT. For suchdilutesolutionsasthoseforwhiohthisis valid,weobtainfrom

FormII

°==lnB?N Pt

'Tay!or:"T)fe&tMeonPhyNC<JChemiatty,"t,i!37('9~4).
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whiohis a Mtationfundamentatto the déterminationof moleoularweights

fromf~ezingpointaorboiUngpointaofsotutions.Thebasioéquationisthat

ofC!auMU8-C!apeyron
dlnp Q
dT °RT'

whereQ is thé latentheatof fusionor of vaporizationofthopuresotvent.

Substitutingford!mpitsequat we
hâve

=

But n = g/M, andforanygivenMq~rimentwitha 6xedamountofa given

solvent iea constant. ThereforeM === whichia théusual equation

usedforthé catcutationof mo!ec<t!arweights,whereK Mthe boiUngpoint

or freezingpointconstant.It. followsthen, that in so far as PV: = RT is

vaM, = ln andmo!ecu!arweightsoanbedeterminedasshownabove.
N pt

BothPVt RTandPV -='RT are juatinaNeapproximationsfor dilute

sohtiona. Théformeri8 in someeasesthe better form,yet PVt '= RT is

at~tysAnapproximationand willdeviatefromthe faetsmoreand moreas

the concentrationof thesoluteinoreases.The extontof thisdeviationmay

beshownbyréférenceto FormII asherederivod,

PV,=RT~!nP",n pt

or betteryet bythe formtaken by thisequationif weassumethat weare

deaMngwithanideatsolution.FormII thanbecomeaFormIV

PV.=RTM~

since p =
~+~.

Thecaseof the immite!ydilutesolutionmaybe consid-
pt N

ered, wherenapproaoheazéro.

N~N+n~N~A~n\tl
ln

,N maybe
Jl

1
N'

Onexpanaon,weobtain;

~(~~) =§-~+ -inpower~

Hencetheexpressionbecomes

nLN'~+'J

whiohequaboneas ?approaoheszéro,and and the aucceedingtermsof

theexpansionbecomeneg!igib!e.

Theevaluationof In
'°

as n approacheszerois dueto Professer
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VirpiSnyderof the ComellUniversityDepartmentof Mathematics.Sinee
this tenn equaboneas nbecomesinnnitetysmaU,it followsthat for the in-

amtetyditutesohttionPVt'=RT.

Forany finitevalueofn, theosmotiopressutccaloulatedfromPV: = BT

for an idealsolutionwillbe too largesinceforfinitevaluesofM,–!n –

willalwaysbe less thanunityas shownin thedevelopmentabovewhen
aK

andthe aucceedingfermaof the expansionoannolongerbe negleoted.So,

forexample,forthe casewhenN = 9nthevalueof –ht.? wiUbe0.948

and whenthesolutionis madeupof twomoisofsoluteto eightmo!aofsol-

vent – ln –n-~ becomeso.892. Thisall assumesan ideal so!ut!onand

meansthat the osmoticpressureoaloulatedfromPVf=" RT whenthe solute
moleculesconstituteto percentof all the moleculesprésent,willbe about

5 percentlargerthan theoamotiopressurecaloulatedfromthe realformula

PV,-RT~!n~+-°n N

sincefor tbis concentration,aotuallyPVI= 0.048RT. For aqueoussolu-

tions,someof whiohexperimontauyappearto behavesomethinglike ideal.

solutions,thiemeaïma concentrationofabout6.2molarwMchiemorethan
the solubilityof mostsolutesin water. Thereforewemay say that below
this concentration,in sofar as a giv~asolutionis ideal,wecanexpressits
osmotiopressurebyPVI= RTwithlessthanfivepercenterror.

Therelationmaybeshownin anotherway. Supposethe data N, n, and

Vt be shownfor a givenidealsolution. Whatwillbe the error invotvedin

catcutatingthe oamoticpressurefmmPVt= RT? Theaotualosmoticpres-
surewouldbegivenbythefullequation

PV,=RT~In~,

whiletheapproximatevaluewouldbegivenby

PAVt= RT.

DividingtheSrstequationbythésecondwehave:

P N N+n
p,=n~-N-

p p N N + nor

p=p~tn-~

In otherwords,P~ascatcu!atedfromthe approximatePVt = RTequation
willalwaysbe largerthan the actualP of the idealsolutionsincefor any

SnitevalueofM,– In ––– isalways!essthanone. When– = pthisvalue
n N n
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is0.948andwhen = 4 thievaluebecomes0.89: If oeoessary,wemaydrop

theasumptionofidealsolutionsandmomgenorallywrite

P.P~lnB!
n pt

whiehwillprobablyhavethe samesort ofvalueas in the idealcase.

Thisrelationis interestinginviowof the workofSwietoslawskllwhodis-

cussM"Deviationsfromvan't HoS's Law." Hotreats PV = RT as van't

Hoff'slawand tries to add correctingterms to this equationexpressedas

P nRTwherenis themoisofsolutein oneoo.ofsolution. HegiveaForm1

asherederivedashavingbeenderivedthennodynamicailyas

ko
V PI

It willbe seonthat there is nomoleoularweighttenn, whichshouldsurety

beinoludedualesatheR hehasinmindbea speoiScgasconstantR referring

to onegramrather than onemolof gaa. A!sohe donnesV as thé speciSc

volumeofthepuresolventwhichoaaaotbe true. Hissuggestionto improve

theapplioabilityofP -=nRTisto changeit toP = xznRTwherea:isa meas-

ureofdeviationof the solutionfromRaoult'slawand isa functionof the

relativemolecularvolumesofsoluteandsolvent. It willbeclearthen, that,

insofaras Swietosiawskiusedthevolumeofsolution,hewasnotusingvan't

Hoffslawforosmotiopressureand if he had usedPVt RTashereindi-

cated,the dmorencobetweenthe osmotiopressureby this formulaand by

theaccurateformulawouldnotbeinauencedbythefunotionz.

Thez valueofSwietoslawsMdoesbeoomea faotorhoweverif,ashedoes,

PV= RTisueed,whereVmthevolumeofsolution. FormII is

PVI= RT m
n p)

If, in derivingFormII, wehad pressedout notthat volume(Vi)ofsolvent

containingonemolofsolutebut a volumeVofsolventequalto the volume

ofthesôlventVi,plusthe volumeofonemolofsoluté(MV;),théexpression

forFormII wouldhavebeen

~-(~~W.n (M.V.). PI

whichweshaMdenoteby FormV. It is seenthat this Vis thevolumeof

so~MKcontainingonemolofsoluté,and is equalto the volumeof so!pe~

containingonemolofsoluteplusthévolumeofonemolofsolute. Thisadded

volumeof solventpressedoutwillequalthé L––~mo!s of solventwhere

(M.V.)tis themolvolumeofsoluteand (M.V.)<is the molvolumeofsolvent.

FordilutesolutionsPVI= RTis a justifiedapproximationandfor these

samedilutesolutionsPV = RTwilldifferlittlefromit. FromFormV.inso

farasPV RTexperimentally

'Bu!t.,(4)37,~(t9:s).



M WHCBB0. BANCROFTANDHERBERTL. DAVÏB

/N.(M.V.)A,p. r A
t /M~\

t in=-=*t a
n (M.V.)t/ pi

or –––° n
=!nB!

~.(M.V.)t n p,'
~+(SS~"

Butfordiluteeolutions,

!nP?=.B"–P' t
P' Po

approximately.Thereforewehavewhatappearsto be amoreaoouratestate- s
mentofRaoult'slawderivedfromthèseequations,

n _Pe-Pt

N+ (M.V.),
(M.V.).

Whenthemolvolumeofthesolute(M.V.)tisequalto thémolvolumeof the
solvent(M.V.):,thia expreMionis exacttythat arrivedat empirioallyby
Raoult. In orderto justifyit, Raoulthad to connnehimse!fto dilutesolu-

tionaexpenmentaUyjustaahasnowbeemdoaeiattsdonvation. {
It wiUbeseenat oncethat thisexpressioninvolvesa largererrorthanwould

havebeenintroducedby assumingPVI = RT. In sofar as this is true, we
get fromFormII

N~tn?? (VI)
N pt

wMchismoreaccuratethan theexpressionaboveinctudingthemolvolumes
of the components.

EquationVI for dilutesolutionsgives

ja pe P)
N Po

whichis theformKendall'caMsthé "dilute-solution"equation,andheadds:
"Thisrelationis strict!yvalidontyfor sortions of infinitedilution,consti-

f
tutingthelimitingcaseofthemoreexactéquation: In Thedifference

pt <

betweenthe calculatedvaluesforthe twoformaofthe equationis,however, t

inappreciableevenfora fairlyconcentratedsolution."

It maybepointedout that m offersa methodoffindingthe mole-
N P* <

cularweightof the solutein thesotutionor thésolventin the vapor. This (
methodis perfectlyvalidonlyforthe diluteidealsolution. In everyother j
casePVI= RT doesnotholdevenapproximatelyandshouidbereplacedby
PVt = RT + f(Q)whereQis the heatof dilutionand as yet the funetion
is unknown. In sofar as f(Q)doesnot equalzéro,as it doeain the ideal

solution, = m willnotserveformolecularweightdeterminationsexceptN PI
byconsidérationofitsenect.

1J.Am.Chem.Soc.,43,139!(mt). Il
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Ïn spiteof the factthat osmotiopressuresfora solutionasealculatedfrom

PVI= RTdifferfromtheaoouratevaluebya factorthat eontainsno volume

tenuandlanotaffeotedbytherelativemolvolumesofthesoluteandsolvent,

the aoouratevalueofosmoticpressuredoesdependonthe moleoularvolume

ofthesolvent. Considertwoidéalsolutionsofthesamesubstanceindifférent

solventsAand B,the concentrationsbeingsuchthat is the samefor both

solutions.Thenthe valuesof ln ––° willbethesamein the twosolutions

andtheosmotiopressuresofthé twosolutionswillberepresentedby

N + n
PAVM.=RTh~°

P.VM.-RTIn~5

wherePAandPDare theosmotiopressuresof the twosolutionsand VM*and

VMeare themolvolumesofsolventsAandBrespectively.

Dividing,weget
PAVM~-PBVM..

In otherwords,theosmotiopressuresof twoidéalsolutionsat the sametem-

peratureandhavingthesamevalueof –areinverselyproportionalto the mol
n

volumesofthe solventsemployed.Thiaisjust asvalidfortwonon-idéalsolu-

tionsforwhiohthevaluesofÏn are thesame.
pi

Ofthosewhohaveattaokedthe van't Hoffequationforosmottcpressure,

probablynonebasbeenmoreinfluentialthanG.N. Lewis.' In reviewingthe

situation,he discusseathe inadequaoyof the van't Hoffequation whiehto

himhasalwaysmeantPV = RT whereVis the volumeof the solutioncon-

tainingonemol of the solute. Quitonaturallyit ia easyto showthat this

equationdoesnot representthe experimentalfactsoveranylargeconcentra.

tionrange.MorseandFrazer~hadimprovedthe situationvery appreciably

bychangingthe volumeofthesolutionempiricallyto meanthe volumeof the

solventwaterat its maximumdensity. Thisgaverathergoodagreementon

theirsugarsolutionsupto molarconcentrationssincethat volumeofsolution

dMferedbut littlefromVt,whiohshouldhavebeenintroducedashèredefined.

Nointimationisgiventhat van't Hoffdid deriveperfectlyaccurateand gén-

éralequationsfor the osmotiopressure. Instead,sinoePV = RT as usually

definedis of so little valueand sinceeventhé modificationof Morse and

Frazerleavesmuchto bedesired,Lewisproposesto discardtheso-calledvan't

HoffequationPV = RT and substitutefor it in the study of solutions,

RaouIfsempiricallawS* =' ,r?4–wMoh,althoughithasaayetnotheo-
pe N +n

reticalexplanationdoesfitthefacts remarkablyweilforanumberofsolutions.

'J.Am.Chem.8M.,30,668(t9o8).
Am.Chem.J., 34,t (t~og).
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LewisthenproceedsthermodyMmioaMyto derivean expression,

p-hP? (III)
Vo p,

where"a ie the eoeSieiontofoompteesibiMtyof the solvant V. is its mole.
cularvolume,"andtheother tenNSareas wehavepreviouelydeSaedthem.
Thisoompressibilitytenn wiBbe shownlater to beforeignto the disouasion.
If it isnegligibleandifVobeequivalentto VMas definedin this paper,then
Lewis'equationMthe sameas Fonn I. Lewisthon prooeedato definethe

perfectsotutionasonewhichobeyBRaoult'slaw,pt <=pe The ther-

modynamieequationthenbecomes,forthe idealsolution

p «F' RT.N+n (VI~
t. Vo N

Uamgthia !aatequation,the caîculatedoamoticpressuresfor the sugar
solutionsof Morseand Frazeragreemuch botter with the observedvalues <
than do the valuesoalculatedby the old PV'= RT. It is observedthat
Lewis'newvaluesare,in eightcasesoutof ten, farther fromthe observed
valuesthan are thosecalculatedhy Motse and Frazer. These solutions

however,are normalor less,sothé idealequationis next appUedto someso-
lutionswhichZawidsM'bas shownfromvaporpreseuremeasurementsare
idealoverthewholerange. Lewis'TableV ishèrepresentedas Table II:

In TableII the nmtcolumngivesthemolfractionofsolute;the second,the

partialvaporpressureof the.aolvent,taken from Zawiddd,the third, thé
osmoticpressureeatcat&tedby the van't Hoff equation;the fourth, that

calculatedby the equationof Morseand Frazer, thé 6fth, that calculated

byequation(VII) (theequationabove),whilethe !astcolumngivestheactual
osmoticpressureobtainedthennodynamioaUyfromthe vaporpressuresby
meansofequation(III),"(thegeneralequationabove).Lewisconcluded,"We

see fromthese Tableshowcloselyin thèse two cases thé actual osmotio

Z.phyaikChem.,3S,M?(!9co).

TABLElI

CtHtCtï in CtH. at 500

P P P P
mono
and

n p. van'tHofï FhMier Lewis Found
o.o a68.o – –

0.293 268.o 91 Mo lot Mo
0.416 i~.o !28 905 ï57 158
o.5:: 127.8 i6o 315 ai5 zïy
0.657 9~4 ï9<' 549 3i3 ~o
0.754 65.9 2~3 88o 4~ 4o6
o.9:'o ai.8 z68 3990 743 735
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pressuresagreewith thoeecaloulatedbyequation(VII) and howfar from

the tmth are the pressâtescaloulatedbothby thé van't Hoffequationand

by that of Morseand Frazer."

Severalinterestingobservationsmay be made concerningthe Table.

Ofthe compreasibilityterm,Lewissays,"Thesecondtermin equation(VII)

or (III) exceptat thé veryMghestconcentrations,is comparativeiyinaigniS-

oant,amountinguauallyto onlya fewpercentof the valueof P evenwhen

the osmotiopressureis as highMa thousandatmosphères." For the idéal

solutionVois equalto Vu as hèredeflned.Consequentlythe twoequations

givenare practicaUythe oneethat van't Hoffgaveand the sameasForm1

herederived. Thereforethe oanoticpK~uteBset downin the lastcolumn

canbe aooeptedas correct. Thefailureofthosecatoutatedby Lewiato agrée

withthèsewill,by refeMnceto equations(VII)and (III), be seento bedue

entirelytothefact that !n doesnotexacttyequat!n–
In otherwords,

PI -îr-

the solutionofethyteneeMorideinbenzeneisnot quitean idealsolutionand

theseequationsafforda rather round-aboutwayto domonatratethat. No

advanceis made over thé van't Hoffor thermodynamicformulafor the

acourateoatculationofosmoticpressuresofconcentratedsolutions.

In the secondplace,it is quiteévidentthatthe equationPV RT where

V is the volumeof solutioncannotexpressthe facts and there is no good

reasonwhyit shouldbevalidbeyondthe infinitelydilutesolutions.

FinaMy,it may bo observedthat the valuescaiculatedby Morseand

Frazer'smethodare inoreasinglyhigherthanthe actual oamotiopressures.

Forthe idéalsolutionunderdiscussionthevolumeof pure solventisexactty

equal to Vt as here defined. Therefore,for the idealcase,the equationof

MorseandFrazerisPV, = RT. It basaheadybeenehownwhythisequation

yieldsvaluesofP that are increasingtyhigherthan the aotual values;as the

valueof In
~J""

thenegleotedterm,getssmallerwith inoreasein con.
n N

centration,and if this be neglectedthe calculatedvalue of P becomesin-

creasinglylarger.
The abovediscussionwilla!sothrowiighton anotherobjectionmade to

what Lewiscalls the van't Hoffequation. Hildobraad*recentlyexpressed

thisobjectionon the groundthat "it îeadsto absurdfigures,for, asthé pro-

portionof solventin thé solutionapproacheszero,the osmotiopressureac*

tually approaohesinfinity,whiteaccordingto the equationof van't Hoffit

shouldneverexceeda fewhundredatmosphères." Hildebrandis making

ihe commonmistakeof substitutingV thé volumeof the so~MMtin which

onegrammolecularweightof thesolutéisdissolvedfor what wehavecalled

Vt,thévolumeofthésolventinwhichonegrammolecularweightofthesolute

is disaolved. The two are identicalfor infinitelydilute solutions,but not

neceasarilyso for any otherconcentration.For the concentratedsolutions

'"8oMj)Hty,"26(t9i:4).
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VtbeeomesinfinitelyamaUand P thereforemaygoto infinitelylargevalues.
It shouldbecleadyunderstood,however,that anequationof theformPV =
RT cannotaoouratelyexpressosmotiopressuresoveranywiderangeofcon-
centrations,nomatterwhatdefinitionbegiventhe V. If Vibeusedinstead
ofvolumeofsolution,therangeis inoreasedandtheerrorisreadilyoaloulable
for the ideatsolution.

Thereiahoweverno limit to theappMoaMMtyof Form 1and II as heïe
denvedexcepttheaMumptiomintroduoedintotheir derivations.Theyare
validforsolutionsofanyconcentration,so longas the solventvaporoverthe
solutioncanberegardedas a perfectgas. Thiameansthat the realequations
ofvan't Hoffdomeetthe secondobjectionofLewisand Hildebrandanddo
permitthe catculationof infinitevaluesof P forinfiniteconcentrationof the

solution. ïn FormI, tn approaehesinBnityfor inftnitelyconcontrated
pt

RT
solutionsandthereforeP mayhave infinitelylargevaluesâme– iapfacti-

oaBya constant. Thesameresultis obtainedfromFormIV,

PV,=RT~!n~. (IV)
n N

Calculationshowathat as –deoroasea(concentrationincreases),thevalueof

Vtdecreaeesmuchmorerapidlythandoes !n '°. ConsequentlyPmust

incteaaeveryrapidlyand approachinnnity for infinitelyamativaluesof
n

(infiniteconcentration).
Beforeleavingthèseobservationsonthé formulathematterofcompresai-

bilityought to be dmoussed.In addition to Lewis,Porter, Berkeley,and

othershave added to our Form 1 a compKsmbilityterm wheïea
2

is the compresaibintyof the puresolvent. If FormI,

PV,=~!nP"PYg=
~9 ln-Ma pt

expressesthe relation,then no furthertenu is required. But if thevalueof
V, of theformulachangeswithosmoticpressuresomecorrectionwillbeM-
quired,for the observedosmoticpressurewillbe greaterthan it wouldbe
ifV,wereconstant.

It is firstofferedthat onecouldnot hope to compresawaterbya piston
permeableto water,and it is notreadilyapparentwhytheeugarmakesany
difference.In otherwordsa variationofosmotiopressurebecauseofsolvent
compressibiËtyimpliesthat when pressureis put on a sugar solutionby
meansofa pistonpermeableto the water,the wateriscompressed.

To showthis in anotherway, an analogymaybe resortedto. If a ndx-
ture ofnitrogenandhydrogenwereseparatedfrompurehydrogenbya wall
pemeableonly to hydrogen,and if pressurewereappliedto the mixture,
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hydrogenwouldpassthroughfromthe mixtureto the purehydrogenuntil
itspartialpressure!nthe mixturewouldbe thesameasin thepurehydrogen.
Thismeansthat the hydrogenwouldnot bo compressed-itsvolumecon-

centrationremainsconstantin the mixture. The nitrogenhoweveris corn.

pressed. It is suggestedthat thisisanalogousto the situationin a solution
andthat thereonlythe soluteis compressedby pressureappliedthrougha

pistonpemeableto the Boivent.

TheEvolutionofthe Ideal SolutionEquation

The moderntreatmentof the theoriesofsolutionsowesmuchto the his-
torieresearohesofP.M.Raoultwhomeasuredthe freezingpointsand vapor
pressuresofa gréâtmanysolutionsin varioussolventsand fromthe results

for dilutesolutionsexpressedtherelationbetweenvaporpressureand con-
centrationin the lawthat bearshisname. This law ia usuaUyexpressed

mathematicauyas '=
and is put inwordsbythestatementthat

therelativeloweringofthevaporpressureofa puresolventisequalto themol
fractionof the solutein the solution.The varlouspapersof Raoultwould

indicatethat he arrivedat this taw empmca!Iyas the one béatexpressing
bisexperimentalremitsfordilutesolutions;but furtheretudyrevealsthat he
wasprobablyaidedlargelyin derivingthe gonoraNzationby the contem-

poraneoustheoretioalworkof van't Hoff.

TheearliestreportedworkofRaoutt*on the vaporpressuresof solutions
hadto dowiththe relationthat wasfoundto existbetweenthe loweringof

the freezingpoint,andthe loweringofthe vaporpressureat 100"C bythe
sameaqueoussolutions.Theresultof thèseexpoïimentswaathat for con-
centrationsofonegramofsaitper100gramsofwater

7.6A= pe pt
whereA representedthefreezing-pointloweringand pe – pt the vaporpres-
sureloweringdueto thesait. Thefactthat this formulacornesoutsosimpty
is a resultof coincidencethat themo!ecutarloweringfor solutionsin water
is nearlythe sameas themolecularweightofwater. Thiswillbeelaborated
furtherwhentheformulaasSnaUyreachedisdeveloped.

Anotherresultofthispaperwasthat solutionsofsaltsinwaterwereshown
to containtoo manydisturbingfactorsfor effectivegeneralizationso that
for severalyearsRaoultworkedon solutionsof varioussolutesm organio
solventsor of organiosolutesin water. Thefreezingpointsofmanyofthe
latter type of solutionsweremeasured'and it waafoundthat the molecular

loweringsof the variousorganiosolutesin water werepractioallyidentical
andaveragedabout18.5°.

In thesameyear,'the freezing-pointinvestigationswereextendedtovan-
ousorganicsolventsandmolecularloweringswerereportedasfollows:inwater

1 Compt.rend.,87,167(t8y8).
Compt.fend.,M,tg~ (t8&!).

'Compt.rend.,95,tSy(tMa).
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3?; formieacid t8; acetioacid 39: benzene49; nitrobenzene70.5;and

othylenebromideiiy.
Ineaohcase,exceptthat of wateras solvent,if theselowermgaproduoed

byonemolof solutein 100gram of solventweredividedby the formula

weightof the solvent,the quotientcameout approximatety0.63. Raoult

genetaHzedthis to meanthat a moleouleof anycompounddMsotvingin 100
moléculesof anyUquid!owemthe freezingpointabout0.62degteee. The
caseofwaterwasveryperturbingfor the quotientforwatercameout «.os.
ThisRaoultexplainedby suggestingthat the "physica1moleculemustbe

madeupoftwoor threeohemïcatonea"beoause 0.68$whichwasofthe
54

orderofo.6f).It ehouldbeaddedthat inall thesolventsUetedabove,Raoult
fouadvaluesof the moleoularloweringthat groupedthomsolvosabouttwo

averagevalues,the one beingdoublethé other. Themotecutarlowerings
lietedaboveareall the doublevalueswhichRaoultbelievedto be normal
whilethe otheîawereabnormal. He wasnot exaot!yconsistentin this for
ina laterpaper hediscuMesthe valueof the fMezing-pointsfordotenNining

themo!ecu!arweightoftheMluteandsetBtheequationa8,M when M

isthemoleoularweightof the solute,Ais the gramsofsoluteper ioogram
of waterand t9 is the moleotuarfreezing-pointloweringof water. In the
nextyear,he reportedffeezing-pointloweringsin thymoland naphthalene
assolventsstatingthat thevalueo.6aisatsovalidforthem.

Ina longerpaper,publiahedin 1884,Raoult'givessomeslightlydifférent

numerica!data,TableIII.

TABLEIII

Sotveot Mo!.Wt. MaximummolecularMo!eca!aT!owM'tM
Solvent towMint:,) mol motpertoomoF

pertaogg

Water ï& 47 2.6i"

FormioAoid 46 :9 0.63
Aoetie Acid 60 39 0.6$
Benzene 78 so 0.64

Nitrobeuzene 123 73 0.59

Ethylene
dibromide 188 no 0.63

Raoultpointsout that, withtheexceptionofwater,themolecularlowering
varieson!yfrom0.59"to 0.65"witha meanvalueof0.63*."Wateris the only

exception;but that ia not surpriangfor a liquidwhichshowsmanyother

pecu~atitiesandit is pennissiNeto explainthe anomatyby aMumingthat
eachofthephysicalmolecules,ofwhichit is formed,consistaofseveralchemi-

calmoleculesunitedtogether. At a timewhenï hadonlyobtaineda sma!t

Cempt.rend-,Mi,1056(t88s).
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numberofmoleoularloweringahigherthan themeanloweringof3 in aqueoua

solutions,1 believedthat the physicalmoleoulesof water werecomposed

ofthreechemicalonea.In fact, if wed!vide37by i8X3, wegetas quotient

0.685whiohisnot veryfar fromthe meanquotientof0.63obtainedwiththe

othersolvents.1 hâvecalledattentionto tins inan earliorpaper.' But new

determinationsmakoit nolongerpossibleto conaiderthe moleoularlowerings

distinctlyhigherthan 37as doubtful. 1 am, therefore,compelledto recog.

nizethat molecularloweringsin water may really rise to 47, a maximum

valuein manycaseswherethe dissolvedsubstancesdo not décompose.To

explainsuoha lowering,it Ms~c~M<to<M<MMethattheNto!eeM!esofwaterare

unitedin/M<rs,at leastnearzero.Théquotientof47by 18 X4iso.6s,a num~

berremarkablycloseto the meanvalueof0.63obtainedwith theothersol-

vents."

The moleoularloweringof 47 is obtainedwith potassiumferrooyanide,
bariumchloride,potassiumoxalate,etc. It isquiteevidentthat Raoulthad

notdeoidedwhiohwerethe normallowenngsand that he believedthat the

moteoula)'weightof thesolventasliquidwaaa factor. Somepeoplestillthink

so. It isabo interestingto note that at this time he consideredacetioacid

asnormalas benzène. Ofcountethe realdiincuMyis that thé valueof0.63

basno theoretioalsignifioance.It is purelya coïncidencethat acetioaoid

gives0.65,postulatinga molecularweightof 60.
Therewerea fewmorepapersconfirmingand extendingthe workon

oryoscopybut it wasgraduauynegtectedand the measurementsof vapor

pMMUtesresumed. OnDec.6, 1886it wasreported*that "if onedissolves

onemolecularweightof anycompoundin ïoo gms.ofether,thevaporpres-
sureof the liquidis diminiehedby a constantfractionof its normalvalue;

thisftaotionisabout0.71at all temperaturesbetweeno"and :s°." Thiawas

formulatedmathematicaUyinto

pe pt v Mt––– X -p =
Pe

whereMi is the molecularweightof the solute,P is the numberof grams

ofsolutein ioogramsofetherandK ispracticaHya constantvaryingbetween

0.67and0.74with0.71aaits meanvalue. OnApril4, ï887,it wasreported'
that up to 7moisofsoluteper roogramsofether,the loweringof thevapor

pressurecanboexpressedby the formula

Pe"' P' M p
PoPO PX7474

D

where74isthemolecularweightofetherand Dis aconstantwhosevalueis

appioximately0.0006. Furtherstudyofothersolventsled to thestatement~

readonMay93, 1887to the effectthat "one molof solute,not a sait, dis-

Compt.rend.,9S,M~o(tMa).
'Compt.rend.,103,tM~(t886).
'Compt.rend.,tM,976(t887).
<Compt.rend.,104,1430(tSSy).
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solvingin ïoomobofanysolventiowerathévaporpressureofthe liquidbya
fractionnearlyconstantand about0.0105." Thisiaequivalentto tep!ao!ng
the 74in thé equationaboveby the moleoularweightof the solventunder

discus~on,andis the nearestRaoulthadoomoto theearlierformulausually
attributed to him. Raoultnever foundDof the aboveformulato be 0.0100
but gavevaluesthat variedin difforentsolventsbetween0.0096and 0.0105.
If howeverwemayassume0.0100tobea fairaverage,womaywritethe above

equationas Po pt P Mj~=--
Po Mt!00

wherep/Mi = n, the mob ofsolutepresentand too/M = N, the moisof
solventprésent. Thisequationthenbecomes

Pe-Pt n

P. N

whiohOstwaidgaveas the earlierfotmof Raoult'sequation,andwhichhad
to be givenupbecauseof the absunËtyit ledto whenn N and pi hadto
becomeequaltozero.

In aUthisworktherehadbeennoréférencetovan't Hoffwhoseimportant
paporrelative to thevaporpressureof solutionswaspresentedOctoberï~,
1885beforethe SwedishAeademyaad publiehedlearlyin 1886. Van'tHoff
hadconcemedMmselfgreatlywithRaoult'sworkandhadoaloulatedRaoult's
moleoularloweringof thé fteezingpointsfromthe temperatureandheatof
fusionof thepuresolventanivingatvaluesthatonthewholeagreedverywell
with thoseobservedby Raoult. ThiBwastakenby van't Hoffaa an addi-
tionalproofthat the analogybetweenosmotiopreœuMandgaseouspressure
was justified.

This workofvan't Hoffmusthavecomeprompttyto Raoutt'sattention
andbis nextpaper,'Novembery, 1887mdevotedto a considerationof van't
Hoff'awork. Raoult points out that van't Hoffhaashownon theoretical

groundathat "i," the famousvan'tHoffcorrectiontenu, mustbe caicuiaNe
from

i=~MtP!LIP'a
M: Po

whereS*–B' is the relativeloweringof the vaporpressureby onegramof
Pt

solutein 100gramsof solvent. Since"i" equabunityformostof the cases

with whichRaoult haa dealt wemay write,ae he did, = PïJLB:
101 Mt &)

But the lefthandsideofthisequationis–S– wheregtandgtropîesentgrama
g~i- gr

ofsolutéandsolvantrespeetiveiyandin thieparticularcaseiaequalto ooogg
whichRaoult saidwasnot far frombiso.oiosvalueexperimentattyobtained.

Kong!,svemkaVetenakapsAkademiemHandtingar,21,3(t88s).
Compt.rend.,M5,857(1887).
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More!!ghtmay be shed on this relationby consideringthat since~–S*

Po
isthe relativeloweringin vaporpressureproducedby onegramof solutein

toogramaofsolvent, willbe the loweringproducedby one mol
t Po

ofsolutein toomohof solventandthis isshownbyvan'tHoffto beequatto

i/iot. In otherworde,thécompleteso-caUedRaoultlaw,

_n_ Pt-PtPl
N+n Po

wasin the theoreticalderivationofvan't Hoff.
It isemphaeizedthat upto the timeat whiohRaoultcommentedefinitely

on van't Hoff'swork,he had neverevenstatedexplicitlytherelation n =

~-ILP' althoughit was impHedin the earlypaperof !88y. ThefoHowiag
Po

yearhemakesthisexpMcitforsomosolutionsin aicohotwhichwereexpressed

byC = B'L–E*whereC iathe moleoularloweringdueto onemolof sotute
pOB

in 100molsofalcoholand variedfromo.oootto 0.0110witha meanvalueof

about0.0104.
In the sameyear,' however,he didadoptthe newformfromvan't Hoff;

but,formostsolutions,bisdatahad to be expressedby = K
n

nlx
a

K N-i-n

whereK wasa constantvaryingfromo.yotoo.ooforsolutionsofmoderatecon-
centrations. For dilute solutionsthe lawhad a speoiatexpressionin that
K = ï fordiluteaohttiona.Sothat, not untila yearafterRaoulthad com-
mentedonvan't Hoff'stheoreticaldeductionof it, didhéarriveat the equa-
tionwhichstiMbearsbis name.

Nowthat wehave this statementof the lawit wouldbe wellto retrace
ourstepsfor then wediscoverthat thestatementin thefirstpaperhèredis-

cussed,7.6A = po pi istheresultofa coïncidenceandisnotfundamental.
Thelater paperson freezingpointsin aqueoussolutionsshowedthat A =

t8.s where Ais the depressionof freezingpoint,18.5thé dépressiondueJMt

to onemolof solutein io&gramsof water,gt, the weightof solutein 100

gramsofwaterand Ml its molecularweight. Fordilutesolutions = ~–
NlgqM`

= S*– wheregi/Ma = mo!sofsolventpresent. In thèseexperimenteg2
P"

= ïoosothat = -"– Substitutingin theaboveequation1 t Po

Z.pbyeUt.Chem.,2,353(tSM).
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~ËL~.M< pe

Butfor water,M< 18andp~ 760at ioo".Therofore,sinoet8 is sonearty

t8.s,theexpérimenta!value,wehâve7.6A ~°
Po

wMchispurelyaccidentai.Forbenzèneaasoluteweshouldhavehad

7.6A=g(p.-pt)70

Sinceithaabeenshownearlierthat P'Monlyanapproximationfor
P"

Inpe/ptwomaywritethetrueequationforthefreezing-pointloweringaa

ïooK.p.A = m–M} pt
Atthefreezing-point,thiswiNholdforaUsubstancea.Binéethereisnotenu
forthemokouîarweightofthesolute,therelationistrueforattsotutea,sngar,
potassiumcMonde,sodium8Ulphate,regard!easofdissociation,whiohiswhat
Raoultfound.Butit isonlywhonthereisnoheatofdilutionthatweare
juatiËedmcomparingfreezing-pointbweringswithvaporpressurelower-
iagsattheboiungtemperatureofthepureHquid.

BefomJeavingthediscusaonofRaoult'awork,weoughttoemphaaize
thatinauofit RaoultcomideredontythemoiecuiarweightoftheBoiventin
the solution.Thisbroughthuntognefmthestudyofsolutionsinacetic
aoid.' It wasfoundthat fortwolvediBerentsolventsthe vaporpressure

loweringswereexpresœdby
B'-I-P' =

k whereX;waspracticaUyone.But
Pe D)

thesameeightsolutesinacetioaddgavevaluesof&thataveraged1.61when
themotecuiarweightofaceticacidwastakenas60,itsformulaweight

AsRaoultsays,using60intheformulaisequivalenttoassumingthatthe
physicatmoléculeofbouing,Uquid,acetioacidcontainaonlya singlechemioat
molecule,CH:COtH."Wemuâtseekthecauseof this exceptionaldis-
crepancyintheconsidérableerrorthatwemakewithoutdoubtintakingfor
thép~yMea!molecularweightMtofliquidacetioacidthe value60 which
representsitsc~MMca!molecularweight.Inailprobability,ata ~N~~(em-
pefo~we,thecoK~~MtMt<{fthep~atca!M!o!ecx!e<~a M~~oMceMtheMmetM
?<K?MM<a<<~e<M <o<af<~e~pttpM'Ifthisisreatlyso,thephysicalmolë-
cu!arweightofbouing,Hquid,aeeticacidmustbeequalto 60X3 3S/o8
or97."

Ina longerpaper,publishedthesameyear,Raoult*saysmuchthésamo
thingat greaterlength."Whendissolvedinbenzene,nitrobenzene,orethy-

RMttttandReeouM:Compt.rend.,ttO,409(tS~o).
{Thisianottrueforwater.!

Ann.Chim.Phya.,(6)20,3S3('890).
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lenedibromide,themoleouteaofacetioacidareformedoftwochemicalmole-

cules,sincethemoleoularweightofthis aoidinthesesolutionsia20 asehown

by cryoscopicmeasurements.

"In the vapor state the aametendenoyto condensationshowaitse!f.

The densityof the saturatedvaporof aoetieaoidiamuchhigherthan its

normaldensity. This !attoris, in fact, z.oS,whilethe vapordensityunder

atmoaphericpressureis,accordingto M.CahourB,2.90at t4o°,3.12at 130",
and 3.20at tas*, wh!ch,by extrapolation,gives3.3$for the densityof the

saturatedvaporof acetioadd at the boiling-point,ïï8". Themeanmole-

oularweightof acetieaoidin its saturatedvaporla,therefore,at this temper-

ature, 60X 3.3S/a.o8or 97,aa if this vaporwereformedofa mixtureof 38

simplemoleoulesandof6adoublemolecules.

"If the moleoulesof the saturatedvaporaretwinnedto someextent,it is

probablethat thoseof the liquidformed by their condensationare a!so

twinned,and it is reasonableto assumethat the degreeof polymerisation
iathe same. Accordingto thishypothesis,themeanmolecularweightof M'

ofKquidacetioaoidat thébouing-point,118*,ia97just esit is forthe satur-

ated vapor.

"If inequation8 f~–~ X = k1wemakeM' = 97insteadofM' =
L M J

60,weSndk ==(ï.6i X 6o)/97<=0.997, just aa it sbouldbeaccordingto

the generallawexpressedin equation$

rf-f f' n+n'=i1
J.Cf -f' ·n~-n'=I~.L'T' n J'

"Thisisan importantargumentin favorofthehypothesiaofthe identity
of moleeularconstitutionof tiquidsand their saturatedvaporsat the same

température,and abo in favorof the compteheasivenessof the law an-

nouncedabove,withthelimitationthat thislawappliesto thephysicalmole-

culesas theyaotuallyexistin thésolution."

Whenthé paperof February94was traNaiatedintoGemanl van't Hoff

appendeda noteto the translation,explainingthat the molecularweightof

the solventin the vaporoughtto be introduced. It i6notstatedeither by
Raoultorbyvan't Hoffthat van't HoffhadcalledRaoult'sattentionto this

factbeforethe fint Raoultand Recourapaperappeared;but the paper was

presentedto theFrenchAcademyon February24and waspublishedin Ger-

manon May23. Thereis noobviouareasonwhyRaoultshouldhaveboth-

eredhis headabout vapordensitiesunlessit hadbeensuggestedto him by
van't Hoff. Whetherthesuggestioncamefromvan'tHoffornot,it waaap-

parentlymisunderatoodby Raoult to meanthat the molecularcomplexity
of acetioacidwas the samein the liquidandin the vapor. Van'tHoffwas

quiteclearthat this is not neoeasarilyso, hecauseheendshisnotewith the

wordatbat "it doesnot followfromthis agreementthat liquidaceticacid

alsoshowsthis abnormalmolecularweight."

1RaoultandRecoma:Z.physik.Chem.,5,4~6(t89o).
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It apparentlydidnotoeenrto Raoultthat Maconclusionasto theequality
of molecularweightsin liquidand vaporcontradietedhisearlier workne-

cessitatingthéassumptionof36or S4for themoleeularweightofliquidwater,
becausethé vapordenaitycorrespondsfairlycloselyto a motecularweightof
18. It is aho interestingto notethat Raoultdid not evenreferto thedis-

orepanoybetweenbisprésentconclusionaboutaoetioacidandhiapFevioua
one,basedon freezmg-poiatlowerings,that aeetioacidis just as aonna!as
benzene.

It is olearthat in thé equation(p p0/p = n/(N + n), thémoleoular

weightto whiehN refetsia thé moleoularweightin thevapor. ïmthécase
of idealsolutions,the moleoularweightis thé santéin liquidandin vapor;
but it ismisleadingto ignorethétheoretioalsgni&caaceofthe term.

Theconclusionstobedrawnfromthissectionareas foUows:
t. It basbeenshownthatupto thetime whenvan't Hofffirstpresentedhis

theoreticaltreatmentof sotationB,Raoulthad not yet proposedexplioitly

= toexpresstherelationbetweenconcentrationandvaporpressure

ofa solution.

2. In vent Hon'a equation '= !0t
M2

there m the cxpHcitM: pe
atatemeatof the ideal solutionequationsincefor auohsolutionsi = ï, and

– PL–~repïesents the relativeloweringofthevaporpressureina solution
jvtt pe

containingonemolofsoluteto toomoisofsolvent. Weihenhâve
~– =~)T n

the idealsolutionequationwhichbearsRaouit'sname.
Po

3. Raoultneveracceptedthis as validexceptforverydilutesolutions.
Forallothersolutionshecontinuedto addaspecifieconstant.

4. In spiteof van't Hoff'sdémonstrationto the contrary,Raoultcon-
tinuedto deatwiththe moleoularweightof the solventin the solutionand
not in the vapor. Evenin 1890Raoultdidnot undemtandthephysieaisig-
nifieanceof the termein theequationwhiehbearsbisname.

TheDéterminationofVotâmesin Solution
The formof the osmotiopressure-vaporpressureequationherederived

affordsanewmethodofattackonanoldproblemthat basdrawntheattention
of manyworkers. Thisproblemis to déterminethé volumeinthésolution
of the componentsofthesolution. Theprocessofsolutionis usuallyaoeom-

paniedby somevolumechangeso that the volumeof the Ksultingsolution
isgreaterthan,or lessthan,thésumof thevolumesof théoomponentsbefore

they weremixed. Onlymthe idealsolutionas heredefinedwillthe volume
ofeachcomponentbethe sameaftermixingas before. In everyothercase
wemuetconcludëthat oneor botheomponentsbaveexpandedorcontracted
in the processofsolution.Theproblembecomesofespecialinterestfora few
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solutionswhiohbehavesimilarlyto sodiumhydroxide. "Whenfour grams

ofsodiumhydroxidearedissolvedinninety-sixgramsofwaterat o",the total

volumeis0.6oc.lessthan that oftheoriginalwater.

It is ratherimprobablethat thesodiumhydroxidecouldhavea negative

volumeof 0.6 ce.so that the determinationof the specinovolumesof the

waterandthé sodiumhydroxidebecomesaninterestingproblem. Thisspe-

cincproblemwiUnot besolvedhere;butgeneralméthodefor its attaok will

beoutUned,and,inpartioutar,a newoneinvolvingtheuseof FormI.

Cameron and Robinson~havegivena goodhistoricalaucMnaryof thé

methodsthat havebeenusedtosolvethisproblem;but theirasaumptionthat

aUthe volumechangeobservedwaodue to the watereeemasomewhatim-

probable,and theircondensationfactorsdo notappeareapeciaHysignificant.

Among thé earliercontributionstu this problemwasthat of Gouyand

Chaperon*who,instudyingtheeneetsofgravityonchangeinconcentration,

incidentaûygave K as the volumeinoreasewhendwgram of puresol-gal
Ue

ventofdenaityDowasaddedtounitvolumeofsolution,K beinga contraction

or expansioncoemcientoharaoterietiosofthe solution. Sincethis coeffioient

must dependon concentration,it wiUbe representedby X to showit is a

variabte. Gouyand Chaperonobtainedaa a value:

X=~
D dw/'

whenD is the densityof the solution.The volumeofdw gramsof solvent

in the solutionisX –~ and if dwequalsone,the volumeinoreaseis V~as
Uo

definedin FormI. Consequently,

V
D dw

`

Mr.DanforthHaleofthisdepartmentbasmadea muchsimplerderivation

of thesamerelation. Wehave:
m

v
inwhiehD, M,andV,arethedensity,massandvolumeofanysolution. But

Mmaybeconsideredas madeupof,themass(m)of the solutewhichmay
remainconstant,andthe mass(w)ofthésofventwhiehisvaried. Then

VD =m+w

dinerentiating
VdD+ DdV.= dw

and r V~=Vand dV
1

V
LD)

V9
dw'BV~dw;

«

Boua6etd:Tram.FaradaySoc.,U,t4t (t~!?)
J.Phya.Chem.,M,ï, 569(t?~).

'Ann.Chim.Phya.,(6)12,384(tM?).
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Thisis seento beequivalentto theexpMa~ ofGouyandChaperonainco
th~yconsideredunitvolume.

Teed'bascaloulatedthe valueof thé volumechangecoeBoientbycon-
sideringas simu!taneouséquations:

Aa ')' Bb sa 100

A'a+B'b-too
mwhiohAandBare twooriginalvolumesofpuMeomp<me&whiohon mixing
giveonehundredvolumesofsolutionA' and B' are tw~ t.~t!y differing
volumesatsogivingonehundredvolumesofsolution;amda soa~ volume-
ohattgecoeSoïentswhichare assumedto be constantoverthé .narroweon-
tceottatioNrangein question.

~n&M-tunatety,thé methodia not correct,becauM<tandb a~ ~ot con-
stants. If onetakesthéextremeoaaewhereo =. t andsolvesforthé v~~e
changecoeScient,oneis reallyassumingthat b iaeonetant. Forthepr~,allonecandoisto attributethe whotechangeofvolumeto Aandthento
thusgettingtwovolumesbetweenwMohthe truevolumeprobablylies.

It hasbeensuggestedby BanoMftthat the wholequestionofthe d'étés
:mmationofvolumesof the componentsh a solutionmaybeMÏvedby the
useofFonn1to aoiveforV,in thosesolutionsfor whichthe da~ areavaH-.able. Theuauatplanbasbeento calculateV, by variousnMthodsandthon1.0cahote the osmottcpreœuM.Thiawasthe method BMte~, Ha~.
Jey, andBurton'whoappModa simplificationof Pott~ amMM~aote <~data MrsoBoesugarsolutions.Their formwas

Pa = RT!n 6?
P'

in whichs is ourownV, andwascaicuiatedfrom consider~ ~ni!ar tothosenMtadvancedforthevolumechangeonsolutiontogether-wM~ference
the<KanpMSNbmt!es.Neitherin Porter's ownpaperno!. Be~e!ey's

-doesthemo!ecuhrweightoftheso!ventvaporappear.Thereas~~thisMnotknown;but thiemoteoujarweightmustbe introducedif one<iaa~Mbtesthe ONnotMpressuresas caloulatedbyBerkeley.In TableIVthefouy~om
2~~ Berkeley;data for the two
-dtiutesolutMMcommgfroma digèrentsourceasdescribedbelow.

"VolumeChangeonMdin Solution"(t9a6).
~PM.'&MN.,2MA.295(J9t9).

TABLEIV

htS! s' p p y, g~
M ca!o. obe. o<dc. Demity

-.1:44 ––– ––– ~.gs .9893 ~5..
~.2.195~ ––- –––

.4.8..9840 ~.45756.50 -03580 .99515 43.9i 43.84 .9974 r-6~~1~ .0~8..9915? 67.43 67.68 .9886 t.M.1~.00 .07983 .98690 ico.ss 100.43 '.9885 1.594i4ï .oo .K~~ .983~ 134.86 134.71 .9849 t.588
.1
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In Table IV, the nrstcolumnshowsthe concentrationof thé solutions
in gramaofsucroseper100gfamsof water;thé secondcolumngivesthe nat-

ural logarithmof theratioof the vaporpressureof purewaterto the vapor

pressureof thesolution.In the thirdcolumnareshownthe valuesofa (our
own V,) calculatedbyBerkeleyfromcompressiMItydataandfromconsidér-

ationsanatogouato thoseadvaneedbyBancroft. Thesevaluesofs and!n
Pl

whenaubstitutedinhhequation

Ps=RT!aB°
Pl

gavehimbisosmotiopressuresin atmosphèresshowain columnfourwhioh
are foundto be quitecloseto the actualosmotiopressureobservedforthose

solutionsshownin thenfthcolumn.
ThemethodofBancroftisexaotlythe oppositeto that ofBerkeley.The

newmethodconsisteinaubstitutingthe valuesobservedfor P and!n and
P'

fromthem,oaloulatingVgbymeansoftheequation

v RT h. P"
V.=-ln-,~'=PBS~p,'

whichis Form1 ashèrederivedand ia whiohVgia thévolumeofonogram
of thesolventin the~M<MM.Thesixthcolumnshowsthe valuesofV,that

havebeenso caloulatedandit is emphasizedthat thèsevaluesareasexact

as the osmoticpressuresand vapor preMureswhichwere verycatefuUy
measured.

It willbeobservedfromthe Tablethat the valuesof V. thus calculated

differfromthe s valuesofBerkeleybylessthan 0.3%. This agreementmay
be interpretedto meanthat the variousreonementaintroducedintoBerke-

ley'scalculationaweMnearlycorrect,andachievedpraotieallythe samere-

aultas thisnew,moredirect,andaoouratemethod. Berkeleya!sogivesdata

on mS?and for threeothersolutionswhoseconcentrationsare allgreater
pt

than i79gramsofsugMpertoogramsofwater. SincethisisthevalueusuaHy

givenfor the solubuityofsucrosein waterat o"C.,one wondemhowthèse

valueswereobserved.Noosmotiepressuresaregivenfor theseJastsolutions.

Beforedesoribingthesourceofthé datafor thefirsttwosolutionsinTable

IV, the meaningofthelaatcolumnmaybe explained. If weknowthe den-

sitiesof the sugarsolutions,weoancalculatethe volumeofa defmiteweight
of the solution. Then,ifby suchcalculationsashavejust beengivenforV,,
wecandeterminethevolumein thesolutionofonegramofwater,multiplying
this by the weightofwaterin the solutiongivesthe volumeoccupiedby the

water. Subtractionofthis. volumefromthevolumeof the solutiongivesthe

volumeoccupiedbythesugarin the solution. Knowingthe weightof the

sugarand its apparentvolume,weeancalculatethe apparentdensityof the

sugarin the solution. Thesevaluesas oalculatedfor the solutionsin ques-
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tionsareshowninthe lastcolumnof TableIV. If, as iscommonlyheld,in
the processof solution,a solidundorgoesa volumechangecomparablewith
itsvolumechangeonfusion,weshouldexpectthé densitiesofsugarinsolution
to be lessthan1.588,its densityasa solid. With thisviow,the data of thé
firsttwosolutionsareinbotterqualitativeagreement. A!sotheyagreebotter
withthe calleulationsof Teed. It is observedin both sotsthat theapparent
densityof the sugardeoreaseswithinoreasein concentration.Muchmore
workmaywellbespentonthispoint. In thia oaloulationthe tacit asMïnp-
tionhas beenmadethat eachgram.of wateroccupiesthé samevolumeas
everyothergramofwater.

In additionto thedata fromBerkeley,twoother oaMatioMweremade
formorediluteaolutione.Theresultsof theseoaloulationeareshownin the
first two Unesof Table IV. TheoMnoticpressuresweretaken &'omthe
meaaurenMNtsby Morseand the vapor pressuresof sugarsolutionsof as
nearlyas possiblethe sameconcentrationsweregivenbyDieterici.

Morsegivestheosmoticpressureof a solutioncontaining90.59gramaof
suoroseper !oo gramsof wateras r4.381atmosphères. Dieterioireports
thé loweringof thevaporpressuresof a sotutionof 2o.66gramssuoroseper
loogramBofwateraso.oszmïn.ofmercury.Thenpo = 4,s6oandpt = 4.? q

andV,
RT

le E"thenbeeomes:
fJMt pt1

V = ° o8!07X
~3 4.569

14.381 x o.ot8ot6 4.St7
fromwhiehV, = 0.0803ce.

Again,Morsegivesas the oamoticpressureofa solutioncontaining34.20
gramssucroseper 100gramsofwater94.8~5atmosphèresandDieterinigives
the loweringof the vaporpressureby a solutioncontaining34.:$gramssu-
croseper100gramsofwateras0.089mm.ofmercury. Fromthesedata V, =
o9840.Thèse!asttwosetsof dataare thoseshown6MtinTableIV.

TableIVshowsthat thèsevaluesof V,are self-consistentbut that they
donotagreewiththosecalculatedfromBerkeley'sdata. In bothcases,with
risingsugarconcentration,thé valueof Vgdecreases. Thetwosetsof syn-
thesizeddata are formoredilutesolutionsthan thoseofPerketey'ssolution
containing56.5gramsof sugarper100gramsof waterandtheypresumably
shouldbe greater.

It maybe addedthat the valuesof V, for thé twomoredilutesolutions
faUpraeticauyonthecurveplottedfromthedensitieaofsugprsolutionswhile
thosecalculatedfromthe data ofBerkeleyaredecidedlydifférent.In Berke-
tey's tablesummarizingthe experiments,s for the solutioncontainingSi.z
gramsofaugariagivenas0.00157,but in theTable firstrecordingthe values
of s as calculatedfromthe deusityand compressibilitydata, thé value is
givenas o.o8!5y.Thishoweverwouldhaveno elfectonthéprésentcalcula-
tionof Vg. In a noteat the endofthe paperis givena correctedvaluefor
!n (pe/pj for this solutionas 0.5239.This is a rather largecorrectionand
makesthe calculatedV, become0.9685whichis apparentlymuchtoo low.
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It bas been foundthat exceptfor thiasolutionthe valuesof V, calculated

by the methodof Banoroftagreewithino. exceptfor this concentration

in question. Theconclusionis drawnthat eithersomeabnormaleSectenters

at about that concentration,absentaboveor belowit, or that the osmotic

pressurefor that concentrationialessaccuratethan the rest.

Applicationofvander Waals'FonMttato OsmoticPressuMS

Soonaftervan't Hoffderivedthé relationshipbetweenosmotiopresaure
and thé gaapressureof thé solute,it beoameevident that thé convenient

approximationPV RTsuggestedby van't Hoffoou!dnotexpressthefacts

ofosmoticpressureforsolutionsofnniteconcentrationsanymorethanPV =

RT expressesthé relationfor a gas over the wholerange. As indicated

above,van't Hoffknewthat this wouldbe true andearlystatedthat those

deviationsappearedin thetwocasesforthe samereason.

Naturally,the firstmethodof attack wasto test the appticabiHtyofvan

der Waats' equationwhichwas knownto expressthe behaviorof gases.

Numerousworkershavemadeeffortsto expressosmoticpressuresby equa-

tionshavingaformsimilartovanderWaals'equation(P + “,) (V b) =RT

inwhich,forgases,Visthévolumeoccupiedby thegas,“,
isa tenucorrecting

forthe mutualattractionofthegasmoleculesandbisa termcorrectingforthe

volumeoccupiedby the gaamoleculesthemselves. In the applicationsof

this type of formulato actualdata, it bas beenfoundthat the data for os-

moticpressuresmayberepresentedfairlywellby P (V b) = RT. Oneof

thé earliestof theseapplicationswaemadeby A. A. Noyes'whocalculated

osmoticpressuresfromthe freezing-pointsof Beckmann. Thèseosmotic

pressureswerethen foundto fit rather eloselyinto a compUcatedfonnu!a
whichmightbesimplinedintoP (V d) =' K. SevenyearslaterNoyesand

Abbot*reportedworkdoneonsomeetherea!solutionsofwhiohtheymeasured

the vaporpressures.Bymeansof a formulanewlydeveloped,whichsimpli-
fiesinto ourFormI, theycalculatedthe osmotiopressuresofthesesolutions,

and found that PV = RT, whereV equatsvolumeof solution,fittedquite
wellover the rangecovered,0.0 –0.2$moisof nitrobenzeneornaphthalene

per liter.

Sackur'alsousedfreezingpointstocalculateosmotiepressureandfoundthat
P(V – b) = RTwasquitesatisfactory. Althoughhe wasusingthe dataof

MorseandFrazer,hechosetorepresentbyVthevolumeofsolution,showing
that thus thecalculationscameout better than bythe useofvolumeof sol-

ventwhichtheyhadused.ThedifferencebetweenV- bandV[willprobably
berather smaMforthe dilutesolutions,so the advantageis notmarked.

Z.phyeik.Chem.,S,53(tSgo).
Z.phyaik.Chem.,23,$6(~97).
Z.physik.Chem.,?0,477(t~M).
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BousBetda!sousedthedata ofMorseandFrazerto supportMahydration
theories. Hedérives theformula,

P(b-n)=.R'T
whereh-n representsthe amountof freewaterand R' lanotthegascon.
stant. By taie useof suchan equationhe caMated that at ao"C.,N, thé
hydrationfaotorfor euorosecomesout 6, andthisfactordiminisheswith in.
creasein temperature. Beforeleavingthis matter, it mightbe wellto pointout that Fraser and Myriok'themse!veswereable to representtheir own
measurementsofosmotiopressureby ourFonnI, up to 6.s tno!arconcentra-
tion andosmotiopressureofover~50atmosphères.

It is, therefore,clearthat the methodofferedin this sectionMnot par.
tioulartynew, but is deoidedlymoreextensivethan thosepreviouslypub-
tished. If weassumethat the sohttionstudiedi9an idealsolution,wemay
then by,

PVM=RT!n~-5,

or
PV~RT~Jn~

n
n N

caloulatethe osmotiopressureforanyconcentrationofsolutefromo to ïoo
percent,and may then introducethe valuesof osmotiopressureso found,
intoanyconvenientformula.

That suchideal solutionsactuallyexistbasbeenshownbyZawtdald'who
carriedout distillationsand then fromthe compositionof the distillateoal-
culatedthe partial pressureof eachcomponontin the vaporoverthe origina!
solution. If the solutionsare ideal,their partialpressuresplottedagainstthe UquidcompositionsbouldbestraightUnesandthis wasfoundto be true
forsevenpairsof solutions:benzene~Morobenzene;benzene-bromobenzene;
benzene~thy!enecMonde; toMene~Mombenzene;toluene-bromobenzene;
ethylenebromide-propylenebromide;and methytchtoride~arbondioxide.
It wasnot true formanyotherpairsin nearlyaUof whichat teastonecom-
ponentwasknownto beassociated.

Rosanoffand Easiey*,workingprobablya bit moreaccurately,confirm
thisrelationforbenzene~thytenecMondewhichisthe onlyoneofZawidski's
solutionsusedby them. Tonyearslater,Schu!ze<reportedsomeca!cu!ationN
onthé vaporpressureaof benzène-toluènesolutionswhiohat the lowertem-
peratureshe interprèteto indicatepotymenzationof the toluene. At 6o"C.
however,the total pressureoversucha solutionplottedagainstcomposition
of thé liquidiaa straight!ine. Sincethis isa requirementforan idealsolu-
tion,wemayconcludethat, at teastat 6o",benzèneandtoluèneformanideal
solutionwithinthé iimitsoferrorofvaporpressuremeasurements.

J.Am.Chem.Soo.,M,t9ts(t9t6).
Z.phyaik.Chem.,35,M9(tgoo).
J.Am.Cheto.Soc.,3t, 953(t909).

<Aoa.Phyait[,(4)S9.73(t9t9).
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In thé ea!ou!atioDSofthiaseotion,weshaMassumethat at 27*0benzene

andtolueneforman idéalsolution. Whetherthey do or not is inMnatertat

sincethey are seteotedmorelyfor the sakéof concreteness.Hypothetica!

liquideAandB,havingassignedbypothetioalden~ttes,vaporpressurM,and

moleoularweightsmighthavebeenused;but the foUowingea!ou!&tion6are

basedonan idealizodbenzèneand anidoallzedtoluene.

In thé firetcohunnof Table V aMahownthe molfractionsof benzene

ineaohsolution;fromthisthé molfractionof tho tolueneoanbeobtainedby
dinerence.In thésecondcolumnaregiventheo8!not!opressuresofbenzene,
oaloulatedat 300"abs.fromeitherFormIII or Fonn IV,equationsfor the

idealsolution;whilethéosmotiepressuresof thé toluèneareshownin thé

thirdcolumn.

TABLEV

FormutaappMod:(P+ a/V~)(V b) e=RTwherePis theoamoticpres-
sureandV!sthévolumeofthé solutionoontainingonegrammoleoularweight
ofthe solute.

Température300"abs.

Forbenzeneassolute,b = 0.60,a = .?Qt98,
Fortoluèneaasolate,b .081,a = .8338,
Molvotumes:benzene==.oooo6;to!uene= .107~.

Mot Osmoticpressure Volumeofsolution Rcaloulated
FractionBeMene Toluene contatniM! BeMeneTotaene
Benzèneea as onemolofsolute as se

n Schto Mute Sotute Mute Mute Mute
n + N AttnMphNM Benzène

Litere
Toluene

Sincethe volumeVi in the moreconcentratedsolutionsis amallertthan

anyvolumeintowhiohthe liquidsolutecanbe compressed,it eeemeddesira-

bleto establisha relationbetweenosmotiopressuresandthe volume,V, in

liters,ofthe solutionin whichonegrammoleoularweightof thesoluteisdis-

Bancmft:J.Pbya.Ohem.,M,390(1906).

.99 M5I.7 ~-74 -opus 9 0~37 (.1191) .0820

.9S 684.15 Ï4.0I .09573 1.8189 (.0917) -0826

.9 5~5.~3 28.75 .10203 .91826 .0843 .0830

.8 367-55 60.95 -ïi699 .46796 .'o8o6 .0835

.y 275-oo 97.51 .~M .3~786 .0807 .0835

.6 ao9.,a6 !39 43 .ï6i8y .94~~ .0813 .o8:8

.5 'ï5~.3<' i89.34 .1977~ -!9778 .08:0 .o8:o

.4 n6.{,6 950.30 .?5'64 .16776 .o8:4 .o8to

.3 8t.5? 328.97 .34141 -14633 .0828 .o8oi

.2 50.96 439-63 .5M94 i30'3 .0827 .0802

.11 24.04 628.99 '.05954 -11773 0824 .0838

.05 ii.7ï 818.3 2.1376 .H246 .0822 (.0927)

.oi 2.29 t257 9 10.7544 .10862 .0820 (.1223)
Mean.0821 .0822
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solved. It willbeevidentthat the volumeV, of thosolutioncontainingone
molofsoluteMequalto thésumof thevolumeof thesolventV,in whiohone
motof thesoluteisdissoivedandthevolume(M.V.)ofonemolof thésolute.
Or

V.Vt-(.(MV.)sohtte
i,

It shouldbe emphasizedthat in doingthis, weare in no waydetracting

c

fromthe increasedapplicabilityofPV, RToverPV=RTfordihtteooiutiona.
Nettherof theseformulasis validbeyondverydilutesolutionswhilethe use
ofVasvolumeofsolutionin anequationexacttyofthe vanderWaais'form,

(P+a/V')(V-b)=RT

expressesthe osmotiopressureof ùitheroomponentwitha deviationof teM
than a%up to andinoludinga solutioncontainingninemoisofsolutéto one
molof solvent. r

The fourth and fifth cotumnsshowthe valuesof V introducedinto the
van der Waalsequation. în eatouJatiogthéosmoticpressures,the valueof
R wastakenas 0.08:0Mtcratmosphèresperdegreemsteadof0.08:07. Con-
sequentlyR shouldequal0.0820fromthe vander Waabequationandthé
valuesaotuallycaloulatedare shownin cotumnssixand seven.

The equation, then, reproducesthé data satisfaetorHyover the rangeofmolfractionofsolute,o to o.9thoughnothingshortofabsoluteagreemont Eoanbe oonsideredreallysatisfactoryforidea!izeddata. Byputtingin more
termein the equationof state, wecanof coumeget a better agrément.If we write

9

(P + a/V) (V b c/V) RT <

it is possibleto representthe factsprettywelloverthe entirerangeof mol
fractionso to 0.99,as iashowninTableVI).

TABLEVI

Formulaapplied: (P + a/V) (V b c/V) = RT
Temperature~00°abs.

Forbenzeneassolute,c = 2.69X io-n ==18.8, ·

Fortotueneassotute,c= 8.4~X to-~n='27.

“ R R Mo) R R
Ss ~r"Benzene 118 se as auSotutp Sotute BetMeM S~tte So~te

.99 .o8M .0820 .4 .08~ .og~

.95 .o8t9 .08~ .3 .0~8 .o8o!
-9° .o8M .0830 .2
.8 .o8os .0835 .1 .0824 .oSsto
.7 .o8o? .0835 .05 .o8M .0823
6 .0813 .0828 .oi .0820 .0820
5 .0820 .0820 Mean .0810 .0820
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Thèsevaluesof bsofoundto fit into thevanderWaabequationappear
to haveroa!signinoanee.In the firstplace,theyarespecifio,forif valuesbe
introducedditferingmarkedlyfromthem,novalueof eou befoundthat will
ma!œthe valueof R remainsonearlyconstantasdotheseacceptedvalues.

In the secondplacethesevaluesappearto representa fundamentalquan-
tity foreachsoluté. In the caseofbenzene,bis67%ofthe molvolumeofthe
liquid;for toluène,the fractionla 75.3%. Similarcaloutationshave been
madewithsimitarrésultafor thesystembonzene-carbontetfacMonde.Again
b = .060iathe valuebestfittingforbenzeneandbforcarbontetrachlorideia
0.073whichisagain7$%ofthemolvolumeof theliquidcarbontetraoMonde
at that teinperature.

The suggestionis madethat thèsevaluesofb mayrepresentthe actual
volumeof thesemoleoulesat this temperature,or,sincethe data are ideal-
ized,that the volumeof the moleculesof liquidahavingthesedensitiesrep-
resentsthis fractionof the molecularvolumeof the liquida. Numerousau-
thorshaveshownby variousmethodsthat the bofvander Waals'equation
cannotbe independentof températureandpressupeso that it shouldnot be
expectedthat the valueshèreusedshouldbethosevaluesofwhich aresuit-
able for benzeneas a gasat elevatedtempératures.The proposedvalue is
about one ha!f the latter. But measurementson liquidsoughtto lead to
this sort of fractionand they do.Tammann,lfrommeasurementsof com-
pressibilityofliquidsat o",calculatedfora fewliquidathat thevolumewhen
the pressureis infiniteaverages0.~8 timesthe volumeof the liquidat <A
Korberextendedthesestudiesoncompreesibilitiesandmadesomeontbennal
expansionfor a numberof liquida.Thesegiveaveragevaluesfor Vt.b..
= 0.756and Vp.~ = 0.72. It is clearthen, that the values of b thus
satisfyingvan der Waals'equationas hereappliedhavequite closelythe
samemagnitudeas these"incompressible"volumesofothermethods.

Conclusions

Twoequivalentexpressionsfortherelationbetweenosmoticpressures
andvaporpressureshavebeenderivedina manneranalogousto that ofvan't
Hoff. Thèseexpressionsare:

PV =
5~

tnP?
M,?,

°''
PVM=RTInP?

Pl
and

PV~RT~tnP!n pt
2. No equationof the formPV = RT canexpressosmoticpressuree

accurately. If V be definedas the volumeVtofthe solventcontainingone
molofsolute,the data of MorseandFrazershowedthé applicabilityof PV,J
= RTto begreaterthanthat ofPV = RT whereVisthevolumeofsolution.

Ann.Physik.(4)3?, t0t4(t<m).
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3. Theheatofdilutioncorrespondsto a worktenu wMchpreventsany
formofPV'= RT havingvatidityovera rangeofconcentration.The equa-
tionmustbePV = RT+ f(Q)wheref(Q)isa functionthat cannotbeevatu-

atedat présent.

4. For ideal solutionsweeanwritePVi = RT withan errer not to ex-

ceedfive~rcent to the concentrationwherethe soluteia ten mol percentof

the solution.

S. FromFormn,PVt=RT~!nB',msofaraaPVt =RTntaybeas-n pt

sumedto be
va!id,

= h B°isagoneralequationfor thecatculationofmole-
iq PI

cularweights.

6. This équation = tn B!is important beoausefromthe Clausius-
M pt

Clapeyronequationh = dT.Substitutingin thisandsimplifying,we

getM =' whiohia theequationfor thé oatcutationofmolecularweights
©T

fromfreezingpointsor boilingpoints.

y. Raoult'slawand Henry'slaware shownto beeasentiatlydiCoîent,
becausethe constantin Raoutt'slawis non~peciScand thé one in Henry'e
lawisspecinc.Atsobecausethe termPo,the vaporptessareofthe pure liquid,
basnophysicalsigni&canceinthecaseofa gasaboveitscriticattemperature.

8. From the equationPV = RT
(" + ')

!n an equation
\n ~M.v. pt

whichisjustaavalidas Formtt, in sofar asPV = RT,
n _Po-P'

(M.Y.).

isobtainedof thegeneralformofRaoult'slaw. This maynot beeignincant,
becauseRaoult'alawholdeaccuratelyfor benzène-toluènemixturesat tem-

peraturesat whichthe twomolecularvolumesarenot equal.

9. Objectionstovan't Hoff'srelationon the groundof inadequacyhave

.often rested upon improperdéfinitionsof the terms, espeoiallythe V of

PV = RT.
10. Compressibitityof thesolventis not a factor in measurementsofoa-

moticpressure.
il. Somepreviousmethodsof findingthé volumesof thé componentsof

a solutionin the solutionaredisoussedandit is shownthat thevolumeofone

gramofsolventina solutionmaybecalculatedfromFormI, usingit asV, =*
R~P yt
–– h S. Thispermitstheea!cuiationof the specifievolumeof the solvent.
JrMt pt

13. It bas beenshownthat Vgfor either componentoanbe dotermined

fromthe.denaityrelations,subjectto a correctionfor possiMehydratesof



OSMM'!CMN88UKMOFCONCENTttATBB80MTMN8 43

varyingcomposition.Thiscorrectionis probablyof s!ightimportancewhen
one caloulatesVgfor moderatelyconcentratedsortions. Subjectto this

limitation,it is possibleto oaloulateosmoticpfessureaMcurat~!yfrom a

knowledgeofthé densitiesand thépartialpressures.
13. The osmotiopressupesof idéalsolutionsof benzeneand tolueneare

catou!atedfromeitherformherederived.

ï4. TheseosmoticpressuresaMshownto beexpressedquiteBatisfaetoniy
byan equation(P + &/V)(V b) '= RTwhiohiaof the typeusedby van

derWaabforgasea.

ïS. The absolutevaHdityof Raoutt'slawfor idealsolutionsgivesriee
to someveryinterestingproNemsin regardto massandvolumeconcentra-
tions. Thèsewillbedisoussedindotaitina laterpaper.

fcnxHPtt<M)'a«y.



AQUEOUSSOLUTIONSOF SODIUM SILICATES.* PART VIII.

GENERALSUMMARYANDTHEORYOF CONSTITUTION.

SODIUMSILICATESAS COLLOÏDALELECTROLYTE8.

BY R. W. HARMAN

Introduction

The interestof récentyearein the evor-increasingindustrialimportance
ofsodiumsilicatesof varyingratios Na<0:8i0taaevidencedby theirmany
and variedtechnioalapppUoationsand their inoreasedproduction,seemsto
haveovershadowedthe moretheoreticalaspectof theirexact natureandbe.
haviourinsolution,froma knowledgeofwhichwecan,alone,hopeto under-
standfullyandapplymorewidelystill thisclaeaof exoeedinglypuzztingbut
usefulcompound.

AlthoughsHicatesgoneraUyhave beensubjectedto extensiveandpro.
longedinvestigations,sodiumsilicates, in particular, have receivedonly
iaoiatedandintermittentattention. Untitquite recentelyoaf knowledgeof

aqueoussolutionsof the alkaliaucatea wasdrawnmainlyfromthe workof

KoMrausch',andfromKahlenbergandLincoln,*ontheeleotrioalconductivity
andfromtheworkofKahlenbergand Uneom,andLoomis*onfreezingpoint
lowering. Thèseinvestigatorsconoludedthat a!kati silicatesare targety
hydrolysedin solution,mostof the silicabeingin the colloidalstate. Later

Bogue~showedthat the degreeof hydrolysisas determinedby E.M.F.
meMurementswasunexpectedïylowand notin accordwiththe previouseon-
clusionsdrawnfrommeasurementsof conductivityand loweringof the

freezingpoint.
The Uteraturecontainsmany referencesto severaldefinitesodiumsili-

cates, notablyNatSiO~,Na,8it0:, NaHSiO,,Na~On, Na<8i0<,etc.but
the onlyonewhosecompositionhadbeendeSnitelyestablishedwasthemeta-
silicate,NâiSiO),and even then much conaictingdata existed concem*
ingthe numberof its hydrates. Then Morey~,Moreyand Brown*proved
that Na~SiOtand Na~SixOtseparated as crystallinesalts at temperatures
between4oo"ooo"Cfromsolutionand fromfusedmelts. The existenceof
the othersodiumsilicatesseemsmoreor lessto havebeentaken forgranted,
as beingprobablyformedfromthe great array of of silicieacidspostulated

*ThMaenesofpapere,"AqueocaSolutionsofSodiumSilicatesPMtaI-VIII,compriso
aTheNapresentedforthé DenréeofDoctorofScienceoftheUnivetmtyofLondon.

Wied.Ann.,47,756(t89a);Z.physik.Chem.,M,773(t89s).
J. Phya.Chem.,2,77(t8o8).
Wied.aMt.,M,53'(t897).

<J.Am.Chem.Soc.,42,2575(toao).
J.Am.Chem.Soc.,9e,tts (t0!4).
J.Phys.Chem.,M,n67(t9:4).
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fromtimeto timo,e. g. Schwarzand Menner'claimthe existenceof at least

sevensiticioacida,or hydratesof SiO~. Ourknowledgeof thèse is, at béat,

verymeagreand theirexistenceasacidsseemsvoryproblematical,eventhe

most!yclearlydefinedofall,metamMoicaoid,HitSiOt,onaccountof itspartly
colloidalnature,boingatiUwrappedin anatmosphereofmystery.

GeaefaiSumNMuyofExperimentalWorkand Resulta

In the presentinvestigationtheaystemNaiO-SiO~H~Oat a5"Chasbeen

studiedalongthe followinglines,eachofwhiohhas formedthé subjectof a

communicationto this joumat,–(i) preparationand conductivity,(a)trans-

port numbers,(3) sodiumion activity,(4)hydrolysis(s) osmoticactivity:

toweringof F.Pt. and v.p., (6) heterogeneousequilibria (7) eteotrometno

titration,diffusion,and oolorimetrioestimationofsilicate.

A brief summaryof the resultsobtainedand the more important con-

clusionstherefrom,foUowseriatim.

(t) C(M!<!W!<tM(y.

Frommeasurementsofaqueoussolutionsof ratiosa :t, i :ï, etc. up to t :4

wehaveseen*that solutionsof and ï:! ratios are excellentconductors

in ditutesolutionbut the equivalentconduotivityfallsquicMywith increase

of concentration,so that at zNwit is relativelylow. The ratioscontaining
moresilica,viz., ï:a, 1:3,and 1:4are ajaoquite goodconductorsin dilute

solutionand moreoverthé valuesof A~for thèse three ratiosareallnearly

equal, beingos, 91 and 88,but in concentratedsolutionthé conductivities

are abnormallylow.

Hydrolysisinto NaOHand colloidalsilicicacid cannotaccountfor this

highconduotivity,not evenwithratiosrelativelyrich in NaOH,norin dilute

solutionwherehydrolysisis greatest and with ratios rich in silica,where

hydrolysisis praoticallynegligible,it isapparenttbat the explanationthat

the conduotivityisdue to hydrolysisis totallyinadequate.
The resultsobtainedarereproducedagainin Table1for readyreference.

TABLEI.

Equivalent Conductivity t = as G.

Nw NaOH a:! t:t t:s ':2 ':3 '=4

2.0 i4:.o 57.3~ S7-~5 3~.09 as.So 20.46 16.17

1.0 172.50 85.57 8i.2S 50.~3 36.10 3~.42 23.24

0.5 200.0 ïoy.8o 96.80 66.16 49~5 45'4i 33-14

0.2 209.0 136.90 iï2.yo 86.20 62.59 S7-33 48.25

o.t 214.5 157.50 130.80 99-<o 7~-70 66.48 57'8o

0.05 220.0 175-50 ï43.8o 107.04 78.oo 75-63 65.80

o.o2 225.5 190-10 15~ 70 II4-M 84.00 8t.75 75 o6

0.01 227.5 193.0 "55.o n8.io 89.50 85.t6 81.50

0.005 228.0 194- 159° 120.14 93 ~o 89.90 86.04

o.o 160.0 m.oo 9S-°o 9ï-<~ 88.00

'Ber.,57B, 1477(t?~); 58B,73(t~s).
2J.Phya.Chem.,29,nss (t99s).
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ThemostreasoaabteasMmptionto explainthesetesuttaia thé existence
of siticateionsand sodiumionsdue to ionia~tion,in additionto.the NaOH
formedby hydrolysis.In concentratedsolutionthis ionisationMb offcon-

BideraMyor else the silicateionsare now not so activein conveyingthe
canent.

EquivalentCondcetivitya~net Ratio

Fromthe graphwherethe equivalentconductivityieplottedagainstthe
ratio,as in Fig.x,wehaveseenthat in dilutesolutionthereisa sharpchange
of ditectionat t M,the Tetati&nBMpon eitheraideof1MBpointbeinglinear.
As the solutionsbecomemoreconcentratedthis ample relationshipdisap-
peamuntil at 2 Nwthe mostmarkedchangesof directionof the ourvesare
évidentat a :i and 1:1. It maybe that definitesaltsofratioa :i, t :ï and i :2
exist,but in any case,conoentratedsolutionsexhibita radicaUydifferent
behaviourfromverydilutesolutions,suggestiveofa changeofstateofoneer
moreof the constituents.



AQUEOU8SOLUTIONS0F80MUM8MCATE8 47

(a) 7*MtMp<H~Numbers.

Fromthe resultsof veryoarefultransportnumberexperimentalwehave
seenthat as the proportionof 8i0) mcreasesin theratio Na<0:8i0tsodoea

thé proportionof thé ourrontcarriedby the 8iHoaconstituentinotease.If
the transportnumbctaare ca!oM!atedon theaseumptionof SiOt*beingpre-
sent in att ratios,then the T.N. of thia silicateion is as shownin TableII.

Fromthis it iefairlyévidentthat (i) silicateionsare presentand(a)that
either(a) theanionmaybe a solvatedaggregateofsimpleëiOaions,carrying
a chargeequalto the sum of thé total chargeson the separateions,or a
solvatedaggregatecontainingmorethan onemol 8i0<per divalentcharge,

TABLEII

totalchangein wt.of8i0~ content
10&

wt. SiOtequiv.to Agdepositedin ooulometer.

thèseaggregatesspiittingup on dilution,or (b) the anionsmay bedefinite
ionsmorecomplexthan the simpleion 8i0<ion, i.e. definitesaits ofthe

fo!lowingformu!aemayexist,–Nat(8iOt.Si09),Na<(StO<.2StO!))etc.,whiohion-
i9etogivede6n)tedtvatentaUioateiona8UchM,–(SiO,.SiO<)',(8iO<.9SiO<)'etc.

In thispaperontransportnumbersit waspointedout that the numberof

moisof SiOîperdivalentcharge(a F) of the silicateanionseemedapproxi-
matelyequalto the molarratio SiO~ Na~O.Thismay beexplainedintwo

ways,–(ï) ratio i :4e.g.may bea definitesatt witha true anionof thecom-

position(Si0<.3810:)aq." i.e.suchan anionresuitsat any anda!iconcentra-
tionsfromionisation,or (a) in solutionsof ratio !:<tan aggregatesuohas

(SiOt. n8i0:)aq".existsin a morelooselyboundcombination,insuohaway

J.Phys.Chem.,90,3S9(t9t6).

No.Expt. Ratio Approx.Nw. n<m M<)o) noa

ï 3.36 o.ay o.!? o.s6
a 1:1 i.o 0.36 o.i~ .ogt

3 o.t o.3ï o.18 o.S)t

Metmo.~t 0.16 o.S3

t.o 0.4;: o.88

ï:a 0.5 0.35 o.yo
0.1 0.4$ o.8?

Meano.41 o.8a

7 ï:3 ïo 0.40 1.35
8 0.5 o.4S i-4~

Meaao.43 1-38

9 i:4 i.o 0.53 2.32
to o.ï 0.44 s.44

Meano.48 2.38
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that "n" may be large in very concentratedsolutions,but in very dilute
solutionssmallerand evenzéro,thoughin therangeof concentrationmeas-

ured,as far as experimentalconditionsattow,it appearsonan averageequal
to four. In suchoirctunstancesit waseonotudednot to be aomMeadingto
oaloulatetheT. N. of thé siticateanionfmm

T. N. Silicate=
total changein wt.of8i0<content

l*DLouicate –'––––-–––-––-–––––––––~––~Icae
N X (wt.ofSiOi,equiv.to Agdepositedincoul.)

andthe resultsobtainedare givenagainin TableHI.

TABLEIV

Sodium Ion Activity

Cono.Nw. -y=*aottvitycoeScieot
!M I:} j~

1.0 0.26S O.ÏOg 0.050
o.8o 0.475 o.:75 0.145 0.060

0.50 0.440 o.gto 0.185 o.ogo
o.4o 0.425 0.335 o.zio o.ïto
0.20 0.415 0.4YO 0.205 0.185
o.io 0.425 0.460 0.365 0.250
0.05 o.soo 0.500 o.4<5 0.325
o.o!i5 o.yoo 0.5~5 0.480 0.405
o.o! 0.975 0.785 o.yoo 0.550

J. Phys. Chem., 30,9t? (t9:6).

TABLE III

Ttanaport Numbecs

N Ratio nm n~. nM

1 !:l o.gy o.ï6 o.~
2 1:2 0.41 0.4! o.t8

3 1:3 0.43 0.46 o.!t

4 i:4 0.4~ &.S9
––

(3) )So(MMMtJtWActivity.

Themeasurementsofsodiumionactivitybymeansofa sodiumamalgam
etectrode~werecarriedout in the hopeofgainingsomeideaof thesodiumion
concentrationin solutionsof thesevanoustatioa. Theresults withratio i :t

however,wereanomalousin that the ourveof y, the aotivitycoeSoient,
againstconcentration,paasedthrougha minimumat moderatoconcentra-

tion,abouto.iNw,and so causedsomeirregularity,but the resultsobtained
withthehigherratiosdidnotshowsimilarbehaviour.Theaotivitycoefficient,
frombeingcomparativelyhighindilutesolution,changedregularlyto a very
lowvalueinconcentratedsolution,beingmoreorlessparallelto theconductiv-

ity. Thefallin as theproportionof SiO:in theratioNa~O810,inoreased
wasaisofairly regular.
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Thegeneraleonctuaionscan bedmwnthat inoreaseof ooncentrationfor

anyoneratio,andespeoiallyincreaseofatioa in thé ratio, bothhavea very

markedeffecton thé aotivityof the sodiumion,aoreduoingit that in con-

centmtedsolutionsofratiosï :3aod:4 itis remarkablyandunexpectedlylow.

Theresultsobtainedaresummfurisedin TableIV.

o M tL4 0.6 M LC
FN.:a

SodiumIonActivity,v,againetConcentration

Theserésultaareshowngraphioallym Fig.2.

(4) ~ro~Ma.

ThedescriptionofE. M.F. measurementaofhydrogenionconcentrations

ia givenin Part IVof this series1the chiefresultsof whichareaummarised

in TableV.
TABLEV

PercentageHydrolysis
Nw 2:t ':t t:t.S ':2 "4

2.0 i?.s 15.25 3.o i.o o.Mt 0.032

i.o i9.o i6.s 59 '35 <i<)2 0.071

0.5 19-7 i9-ï 7.10 1-88 0.36 o.t4

0.2 24-~ 20.0 8.25 2.40 0.58 0.35

o.! 28.4 2t.8 8.y 2.85 0.77 0.57

0.05 3~-0 22.6 9.76 3-8 i.io 0.03

0.02 34.2 23.25 "ï'o 5i ï-30

o.oi 3<o ~78 i2.o 6.5 1.34 i-5o

J. Phys. Chem.,30, noo (1996).
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Theeeresultsare showngraphicaUyin Fig.3.
It waathereehownthat the degreeofhydrolysisandthe concentrationof

OHionare in a measureproportionalto the proportionof1~0 ia the ratio.
The greatpointof interesthowever,lethat evenin verydilutesolutionratio
i:ï ahowaonly37.8%hydrolyaia,whiteratios !:3 and ï:4 only about1.5%
hydrolysis. In concentratedsotutionthe degreeofhydrolysisisevenmore
remarkablylow,beingt$% and0.1i ando.oj%respootiveiyforconcentration

0 ).: ).6 2.0
CC~CeW77!M77<~V

Fto.33
PercentageHydrolysisagMMtConcentration

zN~. Wethus seethat hydrolysiscaninnowayexplainthe conduetivityof
thesesilicatesolutions. If, as sometaterinvestigatorshaveassumed,theOH
ion concentration,as here catcutatedfrommeaaurementsby the hydrogen
electrode,doesnotgivethe true valueofthe hydrolysis,thenOHionadsorp-
tion bythe colloidalsilicatakes placeto a verylargeextent,especiaMyinthe
higherratios. Hencethèsesolutionsshouldshowa verylowosmotioactivity,
whichthey do not, a point to be dealtwithmorefullylater in considering
resultsofmeaaurementsof F.Pt. lowering.Theonlyotherexplanationseems
to be that silicaexistain the cryataUoidatstate in solution,somepossiblyas
silicateions,and ianot whoUycolloidalasheretoforesupposed.

FromTableI' (Part IV) givingthe valuesof the liquid-liquidpotential
différencesodiumsiHcate/sat.KCI, as expenmentaHydeterminedby the
Bjerrumextrapolationmethod,in ratios2:1and i:t thia liquid-liquidP.D.
is of theorderof 3-4millivoltsandopposesthe generalE. M. F. ofthe eell,
as expectedfroma moderateconcentrationofOHions. In ratios t:3and i :4

1J. Phye.Chem.,M,ttoo (t9a6).
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the P. D. is just as largebut is in the oppositedirection. Hèrethe OH ion

concentrationis praoticaUynegligible,honce thé BiMo&teiob is tesamobile

thanthé sodium,or there is a greaterconcentrationof sodiumionsprésent.

Webaveseen,too, that whenthe percentagehydrolysisisplottedagtunat
theratiosomewhataimilarohaogesofdirectioncoeuraswhenthe conductiy-

ityisplottedagainsttheratio,andtheconclusionwaadrawnthat thévariation

inconductivitynoted,in the moreconcentratedsolutionsof ratioscontaining
littlesilioa,aremaMy dueto changesin the OHionconcentration.

0 .8 t.Z t.6 ZLO

Fto.44
MoteoutarDepresNonofFreeaingPointagainstConcentration

(5) 0&tKO<tC~c<tf:

Loweringofvapourpressureand freezingpoints.
InPart Vofthis séries'aredescribedmeaNuremeotsofthe loweringof the

vapourpressureandof the freezingpoint,the resultssummarisedbelowbeiog

presentedfromthe pointof viewof both the earlierionietheory,TableVI,
andfromthemorerecentactivitytheory,TableVII.

Thèseresultsare showngraphioaUyin Fig. 4.

Theseresultsshowusthat for ratio i :i both modesofcalculationindicate

that at concentration0.01N~dissociationinto 4 ionsor activeconstituents

ianearlycomplèteand accountafor the conclusionsofearlyinvestigatorsthat

Na~SiO~waaalmostcompletelyhydrolysedaceordingto the foUowingequa-

tion,

J. Phya. Chem., 31, 3SS('9~7).
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But thisviewis nolongertenable,asnot beingin accordwiththepercentage
hydrolysisas direetlymeaaured.In the paperon hydrolysis(!oc.oit) it was
shownthat ratio 1:1,i.e.the metasilicate,Na<8i0~,undergoeson solution
both ionioand hydrotytiodissociationgivingrise to Na, OHand Si0<ions
and crystaMdat HtSiO~,at leastinditutesolution.

It wasthere shown,too, that, as far as hydrolysis,sodiumionactivity,
and freezingpoint loweringrésulteareconcemed,it appearedveryprobable
that theacidaa!tNaHSiOtexistainsolution. Ratiosi :3and i :4onthé other
hand do not appear to be dofinitesatts and their behaviourin solutionis e
quiteremarkable,e.g.thevan'tHofffactor"i" forratio ï :4rangesfrom0.565
for 2 N. to 3.oï for0.01N, whiletheactivitycoefficientrangesfromo.ot5
to o.4! for the sameconcentrationsrespectiveiy. To explainthis it was
there tentativelyput forwardthat thérésultafromratios :3 and ï :4~eemed
to suggestthé possibilltyofcomplexcolloidalaggregatesin veryconcentrated
solution,andof ionicmicellesinmoderatelyconcentratedsolutions,suchionic ]
micellesbreakingupondilutionsomewhatafter themannerindicatedbythe
followingéquations,– !j

')

TABUSVIÏ
ActivityCoefficient,fromF. Pt. baacdon v = 4, i.e. the moleoulegives

4Maaat inftnitedilution

N~8!0, + aHOH~=±aNaOH+ H~SiO,(colloidal)

il
aNa'+aOH'

TABLEVI

Loweringofthe FteemngPoint

m VM'tHothMtor"i".
!:2 t:3 t:4

a.oo t.oo 2.30 t.o8 t.03 o.yya o.565
1.00 o.so :.85 a.io t.M 1.06 o.8ss
e.SO 0.35 3.o$ a.45 t.6? 1.46 i.o6
0.20 o.to 3.45 2.88 z.~ a.~ tgg
o.io 0.05 3.85 3.t3 2.~4 2.36 2.13
0.05 0.025 4.35 3.S5 3.01 2.~3 2.69 10.02 o.oï 5-OS 3.75 3.M a.06 2.96
o.oi 0.005 5.60 3.87 3.55 3.M 3.0:

m NaOH t:< t:z ~3
0.005 o 950 0.922 0.731 0.604 0.412
o.oto 0.~0 0.888 o.S99 0.484 0.342
0.025 o.867 0.~8 0.456 0.359 0.244
0.050 0.820 0.626 0.358 0.252 0.171
o.too 0.765 0.497 0.259 0.179 0.109
o.soo 0.700 0.280 0.080 0.052 0.029
t.ooo o.68o 0.192 0.035 0.029 0.0:5
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(m.8i0,.n8i0! aq)'°' ~=±:m 8i03+ [n8:0~aq.!coUoidat

[n.SiOj).aq!, coHoidai~±Hi,SiO,crystaUoida!

(6) Be<e)'ojifeK«tM<Equilibria.

~<<em;NâtO SiO, HtOat ?s''C.

In this paper~(PartVI) it wasshownthatonlytwosaltscorrespondingto

ratios t :i and z:2existat !:$"C, Ratio t :i is undoubtedlythé metas!!icate,

NaaSiOa,and its hydrateshave beenshownto contain9, 6 and 2.5aqres-

peotively. Ratio z:2maybo eitherNa<SiiOtor NaH8iO:,but in any case

shouldcrystaHiseout withthe compositionNasO sSiOt. çHtO.

No evidencefor the existenceof any other than salts correspondingto

thesetworatioswastound.

Attentionwasdrawnin this paperto thefact that Moreyhad previousiy

obtainedNatSiO:and Na<Si<0~and thesetwo only,but his Na~O. was

not readilyaffeotedby water. It wasa!sonotedthat bothNigg!iandWallue

failedto obtaina definitesalt richerinsilicatethan the metaftiticate.

(7) <StKco~ToMSo~ CryatoNoM~tStHca.

The problemof obtainingsomedefiniteknowledgeon this aspectof the

problemis treated in Part VII of this séries'but onlyin a meagreprelimin-

ary tnanner.

Thc etectrometriotitration curvesofa diluteHCtsolutionagamstdilute

NtuSiO:solutionsare typicalof dibasioaoids,thus suggestingH:8i0t as a

true dibasioaoidwithsaltsNaHSiO,andNa:SiO.;the dissociationconstants

beinggivenas h = 4.3X 10- andks = o.sï X 10'

The results froma fewdiffusionexperimentsindicatethat most of the

silicain ratios i :i and t:2 is diffusible,about ofthe silicain o.3N 1:4and

about j~ ino.ïN H,8i0) beingcrystalloidal.
In this paper, also,a colorimetricmethodof estimatingcrystaUoidat

siUcaby meansofHtSO<and ammoniummolybdateshowedthat the amount

of crystaUodatsilicain any ratio wasdireotlyproportionalto and expressed

by thesamefigureas theratio SiO~NâtOinextremelydilutesolution.

TheoMtical

Anattemptwillnowbemadeto correlatethedataobtainedand topresent

an explanationof the constitutionandof the behaviourin aqueoussolution

of the various Na~O:SiO,ratios investigated. Attention will be ehieny

fooussedon the evidenceadducedin proofof the followingfourmainstate-

ments,–

(1) Siticaexistsin solutionsofthèseratiosnotwhollycolloidalashereto-

foresupposed,but whollyor partlyascrystalloidalsilicadependinguponthe

ratio Na~O Si0<and upon thé concentration.This crystauoidatsilioa

existinginequilibriumwithsilicateions,orelectricallychargedaggregatesof

suicateionsand silicai.e. ionicmicelles,or purecolloidalaggregates,as the

casemaybe, dependinguponthé ratioandconcentration.

1J.Phye.Chem.,31,Sil (t~y).
J.Fhys.Chem.,31,616(t9<7~.
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(a) In aqueoussolutionat ïs° C two and only two simplesalta viz.,
Na<SiO;i.e. ratiot :ï, andNaHSiO,i.e.ratio 1:2,appeartoexistassuch,the
behaviourandnatureofwhioharenoweluoidated.

(3) Ratiosotherthan.i :t and t :2are not definitesa!tsbut are typioal
examplesofcolloidaletectrotytes.

(4) Thefundamentalnatureofsilicain sotutionappearsto dependupon
the existence,at leastin thé rangehèreinvestigated,ofoniy oneacid,meta-
suMioacid,in whichthe equiUbriumbetweenthé crystaUoidatand the col-
lodialconstituentsdependsuponthé concentration,the crystaUoidatcontent
at ordinaryconcentrationsbeingmuohgreaterandthe aoid,therefore,muoh
stronger,thangenerallysupposed.

Evidenceforthé Existenceof "CïystaNotdaT'SiMca1

Undertheheading"oryataUoidaisiMca"are olasseddeSnitosilicateions,
aggregatesof ionscanyingan eleotriochargewithor withoutsomecolloidal
silica,ie. Ioniomicelles,andcrystaUoidatsiMcioaoidor hydratedsuioa. Thé
evidenceproducedherein,for the existenceofsuobcrystaHoidalsitica,rests
mainlyon thefollowingfoursources,–

(t) Conductivitymeasurementsresuttedinthenndingofamuohgreater
conductivityforratiosupto ï :athancouldresultalonefromthe proportion
ofNaOHformedbyhydrolysis,asmeaauredbytheE. M.F. method. Above
ratio i :a wherethehydroxylionconcentrationis very low,the sodiumion
aecountsforaboutonlyone-balfthe conductivityfound. Theonlywayto
accountfor théconduotivityis to postulate the existenceofsilicateionswith
mobilitiesrangingfrom 40-60approximately.Moreover,the equivalent
conductivity,asoatoutatedfromthe concentrationof sodium,hydroxyland
silicateionsas foundfromF. Pts.,OHand Na ionmeasurements,and their
respectivemobilities,agréesweUwith the expenmentaUydeterminedcon-
duotivity.

(2) Themostdirectandconclusiveevidencesofar put forwardto show
that the silicainaqueoussolutionsoftheseratioscarriesan electriochargeis
obtainedfromtheresultsof transportnumberexperiments.Fromtheseit
wasshownthatn.a.= 0.16for ratiot:r, 0.41forratio i :z,0.46for ï :3,and
0.59for t :4,whencalculatedby thé secondmethod. Whetherthis basisof
calculationia corrector not, these transport numberexperitnentsproved
that quite a fairproportionof the current, at leastone-halfin the higher
ratios,is camedbythe "silica."Sincethe possibllltyof adsorbedhydroxyl
ionson thésilicagivingthenecessarychargeto thesilica,basbeenshownto
beremoteandindeedmostimprobable,thé onlyconclusionis that the suica
mustexistasions.Therelativelyhighmobilityofthesechargedsilicapartioles
as deducedfromconductivityandtransportnumberresults,isalsocontrary
to that expectedfromcolloidalaggregateswithOHionsadsorbedthereon.

(3) Athirdveryweightyargumentappearswhenwe considerthe re-
suitof bydrolysisexperimentsalongwithfreezingpointloweringresulta. In

aMy~
allyandiomcattyactive."
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the paperon osmoticaotivityit wasshownthat the onlypossiMewayto

accountfor thehighosmotioaotivityof thèseratiosin aqueoussolutionwas

to aoceptthe existenceof silicateions. Theconductivityofthe sodiumions

andof thehydroxylionsas foundby E. M.F. expérimenta,togetheraccount

for onlya fractionof the total ionconcentrationas determinedby freezing

point lowering.The non-accordanceis quitebeyoadthé boundsofexperi-
mentalerror,nor couldit beaccountedfor by the assumptionsunderlying
the iawsgovemingidealsolutions.Thehigherthe ratio thewiderla thédi-

vergence,so that in ï :3and i :4morethan halfthe"c~sMo! contentbas

to boaccountedforby thesilicainthé moredilutesolutions.Whether thisis

duoto thé complexsilicaaggregatesbreakingdownintosimpleraiiicateions,
or to the disintegrationofanioniomioelle,or toorystaUoidalH~SiO:ionising,
or to allthesephenomena,willbediscussedlater. Thefaotromains,however,
of a very largeproportionof crystalloidalsilioain solution,moreeapeciaUy

in dilutesolution.

(4) Direct evidenceofthe existenceof crystaUoidataiUcalaput forward

in Part VII ofthisseries,givingtheresuitsofdiffusionexperimentswithcol-

lodionmembranesand parchmentpaper,and the résultaofa cotonmetric

estimationfor orystalloidalsilioabasedon the formationofaiacomolybdate.
The diffusionexpérimentaindicatedthat mostof the silicainratios t and

î:z is diausible;about ofthe siiicain 0.3N. 1:4and about in 1.0Nw

H~SiOtalsobeingorystaUoida!.Thesilicomolybdatecotorimetrictestshowed

that in very dilutesolution,o.ooiN., the amountof crystaitoidalsilicaas

comparedwith that in ratio 1:1i.e. sodiummetasilicate,wasdirectlypro-

portionalto the ratio.

The existenceof crystaHoida!silicaand siiicateions in aqueoussolution

seemsthereforenrmiy estabMshed,and there nowremainsthe problemof

what nature and compositionare the ionsand chargedaggregates,and in

whatproportionsthey exist. In the solutionofthis problemthe natureand

compositionofthesaltsgivingriseto theseionsfurnisha goodguide,andhelp
to narrowdownthe possibilities.

Ratios and1:f!are DefaniteSo~s. Theirbehaviourin solution.

Fromthe investigationof the ternarysystemNa~O SiOt H:0 at :s°C
wehaveseenthat onlyratios :ï and :xoccurasdennitesolidsatts. Ratio

1:1is the metasilicateNa<8i0!,crystallisingwitho, 6 and2.5aq., the ex-

istenceof whichbas longbeenestablished,in spite of the difficultyof its

crystallisationand the confusionwhichtit! nowbas existedconcerningits

hydrates.
A certainamountofevidencethat thèsetworatioscorrespondto definite

salta in solutionia alsofortheomingfromconsidérationof the ourveswhere

conductivity,hydroxylionconcentration,sodiumionconcentration,andthe
van't Hofffactor"i" (fromfreezingpoints)areseveraUyplottedagainstthe

ratio, distinctchangesofdirectionat thesepointsbeingevident. It wasalso

seenfromconsidérationof freezingpoint resultathat thé existenceof salts

correspondingto ratios t and i :4wasveryunlikely.
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Fromtheseresultaof the phaserule investigationwehaveseonthat the

followingsoMsalts wouldbeexpeotedto separatefromsolution,-

(j) Na~SiOa.oHiO.Thissalt basbeenobtainedbytheauthornot ouly
fromatcohoHcsolution,but atso in the formof large,weU-dennedcrystais
fromaN<r solutionofratioa :i withoutthe additionofalooholor inocu!ating

crystals.

Nai8iO,.6H<0.
`

NâiSiO~.~.sHiO.

Na,8i0,.

This décidesthe hitherto conflictingand oonfusingdata concemingthe

hydratesofNa~SiOt.

(z) Na~O.zSiO~.9H<0. ThiscompoundbassofarïeaistedaUattempts
at separationin a pureformfromaqueoussolutionat 2tC. It maybefrom

thephasem!eresuMs,eitherNaHSiO,. 4~.0 or Na<Si<Ot.oHtO.

Ka<<MJ':San<

Wehaveseenthat onlythe ratios 1:1and ï:: existas deËaitesilicates

aadtherenowremamsanexplanationof ratios i :3and i :4.

Thefactthat there is mcreasiBgty!esspercentagehydrolysisas the pro-

portionofsiaca.increasesin the ratiountil it is praoticaUynogligiblein t :4
favoursverymuchthe viewthat thesehigherratiosarecomplexesofthe two

beforementionedsattswithexeessofsiMo aoid,or hydratedsilioa,the pres-
enceofthe silicicacid, oneof the productsof hydrolysisof thesetwosalts,

causiNgthédiminutioninhydrotysisaccordingto the lawofmassaction.

Again,if either of the ratios 1:3or 1:4weredenniteaalts,then, since,

hydmtyticdécompositionseemsnegligible,too% ionisationinto three ions

wouldnotbe suffioientto accountfor the largemoleculardépressionof the

freezingpointindilutesolution. However,sodiumionaotivitymeasurements

indicatethat in dilutesolution70%in ratio 1:3andonly5S%in i~ is the

extentto whichthe sodiumexistsas activesodiumions. To bringthe re-

sultsfmmF. Pt. measurementsand from sodiumion measurementsinto

agreementwouldneeessitate,sinceonlysodiumandsilicateionsarepresent,
in thécaseof ratio i :3approximately80%ionisationinto4 ions,andin i :4

approximately60%ionisationinto 5 ions. It appearsquiteimprobablethat

anysimplesalt ofcompositioncorrespondingto ratio ï :gi.e. (NâtO. gSiOt.

aq.). couldioniseinto 4ionsor any correspondingto i :4i.e. (NâtO. 48i0t.

aq.).intos ions. Norwouldit bea reasonaMehypothesisevento assumethé

existenceofsuchproblematicalcompoundswhenail thé evidence(exceptfor

the resultsof expérimentaon transportnumbers)from theotherlinesof in-

vestigationemployed,goesagainst the existenceof thesehigherratios as

definitesalts.

Thusanexplanationon quite dinerentlinesmustbe sought,anda most

rationalonefollowswhenweconsiderthèse ratiosas colloidaleïectrotytes
fromtheviewpointof aggregateormicelleformation.
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SiUcatesasCoUoMatEteetM~tes

în veryconcentratedsolutionthe siUeateprobablyexistaasa veryoom-

piexaggregate,whichnot onlybreakaup into similarsimpleaggregateson

dilutionbutalsogivesriseto sodiumand SiOaionsandioniemicelles,insome

suchmanneras the foUowing,=

tNa~).R. SiO,. aq). ~± Na. + SiO,"+ (m8i0,. n8i0<.aq)"' + [nSiO:.

aq)+tNa,0.r.SiO,.aq.]y (i)
The followingequilibriaalsoexistingin themoredUntesolution

(mSiO,.nSiO,. aq)'~ ~=tmSiO,"+ [nSiO,.aq.) (a)

{n8iOt.aq.j~±H,8iO,. (3)
whereaggregatesmciudedin squarebracketsareooHoidat.

D!!M<eSolution

Since'y =' o.55at concentrationN. = 0.01 fromsodiumion activity

measurements,andsincetheromuâtbe twosodiumionsforeachSiO}ionor

(mSiOanSiOi.aq.)' aggregate,thé totalnormalityofionconstituentsia

thus3.Nw.~==o.oï6sNw.Butthe total crystaUoidatcontentiso.o3NfromF.

Pt. measurements,sothereisatiHo.oi~sNoryataUoidatcontemttoaceountfor.
Part ofthiaisnodoubtdueto theunionised(Na;0. 3SiO..aq.)whiohat this

dilutionmaybesupposedbrokendowninto a moreor !esssimpleor cryata!-
loidalcondition. If it wereall so i.e. 0.004$N in thisaimptestate thereis

stillo.oooN crystaUoidatmatter to accountfor. Theonlyrationa!assump-
tion to accouatfor this0.009N orystaUoidatmattermto considerit a simple
or unionisedhydratedsilicaorsiiioicaoid,probablyHt8i0<,as postulatedïn

equation(3)above. Thismeaasthat ––' = 0.22$or 22.5%of thé total
0.04

silicais in the formofH<8i0). If noneof the unionised(Na<0 .3810..aq.)
ia in a simplecrystaMoidatconditionthen there is 0.0135N silioioacidi.e.

0.34or 34%of the total silicaprésent.
Thusat concentration0.01N. 1:4ratio, wehaveapproximately34%of

the total siiicain the clystaUoidatformof HtSiOt,and 14%in the crystal-
loidalformof ionsor ionicmicelles,ie. about 50%as crystalloidalsilica.
ThisamountofcrystaUoidalandcoUoidaisuioa,50%,receivesdirectsupport
fromthe cobrimetrioestimationof cryatalloidalsilioain the formof siHco-

molybdate,(paperVII)whereit was shownthat about 75%ofthesiiicais

orystalloidalat concentration0.007Nwratio i :4.

Dt!«<eSolution~S.

Simiiarlyfora 0.01N~sotution1:3,wegeta total crystalloidalcontent
of 0.032N fromF. pis., anda eryatalloidalcontentof0.014forsodiumions

fromactivity measurements,leaving0.018N to be accountedfor by the

silicacontentof0.03N, Thus
––

or 40%of the total silicais colloidal.
0.030

The cotorimetricestimationshowsthat nearlyso%of the total silicaiscol-
loidalat concentrationo.ooyN, soherealsothe colorimetricmethodgivesa

lowervalue,due ao doubt to the error ineurredin attemptingto measure
theserelativelyhighconcentrationsby its meana.
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Sj Mo~<C<W<WM<M[<edfSMMtMMS.

It was for concentrationst.o-o.t N~ that thé transportnumbeMwore
? foundand fromwhiohwe eonoludedthat in ratios 1:3and 1:4 thero were
`' three and four équivalents?0, respeotive!y,par electriocharge. It is in !<

thesesolutionsthat the micelleoraggregatewouldovidenceitse!fif it existed. c
Fromsodiumionmeasurements25%of the total sodiumis in an active

ionicformand henoe?5%of the total si!icaisa!soin an active ionioform,
presumably(m8i0,.n8i0t aq)*~ from transport experiments:thèse two
givingrise to 0.075N crystaUoida!matter, leaving0.155N = orystalloidal

~j
matter to be aocountedfor by the remaining0.3 Nwsiuoaand o.oysNw
sodiumcontent,whichmeansthat about50%of thisremainingBiMcaor30%
of the total silicais in the colloidalformaasociatedprobablywithsodium.

Fromdiffusionexperimentswehaveseenthat about of thé total silioa 1is in thé colloidalformat concentrationo.3Nwï :4. Althoughthe resultsob-
tained and the catcuïationsand conotusioMtherefromgivenabove, donot r
affordabsoluteandconctusiveproofofthe twofundamentalsuggestionsuponn Gwhichthis theoryof the behaviourof sodiumsilicatesinsolutionresta,viz., n
(i) the existenceofa micelleor aggregateofthécomposition(m8i0,. nSiO:.
aq) (a) simpleunionisedcrystalloidalhydratedsilica,H,8i0<, or other
siticicacids, yet consideringaMthe experimental.evidenceto date one is
forcedto aeknowledgethat onlyalongsomesuohlinesoanthe behaviourof

i
~1 theoesolutionsbeexplained.

Thereasonsforasaigningsuoha constitutionas theaboveto thèsesilicate ]
J! solutionsare brienyrecapitul~tedagain,–(ï) no évidencebas beenfound f

experimentaUyto showthat definitesaltscorrespondingtoratios i :3and i :4
in particutar,and to thé ratioshigherthan i :3in general,existin solutionat

j~ a5''C(2)thé transportnumbersindioatethat thénumberofmalsof SiO,per
fE; divalentchargeisapproximatelynumerica!!yequatto theratio NasO 8i0:.

(3) The conduotivityin dilutesolutionsisverygoodand as there is no
OH ion and thé sodium'ionaccountsfor a tittioless than half of thé con-
ductivity,siUcateionsor chargedaggregatesof fairly largemobilitymust

“
exist.

1
(4) Inconcentratedsolutiontheconductivity,sodiumionconcentration,

j! crystaUoidatcontent (fromfreezing-pointsmeasurements)are a!! most ab-

j! normallylow,yet aUsurprising!yhighm dilutesolution,suchthat ionisation
<! intosodiumionsandequivalentsilicateions,as measuredby the sodiumion
i' concentration,showsa seriousdiscrepancywithfreezingpoint loweringre-

sults, muesswe considerthat complexsilicateionsor micellesexist io thé
strongersolutionand splitup intosimplercryatalloidalstates in dilutesolu-
tion.

(5) A fair agreementexists betweenthérelativeamountsof colloidaland
crystaUoidatsilicacalouiatedfromthé osmotioactivitymoasurementsonthe
two assumptionsof the existenceof a micelleand erystauoidatsilica,and
thosefounddirectlyby coloroimetrieestimationandby diffusion. 1
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(e) SimpleunionisedcrystaHoida!siHcieacidbasbeenshownto existat

muehhigherconcentrationthan usuaUygranted; it is alsoa muohstronger
acidthan hithertosupposed.

(7) Thewidelyrecognisedpropertyof siliconor suioaand its hydrates
to formcomplexes,molecularcompoundsand aggregates,colloidalsolutions

andgels,wouldseemto be in agreementwith the conclusionshereset forth.

C<MM!eM<ro(<~jS'o!«<tûtM.

Theconcentratedsolutionsof thèseratiosarecharacterisedby a verylow

conduotivity,practicablenegligiblehydrolysis,very lowsodiumionconcen-

tration,abnormallylowmoleoulardépressionof thefreezing-point,veryhigh

visoosity,andnon-diSuaibuity,facilityto formthe gelconditionetc.,in fact

gettingmoreand more typicaUycoUoideitherwithinoreaseofconcentration

or withinoreaseof SiOtin the ratio.

The theoryhore outlinedaffordsa goodexplanationof this, in fact it is

neceœaryonlyto reoa!!that at thé lowerconcentrationswehave seenthat

the equuibriarepresentedby equations (i), (2)and (3) at the headof this

sectionall showa tendency to gofromnght to leftwithinoreattingconcentra-

tion in any oneratio, and with increasingratio SiOt NasOat anyonecon-

oentration.
Sachbeingthé case it is a naturalconsequenceto expectsolutionsofany

ratioto becomemore and morecouoidaîas the concentrationincreasesand

to expectthecolloidalpropertiesto beevidencedearlierandin moremarked

respectthe higherthe ratio.

Fhe transitionfrom a typical oolloid,throughthe ooHoidatelectrolyte

stageto a goodelectrolyteis verywellshownbyratio i :4ondiminishingthe
concentration.Ratio t :3also showsthe transitionweUand it seemsper-
missibleto carrythe analogyto the lowerratios,whereit is seento offerthe

bestexplanationof the very viscoussolutionsof ratio t:t and its !owcon-

duotivityandosmoticactivity.

Sammary

(i) A summaryisgivenofthe resultsandconclusionsofsevenpreceding

paperson the aqueoussolutionsof sodiumsilicatesof ratios a:i to ï:4 at

concentrationsrangingfrom0.001Nwto 2.0 Nw,fromthe pointsof viewof

conductivity,transport numbers,sodiumion aotivity,hydrolysis,osmotic

activity,phaserule, and orystalloidalsilica.

(a) Thevarionsdata havebeencorrelatedandan explanationgivenof

theconstitutionand bebaviourin aqueoussolutionof thesesilicates.

(3) The evidence for crystalloidalsilica and siticate ions bas been

recapitulated.

(4) Ratios i :i and i :3onlyare definitesaltsviz.,NaiSiO,and NaHSiOa
andtheirpereentagehydrolysisand ionisationhavebeenfoundand shownto

agreewith thevariousmeasurements,thus anbrdinga completeexplanation
of theirbehaviourin solution.

(s) Aboveratios 1:2 colloidalsilica is in evidence,the proportionof

colloidalsilicaincreasingwith the concentrationand the ratio SiO~NatO.
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(6) In dilutesolutionsof ratiosabove :a crystaHoida!unohargedaitiea
probablyHtSiO;or simplehydratedsiMcaocoufs.

(7) Thèseratioshigherthan :2 exhibitpMpertieschMaoteriatioof col-
loidaleteettotyteswitha micelleof the composition(m8i0:. nSiO:.aq.)"

whe)-o~ïatio8iO,/Na,0.

(8) In concentratedsolutionsof the higherratiosa largocolloidalag-
gtegateexista,eontsiningbothsodiumandsiUca.

(o) SiMc acidhaabeenshownto beetrongerthan usaaUysupposed,its
disaoeiationconstantsbeingof th6orderïo' and i<r".

1wishto oxpresamythanksto the Conunissionetsof the 1851Exhibition
for a sohotarshipwhiohhasenabtedme to carryout this.work,and to Pro-
fesserDonaanforhieconstant,Hndtyinterestand advice.

MeNMMttwMoM<er<M<~P~tteo!andfM~ooteCAem<e<rtf,
t/t~w~C'cK~.LM~.
Me~SO.jaK'.



BY GEORGE 8. PARK8 AND WtLUAM K. NKMON

Afewyearsago, inconnoctionwithanotherresearoh,someinformation

wasneededconcerningthe heatof vaporisationof ieo-propylalcohol. At

that timethéonlytwovaluesexiatinginthe literaturewerethoseofLuginin'

and Brown.' Théformerreporteda resultof ï57.8cal.pergram;the latter

obtaineda meanvalueof t6ï.ïinavery catofuiandnoteworthyinvestigation

of theheat ofvaporizationofa numberofsubstances.It seemedto us prob-
ablethat thèseearlierinvestigaton!maybavebeenseriouslyhandicappedin

obtainingaMuratevaluesby the difficultyattachedto secunngsny large

amountof pure iso-propylalcohol. At any rate thereiaa 2% diacrepancy
betweentheir resatts;and,inviewofthiasituation,thé présentdetermination

wasundertaken. As willbe shownsubsequentlyin this paper, our mean

resultis t6!.7 cal.pergram.
In makingthe detennin&tioBSto be descnbed,ethylaleoholwaeùsedfor

pre!immarymeaeurementsinordertotest theapparatusandto aidinremedy-

inganysourcesoferrorthat mightbecomeapparent. This wasdonebecause

thé supptyofethylalcoholwaamoreplentifulthan that ofiso-propylalcohol.

However,it wasfoundthat the valuespreviouelyobtainedfor the heat of

vaporisationofethyl alcoholshowedgréâtdivergence,soafter thé develop-
mentof our methodtwocompleteseriesof runaweremadeuponthis sub-

atance. Ourmeanresuitin thiacaaewas208.7cal.pergram.

Followingthe completionofour work,Mathew hasrecentlypublished
thé data of a very interestinginvestigationonthe heatof vaporizationofa

largenumberof liquids. For iso-propylalcoholhe obtained159.23and for

ethyl alcohol201.88cal.pergramat the respectivetempératures,81.25"and

77.4~0.
Expérimental

Afa~efMtb.Commerciallyrefinediso-propylalcoholand ethyl alcohol

servedas thestartingpointin thepreparationof thematerialsforthépresent

investigation.Water beingthé chiefimpurity,thesewerefirst dehydrated

by three Buccessivetreatmentsand distillationswith limein the ordinary
manner. The resultingliquidawerethen carefullyfraetionated. In each

instancethe middlefraction,about60%of the total, wasseleotedforuse in

the measurements.It showeda densityof0.7810825°/4"in the caseof iso-

propyla'coholand of0.78549as'4" forethylalcohol. Onthe basisof the

ontena*previouslyemployed,thesevaluescorrespondto a purityof 99.90%
and 99.86%,respectively.

Lugimn:Ann.CMtn.Phya.,(7)13,340(t89:).
Brown:J.Chem.Soe.,83,99!(tgog).
Mathewe:J.Am.Chem.8oc.,48,572(!9<6).

<ParkaandKelley:J.Phya.Chem.,29,7:S(t~s).

THE HEAT8 0F VAPORIZATION0F I80.PROPYLALCOHOLAND

ETHYLALCOHOL
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ApparatusandProcedure.In prinoiple,the methodwassimple. It con-
sistedessentiallyofsupplyingmeasuredquantitiesofheat e!ectrioa!!yto thé
aloohol,whichpreviousiyhad beenbroughtto its boilingpoint, andof eon-
densingandweighingthé amounttherebyvaporized. Thus,a careMweigh-
ingof the amountsvaporisedper is-minuteperiodat twoknownrates of
energyinputgave,bydifforence,thénecessarydata forthe ca!ou!ationofthe
heatofvaporization.

Theapparatus,asSnattydevelopedaftermuohpreliminaryexperimenta-
tion,conformedotoseiyto thésecondtypedesoribedbyAwberyandGnSths.'
Aa.s-Mtet,silvered,Dewarvesselservedaethécontainerforthe ateoho!which
wasto bevaporised.Thisveœetwaaofa oarafeor bottleahapewitha neek
about !9 cm.long. Thus,with the carafehatf-SUedwith liquid,thé vapor
producedhad to passverticallyupwardat leastao cm.beforeesoapinginto
the outlettube. Thisdiatanceshouldgreat!y.reduceany error due to thé
productionof sprayandthe consequenttoasof liquidas such. Theheating
coilin thisevapomtorconststedof ï.s metemofNo. 30(B.and S.) enameled
Therlowire,woundaponà smaKmicaframe,ithad a résistanceofabout t4
ohms. The carafewasfittedwitha corkstopper (tin-foited)whichcarried
themercury-Mledgtasstubesleadingto the heatingcoi!,a gtaastubec!osed
at the lowerendandcontaimoga thermocouple.junctionformeasuringthe
temperatureof the Hquid,and a 12mm. Pyrexoutlet tube for the vapor.
The last ran throughthe stopperverticatty,then tumed sharplydownward
at an acuteangleandpassedout throughan openingin the outer jacketto
connectwithan incimedcondenser.

SurroundingthisDewarevaporatorwastheoutercontaineror thormostat,
whiehwasa vapor-tight,cylindricalvesselofcopperabout 60cm. highand
zocm.india.meter. Itwasjacketedwitha!ayerofasbestossheeting. The
upperhalfof thiscontainerwasthen woundwitha fewtums of highrésist-
ancewireto serveasaheatingcoilandcoveredwithanotherlayerofaheeting.
A form,woundwithmorerésistancewire, coveredthe top of the cylinder.
Thesecoils,placedinparallelwithoneanotherbut in serieswitha variable
résistance,weresupplledwitha suitableourrentfromthé i ic-vottline. The
outercontainerwasordinarilyBMedto a depthof about3 cm.withsomeof
thé same alcoholemployedin the evaporator. Durmg the vaporization
measurementsthisliquidwasheatedandkeptat its boilingpointbymeansof
a Bunsenbumerplaceddirectlybeneaththé cylinder,whichrested upona
sma1liron tripod. Toconservethe resultingvapor,the outercontainerwas
equippedwitharefluxcondenser,the connectingtube beinglargeenoughto
insuresmoothboilingandtheeasyretumof condensedalcohol. TheDewar
evaporator,beinga commercialvacuumbottle,camesuppliedwith a smal!
metaljaoketand thiswaslefton in the presentcaseto preventany of the
cooledcondensatefromcomingiato directcontactwiththe g!assvessel.

In additionto theopeningsfor the outletsto the two condensers,there
weretwomoreopeningain thecoppercylinderfor the leadwiresto the heat-

AwberymdGnNttM:Proc.Phya.Soc.London,36,309(t~).
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ingéoilwithinthéevaporator. Twowireswereled in througheaohof these

two openings.Onepairof wirescarriedthe ourrentfromthe ieadstorage

batteryandthé otherpair conneotedwiththe voltmeterwhichwaeusedto

measurethefallofpotentialacrosstheheatingcoil. AUopeningsintheouter

containerwerereinforcedby solderingin short piècesof coppertubing of

suchdiametersthat standardrubberstoppersgaveverytight seab. The lead

wireswereintroducedthroughthèsestopporsas wereatso the gtaasoutlet

tubesforthe liquid. Thecontaiaerwasfittedwitha teak-proofcover.

ASatwoodenbiockwasusedasa standforthe Dewarevaporatorinside

the copperoylinder. ThisblookwasdnUedinseveralplacesto permitfree

eiroutationof the bath liquid. Asnoted before,the outer containerwas

mounteduponanirontripodstand. Thecondenseraweresupportedbylarge
ironrmgstands.

Alargepieceofasbestoswasformedintoa cyundncatscreenabout90cm.

highand 40 cm.in diameter. Holeswere.madein this screenfor the lead

wiresand the outletsto the condensers,and it wasthen placedaroundthe

entireapparatus. A circula pieceof asbestossheetingwasusedto cover

the top.
Thoeopper-eoNstantanthennocoupiewiresweretediBtotheoutercontainer

throughthe refluxcondenserandfromthereto the tube in thestopperof the

Dewarcarafe. Theother junctionwaspiacedina mixtureof iceand water.

Thee. m.f. readingsweremadewitha LeedsandNorthrup"thermocouple"

potentiometer.Thevoltmeteremployedfordeterminingthe fall.ofpotential
aorosstheheatingcoilin théevaporatorwasa Westoninstrument,readingto

o.oï volt. Theammeter,in serieswiththé coU,wasof Germanmanufacture

and couldbe readto 0.001ampere. Thetimeelapsingduringthe collection

ofa sampleofthe condeasedvaporwasmeasuredbya stopwatch. Thevolt-

meter,ammeterand watohwerecarefullyoalibratedat thé timeof thé de-

terminationsand probablygavevaluesfor the energy input accurate to

within0.3%.
Theaotualprocédurein makingthe measurementsofthe heatsof vapori-

zationwasextremelysimple. TheevaporatorwasabouthalfSiedwith the

particularalcoholunder investigation. Enoughof the samematerialwas

keptintheoutercontainerto preventit frombecomingdrythroughevapora-
tionlosses,althoughthe levelwasaiwaysmaintainedbelowthebottomof the

Dewarcarafe. The quantitiesof Uquidin the two vesselshavingbeen

satisfaotorityarranged,the apparatuswasheatedup to the boilingpointof
the alcohol.Toaccomplishthistheoutercontainerwasheatedbymeansof

the Bunsenburnerand the externatheatingcoi!s,whileheat wassupplied
to the alcoholin the carafeby an electriocurrentfrom a :o-voitstorage

batterydischargingthroughtheTherlocoil. Afterthe condensatefromthe

evaporatorbeganto ftowat a uniformrate and the thennocouplegave a

readingcorrespondingto the boiungpointof thealcohol,the appliedvoltage
wasreducedto approximatelytwovotts. Aha!f-hourwasallowedto ciapso,
in orderthat equilibriummightbe attained,and then the condensatewas
collectedinsmallErlenmeyerfiasksandweighed.In eachsetofdetermina-
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tions fiveportionswerecoUeotedat this voltage,Bfteenminutesbeingthe
durationof eachcollectionperiod. The voltagewasnext increasedto the
figureat whiohthe measurementwas to bemade,and anotherhalf-hourwas
devotedto seouringequilibrium. At the endof this interval the oondoasate
wasagaincoUeotedoverSfteenmmuteperiodeand weighed. Eightor nine
portionswereusuattytakenduringa seriesof the déterminations,gréâtoare
beingexeroisedto changethé flasksat exttottythe endof thé nfteenminute
periodswithoutlossof liquid. The voltmeterand ammeterwerereadat
oneminuteimtervabduringthe collectionofeaohsampleofcondensateand
théaverageof thesereadingswastakenfor thecatou!ations.Theenergyin'
putat twovoltsandthe amountof Uquidcollectedat this voltagewereueed
as referencequantities;the valuestherebyobtainedweresubtraotedfrom
thosefoundfor the highervoltages. Undertheseexperimentalconditions
there couldbe but little energyexchangebetweenthé evaporatorand its
surroundingeand thé residualeCeotwasallowedforbythus determiningthe
energyrequiredto producea very slowrate ofevaporation.

&'sMKs.Theindtviduatreauttsobtainedinoneof the serièaofdetennina-
tionson iso-propytalcoholare reoordedin TableI. ln order to showthe
oa!outatMninvolved,it may be wellto indicatethé steps taken to findthe
Smtof these:

Averagelowervoltage ï. <~ovolts
Averagelowercurrent o. 141amps.
Averagecondensateat lowervoltage o. ?oogme.
Averagehighervoltage 13. gS~volts
Averagehigherourrent o. 087amps.
Condensateat highervoltage 18.i $8gms.
Timeofcolleotingsample goo,o seconds

Heatof vaporization=
~585) (0.087) (!.94o)(0.~41)](.2301)(ooo)es 0 vaponzalon =

(!8.is8 0.700)

'= i6i.9 ca!gm. (preUminaryvalue).

To correctforthe ourrentpassingthroughthe voltmetercircuitandforthé
heat lostin the teadsto the Therlocoil,wemustnowreducethis value-by
1.5%. Thus,thefinalresultbecomeaiso.s caloriespergram.

TABM1

Heatof Vaporizationof Iso-PropylAlcohol
The individualresultsobtainedin SeriesC.

DetenniMtton Beatof Determination Heatof
number Vaporisation number Vaporisation

ï 159.5cal. s i6i.scat.
a 161.9 6 i6t.s Il

3 ï6i.a y 161.7
44 ï6o.8" 8 161.9"
MeanrMultofSeneaC 161.21"
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Discussion

Asehownin the precedingtable,ourmeanresuit forthe heatof vaporiza-

tionof ico-propylalcoholis ï6i.7 caloriespergramat iteboilingpoint (Sa.).

LugininaadBrownineartierinvestigationsobtained isy-Sand161.1calories,

tespectivety.Of thesetwovalues,that of Brownis undoubtedlythe more

trustworthybeoauseof the relativelygteat oare and précisionof Msexperi-

mentalmethod. The recentresultof Mathews, ï59.i'3cal. at 81.95",ap-

pearsto be the productofanextremelyrefinedapparatusanda painstaking

procedure,althoughfromMapaperit isnot clear that he wasable to entirely

avoidthe productionoffogor sprayin the vaporizationprocess. Ofcourse,

suchspraytendsto produceresultsthat are too lowandbasconstitutedone

of the majoraouMesoferrorin put calorimetriedeterminationsof heats of

vaporization.However,in the presentcasethis maynotbe the causeof thé

disoropanoybetweenourresultand that of Mathews,for it appearethat he

usedmaterialthat diBeredappreciablyfromours. He reportsa densityof

0.783025"/4"for his iso-propylalcoholand this, on the basisof our own

standardsof purity (essentiaUythe density determinationof Brune~),

correspondsto a liquidcontaining0.04%water. TakingaMthese points

into eonadetation,wethereforewouldlike to suggest t6t.o(~:ï.s) calories

pergramas the most tike!yvaluefor the heat of vaporizationof iso.propyl

alcohol.
In thécaseofethylalcohol,ourmeanresult ia 908.7caloriesat the boiling

point,78.4". The moreimportantearliervalues~are 301.5(Luginin),205.1

'~Mmd:J.Am.Chem.Soc.,4S,1336(!9~).
'LaNdott-B6rMte:n.Roth-8chede:"TebtNen,"!48o(t9~3)-

la TableII wehavesummarizedourexperimentalMsu!t8for fiveseriesof

detemunaUeMon iso-pîopytalcoholand two sénés on ethyl atcoho!. The

datagivenserveto indioatethe type of concordanceobtainedin successive

seriesof déterminations.
TABLEII

SummanzedData forthe Heatsof Vaponzat!onof Iso-PropyI

Alcoholandof EthylAlcohol
DeterminfttioMMeMVoKege Meanwt.of Meanheatof

Higher Lower condenMte vaporiMthm
Higher Lower

fso-Pr< Ahio~o!

SeriesA ta.9t4 1.899 16.282 .675 161.04cal.

B 12.846 i.88z t6.i94 -869 i6:.30
C 13.586 1.940 ï7-99o -7oo ï6i.9i

D 11.596 '-94~ ~3-~99 162.00

E ïi.488 t.9a4 ia.993 8o9 ï62.!o

Finalmeamvatue 16: .73
Il

B~ ~!coM

Ser!eaA ï3.!47 '9" 13.190 i.otS 208.820~.

B 13.117 !.9ia ta.903 0.789 208.52

Fhtatmeamvdue. 208.67
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(Wirta);206.4(SohàU),M~.a(Youag),aïo.s (MamhaUand Ramsay)and
a 16.4(Bïown). Mathewa*récentdeteitniMtionptve 301.88at ?y.4". The
averageofalltheserésulta,907.9calories,agteesveryweUwithourownvalue
Md taaboutmidwaybetweenthoseso CMefuUyobtainedbyBrownand by
Mathowa. Hence,aa a provisionalvaluefor useat the presenttme, ao8
caloriespergramieprobablyassatiafaototyand teasonaNeaeanyotherthat
mightbe Bu~ested. However,ht the caseofa veryoommonandimportant
substance!ikeethyl a!oohol,suoha markedvacationin the expérimental
résultais extremelyuafortunate;certaintythe situationtequiMBfurtherM.
searchMritachHiScation.

Dfpm-<m<n<<!fC~M<<<m.
bmm.

~«'.



EQUILIBRIUMIN ELECTROLYTESOLUTIONS

M FREDERICK GBOBQE BOPER

TheconditionwMohmuâtbe satisCedby all systemsin true equHibrium
is that the FreeEnergychangeocoasionedby a alightdisplacementof the

aystemfromthe equifibriumposition,is Mro. Applicationof this principle
to homogeneousequilibriaofthe type, A+B+.=±P+Q+. leada

to the equation
FA+ FB+ = Fp + Fq + d)

wherethe F'8 denotethe partial free energies,as a definitionof theequili-

briumstate. Whiistthis equation is probablystriotly true of a gaseous

System,its applicationto eq<u!ibnain liquidmediamayoocaeionaUyleadto

erroneouaresults,for a stight displacementof the oquiMbnummaybe as-

sooiatedwitha atightchangein the partial free energyof the liquidmedium.

Theconditionofequilibriumis thus morepreoiselygivenby

dFA+ dEn+ 4- dFp+ dFo + + dF~~ o (a)

for a sma!ldisplacement.For equilibriainvolvingneutral moleculesthis

changem the partiaifreeenergyof the mediummayusuallybeignored,but

forequitibria involvingionsitmayunderoertainoiroumatancesbeconaiderable,

as it comprisesx/3rdof the net partial freeelectricalenergychangeof the

ionscausedbythe sughtdisplacementof the ioniceqilibrium.

In orderto demonstratethia resultwhiehfollowsdirectlyfromtheDebye-

Huckeltheory~ofatrongeleotrolytes,the determinationof the aetivitycoeffi-

oientof an ion in termeofthe valenceof the ionandof the ioniostrength

willfiretbe considered. In Debye'aevaluationof the total electricalfree

energyofanelectrolytesolution.the ionsareconsideredas initiaUyuncharged

80that iftheirconcentrationisc théfreeenergyofthesystemin theuncharged

statewillbeF. + nkT!no/o,, whereF. iathe freeonergyoftheayatemat the

infinitelyamaUconcentrationo.. The etectrioatworkrequiredto inorease

théchargesofthe ionsreveraiMyto their finalvaluesis evaluatedas A. = S

n[ZiO~f/3,whereZ)is thenumberofunitcharges,e,possosaedbythénionsof

the i'th Hndconsideredand isthe potentialat oneof theseionsdueto the

surroundingionatmosphère.Aswasshownby Debyeand Huckel~oo.oit.),
=. –z~ x/D, <tbeinga quantity charaoteris~cof the solutionand de-

fined by

t 4~ <
8')rc'N~t

'°ArE"DkT

'Physi!t.Z.,24,!8s(!993).
Debye:Phya!k.Z.,M,97(t9:4).
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The total freeenorgyofthe eieotroiytesolutionis thusF. + ukT Ino/o.
ntZt'e'K/3D,or fora symmetrioalbinaryelectrolyteforminga total number
of nions

F F. + nkT ln o/o. nz~/gD (3)
Thefreeenergychangemeaauredm réversibleconcentrationcellsis the free
energyof transferof ionsfromonesolutionwheretheirconcentrationis Ci
to anotherwheretheirconcentrationis Ot,i.e.,the fret)energychangeia the
partialfreeenergychangeofthe ioBa.Inorderto comparetheaetivityooem-
cientsofionsdeducedfromthèsemeasurementsofpartialfreeenergychanges,
withthé theory,Debyecaïoulatedthepartialfreeenergyofthee!oetro!yteby
differentiatingthe total freeenergyof the solutionwithrespeotto n and so
obtainedthe result

= nkT tn c/e. nz%'<(/aD (4)
Part of the dectnca! freeenergyof the eleotrolytesotutionmust therefore
residein the mediumsincethe total freeelectrioalenergyis nz~x/gD,
wbibt the partial free eleotricalenergyof the ions is nz'e'x/aD. This
leaves+ nz'e'/oDas the partiat freeeieatrieatenergyof the medium.

Comparisonof the partial free energyof the ionswith the expression
F =nkT tn f c/c.,whiohdennesthe aotivityooeaioientf in tennsof thesolu-
tionconcentrationcoofunit aotivitycoeSteient,showsthat

ht f nz~x/aDkT (
or logf = o.sosz'VT at as".

C<M!<MwMe~t!tM~ in a balancedfeo~wMaMoeM<edtt~Aa changein
thepartialfreee~Mec~etMf~.–Asa simpleexampleofa balancedreaction
in whieha changein thé freeeieetrica!energycoeurs,an equilibriumof the
typeHASf=±H' + A', may be considered,wherea weakacid HA ionises
formingionsH' andA'. Let dn mo!sofHAionise,formingdn ionseaohof
H' andA', and leto~, en, and 0~bethevarionsequilibriumconcentrations.
The free energychangeof the System,dF, assoeiatedwith this sma!tdis-
placement,willbedF~A+ dFa + dFA'+ dF~ andat equilibriumdF
= o. Thus

dF"~
RT !n cnA+ dF<'H.+

~RT
!nen.

dM~x/zD + dF°A<
+

RT lo OA. dnz~/aD + a X dn !e'<t/6D = o

and therefore

lnoH~cA~= Const.+
210egit

(6)
'"°~

«'

For an equiEbriumof the type

A~ + B~ + C~ + ~±P~<+ Qza+

~c~c~=~-+~(~+~+~+~)
(7)CAIIICB"Ccla 3 `kT
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TheactivityequilibriumcMM«tM<.–Theaotivityofa molecularspeciesA,

maybedennedbythe equation,FA-=RTmaA+CA,where&Ais théaotivity

andCAisa constant.Thisdefinitionteadsto thé activityequilibriumconstant

if (t) isvalid. Asbasbeenindioated(t) is not applicableto ionioequilibria

in whioha displacementof the equilibriumis attendedby a ohangein the

freeetectnc~energyof the System. Analternative.proceeduretBto define

activitiesby the aotivityequitibnmnconstantand soevaluate"apparent"

aotivity eoeacients. For the ionio equilibriumHA?=*:H' + A~ this

methodwouldgive

aH~A'
C~ fH~A'

aaA cnA faA

cond.

andsincetnAmayberegardedasunity,

tn~ = hConst. -atn~ (8)
OaA

wherefi istheactivitycoefficientof a univalention.

Comparisonofequations(6) and (8)gives

Inf.WaDkT (9)

or logf == – 0.33z~i/~ at zs".

A simuarresultisobtainedby applicationof the ioniovelooityequation

(pïeviouspaper)to the equilibriumHA H' + A'. Therate of inter-

actionof the ionsisgivenby

v = k CHÇA'e
E./kT + 1.52 V7 (10)

whilstthe rateof ionisationis given

caA
-E.VkT (r)

v'=k'caAe e

At equilibriumv = v', and

k~o_kT -I,Savl~Cn-CA. /k'e-E./kT\ -t.s~V
-c~ ke-E./kf7

e

OH'os' I·5~
or log

-3–
log Conat. –-

V~t' (~)
OaA *)3'~3

Comparisonofequation(12)with (8),gives

logfi '= 0.33-t/tT

ActivitycoeBicientsevaluatedfromthe definitionofactivityin tennsof

thepartie freeenergy,FA=_CA+ RTh)âA;thus correspondto a limiting

lawof logf = 0.50z' \/tt, whi!stactivity coefficientsevaluatedfromthe

equilibriumconstantdefinition,aAaa ap ao K, correspond

to thé limitinglawlogf = – 0.33z'T, whentheequilibriumissachthat

neutralmoléculesare inequilibriumwithions. Thereareconsequentlytwo

seriesofactivityvalueswhichwillin generaldifferfromeachother. It may

be of interestto considerbrieflyto whichseriesthe variousmeasurements

ofactivityshouldbeassigned.

Lewis:Proc.Am.Acad.,43,259(t9°7)Z.physik.Chem.,M,t~, ('9~).
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~M~M~hmtaoM~ty.–Sincetheoa!cu!a,tionofaotivitycoemcientafrom

solubilitymeasurementsis basedonthéconditionthat the ionicaotivitypro-
duct is constant,suchaotivitycoemcientsshouldshowagreementwith the
formulalog – 0.33z' Thisresultis obtainedmoreditectly bycon-
siderationofthe freeenergychangeattendingthesolutionofa fana!!quantity
of satt in the saturatedsolution,rememberlngthat eaohionformedcontri-

butes +z'e'k/6Dto thepartialfreeeleotnoa!energyofthemedium.Bronated
foundfor univalentelectrolytestthat the limitinglaw, log f = 0.49 o*,
8atia6edthe solubilityrelationships.Laterwork,'however,hasbeenin ao-
oordanoewith thé expressionlogf -= o.soz*~T, b~itaiacewhenthe
ionicradiiaretaken intoacoountthe Debyeequationbecomes

< -~BV~
logf =

..––7=i -t-Aav~tt
whereAandB areconstants,Bhavingthévalueo.$osoro,33,the evaluation
of B fromexperimentaldata depondson the valueaseignedto e, the ionio
radius.

Themeasurementof thé partial vapourpressureof thé electrolytein the

solution,as in the caseofthe halogenaeids,maybeeonsideredasa solubility
methodandthé activitycoemcientsobtainedby this methodcorrespondto
the limitinglaw,logf -=-0.33 z'<w.It mustthereforefoUowthat thevapour
pressureof an eleotrolyteia not evenappMximatclypîopor~o~ to the

fagacity,'f, as definedby FA = RTIn f' + CA.

~c<M~<M~'<Mtt/reMM~pot~s.–In themeasurementofaotivitiesfromthe

freezingpointdepressiononeobtainsprimarilytheaetivityofthesolventsin
in the solution. At the freezingpointtheactivityofthe solventin the solu-
tion isequalto the activityof thesolidsolventandthe changein boththèse
aetivitieswithtemperatureisoaicuiabie.In a solutionat anydesiredtemper-
ature theaotivityof thesolventpresentiathereforeknown. Thepsrtia~free

énergiesof thé solventand the solute,FI andF*respectively,are conneoted

by the equation4

NI
(8FI)

+ NI
(8F')

0
~(~)~-(~)-<'

Ifone deSnesthe aetivityby F; = RT!na2+ C:,then

?) ?)
Nt

ON~)
+ NI

~îN~
= 0

and oneobtainsfromthis equationthe aetivityof the solutecorresponding
to the abovedeSnitionandthereforeto thé limitinglawfor the activityeoe-
Sioicntlogf = –0.50 z\~

Sucunary
i. Theequationforthé equilibriumofelectrotytesin solutionhasbeen

modifiedto take intoaccountthe partialfreeelectrieaienergyofthemedium
as deducedfrdmthé Debye-Huctceltheoryofetectrolyticsolutions.

J.Am.Chem.Soc.,44,9~8(t99a).
Seatchard:J.Am.Chern.Soc-,47,&tt(!~s).
LewM:loe.cit.

<LewtaandRandaB:"ThennodynanncB",aoy(t?~,).



BQmHBBÎDMïNBMCTMMTEaOM'nONB ?!

a. It is shownthat the two deMtipns of activity (i) in termeof the

partialfreeenergyFA RT tn&A+ CA,and (a)in tennaof the equilibrium

constant,ftAas .&? aq *=K, lead, whenappliedto etectfotyteB,

to twosériesofvalues.

3. Activtty coeffioientsevaluatedfrom valuesfor the aotivityof the

solvent,e.g., from the freezingpoint depresaion,correspondto the Debye

Umitinglaw,logf o.$o~whaat aotivitycoefSeientaevaluatedfrom

solubilitymeaaurementaor fmmthepartialv. p.ofthéelectrolytecorrespond

to the limitinglaw,logf .033z']M.

~<t<wf~CcMe~ JVo)~~<
BoMOf
J«~ M.M'.



THE SYSTEMN~0 SiO, H~O

ReiatioasMpbetweenCompositionand BotHagPoint of AqueousSolutions

ofSodmmSiHcate.II*

BY JË8ME Y. CANN AND KBBEN E. GÏLMOBB'

This investigationisa continuationof the researchbogunby Cannand
Cheek*on the relationshipbetweencompositionand boilingpointsof the

systemNatO 8i0< H,0 i.e.so-caUedaqueoussolutionsof sodiumsilicate.
Becauseof the peeuHarcharacteristicsofsiucatesolutions,noworkhadbeen
recordeduponthis subjeetpriorto 199$.

AppMatwandMatMiata

Theapparatus usedforall determinationsin this workwasthe Cottrell'

boilingpointapparatus,asmodifiedbyWaahbum.*Withthis it ? possibleto
obtaina boilingpointwhichvariesontya fewthouaamdthaofa degreefor a

periodof an hour or longer. Theapparatuswasmadeof Pyrex gjaaa,since
Cannand Cheek foundthat ordinarygtass wolddnot stand the neoessary
heat. Twoamiiar piècesofappafatuswereplacedmdebyaideon thé labora-

torydeskandheatedbybumersofidentiealform,fedbythe santégassupply,
so that there was equalexposureto any atight fluctuationof atmospheric
pressure,accidentaidraught,variationof gas pressure,etc. Eaoh pieceof

apparatuswaswrappedinasbestospaper,andsurroundedby a boxofheavy
asbestosboard* In onewasplacedoonductivitywater,and in the otherthe
aiticatesolution. Piècesof oleanungtazedporcelainwereadded to eachto

preventbumping.Theground-g!assstoppersof the apparatusin wMchthe
aiUcatesotutionwas boiledwerecoveredwith tin foi! to prevent possible
cementingby an unavoidaMetraceof the sitieatesolution.

The silicatesused in tMsinvestigationwerethe commercialbrands"C",
"K" "E" and "S" furnishedby the PMadetpMaQuartz Company. The
ratio of sodato silioain thèsebrandswasfoundto be i:t.99, i :2.8y,1:3.15
and t:3.75 M8peetive!y."E" wasclear,light in weightand very mobile.
"S" wasverymuch like"E" exeeptthat it wasopalescent. "K" wasmuch

darker,afightlyheavierandmoreviscous. "C" waatransparent,heavyand

exceedingtyviseous,and most diffioultto handle. The colorwas probably
due to tracesof iron foundinanalysesofeach. Thèsesampleswerekept in
block-tincontainers.

Conductivitywaterwasusedthroughoutthe investigation.

*Contnb<ttmnfromtheChemittryLaboratoryofSmithCoMege.
The expemnentatworkofthisper waseubmittedbyKerenE. GitmoMinpartial

{uKitImentoftherequirementforthédepeeofMaeterofArtset SmithCoMege.
Ind.Eng.Chmn.,17,;tSt(to~s).
J. Am.Chem.Soc.,41,y~t(t~to).
WaahbmmandYtead:J.Am.Chem.Soc.,4t, 729(toto).



THESYSTEMNaiiOS{0t H:0 y~

EjtpetimentalWoth

The solutionsusedforthe déterminationswerepreparedbyaddingsilicate
to water with brisk stimng.~ Fromthe reputedsodacontent, solutionsof
varying approximatepercentagocompositionweremadeup. Ha!fa liter of
eaoh waspreparedin order to providesumcïeatmaterialfor the boilingpoint
determinationsto be made in duplioate. Thesolutionswerethenallowedto
stand twenty-fourhoursinstopperedg!assbottles,sinceit isa wellknownfaot
that the compositionof fteshiydilutedsilicatesolutionsvariesduringthe Srst
twelve or Sfteonhours but that after this no changeoceura. Duringthe
penodthat thedilutosolutionswerekept inthe glassbottlesnoreactiontook
placebetweenthe solutionsand the glass,for twodetemnnatio]nswerein as
closeagreementwhenmadea weekapart as whenmadeonthé sameday.

The volumeof solutionusedfor eaehdeterminationdependeduponthe
particularapparatus. It wasfoundthat the best resultewereobtainedwhen
the apparatuswasabout a third fuH,i.o.whenthe volumeof the solutionwas
about one hundredand fiftyoobiocentimetets. After the solutionhad been
placed in one apparatus and conductivitywater in the other, eaoh was
brought to boiling. Whenthe Beckmamtthermometerin each,after being
gently tapped, showed,throughthe lens,that thé readingswereconstant
within a fewthousandthsofa degree,a successionofreadingswasrecordedat
twominute intervals. Immediatelybeforeand aftereachdeterminationthe
barometriopressureand the temperatureat the barometerwereread. The
barometerwason the samelevelas the apparatus. By thé simultaneoususe
of these two piècesof apparatusany possibleerrorcausedby fluctuationin
atmosphericconditionswasreducedto a minimum.

Solutionsmadefrom"E" and "C" frothedbadly. Thisfrothingincreased
with increasingconcentration. Whenthe sodacontentexceededthree per
cent the foamextendedabove the thermometerbulb, and, in somecases,
completelynUedthe apparatus. An attemptwasmade to lessenthe effect
of the foam on thé attainment of equilibriumby fasteninga pieceof per-
forated sheet platinum to the stem of the pumpingapparatus about two
inchesabove the liquid. This reducedthe frothingsomewhat,but did not
preventa portionof the (oamfromreaohingthé thennometerbulb.

It wasimpossible to determinethe boiling-pointelevationof silicate
solutionswhichcontainedovereighteenper cent silicawithout injuringthe
apparatus. A whitecrystalline.likesubstancewas depositedin the bottom
of the apparatus whicheither softenedthe glassor crackedit. ThePyrex
glasswas easilyforcedout of shapeby thé weightof thé solution. Thisbe-
haviorof Pyrexglassis not an unusualphenomenon.Morey~attributesit to
thehigh per centof B,0, and SiO~in thé glass.

Mwte commumoatton."WhitePyrexiaageodgtaMtowithatandacidaotutiMMit ia
M~apsthépoMestfor<dMtea.APyrextubewi!tbeoomptete~decompoeedandallthe
BtU<exKMMdbyafewhoursheatingwithwaterabneat300"C,underwhichconditionsmostothergh~esarebuts!ight!yafhcted.ThattonpercentofB~),inPyrex,takeninconneotionwtthejghtypercentofmhcaandthelowcontentofbaeicoxMes,makesit
pecuhadyauscepttNetothéactioncfatrongatkaties."
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Theformationof this whitesubstanceis very chMaotenstic. Whenthé
solutionis first heated,a eontinuousstreatnof vapor bubblesarisesfrom
definitepointeonthebottomof thé apparatus. As theheatingcontinuestho

pointsgrowinsizeanda whitesolidappears. The sotidcontinuesto formas

long. Mthe solutionis heated. Throughoutthe processa largoamountof
watervaporseparates.The greaterpartof the soHdmaterialgoosbackinto
solutionwhenit iaallowedto coolin contactwith the supematantliquid.

The authoMseparatedsomeof this apparentlyctyataUinematenat by
stow!yheatingthestocksohttionof "E" in a roundbottomedflaskconneoted
with a refluxcondenser,and then filteringhot througha Buchnerfunnol.
Stericke)'*examinedmieroscopicaUysomeof this whitesoBdandfoundthat
it oomistodofaphericalshellswithholesinoneaidefromwhichthé bubbles
of watervaporarose. Morey'madea morethoroughnneroscopicstudyof
thé material. He powderedit, immersedit in a Uquidof knownreftaotive

index,and tested its bohaviorin poianzedlight. AUsilicatesare biaxial

otystabandthoreforeshowbireffingence.The matedalexaminedhasonly
onere&aotiveindexwhiohindicatesthat it ma liquidand thereforebelongs <

tothecategotyofg!acses.Morey'aamasthatitMverydiSicutttoorystaUize
sodiumsiMcatefroman aqueoussolution. If-crysta1lizationoocumthe solu-

tionbastobefreefromsuohimpuritiesasiMnoxidoandalumina,andheated

underde6nite!ypresonbedconditioB8oftemperatureandcomposition.Thus
ifan aqueoussolutionofsodiumsilicateisheatedrapidlya glassresults.

The aoouratesoda contentof aHsolutionswas determinedby titration
with standardaoid, using methyl orangeas an indicator. The complote
analysisof the originalsampleswascarriedout accordingto the aocepted
methodeofHillebrand.*e

Resutta

Sixteendeterminationsof the boHing-pomtof conduotivitywater at
differentpressuresweremadewithbothBeckmannthermometers.Theob-
servedbarometriopressureswerecorreetedto o"Cfor the expansionofmer-

cury with temperatureaccordingto Landoltand'Bôrnstein. The boiling
points'"at thèsecorrectedpressurescorrespondexactlyto theobservedBeck-
mannreadings. The averageof theseBeckmannreadings,correctedto 760
m. m.pressure,correspondto ioo"C. Thereadingonthe thermometerused
in the silicateapparatus,correspondingto thé boilingpoint of waterunder
standardconditions,is 0.0963"higherthan the anmtogousreadingof thé
thermometerusedin the waterapparatus.

0
*PMh.QuartzCo.. ]

GeophytieatLabomtoty. <
U.8.Qeo!.Sorv~yBull.422(t9to);?00(t~).

*T<M)e<t,p.4o(t9M).
TabeBen,p.365(t9M).
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TABM1

BoiMngPoint EtevaMonof Sillcate Solutions

BM.PMM. O~ed ObtervedConeapond.BOiing- BoiUM.
eonecM BMknMmnBeokmauningBock.point~v!t.po!nt~va-too'C readingof <eadiagof mannread. tionof tioaof

B
a

thMmometwthenxometeri))t;fo)' MïuttOK solution
usedfor UMdfor w~terboit. at at Soda

No. mm. solution water ing under pMMUM pfemuM content
pKMUM B yoocMn. Fereeat

B

"c"

*Unavenpumping in silicateapparatus due to icauCcient hmt.
tUneven pomping in waterapparatua.
tUneven pumping meitioateapparatua probably due to viMMity ofsolution.

"K"

4a 75~-410 1.1795 0.949' ï.0454 o.i9?ï 0.~76 0.316
4b 756.tï5 !.3ooi ï.0798 1. 1761 o.!940 0.~43 o.3!6
1 756.482 !.3:54 i.oyas t.t688 0.1566 0.~567 0.421
aa 741.498 o.S~ï 0.5379 0.6342 o.:449 0.2463 0.946

7597~4 ï.5493 ï.9077 !.304o 0.2453 o.:453 0.947
3a 753.056 i.3<i3 0.9533 .0496 0.2717 0.2723 i.t36
3b 763.895 i.7'3a 1.3635 .4598 o.a534 0.~531 1.170'
5a 741.397 ï.o:58 0.5375 0.6338 o.39!:o 0.3936 1.933
S~ 755-970 '.550!! 1.0725 .ï688 o.38ï4 0.3819 1.888
6 764.980 a.:443 i.4ï3S .5098 0.7345 0.7334 4.874
yo 768.33' 9.6769 t.5'97 6160 1.0609 1.0578 7486
7b 768.063 9.6756 t.5049 .6oia 1.0744 1.0721 7.508t
8a 759.950 2.6690 t.9no .3073 i.36î7 1-3617 9.5!6t8b 757-8QO 9.5798 1.1364 1.2397 i.347ï 1.3480 9.540

tTTnnvnnnnmninniweai..et.a.t. a_:m_ v

9 753-7" i-!4!7 0.9816 1.0779 0.0638 0.0639 0.109
ïo 750~89 .2662 1.0707 1.1670 0.0992 0.0993 0.223

762.325 .50:$ 1.2823 t.378: 0.1230 0.1230 0.495
755-063 .296$ i.o26i .1224 0.174~ 0.1743 0.809

3a 759.728 .5084 ï.ï849 .2812 0.2272 0.2272 i.24t
3b 754.093 .3076 0.9871 .0834 0.224S 0.2246 !.253
4<ï 761.t30 .6002 1.2313 .3~6 0.3626 0.3625 2.472
4b 76ï.4ï4 -7o88 1.2574 .3537. 0.355~ 0.3550 2.466
5a 765.059 2.0240 1.4749 1.5712 0.4528 0.4529 3-550

759085 i.73t6 1.1775 .2738 0.4578 0.4579 3.502
6a 764603 2.0203 1.3871 1.4834 0.5369 o.536ï 45"
6b 779 ~79 a.5384 1.8955 .99~8 0.5466 0.5434 44'6
7a 755.635 1.8046 1.0236 .1199 0.6847 0.6856 5.942
7b 754979 '8214 1.0396 .1359 0.6855 0.6865 5982
ii 763.123 2.2690 1.33~5 1.4288 0.8402 0.8394 7.4568 755.840 2.no5 1.0495 1.1458 0.9647 0.9659 8.638
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TABM1 (Continued)

BoilmgPoint E!ev&tionof SHicate Solutions

Ba-Fteas. OtMMved ObsNtad Con-Npond-BoHiDgBeiNog
cotweted Beckmann BeckmanningBeek- pointdwa-tMtntetevft-
too'C readin of readingof mMmfead.' tionof Monot
B thermometerthennometetfor aotuMonsolution Soda

No, mm.
usedfor usedfor waterbeiHngatptëMaKatpMMurecontent

No. mm. solution water undetMee- B 760mm. Percent
Beuro

"E"

tPercentbyvolume.
tJ~e amountofffotMngoccuned.

"8"

tUsednewapparatusforwaterwhiehdidnotpumpweU.

la 757.708 1.2696 t.!oa6 ï.ïg89 0.0707 0.0707 0.307!
i& 765.503 i 5473 13883 t.4846 o.o6!7 0.0627 0.309!
M 759.276 1.3377 i.!343 1.2306 0.1071 0.1071 o.6iïf
2& 751.787 t.'074 0.8907 0.9870 0.1304 o.tao? 0.637!
3« 744-~87 0.9171 o.6a57 0.7220 0.1951 o.t96o ï.ïaa
3b 769.50: 1.8:37 1.5357 ï.63zo 0.1907 o.!9oa t.taz
4a 769.196 1.9~44 ï.5a4S Ï.6M8 0.3036 0.3027 2.433
4b 759-577 1.5~03 1.1789 1.2759 0.3051 0.3051 2.455
Sa 766.012 !.92to 1.4118 ï.5o8i 0.4129 o.4ï2a 3.553t
Sb 765.033 ï.8730 1.3858 1.4821 0.3909 0.3905 3.5S3t
6<t 75a-578 1.5365 0933Ï 1.0294 0.507: 0.5082 4.783~
6b 757.981 1.7133 1.0990 1.1953 0.5180 0.5183 4.yo6t
7 744.915 1.3338 o.643t 0.7394 0.5944 0.5970 5.467t

M 750.033 t.055: o.8$79 0.9549 o.lOïo o.tot~ 0.143
753-333 i.i779 0.9881 1.0844 0.0935 0.0937 0.143

M 764.730 ï.6435 1.3980 1.4943 0.149: 0.1490 0.498
2& 762.515 1.5692 1.3099 i.4o6a 0.1630 0.1699 o.497t
3a 758.180 1.4629 i.i68i ~.2644 0.1985 0.1986 0.762
3b 756.015 ï.3749 ~.0856 1.1819 0.1930 0.1932 0.778
4a 761.794 1.6502 f.sylo 1.3673 0.2829 0.2828 i.5t2
4b 761.725 1.6479 ï.268i 1.3644 0.2835 0.2834 1.495
5a 763.982 i.8i2! 1.3493 I44S6 0.3665 0.3664 2.571
Sb 764.081 1.7812 ï.3ti6 1.4079 0.3733 0.3730 2.572
6 761.153 1.7480 1.2293 1.3256 0.4224 0.4223 3.479
7 754.747 1.6229 ~.0197 i.n6o 0.5069 0.5067 4.577
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In Table1aregiventhe boilingpointetevationaof the eHicatcsolutions
at 760m.m.pressure,and the percenta~esodacontentof thesolutions.The

nfsuteain the secondcolumnrepresentthe baMmetticpïessutocorreotedto
o''C.' Théngoîesin thé Bfthcolumnareobtainedby addingo-coogto those

in the fourthcolumn. TheËgufesia the sixthcolumnare the dKfeMnces
betweenthosein the thirdandthe Ëîth. The nguresin the seventhcolumn
werecatcuiatedaccordingto Washbamand Read."

TABÏ.BII

AnatyaisofOnginatSampÏes

*ThehighAt~);valuesarewidenttyduetetfMeaofotherdementa(T!,etc.)forwMch
teetewerenotmade.

TableII givesthecompleteanalysesof the ongimtlmUcatesolutions,and
TableIII givesthe completeanalysesaadcateulatedformulasofallthésolu-
tionsof "C", "K", "E" and"S" that weMused.

J.Am.ChMt.8M.,41,738(t~).

(Pweent.)
Soin. Na~O N0, Fe~O, AltO. C<t0 MgO H<0 Fe

"C"

i 17.986 35.?5* o.t24 0.304 0.038 o.o6i 0.086

2 ï7.96y 35.802 o.!34 0.305 0.033 o.o16 0.093

Av. 17.07? 35.777 o.ïao 0.304 0.035 0.038 45.740 0.089

"K"

ï ii.'57 32-072 0.138 0.587 o.iai 0.024 0.096
2 11.163 3~-068 0.076 0.679 0.051 o.oz2 0.053

Av. 11.160 3~-070 0.107 0.633 0.086 0.018 45-9~6 0.074

"E"

i 8.997 28.224 0.146 0.368 0.031 o.ooo 0.102

2 8.904 28.227 0.023 0.000

Av. 8.950 28.225 0.146 0.368 0.027 o.ooo 62.284 o.io!

"S"
I 6.89625.8820.0220.217*0.0300.000 0.015
2 6.89225.8650.0380.2370.0350.000 0.026

Av. 6.89425.8730.0300.227b.032O.OOO66.9440.020
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TABMilH

CompleteAnalysesand FormulasofANSolutionsused

TABLEIII (continued)

CompleteAnalysesandFormulasofM So!utioaauaed

Percent. Ratioof H,0

No. N<~ StO, F. At~), C~O M~O ÏM ?~9
"C" )

40 o.3t6 0.629 0.002 o.oog o.ooo o.ooo 90.048 1078.6$
4b 0.316 0.6:9 o.ooa 0.005 o.ooo o.ooo 99.048 1078.6$
t 0.421 0.838 o.oo3 o.oo? o.ooo o.ooo 98.731 8o?.o6
aa 0.946 Ï.88? o.oo? 0.016 o.ooz 0.009 97.140 3S3.38
b 0.947 1.88$ o.ooy 0.016 o.oo9 0.002 97-ï4ï 3S3'Oï

3a t.136 z.a6ï 0.008 o.oig o.oot 0.002 96.sya ~9~.55
3b i.~o 2.3:9 o.oo8 0.020 o.ooa 0.002 96.469 283.75
sa 1.933 3-847 c.oï4 0.033 0.004 0.004 94.16$ ï6y.6s
S~ t.888 3.7S7 0.014 0.032 0.004 0.004 94.301 i7ï.89
6 4.874 9.700 0.03$ 0.082 0.009 o.oto 85.300 60.23
7a 7.486 14.898 0.054 0.127 o.ots o.ot6 77.404 3S.S8
7b 7.so8 ï4.94~ 0.054 o.t27 0.015 o.oi6 77.338 35.50
8a 9.5ï6 18.939 0.068 o.ïôt o.oï8 0.021 71.297 25.78
8b 9.540 18.986 o.o6g o.ï6t o.ot8 o.oitt 71.205 25.69
OHg.i7.977 35.777 0.129 0.304 0.035 0.038 45.740 8.76

c

Percent. RatioofH,0
to NasOt:No. NasO 8.0, Fe~, AlsO, C.O MgO H~ ~~74

"K"

9 o.ï09 o.3ï3 o.ooï 0.006 o.ooo o.ooo 99.571 3143.69
M 0.993 0.641 o.ooa 0.012 0.009 o.ooo 99.118 1530.63i 0.495 !.493 0.005 o.osS 0.003 o.ooo 98.046 681.65
a 0.809 9.3:5 o.oo8 0.058 o.oo6 o.ooï 96.793 4H.7S
3a t.94t 3-565 o.oï9 o.oyo 0.009 o.oo9 95-101 963.73
3b i-~S3 3'6oï o.oï9 o.o?ï 0.010 o.ooa 95 05~ 261.o6
4& 9.479 7.ïo6 0.094 0.140 o.oï9 0.004 90.935 125-57
4b 9.466 7.o86 0.094 o.ï39 0.019 0.004 90.962 195.97
5<ï 3.5SO 10.904 0.034 0.901 0.097 0.005 85-980 83.35
5~ 3.502 ïo.004 0.034 0.199 o 097 o.oo6 86.998 84.74oa 45" 19.963 0.043 0.956 0.035 0.007 89.186 69.70
6b 4.4i6 19.986 0.049 0.95~ 0.034 0.007 89.264 64.n
7a 5.949 t7.075 0.057 0.345 0.045 0.009 76.538 44.3~
7b 5.989 17.190 o.o57 0.339 0.046 o.oio 76.376 43.94ti 7.456 91.496 0.072 0.493 0.057 o.oï9 70.556 3~838 8.638 94.893 0.083 o.49o o.o66 0.014 65.888 96.95
Orig.tt.t6o 3~070 0.107 0.633 o.o86 0.018 459*6 14.16
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TABM)III (Continued)

CompleteAnatysesand Formulasof AUSolutionsused

TABM)ÏII(Continued)

CompleteAnalysesand FormulasofAitSolutionsuaed

It willbenoticedthat in catoulatiagthe fonnu!as,the percentagesof the
impuritiee--i.e.Fe~O,,Al<0;,CaO and MgO–Me ignored. Thishaabeen
donebecauseit iabelievedthatthesepercentagesaresosmallastobenegligible.

Percent. RatioofH,0
toNa.Ot

No. Na<0 SiO, Fe~), AI~), C&0 MgO H,0 8i0,3~s}

"S"
la 0.143 0.536 o.ooo o.oo4 o.ooo none 90.gï? 2390.13
ï& o.z43 0.536 0.000 0.004 o.ooo 99 3~ 9390.13
sa 0.498 1.869 o.oot o.0ï6 0.002 97.613 ~7455
9& o.497 ï.865 o.oo9 o.oi6 0.002 97.6ïS 67~.94
3C 0.76: 9.859 0.003 0.035 0.003 96.348 435~4
3b o.yyS 3.919 0.003 o.oa6 0.003 96.271 4!'$.84
40 ï.SM 5'4 0.006 0.049 0.007 9~-7$!! an.ti
4b i 49S 5-6n o.oo? 0.049 0.007 9~ S~ï :ï3-69
50 2.57' 9.649 O.OI! 0.084 o.otz 87.673 117-35

2.572 9.653 o.oii 0.085 0.012 87.667 117-30
6 3.479 13.056 o.oï5 0.114 o.o16 83.3:0 82.42
7 4.577 17.178 o.oï9 o.ï5o 0.021 78.055 55.69
Orig. 6.894 35.873 0.030 0.227 0.032 66.944 33-42

Percent. RatbofH.O
to Naol:

No. Na,0 SiO, Fe~O, AM~ CaO MgO BW ~~4

"E"

la 0.307 0.968 0.005 o.on o.ooo none 98.708 1106.49
Ib 0.309 o.9ys 0.005 0.013 o.ooo 08.698 1099.2:
2a o-ôn 1.921 .009 o.oas 0.001 97.4~7 .S48.?S
2b 0.63~ a.009 -Olo o.oa6 o.oot 9?.317 ~$.?6
3a 1.122 3.S38 .oi8 0.046 0.003 95.~73 292. M
3b i.tM 3'538 .0!8 0.046 0.003 9S-~3 z9a.M
4a 2.433 7.6~3 -040 o.too 0.005 89.749 Ï96.95
4b 2.455 7.?4a 0.040 o.Mï o.oos 89.657 iag.68
Sa 3.553 iï.9os .058 0.146 o.olo 8$.0~8 82.36
S!' 3-553 It.205 .058 o.ï46 o.oto 8$.0:8 89.36
6a 4.783 15.084 .078 o.ï97 0.014 79.844 57.45
6b 4.7°6 14.841 077 0.194 o.o!4 80.167 58.62
7 s.4~7 ~7.~4~ 089 o.2!!5 0.016 76.962 48.45
Orig. 8.950 28.935 o.ï46 0.368 0.0:7 63.984 23.95
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In TableIVaregiventhé aotivitycoemoientsof all the solutionswhose
boilingpointsweredetermined. Thesevalueswerecaloulatedaccordingto
theéquationsforconcentratedsolutionsgivenby Lewisand RandaU."First,
the molalityi.e. the gramsof (N~O)t (SiO~ in ïooogramsofwaterwae
ca!culatedforeach. Thèsevaluesare listedin the secondcolumn. Thenthe

valuesof j = t where= thé elevationof the boilingpoint,v thevMa nglx

numberof ionsat infinitedilution,Xthemo!cou!arelevationofwaterie.o".518
andm thé motatity,wereca!culatod. Thesevaluesare givenin the fourth
cohma. Thevalueof f wasassumedto be4,becauseit wasdeairedto oom-
parethé resultsobtainedfromboilingpointelevationwiththoseobtainedby
Hannan~ima!tof his recentlypabHshedworkon silicates.EspeciaUywasit
desiredtocomparethé presentresultswiththoseobtainedbyHarmanbythé
freezmg-pointméthode He ueedthe valueof 4 for y to representthe four
ionsaNa+,SiO, OH-. Moreoverit is statodby Lewisand RandaU"that
it ispossibletousethe sameéquationsfor boilingpointelevationasforfreez-
ingpointdépression.

Logj wasnext plottedagainstlogm andthé intercept(logj3)onthé log
j axiswasdetermined,and the slopeof thé line,a. Fromthèsetwo values

c.<n o~
thé

~-jdtogm°
d logm wasobtainedfroméquation"t$,name!y

y-jd!ogm<=0
d logm

0

~OM
~°')"' This givesthe areafrominanitédilutionuptomolality

o.ot. Then was plotted againstlogm, andthe ourvesextrapolateduntil
theyeuttheaxislogm = 2. ToobtainthevaluesoftheactivitycoeCoients

m
0.=2 ra0

accordingtotheequationkg'y=. f j d log m
–~– + "So 3.303 v m

givenbyLewisand RandaU,it is necessary,inorder to determinethévalues
ta

of y j d logm, to obtain thé areaunderthe curveof j againstlogm. To

the areas,correspondingto eachmolality,countedto the right of the point
wherelogm = muet be added the valueof the area correspondingtoe.et

< j dlog mobtained fromequation t~. Thesevaluesare listedin theo

sixthcolumnofTableIV.

Thevalueof0.00025y <?wasdeterminedfor solutionsof"K" only,o m

becauseitavaluewasfoundto beentirelynegMgiMo.

LewisandRandaU:"ThefmodyaMtiea,"pp. 346,347(t~g).
J.Phya.Chem.,2%nsg (i99s);30,359,9~,ueo(!9at6)!31,359,5U('9~).'<J.Phya.Chem.,31,355(t~7).

"Loo-eit.
LewieandRanda)!:!oe.dt., p.346.
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TableIV a!soinoludesthe aotivityooeScSentaoaloulatedfor the teau!ts

on "BW"and"St&r"obtainedby Cann andCheek."

Fta. t showsempMcfttiythorebthmBMpbetweentheboHutgpointelevationaand

themolalitieaofall the aohttiomused.

Fio. a showsgMphicattythe relationehipbetweenthe activity eoetEcientsand
thé molalitiesofaUthp so!utioMused.
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TABM)V

MoMtyMdActivityCoe<BotentafôrtheM,t!o8

Na~:8:0,
M.M,ty t:68 t:99i! t:9.ss ï:~4 !:3.'54 !:3.753

o.o< .6966 o.s44?0.05
~0.7189 o.soïï

o-o? o.S33a

°-°S
0.5~4 0.4690 o.~yy

0.09 o.~6
.g

°-~
0.35S6

o.tï o.3,o<;6

0. 0.197$

o.i4 0.3058 0.4437 o.396o
Jo.~oos

8
fo.9:s7 ~0.9838

oo!

~o.9505

0.23

o.i6 6 r-
<C

<.o.t75S t

0.17 0.9444

0.1'155

o.i8 0.9691 o.38t6

0.19 O.I34S

o.3o 0.9978 O.IÏ99 0.9677
0.21

0.2290

0.25 0.3Ï09 ]

O.M82 t

0.39 0.9394 o.os99 k

0.33 0.0633

0.44 ~0.1148
0.14280.44

(o.tt46 o.ï4ti

0.0398
o.53 o.ï99S

0.66 ~~59
(~0.0764

°'~
o.!038 0.0379

o.73 0.1773

0.88
0.0578

0.92 o.ong

0.0789 0.09Ï7
1.04 0.1488

0.0687

1~5 0.0409
i

0.0398

1.30 0.1349

ï-S~ 0.0049

ï-<'o
0.1194

ï.75 o.iïoo 0.0984
i.8i

0.0930 0.0937
<

1.89 0.0991

9.Ï3 0.1083

9.i6
0.0030
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TableViBa summationof all the resultsshowingthéaotivityooomcients
ofaUthe ratiosfor the samemolalities.

DiscussionofResulta

Theresuttsofthisinvestigationare,for thé mostpart,in agreementwith
thoseof Harman." Theourvesin Fig. i showthat concentratedsolutions
have proportionatelylesseffecton the boilingpointelevationthan dilute
solutionsi.o.as concentrationincreasesthe pereentageelevationin boiling
pointdeoreases.It ia thereforebelievedthat the degreeof dissociationof
solute deoreasesas concentrationincreases. Since the curvesof "BW"
(i :i.68)and "C" (i :i.oo)have the gïeatestslope,it isavidentthat concen-
trated solutionswhichhave a relativelymall percentageof silicaproduce
the greatesteffecton the boiUngpoint. For this roasonthé degreeof dis-
soeiationis beBovedto be greater in solutionsin whichtheratioof soda to
suicais low. It willbe noticedthat the slopeof "S" (1:30753)is différent
fromthat of any othercurve. The boilingpoint elevationis exceptionaHy
highin thedilutesolutionsandabnormaUylowin the concentratedsolutions.
Harmanobeervedan analogousresultfromthe freezingpointdépressionof
the ï:4 ratio. He attributes this resuit to micelleformation,whichun-
doubted1yexiatsin this ratio.~

The ourvesin Fig.z for "BW" (1:1.68),"Star" (!:a.ss), "K" (!:a.874)
and "8" (1:3.753)agréewith the foregoingstatements. It willbe noticed
that "E" (1:3.134)and "C" (i :i.o9s)donot agréeentirelywiththèsestate-
ments. It willbe reoatledthat solutionsof "E" and "C" gavetroublebe-
causeof frothingandso-oaUedcrystalformation.

It willabo benotieedthat in "C", onty,have the threeNec~Mvaluesof
j beenincluded.Twon~Me valuesofj for "K" andtwofor"S" havebeen
omitted. Thereasonforthis is that theomittedvaluesfor"K"and~S"were
consideredunreliablebecauseof the extremedilution. Thiswasnot con-
sideredtrueof the "C" values;although,if these threevaluesfor "C" inex-
tremelydilutesolutionwerediscarded,the resultswouldbemorenearlycon-
cordant.Moreover,accordingto LaMer, froma thoroughstudyof the best
data in the literature,very stightexperimentalerrorsrenderj almostinde-
terminateinvery dilutesolutions. Thereis also the posaibilitythat f may
notbeequalto 4 inthesedilutions. LaMer~states'the silicatecomplexesin
"C", dissociatingas a weakelectrolyteat the very highdilutions,maygive
moreions."

It had beenthoughtthat a deoidedchangemighttakeplacein the com-
positionofsilicatesolutionson prolongedheating. But resultsobtainedby
plottingtimeagainstelevationofboilingpoint,takenat twominuteintervais,
indioatednoappreciablechangeduringboiling.

J. Piqre.Chem.,9t,373(19~7).

·

laVieterK.LaMer:CotumMaUniv.MvateCommtUHMtion.
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Summary

i. Thé boiMngpoint élévationsof sodiumsiUcatesolutionsof ratios

t:ï.99S, 1:3.874,i:3.ïS4 and ':3.~3 at variousconcentrationshave been
measured.

The valuesof the boilingpointélévationshâvebeenplottedagainst
themoialities.

3. Thevaluesofthe activitycodEoientshavebeenoaloulatedandplotted
againstthe molalities.

4. The résultaof CannandCheekonratios :t.68 and i :ss havebeen
treatedeimi!ar!yandaddedforcomparison.

S. The resultsshowthat thedegreeofdissociationofsolutedeoreaseaas
concentrationmoteasea.

6. The boilingpointe!evatioMofdilutesolutionsofthe ratio i :3.7g3are

abnormallyhighwhilethe elevationsof the concentratedsolutionsare ab-
normatlylow,thusindicatingmieelleformationinthisratio.



A 8TUDYOP THE ACTIVITYAND FREE ENERGYOF DILUTION

0F SOMESALTSOFCADMIUM

BY FMiMHttCK H. GEMAN

Althoughthé aotivitycoefficientsof manytypioalelectrolytesin both

diluteand concentratedaqueoussolutionshavebeendetermined,relatively
fewmeasurementahavebeenrecordedfor thesaKsofcadmium. Apparently
theonlyreliabledata onthe activityof cadmiumsattaareto be foundin the

experimentalworkof Hotsch*on solutionsof cadmiumohlorideand in the
tablesofactivitycoefficientsof etectfotyteseompitedby LewisandRanda!

Owingto thé fact that allofthe Balteofcadmiumaresomewhatanomalous
mtheirbehavioras etectrotytea,it is higMydesirablethat their aotivitycoef-
Scienteshouldbe determined. Witha viewto supplyingthis data, the ex-

périmenta!workrecordedin the présentpaperwasundertaken. The salts
whiohhave thus far beenstudiedare the chloride,bromideand sulphateof
cadmium. Subsequentlywehope to puMishthe résultaof etudiesnowin

progresaon the activityofcadmiumiodide.

Matedalsand Solutions

C'o~~tMMtCMoW<!e.ChemioaBypurecadmiumcMondewasreorystaUized,
nratfrompuredistiUedwater,and thenfromconductivitywater. Adetennin-
ationof the water oforyataMizationin a sampleofthe drysalt showedit to
contain10.77%of water,whilethe theoreticalcontentof water in CdC~

a~ H~Ois 19.72%.
CadmiumBrontM~.A sampleof chemieaUypurecadmiumbromidewas

subjectedto a similarproeessof reorystallization,but noattempt wasmade
to conBrmitapurity by analysis.

Cod~<(!N<SMpA<!<e.ChenncaJIypurecadmiumsulphate,Cd80<.8/3~0,
suitablefor the preparationof Westonceiis,wassubjeotedto a aingtere-

orystauizationbeforeusing.
Merettr~andMercMt~iSaMe.Ailof the merouryusedforelectrodes,or for

thepreparationofamalgama,wasofa veryhighorderofpurity,havingbeen

suppliedthrough the courtesyof the EppleyLaboratories. Throughthe
kiridnessof the same organization,samplesof both electrotyticmerourous
ohlorideand mercuroussulphate were obtained. The merourousbromide
whiehservedaaa depotarizerin thecadmiumbromideceHswasobtainedfrom
Kahlbaumand was certi6edto be chemicaBypure. Beforesetting up the
bromideceus,the merourousbromideusedwasshakenwith the electrolyte
in the presenceofseveralglobulesofpuremeroury.

Precautionsweretakento protectall ofthemereurysaltsfromthe action
oflight,bothbeforeand afterassemblingthe ceus.

Hcnch:J. Am.Chem.Soc,41,tyS?(i~tt).
LewisandR&ndaN:"Thormodynamies,"344,369(t<~3).
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Cadmium.The cadmiumemployedin the preparationof the amalgama
wasa!aoobtainedfromKaMbaumandwaeguaranteedto be ofa highorder
of purity. Astickof thismetalalsoservedas the anodeof an eleetrolytio
cellin wMohorystallinecadmiumwasdepositedonspiralsofplatinumwire
wMohaubsequent!ywereemployedas negativeelectrodesin the experi-
mentalcetb.

<SoîM<tMM.AUsolutionswerepreparedwith conductivitywater. Thé
concentrationsof the stocksolutionsweredetenninedgravimettioaMy,thé
oMorideaandbromidesbeingweighedas thé correspondingsilverhaiidesand
thesulphateaas bariumsulphate. Thedensitiesof the stocksolutionswere
employedto expressall concentrationsinmob per ïooogramsofsolvent.

Amdlgams.All of the amalgamewerepreparedby directweighingand
contained10%of cadmium. In thepreparationof the amatgamethé usuat
precautionBwereobservedtopteventoxidation.

Appatatas
The measurementsofelectromotiveforcewereoamiedout witha Leeds

andNorthrupType K potentiometerinconjunotionwitha Type R galvano-
meterof highsenaitivitymanufaoturedbythe sameconcem. Twoindepen-
dent standardsof Mferencewereemployed,vis., (t) a WestonstandardfjU
the electromotiveforceof whiehhad recentlybeencertifiedby the U. S.
BureauofStandardsto be t.ot8i6 voltsat 35.5"C,and (a)an Eppleystan-
dardceUoftheunsaturatedWestontypetheeteotMmotiveforceofwMohwas
certifiedbythe makerto be 1.01806voltat 3o"C.Thecens wereimmersed
in anelectrioallyheatedandcontrolledbath maintainedat a5''C.and regu-
lated to o.oi*. Temperaturesworereadon a thermometerwhichhad been
comparedwitha laboratoryataNdardthermometer.TheceUsemployedwere
eitherof the fanuliarH-fonn,or weremadefromlargetest-tubesprovided
withsuitableseated-inplatinumconnections.

EqtetimetttaÏ
The MowingceHshavebeenstudiedin thiainvestigation:ï

(ï) Cd-CdC!,(M)-Hg~-Hg,
(a) Cd CdBr<(M) Hg,Br, Hg,

and (3) Cd CdSO,(M) Hg,SO, Hg.

Thecadmiumélectrodesconsistedeitherof ïo%cadmiumama!gams,or of
pure eleetmtyticcadmiumdepositedon spirab of platinumwire froma
solutionofchemicailypurecadmiumsulphateto wMcha fewdropsof eon-
oentratedsutphuricacidhadbeenadded. AcurrentofonemiUiamperewas
allowedto Bowthroughthe cellfor twohours,thus insuringa depositof
approximatelyfour miNigramBoforystallinecadmium.Cadmiumeleetrodes
preparedin this manner,on immersionin a solutionof a cadmiumsalt at
95"C.,have beenfoundtgraduallyto aoqairea potentialcorrespondingto
that of the modificationof the metalknownas a-cadmium whiohCohen

GetmM:J.Am.Chem.Soc.,M,!8o6(t~ty).
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and others'baveshownto be stableat ordinarytemperatures. Theaverage
value of the elieottomotivcforceof a 10%cadmiumamalgamagainstpure
a- cadmiumat zs" wasfoundto be0.04742volt,thus CMmrmingtheresults
of the eariterinvestigationsto whichreferencebas joat been made. The
oteotfomotiveforcesofaUceUsm whiehthenegativeelectfodescoMistedof

10%cadmiumamalgam werethereforeincreasedby 0.04742volt in order
to obtamthé valueoftheelectromotiveforcereferredto thepuremetal.

In TablesHIÏ aregiventhe measuredvaluesof thé electromotiveforces
of ceUsin whichthe eleatrolyteswerethé chloride,bromideand sulphateof
cadmiumrespeotively.

TABMl1

EtectromotiveForceofCadmiumChlorideCe!b

Cono Cone.
(Moisper!ooogm. E. M.F. (Mo!aper tooopa. E. M. F.

S,0) votte HtO) wtte

6.S9I* o.yïSaa** o.o63Z 0.8063:

5.909 o.72862 o.o~n 0.81078

S.4S4 o.73oao o.ot64 0.83247

5.03S o.73tïo 0.0086 0.848~0

o.3ti3 0.77523 o.oooz 0.8727

o.iss6 o.78638 0.0031 0.8667

o.o8t9 o.8oï40 0.00086 o.oiss

*8att)MtedBo!ution.

**LipscombandHa!ett'adata.

TABLEII

Electromotive Force of CadmiumBromide CeUa

Cone. Cone.
(Moleper tooogm. E M. F. (Mobpar tooogm. E. M.F.

H~) volts H,0) votts

4.192* o.6oooo** 0.0732 o.68os4

3 i594 0.60506 0.0476 0.69~47

0.4756 0.64524 0.0293 0.69928

0.2929 0.65507 o.oïï7p 0.720:3

0.1877 0.66400 0.0048 0.73678

0.1172a 0.6733Ï 0.0029 0.75071

o.ooï2 0.76240

*Satutatedeotution.
"OeMm'sdatt.

1Cohenmd BMdenaan:Z.physik.Chem,<7,409(M!~).;Hulett:T~tm. Am.Etectfo-
chem.Soe.,7,359(!90S);Getman:toe.c!t.;Conen:"Physico-ChemicatMehtmorphosis,"
4S(t9*6).
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TABMBIII

E!eotromot!veFofceof Cadmhun8u!phateCei!a

The data of the foregoingtables ia representedgraphioallyin Fig. t.
The fourpointsonthe ourvefor cadmiumchloridewhicharede~gnatedby
filled-incirclescorrespondto the saturatedand nearlysaturatedsolutionsof
the salt, and representthe experimentaldata obtained by Lipscomband
Hulett' in their studiesof the calomelcell.

Similarly,the valuefor the electromotiveforceof the ceticontainingthe
saturated soMon of cadmiumbromide,and a!sodesignatedby a nUed-in
circle,representsthe resultsof Oehohn's*investigationof cadmiumbromide

LtpsMmbandHutett:J.Am.Chem.Soc.,98,M(t9t6).
Oehohn:Chem.Zentr.,t, t8s3(t9t3). t

)

Cono. Ceao.
(MotBM~tooogm. E.M.F. (Mobpertooogm. E.M.P.

H<0) wtte 'H~) votts

3.698* 1.06558 0.~86 1.11~5

1.
a.656 ï.oy68ï 0.1328 I.IÏ~
a.M5 1.08095 0.0554 ï.ïa85o
~386 ï.09359 0.0139 Ï.Ï3988
0.5542 I.Ï0335 0.0055 i.ï~o
o.att? t.tia98 0.00:4 1.1438~

*8atMMtedso!uMon.
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cetb. Thédata obtainedbyHorsohlwithceUssetupaocordingto thescheme,

Cd CdCt,(M) AgCl Ag,

arereproduoedinFig. i forthesakeofoomparisonwiththe datapresentedfor
cous in which meroury-mercurouschlorideelectrodesreplace the sUver-
silverchlorideelectrodesemployedbyHorsoh.

Thévaluesof the electromotiveforceof eachof thece!tstabulatedabove

representthe averageof a numberofmeasurementsextendingovorperiods
of timerangingfromtwoto fourdaysaccordingto the stabilityof the cells.
Precautionswere taken to insureagreementof the mdividualelectrodes

amongstthomsetves;aMoellswhiohexMMtedsignaof instabiMtyworeex-
oluded.

Withinoreasingdilutionofthe e!ectrolytes,the eteotromotiveforceof the
celletendedto fall offrapidlywithtime. This wasespeoiaUynoticeablein
the cadmiumsulphateceUawheremerouroussulphatewasusedas a depolar-
izer. Thisbehavioris probaMyduein part to increasiagsolubilityof the

depolarizeras the electrolytebecomesmoredilute,andin the caseofmerour-
oussulphate,is undoubtedlyto beaacribedto theformationofa yellowbasic
mercurôussulphatewhich,accordingto Gouy*bas the formula,

Hg,O.Hg<SO<.H<0.

Evidenceof the formationof thissalt wasobtainedduringthe washing
of the merouroussulphatewiththecellelectrolytemorderto freethe former
fromthe aulphurioacid underwhichit waspreserved. With a!tsolutionsof
cadimiumsulphateunder0.01molaladistinctyellowcolorationwasobserved
on the surfaceof the depolarizerafterBeveralwashinge,the phenomenonbe-

oomingmorepronouncodas the electrolytewasdiluted.
Beforeweoanproceedto the calculationof the aotivitycoefficientsof the

titréeaatta,it is nocessaryto déterminethe potentialsof the threepositive
electrodesintenna of thehydrogeneteotrode.

Aocordingto Lewis,Brightonand Sébastian'the electromotiveforceof

thecoU,
Ht(t &tm.) HCI(o.otM) Hg,Ct, Hg,

is o.$ios volt at 25*0. Takingthe activity eoemcientof HC1(o.oiM)as

0.024,wehave

E" = o.sios + 0.0591s !og(0.01X 0.0:4),
or E" = 0.2702volt..

The electromotiveforceof the Hg-Hg,Br; electrodereferredto the
hydrogenélectrodebas recentlybeendeterminedby Gerkeand Geddes*.
Theelectromotiveforceof the ceU,

Hz(i atm.) HBr(o.iooisM) Hg,Br< Hg,

Horeoh:toe.cit.
'Gouy:Compt.rend.,130,t~oo(t90o).
Lewie,BrightonandSébastian:J.Chem.Soc.,99,MS7('9'7).

GerkeandGeddes:J. Phys.Chem.,31,886(t~a?).
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wasfoundto beo.a68svoltat ~5"C.TheaotivitycoeScientofHBr (o.ïM)
maybetakenas 0.814,hence t

E° = o.a68$+ o.tîS~log(o.ï X 0.814),
otE"-o.T396vott. j

ln Ukemanner,thé Hg.Hgj,SO<etectïodehas beenthoroughlyinvesti. <

gatedbybothLewisand Lacy'andRandallandCutthman.'
Theelectromotiveforce<tfthe cell,

H,(ï atm.) H,S04(o.oso6M) Hg,80< Hg,
asdeterminedbytheaboveauthotsis0.7444volt at !:5"C.

Taking0.394as the valueof theactivitycoeNciemtof H,SO<(o.osç6M)
wehave

E' 0.~44 + 0.08873log(i.s88 X 0.506X 0.394),
or E'* =0.62:3voit.

Caîeuht!onof theActivityCoeNcients

In computhgthevaluesûf the activitycoefBoiemtsofeotutionaof the bi-
univalenteteetrotytes,CdCttand CdEr:wemakeuseof the equation,

E=E"n(4m'Y'),

whileinoatculat:ngthe activityooeScientsofsolutionsofCd80<,weemploy
'thecorrespondingequationfor bi-bivalente!ectn)tytes,vis.,

E.E~tn(M-y)..] ,1E = E°
NF (M'Y)· ~l

LewMandLacy:J.Am.Chem.Soc.,36,8o4(t<H4).
RMdaNandCuahnMm:J. Am.Chem.Soc.,40,393(t~tS).

TABLEIV

Activity CoeSciemts of Mutions of CadmiumChloride

m E' E y ï(L&R) «(Ht")
6.60 0.7182 0.4480 o.o26 o.o:s

i1.0 o.ysoo 0.4888 0.059

0.5 o.yyo? 0.5005 0.003 o.zty
o.: 0.7860 o.5ï5S 0.147 0.203
o-' 0.7980 0.5~78 o.~ï 0.21$ 0.375

0.05 o.8t03 0.5401 0.31 0.30 c.453
0.0: 0.8283 0.5581 0.49 0.44 0.584
o.oi 0.8447 0.5745 0.64 0.532 o.664

0.005 0~8645 0.5943 0.76 0.735
0.002 0.8950 0.6:48 0.86 0.818

0.001 0.9207 0.6505 0.89 0.89'
b
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Aoceptingas the normalélectrodepotentialof cadmiumat as"C,E" =

0.3976,the valuedeterminedby Horsoh~the aboveequationsbecome,on

passingto comon b~tbats,
E By 0.08873log (i.s88m')'),

and E '= E" 0.59:5log (my).

The valuesof the activitycoeffioientsgivenin TablesIV-VIhâvebeen
caloulatedby substitutingthe smaothedvaluesof the electromotiveforce,
as read fromtheourvesinFig. t, (reforredto the hydrogeneleotrode)in the

foregoingéquationsandsolvingfor

TABLEV

ActivityCoeffioientsof SolutionsofCadmiumBromide

m E' E <t(t8°) -y(eah))

4.19 o.6ooo 0.4604 0.029
i.o 0.6293 0.4897 o.o6

0.5 0.6433 0.5037 0.08

0.2 0.6625 0.5229 o.i2 o.zoo o.io

0.1 0.6765 0.5369 o.i7 o.z86 0.17

0.05 0.6908 o.55ia 0.23 0.370 0.24
o.o2 0.709! 0.5695 0.36 0.486 0.37
o.oi 0.7235 05839 o.so 0.57~ e.55

0.005 0.7375 0.5979 o.6s 0.660 0.6?
0.002 0.76~0 0.6274 0.81 0.778 o.81

o.ooï 0.79~0 0.6524 0.8$ 0.852 0.85

TABLEVI

Activity CoeSBeientsof Solutions of Cadmium Sulphate

m E' E a(t8') ~(ottc)

3.70 ï.o656 0.4443 0.04

i.o ï.0950 o.473y o.os

0.5 !.io32 0.4819 0.08 0.245 o.ii
0.2 1.1128 0.49~5 o.ï3 0.290 o.!5
O.t Ï.I200 0.5087 0.20 0.33~ 0.2Î
o.os I.I277 0.5064 0.29 0.377 0.26
0.02 1.1373 0.5160 0.460 0.38
o.oï ï ï447 0.5234 0.534 0.51

In the foregoingtablesE' denotesthe amoothedvaluesof electromotive
forceofthe ceHaasreaddirectlyfromthecurves,whileE denotestheelectro-
motiveforcereferredto thehydrogenélectrode.In the fifth columnofTableIV
aregiventheactivitycoefficientsofaotuttonsofcadmiumchlorideas comput-
edby LewisandRaadaU'fromthemeasurementsof Horsch. In the sixth

Horsoh,toc.oit.
LewisandRandaM:"ThermodynMn:M,")6a(!9:3).
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oolumnof TableIVandio the fifthcolumnsofTablesVandVIaregiventhe
cortespondingvaluesof the conduotanceratio,a, at !8"C.,as computedby
NoyesandFatk.' TheaixthcoluamsofTablesVandVIcontainapproximate
valuesof the aotivitycoefficients,estimatedinthefollowingmanner:

<dch:otCdBt,(oroedso,)= 'ycdot,(fromTableI): 'yc~Bt,(or 'Yc<t6o<)

ThecurvesofFig.aareplottedfromthe dataofTablesIV-VI,and repre.
sentthe aotivitycoefficientsas a functionof thélogarithmof the concentra-
tion. Owingto theeasewithwhiohmeroumussulphatefonnsa baaioBaltin
themoredilutesolutionsof cadmiumsulphate,noattemptbasbeenmadeto
catcutatethe activitycoefficientsfor cadmiumsulphateat concentratioNS
betow0.0~molal. It wasthis tmsatMfactorybehaviorofmerouroussulphate
in dilutesolutionswhiehled Hoîach'and othemto abandonits useas a de-
polanzer.

Free Energycf Dilution

Fromthe data recordedin the abovetablesit is possibleto computethe
freeenergyof dihïtionaccompanymgten-foldchangesm concentrationin
the solutionsof eaohof the three electrolytes.Thus,if webave two ceUs

Cd CdC!,(M.) Hg.Cl, Hg,
and Cd CdCt,(M,) Hg~I, Hg,
thefreeenergyofdilution,AF,accompanyingthechangefromconcentration
Mlto concentrationM~is givenby theformula

~aXÛEX96soo,
4.182

1NoyesandFa!k:J.Am.Chem.Soc.,34,475(tg~).
Hotsch:toe.oit.
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:J.

whereAEia the differencein elaotromotiveforceof the twocells,4.ï8a S'"–~
5

theeleotrica!equivalentofheatand96500coulombsIsthéfarad&yéquivalent.
Thedataofthe subjoinedtableshavebeencomputedh thismanner.

ThermochemicalData

Asis welltmown,the thermalchangeaccompanying ohemicalreaction
eftnbe readilycatcalatedfrom the measuredvalues,at several different

temperatures,of the electromotiveforceof a ceUinwhichthe part!cu!arre-
actiontakesplace. Thus,on substitutingm the Gibbs-HehnhoItzequation,

Q = 0.2389NF
E + T

dE
Q-0.~89

NF(E+T~)'

the observedvalueof E, at temperatureT, andthevalueof dE/dT,derived
fromthe observedvariationof E with T, weean catoulatethe valueof Q,
the heatof the cellreactionat tentperature,T.

TABMivn

Free Energy of Dilution of Cadmium Chloride

Cône(M,) Cône(M,) dE AB*
1.0 o.1 0.0380 t?54C&L
o.5 o.os 0.0393 1814
o.! o.oi 0.0467 3zo6
0.0$ 0.005 o.oS4a zso!!
o.O! o.ooï 0.0~60 3go3
0.005 o.ooos 0.0815 3y6t

TABMSVm

Free Energy of Dilution of Cadmium Bromido

Cono.(M,) Cône.(MI) AE ~F

1.0 o.oi 0.0472 :ty8ca!.

o.s o.os 0.0479 2178
o.ïi o.ot 0.0470 2169

0.0$ o.oos 0.0467 atss
o.ot o.ooï o.o685 3161

TABUBlX

Free Energy of DHution of Cadmium Sutphate

Cône.(M.) Cône(M,) dE dF

ï.o 0.1i o.oago u~cat.
0.5 0.05 0.024S i~i
o.ï o.oi 0.0:47 ~40

o.os o.oos 0.0243 nzs
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In thismanner,LipscombandHulett*oomputedthe heatof the reaction,
Hg~C!,+ Cd CdCl,+ aHg,

to be 30,060cal.frommeasurementsofthe electromotiveforceof the cell,
Cd CdCl,(M) Hg,Cl, Hg.

Sincethe heatof the reactionisnumorioallyequal to the differenoebetween
the heatsof formationof the twosalta,CdClj,and Hg:Cl,, it foUowsthat if
the heat of formationof the latter isknown,thé heat of formationof CdCt,
canbe caloulated.AftermakingdueaHowancefor the heat ofhydrationof
the cadmiumsalt, the heat of formationof CdCt,,as calculatedfromLipa-
combandHulett'sdata,is foundto be93,7:0cal. The valuefor theheat of
formationofthissalt aocordingto Thomsenlia93,240cal.

In likemannerwehave.computedthe heat of formationof CdBr!from
measurementsof the eleotromotiveforceof the cell,

Cd cdBra(3.ÏS94M) Hg~r, Hg,
at t5.5", 18.7"and 25". The valueof E~ wasfoundto be 0.60506volt and
dE/dT= 0.000163. Hence,onsubstitutingia theGibbg-HehnhoItzéquation,
wehave

Q = a X06500X 0.2389(0.60506 998X o.ooot63),
= 25,659ça!.

The valuesof the heat of formationof Hg~Br~recorded in Landolt and
Boematein'stables are as follows:49,000cal. (Nernst) and 49,200 cal.
(Varet). Taking49,100cal.as the probablevalueof the heatofformationcf
HgtBrt,it foHowsthat the heatofformationofCdBrt is 74,7$9cal. Thisis
in closeagreementwiththe valuefoundina similarmannerby OMata*viz.
74,700ça!.

No attempt wasmade to déterminethe temperaturecoefficientof cad-
mium autphatece!!Bsincethis bas beenmeasuredrepestedly in connection
withthe numerousstudieswhiohhavebeenmadeof both saturatedand un-
saturatedWestonce!!s.

DiscussionofResaKs
The measuredvaluesof electromotiveforce recorded in Tables I-III

whenplottedagainstthe logarithmof thecorrespondingconcentration,as in
Fig. i, are foundto lieon smoothourvesand to showrelativelylittle devia-
tion,exceptinthemostdilutesolutions.Athighdilutions,however,notoniy
does the mereaaingsolubilityof the depo!arizertend to lowerthe electro-
motiveforceof the ce!!s,but errorswhoseoriginis moreor !essobscurebe-
comeaocentuatedas the concentrationis diminished. In the more con-
centratedsolutions,it is believedthat thevaluesof the electromotiveforce'
are accurateto withina fewtenthsofa millivolt,whilein the most dilute
solutionsthé eatimatederror rarelyexceedso.ooï volt. The errorsin the
valuesof the activitycoefficientsderivedfromthesemeasurementsare like-

1 LipscombandHutett:ioc.oit.
ThomMn:"ThmmoehemiseheUnteMuchungen,"3,Mt(t88s).
OMa<a:Proo.Phy~.Math.Soc.Jnpm,(3)3,64(t~t).
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wisegreatestin the mostdilutesolutions,but in na caseis it beHevedthat
thé errorexceedsonepercent. Thevaluesof'Ygivenin thefourthand fifth
cotumosofTableIV showsatisfaotoryagreementin the moreconcentrated
solutionswith the experimentaldataofHorsoh.

Theapproximatevaluesof yforsolutionsofcadmiumbromide,estimated
fromtheirconductanceratios,and theoorrespondingconductanceratioaand

aotivity eoe&oientsof cadmium ohlorideshow remarkableagreement.

FM.3

Similarestimatedvaluesof'ygivenin thesixthcolumnofTableVIshowless

aatisfactoryagreement. This is not surprisiag,however,sincethe manner
of dissooiationof cadmiumsulphateis notstrieMycomparablewith that of
the cMonde. Thevaluesof the activitycoemoientsofsolutionsof the cad-
miumhaMesapparentlydiffermorewidelyfromeaohother than do the

activitycoefficientsofsolutionsof thealkalihaUdes.
Lewisaad Randall'have derivedan equationby meansof which the

activity coefficientof a solutioncan be calculatedfromits freezingpoint
providedthé latter iaknownwithacouîacy.If weneglecttheheatofdilution
of the eleettûlyte,the equationtakes the form,

1LewistMtdRandaH:"ThennodynamiM,(!9~);LewisandLinhart:J.Am.Chom.
8oe.,4t,t959(t9t9).
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!og~=7-jdbgm-L-+~°°~d~ 8logy
ef j d lo. a.303

+
If ~m

where
j=ï-––' f~m

Cbeingthefreezingpointdépressionof the solvent,f the numberof ions
into wMohthe eleotrolytedissociâtes,X ï.8g8aod m the molalityof thé
solution. Onapplyingthiaequationto the bestavailablefreezingpointdata,
Lewisand RandaM'eomputedtheaetivity coemcientsofsolutionsofcadmium
sulphateat differentconcentrations.The data thus obtained,togetherwith
the valuesof-ygivenin TableVI, are representedgraphioallyin Fig.3. The
resultsbaseduponfreezingpointdata are representedby etossesanddotted
ourves,whereasthe valuesderivedfromelectromotiveforcemeasurements
are representedbyoirclesandfoll-Uneourves. It willbenotedthat the two
ourvesare not coinddent,and that the activitycoeScientaat ~s'O. change
morerapidlywithconcentrationthan dothe aotivitycoefficientsof the aame
solutionin the neighborhoodofo"C. Owingto the wetl-imowntendencyof
cadmiumsa!tsto formcomplexesin sotutionthis behavioris not attogether
surprising.

A computationsimilarto that of Lewisand Randallbas beenmadefor
solutionsof cadmiumohloride. Owingto thé !ack of thoroughlyreliable
freezingpointdata for thissatt nooMatb madefor the accuraoyof thérc<
sults,but inspectionof Fig.3, in whichthe oomputedvaluesof yareplotted,
revealsa markedsimilaritybetweenthe ourvesrepresentingthe valuesofY
for solutionsofcadmiumohloride,asderivedfromfreezingpointandeleotro-
motiveforcedatarespectively,and the correspondingourvesforsolutionsof
cadmiumsulphate.

SummaryofResults
(t) Thefollowingceibbavebeenstudied:

(i) Cd CdC!,(M) Hg~, Hg,
(a) Cd CdBrs(M) Hg~Br, Hg,
(3) Cd CdSO<(M) Hg,SO< Hg.

(2) Fromthevaluesof the eleotromotiveforces,at 250C., the aotivity
coefficientsofthechloride,bromideandsulphateofcadmiumat concentrations
rangingfromo.ooiMto saturationhavebeencatculated.

(3) Thevaluesof theaotivityeoemeientsthusobtainedhavebeencom-
paredwith the correspondingvaluesof the aotivitycoomcientsof the same
saltsaaestimatedfrombothconductivityand freezingpointdata.

(4) Thefreeenergyofdilutionattendingthe transferofonemolofeaoh
of thé foregoingcadmiumsaltsfromconcentrationMi to concentrationMa
bas beencomputed.

(5) The heats of formationof the chlorideand bromideof cadmium
have beencalculatedby meansof the Gibbs-Helmholtzequation fromthe
heatsof the respectivecettreaotions.

NtNt~jMoM~,
S<SBt/M.OMt<Me<tCM<.

1LewisMdRandatt:"Thennodynamica"344,36~(t9a3).



ThisworkwaaoriginaUydoneinconnectionwitha physico-chemicalstudy
of the reduotionof tin oxidesbyreducinggases.' Verylittleaccuratedata in
referenceto stannousoxideexistain the literature. Stannousoxideisa blue-
blaok,iridescent,crystatUnesubstance.It isreducedbysomereduoingagents.
On the otherhand, evenmildoxidiaingagentsreadilyoxidizeit to stannie
oxideor metastannieacid. It iseasitysolublein non-oxidizingmineralacids
and in a numberof organioaoidsto form the oorrespondingstannoussalt.
Stannousoxideisordinarilyconsideredasa reduoingagent.

PréparationofPure StannousOxide

Variousexpérimenterahavefai!edin attemptingto get pure stannous
oxide,usingstannousoMorideas a source,treatingwithsoda, formingthe
hydroxide,heating the same, <Htenttgand washing. Su~eient oxidation
or hydrationtook placeduringthèseproeedutesso that a heavyprecipitate
of atanniooxidewasformed.

Ditte<givesthéfollowingrapidmethodwhichhec!aimsisperfectlysatis-
factoryforthepreparationofpurestannousoxide. StannousoMorideis dis-
solvedin waterand treated whilehot with the amaHestamountof concen-
trated hydrochloricaeidneoessaryto o!earthe solution. The stannoushy-
droxideis thenprecipitatedbytheadditionofa sodasolution(e.g.a carbon-
ate) whiohis added in sma!!amountsuntil the mixtureis just alkalineto
phenotphthaieinbut not to titmus,whichis too alkaline. The milk-white
solutionis then kept at t to"C. forseverathours. Aftertwoto three hours
the whitematerialchangesto a blue-blacksubstance,stannousoxide,with
its charaoteristicmetallicsheon. Thematerialis then washedby décanta~
tion, dried,andmadereadyforuse.

Fraenkeland Snipischsky'repeatedDitte'smethodsuccessfuUy.Numer-
ous methodsare proposedin the literaturefor SnOpreparationbut praoti-
ca!lyaUof them,exceptDitte's,producecontaminatedproducts.

FoUowingthe methodof Ditte,stannousoxidewaspreparedfrompure,
o.p.stannouschloridecrystab. Thestrict adherenceto his directionsas to
controlof alkalinityis the mostimportantfactorin the productionof pure
SnO. Solutionstoo highlyalkaline(greaterthan pH 7) cannotbe madeto
yieldstannousoxideevenafterseveralhoumboiling.Withinthe rangeofpH 5

Head,Divisiono<Etectrochemiatry,ColumbiaUniveMity.
t'ConsultingChemicttEngineer,PrattInetitute,Brooklyn.
FMtandMamteU:Tmns.Am.Electroehem.Soc.,St.<Pogg.Amt.,2?,t~s(t88~).

'Z.MOtt;.ChNn.2S,~(t92~).
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to aboutpH6.s,stannousoxidocanbereadity pmduced.Theproduct,after
filtration,earefu!washingwithdistutedwater to freethe precipitatesfrom
chloride,andcarefuldryingat t ïo"C. isblue-blaok,tustrous,somewhat;ri. c
deecentanddooidedlyotystaUine.Ourmateriatcorrespondedexaotlyto 8n0
shownbyohemicatanalysisfor8nbyiodinetitration.

8n0boiledindistilledwaterforhalfanhourdidnotproduceanystannous
hydroxideormetastannicaoidascouldbedeterminedbyvisualexamination.
It didnotchangeincolor,appearance,or orystaUineform, many.mannerob-
aervabieunderthemicroscope.

It wouM,therefore,seemthat theréaction:

Sn(OH),= SnO+ H,0

isnot readilyreversible.The thermaldata

Sn(OH), SnO+ H<0 1910calories

showit to beendothermic.

TheThennatDécompositionofStanaouaOxide

Thephysioo-chemicalpropertiesofstannousoxideare importantas they
arethe keyof theexplanationof the mannerin whichstannicoxidewaare.
ducedbya reducing)~a.' Théreduotionofstannicoxidemaybea~umedto
takeplaceinoitherof two ways. Thestannieoxidemay eitherbe reduced
directlyto tinmetalor it maybefirstreducedto stannousoxide(SnO)which
maybe furtherreduoedto tinmetal.

Thestanmouaoxideusedwasofthec.p.analyzedgradefumiabedby J. T. f
BakerChemicatCompany. Chemicalanalysisfor Sn by iodinetitration <
showedit to beverypureaait correspondedalmostexactlyto the theoretical
8n peroentageona dry baaiaforSnO.

TheUteraturerecordsobservationsthat stannousoxideieunstableabove
certain temperaturesand thereforedoesnot existabove this point. It js
obviousthat abovethe thermaldecompositionpointof stannousoxide,the
reductionofstanniooxideresultsinthedirectproductionof tinmeta!;below
thispoint,stannousoxidemaybeproduced. )

It wasdesiredto determinethe thermatdecompositionpointofstannous
oxide. It mreadilyundetBtoodthat no easyohemioalmethodexistaforthe
separationoftinmetalandstannousoxidebecauseof their sotubititiesin the
samereagents. It wasthoughtthat the qualitativedetectionof décomposi-
tioncouldbemadebytheobservationoftheformationofwhitestanniooxide.
Thereactionisassumedto be

SnO+ 8n0==SnO:+ Sn

Thereis theobjectionthat'it it isnot possible,exceptwiththemostex-
aetingoaMofa!!details,tomaintainan inortgasatmosphèrewitha complete
absenceofoxygenor moisture. Bothoxygenandmoisturereaotwithblack
stannousoxideto formthe whiteetannicoxide. If, however,the stannic

FinkandMMtett:tee.cit.
<

t
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oxideformationisdisregardedandonlythe formationofmetaUiotin is used
as a criterionofthermaldecomposition,webavea reliablemethodfordeteo.
tionof the phenomenon.

Mioroscopicexaminationbyusofstannousoxideshowsit to be crystalline,
of thé regularsystem,brownishblaokto jet black,somewhatirideseeotand

sparkling. Theorystattinestructureof finelydividedor gaseousreducedtin
isnotobservableundertheordinarymicroscope.It isgrayishblackin color.
Due to its fluidityabovethe meltingpoint tin fonns metaUic-appearing
globules.Thechangefromorystallinestannousoxideto ntetatUctin iseasiîy
recognizedmiotoscopieaUy.

Theapparatussetupisabownin theattachedsketch. Heatingofstannous
oxidewasdoaeinRRalundumcombustionboatsin a silicatube,in anelectric
furnacewhoseourrentandconséquenttemperaturewascontroUedby anout-
siderésistancein serieswiththe fumace. Temperaturesweretaken with a
chromei-atumet(«zzpmge wire) thennocoupieand a sensitivecatibrated
Hoskinshigh-resistancemillivoltmetertype indicator. Heatingof the SnO
wasdonein an atmosphèreofnitrogen,purifiedof oxygenthroughpassage
overoopperwiregauzeheatedto 3so"oo"C. in a siMcatube in aneteotrio

fumace,andfreedofmoisturebypassagethroughsodalimeand phosphorus
pentoxide.TheentireSystemwaseksedandundera slightnitrogenpressure.
Exoessnitrogenescapedthrougha merourysealat the endof the apparatus
train. Betweenruns any copperof the gauzewhichhad been oxidizedto

copperoxidewasreduoedbyhydrogenin preparationfor the next run. Any
residualhydrogenwaswashedout by nitrogenbeforethe run wasstarted.
TheexperimentalresultsaregiveninTableI. Eaehrunbasbeenduplicated
or triplicatedandcheckedin thisway.

StannousoxideMtherefortheranallydecomposableabove385°o.endMthenmHyataNe
betowHUSpomt.

Temperaturestakenwitha chromet.atnmetcoupleandMgh-resistancemiMivottmeter.
Instrument,1eads,andcoupteswerecalibratedtogether.

TABLEI

StMUMUSOxideDecomposition

Tempemturerange Time Observation

610"-6:0*0. 30minutes MetaUictinproduced

530"-540°C. 30 Mett~ictmproduced

490"-500"C. 35 Met&n:ctmproduced

44o'4So"C. 60 Met&Nictinprodttced

42o"-43o"C. 35 Metallietin produced

400"-4:0" C. 35 MetaBictinproduced

395"-400"C. 30 Metallictin produced

390"-395"C. 40 MetaUictin produced

375°-385"C. 60 Nometallic tin produced

340"-360"C. 70 Nometallic tin produced
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It is interestingto note that Ditte'~oundthat at hlghtempemtuMsSttO
Munstableand deoomposedaccordingto the Mactioa:

aSaO=Sn09+8n

Fraenkeland Snipisohsky'coa&'medthiaandfoundthat stannousoxide
wasunstaMe&bovesoo~C.

Oe~-upi0f Dete~mtYML±to~o~5~0Decowp05tnw
F[<t1

Ourworkshowsthat the aboveobservationswerecorreotbut that the
reactiontakes place at muchlowertemperatures. Ithaabeenshownthat
stannousoxideisthermallydecomposableabove38s<<9o"C.andisthermallystablebelowthispoint.

ThereactionSnO, + H: can thereforenot be assumedto bea two-step
processof reductionabove this temperature. Above385"C. wethen have
the reaetion:

'Pogg.Am).,2y,~s(t88z).
'Z. anorg.Chem.,t25,~95(t9M).
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SnOj)+ aH~<=.Sn + xH,0

perhapsintorpretedas the summationreactionof:

a 8n0, + aHj) = 3 8n0 + 2HI0

8n0=i 8n0: + 8n

SnOa+aHt–Sn+aHjtO

Thereis considérabledoubt whetherthe reactionproceodsMdescribed
withthe réductionofSnO.to SnOwithveryrapiddeoomposltionofthe SnO
to fonn 8n and SnO~.

Belowthe thermaldécompositionpointof 8n0, the réductionofstannic
oxidebyhydrogentakesplacein twostages: x

8nO,+H,=SnO+H,0

8n0 + Hi = 8n + HIO

eachof whichoanbeobserved. The temperatureat whiohreduotiontakes

placecanberegulatedsoas to allowtheformationof SnO. Wehaveproved
this pointrepeatédlyby experiment.

As additionaidata for the interprétationof the meanaof réductionof
stanniooxide,the oxidationofstannousoxidewasinvestigated.

The Oxidatioaof StaaaousOxide

Compïeasedair wasusedas an oxidiidngmaterial. The air wasreduced
inpressureto sucha valuethat it passedthroughthe apparatustrainat the
rateofaboutfivelitersperhour. The air waswashedby bubblingthrough
twowaterwash-bottlesinseries. It wassaturatedwithmoistureat thesame
time. Theairwasoieanedof dustpartioles,dirt,etc.by passagethroughtwo
washbottlesinseries,one6Uedwithglasswoolandtheotherwithabsorbent
cotton. It then entered the silicafurnacatube, whiohwas heatedby an
oieotricalrésistancefurnace. ThestannousoxidewasheldinwhiteRRalun-
dumcombustionboats. Températuresweretakenat thé centerofthefurnace
(whichwasa!sothe centerof thecombustionboatwhenit wasinplacein the

furnace)by a calibratedchromel-ahunetthermocoupleand a highMsistance
indicatorandleads.

Thefumacewasfirstbroughtup to thedesiredtemperature,thenopened,
theboatofstannousoxideput inplaceandthefumaceclosed. Theboatcame
to temperatureveryrapidlyandthesurfaceofthechargealmostimmediately.
Theboat and chargewerethen removedfromthe fumace,altowedto cool
in a desiccatorandthen examined.

Théoriterionof oxidationwasthe formationof stanniooxideas deter-
minedby visuaiand mioroscopicexamination. The color changewhen
judgedby comparisonwitha boat of unheatedstannousoxidewasreadily
observable,as stannieoxideis whiteandstannousoxideis biacit. Secondary
confirmationwasobtainedby the insolubitityofstannicoxidein dilutehy-
drooMoricacid,inwhiehthe stannousoxideiscompletelysoluble.
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Thedata and resultsaregiveninTableH. Above235"C. atannoMoxide
is instantaneouslyoxidizablein moistair. It bumsliketinderand isa!most
pyrophoricin its action.

Three runs weremade,at 2250C., 230"C. and ~35"C. over measured
timeintervab to déterminewhetherthe stannousoxidewasa<feotedoveran
appreoiabletime interval. ThèseKsuttsarea!sotabulatedand showthat at
Ms C. stannousoxideisnot affeotedbymolstairaftera tea minuteperiod.It M,therefore,concludedthat from 2250C. to 23$"C. stannouaoxide is
oxidizedat a alowerrate than above235"C. Belowe~s"C. it is not readily
oxidizedby moist air.

m~ moisture,wasMownthm)~ thétubeinwhiohthéatMmouaoxidewaa~ted. MttetMtafterexperimentMMunedmacroMonie~yandmicrMcopicaUy.
~~T??~ ?~ a ChromeMumdcoupleMjhighrei.btMeevot~m~ In-

~X~PM––rhodiumcoupleandpreoieionpotontiometer.

Dup!ica.tedetenninatioDsweromadeatthesametemper&tures.aubstitutiag
driedair forthe moistair. Theair supptywastheBameas intheexpérimenta
but theair waacleanedand driedby babbimgthrougha wash-bottleof con-
centratedsutphuncaoid,a towerpackedwithglasswoolandabsorbentcotton
inattematelayers,and twosodalimetowersinséries. Theresuttawerequite
analogousto those ofmoistair. Dry air enectedoxidationat temperatures
aa lowas 220"C. but notas lowas 210"C. after tenminutesexposureto the
warmao'.

TABM9II

SnOOxidation

InstmtaneoaBTempeMtUM Observation

4"~ C. Whitestannicoxideproduced,oxidation
3~C. rr

oxidation
3250C. oxidation
3~~C. oxidation
~~C. oxidation
='So~C. oxidation
~~C. oxidation
~5" C. No white stMmicoxideproduced,therefore

nooxidation.

Temperature Time Observatma

~30"C. $ minutes No white atannicoxideproduced,therefore
nooxidation.

ess" C. 10 No white stannicoxideproduced,therefore
nooxidation

335*0. io Noappreciableoxidation,veryamaHamount
ofstannicoxideproduced

ôW a..i.·1 .Sa4 ~Ln_- v
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It is concludedthat above 240"C. stannousoxideia readilyohangedto
stannicoxideby both dry and moistair. At this andhighertemperatures
stannousoxidehas pyrophoriotendenciea,whichinoreasewithriseof tem.
perature.

OxidationofStaaaoas Oxideby SulphurDioxidein Sotuthm

In thecourseof someworkonthe leachingoftin ores,sulphurdioxidein
saturatedsoMon wasusedasan aid inexpérimentâtteaohingasan addition
to othermaterialsbeingused. Parailelingthèseexperimentsstannousoxide
wasleaohedwiththe same solutions. It waanoticedthat oftenthe black
atannousoxidewaschangedto a whiteor creamooloredprecipitatehaving
the physioalappearanceand chenucaioharaoteristiosof metastannicacid
orstanniooxide. Thiswouldbe inaccordancewith theréaction:

(t) 2 SnO+ 80~ = 2 SnO,+ S
or

(:) SnO+80~+2 H,0 = H,8n0; + S

In othercasesit wasnoticedthat tin metal in finelydividedformresulted
fromtheactiunof80, onstannousoxidevery likelyaccordingto theréaction

(3) 8n0 + 80: + H,0 Sn+ H,80<

It is barelypossiMethat the followingreactionmightoccurandproduce
sulphur,but nometastannicacidcouldbe produeedbythisreaction:

(4) 80<+ a 80! + a H~O= 2H~SO~+ 8

This reactionis just barely possiblethennodyDamicaHyandwasstudied
in considérabledetail by P. D. V. Manningat the CalifomiaInstituteof
Teohnology,but theresultsofthe studyhave notbeenpublished.

To upholdthe contentionthat (i) in respectto stannousoxidein acid
solutionswhereinthe pH is îessthan 7,sulphurdioxideisan o~t~ agent
towardstannousoxide;and that (2)in alkalinesolutionswhereinthe pH is
greaterthan ysulphurdioxideis a reducingagenttowardstannousoxide,the
datasupportingthiscontentionare givenin TableIII. It willbenoticedthat
the presenceof sulphurdioxideis alwaysassociatedwith the formationof
densewhiteor oreamcobredprécipitâtes in solutionsacidin réaction. This
preoipitatewasshownto be a formofstannicacidby chemioa!tests. Inalka-
!inesolutionstheprésenceofsulphurdioxideisassociatedwiththeappearance
ofmetaUiotin,eitheras tin crysta!s,orspongetin,or asa metalmirroronthe
waHsofthebottle. ThepresenceoftinassuchwasprovenchenucaMy.

AUthe solutionswerein contactwith the stannousoxidefora periodof
severalmonths. Each bottle and its contents had beenagitated for t68
hours,excessstannousoxidebeingin each bottle, in ait cases. The bottles
weroof the fourounceoitsamplesize. Agitationwascausedto takeplaceat
40 R.P.M.whichspeedallowedthe solidpartiolesto completelyfallthrough
thevolumeofthesolution,as the bottleswereturnedoveroueeperrevolution
of the shaftonwhichthey weremounted.
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Sulphurandtin werebothdeterminedchemicaUyina qualitativemanner.
A]Ithe whiteorcreamcoloredprocipitateswereidentifiedaaformeofstannie
MidbyquaHtativeehemicalteats.

To showthat the causeof theoxidationis the présenceof the 80~,ob-
servationsweremade in 8o!atioMin whieh80~wu not présent. 8mu!<H-
solutionsmrespectto anionsandcationswereused. Theywerebothalkaline
and add in réactionand weresimNarto thosesolutionsin whichthe 80~
hadbeenused. The resultsaregiveninTableIV.

TABLEIII

Solution solution Observation Conclusion
ReeettoB

(withoatSO,)

M/3Na<SO<ioHtO neutral Sppted.,a!so SnOoxidized
SaturatedSOt bulkygray white

ppt. whosevolume

wasabout4 times
that oforiginalSnO

M/i NaHSO, acid S ppted.,atso
Saturated80: bu!kywhite SnOoxidized

Cucoulentppt.

M/ïNBHC! add Ye!towsu!phurppted.,
SaturatedSO, ahowhiteor oream SnOoxidized

coloramorphousppt.

M/aFeSO<(NH<),S04aoid YeNowauiphurppted.,
Saturated80: dso a whiteamorphoua

ppt. involume4 to 5
timesthat of the

otighudSnO SnOoxidized

M/a NaCI neutral Sulphurppted.,a!so
Saturated80: whiteprecipitateof

metaNtannicaoid SnOoxidized

N/iNaHSO, aoid Creamcoloredppt.,
of largevolume SnOoxidized

M/ïNaHSO, alkaline Spongetinmetaï
aM NaOH layerontopofa SnOreduced

layerofunchanged
SnO

M/io Na~SOt a!ka!ine SnMtHquantityoftin

producedas.mirroron SnOreduced
the aideof the bottle.
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Fromthe data tabulatedin this report, it is beMevedthat the conclusion
is warrantedthat in acid solutionssulphurdioxideis an oxidizingagent
towardstanmousoxidebut that in alkalinesolutionsthe reverseis true and
that eulphurdioxidethere is a reducingagent towardstannousoxide. In
aoidsolutionsthe reaotionfavoredisof the nature:

2 SnO+ 80, + 2HtO = s H,SnO, + S

whUeinalkalinesolutionsthe favoredréactionis:

SnO+ SO,+ H:0 = Sn+ H,S04

Thefreeaoidbeingneutrati~edby the alkaliin thesotut!onto fonna sul-
phate. Sulphateswerefoundby qualitativechemicattestsin thosesolutions
originallywithoutsuiph&tes.

It is,therefore,concludedthat sulphurdioxidewouldbevaluelessin acid
solutionsaaan aid to thesolutionof tin concentrâtes.It cannotbeusedin
leachingsolutionsfortreatmentof tin orea.

TABUtIV
8o!ution Solution ObMrvatton CoMhteton

KeMtfon

M/ioKHSO< aoid Nochangeta !ayerof Noreduction

undissolvedSnO,whioh or oxidation

waettsonginftibrownishofSnO

black. Noaulphutpt)t.

Nowhiteor otherppt.
hi solution

M/ï Mn 8044HjtO ao!d Mabove as above

M/ïNH~C! acid as above as above

M/a Cu804sH,0 aoid Verythin layerofwhite

substanceontopofun-

changedbrowaishblack

layer of unchan~edSnO.

White layer not stannic

aotdaaBhownbytest.8,
aasuch,absent asabove

M/ïoMgSO~ add AsM/ioKH80<above asabove

sMNaCNS alkaline as above as above

M/ïKCN alkaline a8above aaabove
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ConehtaïoM

Stannousoxideoanbereadilypreparedina stateofhighpurityifduepre-
cautionsare takentohaveproperpHconditions.

Stamnottsoxideis thermallyunstableabove3~$°C.,giving8nand SnO~
Stannousoxideisreadilyoxidizedbybothmoistanddryairabovo246"C.

At highertemperaturesit is pyrophono.
Stannousoxidei8 oxidizedbysulphurdioxidein aoidsolutions;and te-

ducedbythe samereagentinalkalinesolutions.

Théréductionofstannicoxide,reasoningfromthédataonstannousoxide,
isa singlestopreactionabove385"C.anda twostepréactionbelowthat tem.

perature.
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Evor sinceSir Humphry Davyin tSiyobservedthat a platinumwire
heated belowredness,promotedthe combinationof hydrogenand oxygen,
the catalyticsynthesisof waterbas beenthe subjoctof muehinvestigation.
Becauseof the relativelysimplemeehanismof water synthesisit wasfeit
that a studyof this reaotionwouldgivensomeideaooncerningthe catalytie
activityofmetaUizedsilioagelsinoxidationreaotions.MorrisandReyerson'
have shownthat metaHizedsiHcagelsexhibitmarkedcataiyticaotivity in
hydrogenationreactions. FurthennoMx-raystudies'haveshownthat when
the metal is depositeduponthe tMîfaeeof the ailicagelby the methodde-
soribed,it existaina veryfinestateofdivMon.Averylargenumberofactive
catalytiocentersundoubtedlyexistundertheseconditionsandthe cataiysts
shouidexhibitmarkodactivityin oxidationMactions.

E~MiaMatat
The metallizedsilica gelsused in this îesearohwere the sameas those

usedmthe adsorptionstudiespreviouslyreported.'ThegaseswereatMamed
at rates varyingfrom ï5 to 300ce. perminutethroughan apparentvolume
of 5 ce.ofcatalyst. The tubecarryingthecatalystwasmaintainedina con-
stant températurebath and the temperatureof the bath was variedfrom

17"in the caseof the platinisedandpaMzed gelsto 290"for the copper
and aUvercatalysts. Thegasmixturescontainedfromabout sixto nineper
centofoxygen,fiftypercenthydrogenandtheremaindernitrogon.

Agasmixtureofapproximatelythedesiredcompositionwasfirstcolleoted
in a M liter glassbottle. Water wasusedas the confiningliquid. After
shakingand allowingto standforseveralhours,a sampleof the gasmixture
wasanalysed. The gas mixturewaathenreadyforuse. Aninvertedglass
bottle full ofwatersuppliedthe pressurenecessaryto forcethe gasmixture
throughthe catalysttrain. Byreguiatmgthe flowof waterfromthe upper
to the towerbottle, the velocityof the gasthroughthe catalyst couldbe
variedovera widerange. Onleavingthecontainerthe gasmixturepassed
a pressureregulatorwhichwasadjustedtojustailowgasto escapethroughit.
The gaswasthen meteredby a Scw-meterwhiehhad beenpreviouslyea!i.
brated. The gas was dried beforeenteringthe catalyst tube by passing
througha calciumchloridetube. MetaUizedgelgranuleshavingan apparent
volumeof 5ce.wereplaced ona deepUtubewhichwassimilarto the tube
describedby Morrisand Reyerson. A thermometerwaskept imbeddedin

1 MorrisandBoyeMon:J. Phya.Chem.,3t, !MO(!9~y).
RyeMon,HarderandSwaMingen:J. Phya.Chem.,30,t6:3(19~6).

ReyersonandSweann~n:J. Phya.Ch~m.,31,88(t<):7).

THE CATALYTICACTIVITYOFMETALLIZEDSILICAGELS

III. TheSyntheeieofWater
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the oatatystinorderto note anyrisein the temperatureofthe catalystabove
that of the bath in wMchthe catatyst tube wasimmersed. On leavingthe

catalyst tube the gaswas nrst bubbledthrougha wash-bottlecontaining
waterin ordertocoolthe gasesandthen led intothegasanalysisapparatus.
TMswasamodicedOrsatapparatus. It containedabsorptionpipettesBMed
withsmaUglasstubes anda water-jacketedgas-nteasaringburetteof tooce.

oapacity. Themanifoldof the Orsat apparatuswaadosed withtwo-way
stopcooksinaucha mannerthat the gasesflowingfromthe catalystcouldbe 'J
passedthroughthe manifoldby-passedaroundit. Exceptduringanalysis

`

thegasflowedcontinuoustythfoughthe maniMd. Theburetteandpipettes
wereaeparatedfromthe manifoldby gtasastopcooke. In this investigation
theoxygencontentofthe gasmixturewastheonly thingdetennined. The
oxygenwasabsorbedin an alkalinesolution(tsoo gm.of KOHper liter of
water)of pyrogallolcontaining10gmof pyMgaUicacidper too gm.ofsolu-
tion.

The catalysttubewaskept immersedin a bath for temperaturecontrol.
AboveY$0"soldermetalwaaused,betweentoo"and i $o"Wood'smetal waa <
usedand belowtoo*wateror ioeand icesalt mixtureswereused. Thebath
wasweHinsulatedandconstanttemperaturescouldbemaintainedto within
a degreeor twoat thé highertemperatures. The temperaturewaaalways
takenat the timeof8amplingforanalysis.

Experimentswereoarriedout ehowingthé effeotof temperatureon the
combinationofhydrogenandoxygenin the presènceofthe copperand8i!ver

gelcatalysts. SincethereactionwaspracticaUycompleteataUtemperatUtes
in thecaseof théplatinizedandpalladizedgelswhentherateof flowwaslow.
a studywasmadeoftheemoienoyof the oatatystsat variousratesofflowfor
severaltemperatures.

Resutis

The resultsofthe experimentalworkare presentedin Tables1 to IV.
Whentwocotumnsaregivenunderthe heading.temperature,the columnto
the left givesthetemperatureof the bath in whichthecafatyat tube is im-
mersedwhilethecolumnto the right givesthe temperatureas recordedby
the thermometerimbeddedin the catalyst. In the caseswhereonlyonecol.
umnis given,the temperaturerecordedwas that of the bath. Thisa!soin-
dicatedthat the thennometerin the catalystrecordedthe sametempérature
as that in the bath. Fig.i showgraphicaUytheeneetof temperatureupon
theefficiencyofcopperandsilvercatalystsinpromotingthe watersynthesis.
Theratesof flowwerelow. Rg. a iHuatratestheeffeotof changingthe rate
offlowontheeffioiencyofthe moreactiveplatinumandpalladiumcatatysts.
Three temperaturesaregivenforeach oatalyst,and the temperaturesare
thoseof the bathsurroundingtheeatatyst tube.
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Effeetof TeMpeMtuMonCombitmtionofH)andOt

TAB!.BlI

SUverCaMyst

Gas Mixture: 6.50% Oxygen, 50.00% HydtOgeB,43.50% Nitrogen.

Temperature Rateof Flow, PercentOxygen PercentOxygen
ce.perMinute inReeiduMGas removed

300 9~ 0.00 ico.oo

ZOO 24 0.00 tOO.OO

~30 0.00 100.00

~o a<t o.ao 97.00

Mg 24 0.20 97.00

224 24 o.oo loo.oo

218 24 0.20 97-00
202 24 0.41 04.20
zoo 24 0.60 90.80

187 24 0.80 87.70
182 24 i.oo 84.60

~o 24 I.9S 70.00

igo 24 3.00 4630

"33 ~4 480 26.20

24 4.87 25.10
"o 24 s.6o 13.85
~o 24 s-8o 10.7S
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EffeotofRateofFlowon theCombinationot H,and0.

TABLEII

CopperCatslyst

Cas Mixture: y.oo%Oxygen, 50.00%Hydrogen, 43.00Nitrogen.

Temperature RataofFhw, P~M~O~mn PetcentOxyeence.perMmute inRemduatOM removed

~95 38 o.oo loo.oo
175 38 2.0.; j;8.sto
~4 38 3~7 49.oo
~S' 38 s.4: sa.ôo
~3 38 s.i3 96.?s

38 5.44 M.30
~4 38 6.35 0.30

38 6.44 8.oo
38 o.oo ïoo.oo
38 o.oo ïoo.oo

~97 28 0.00 ïoo.oo
38 0.00 too.oo

~5 38 1.34 83.40
~4 38 Y.49 8t.2$
i66 38 5.54 30 8o
~5 38 5.70 28.80
~o 38 6.73 ~590

38 7.34 7.50
go 38 7.70 3.75

38 7.67 415
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TABMiIÏ

Platinum Catalyst
Gas Mixture: 9.20%Oxygon,$0.00%Hydrogen, 40.80%Nitrogen.

Tempe~tUM RateofMow PwceotOxMen PercentOxygen
~FwMfnute iaReaiduat~M removed

Bath Catatyst

a5 15 0.00 loo.oo
25 'S o.oo loo.oo
~5 !S o.oo loo.oo
26 50 z.3i y6.oo
27 So t.6t 8:.50

50 o.oo loo.oo
50 0.00 MO.00
50 o.oo loo.oo

25 38 300 2.:g 77.00
38 300 a.so 73.00

'5 36 300 :.sg ~j~
° 6 ~S a~i ~.30

7 iS 0.16 99.00° 4 ïS o.oo loo.oo
P 7 i5 0.00 too.oo

8 50 0.83 go.oo
9 50 ï.ai 86.oo

° 9 50 i.oo 88.oo
'oo 3.io 64.50o 'o 100 a.sy yo.;oo 'o 100 2.65 69.50

o 300 4.78 45.00° 3~ 4.93 43.40o ~S 300 4.8o 44.80
'5 4.SS 48.50
i5 o.oo ioo.oo

-'o 15 0.00 ioo.oo
i5 0.00 loo.oo

I5 o 50 0.28 96.8o
-15 -5 50 o.a7 96.go0 0.30 o6.6o
"~5 5 ïco 1.67 St.oo
-15 5 ïoo 1.56 Sa.oo
-ï5 4 ïoo 1.50 g~~
"'S ï5 300 3~8 56.6o
''S i5 3oo 3.83 s6.io16 300 3.90 S5.M
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TABUSiV

PaHadiumCatfJyat

Gas Mixture: 9.90% Oxygen, 50.00% Hydrof~B, 40.80% NitMgen.

Temper&tuM Rateor Flow, PercentOxymn PercentOxygen
ce.perMinute inRedduatGaa removed

Bath Catalyst

3$ a6 15 o.oo too.oo

25 26 t$ o.oo too.oo

25 26 15 0.00 loo.oo

35 a6 $0 o.oo too.oo

25 a6 50 o.oo loo.oo

25 a8 $0 q.oo 100.00

25 28 50 0.00 too.oo

25 33 100 t.~s '81.oo

as 36 ioo .87 oo-So

25 35 'oo !.ao 8y.oo

25 40 300 3-93 57.30
25 41 300 3.88 S7-SO

25 41 3oo 380 5S.8o

o a is o.oo ïoo.oo
o a 15 o-oo ioo:oo

o 3 i5 o.oo loo.oo

o !0 50 0.7: 02.40
o 8 50 0.4: 95-50
o 9 50 0.56 94.00

o !6 Mo 3.19 6g.40
o 17 ïoo 3.06 66.80

o 16 ïoo g.oo 67.49
o 21 300 4.56 50-40
o 20 300 4-9a 46-60
o 21 300 4.78 48.10

Gas Mixture: 8.70% Oxygen, so.oo% Hydrogen, 42.30%Nitrogen.

–17 -4 ig o.oo loo.oo

-17 –s5 is 0.00 too.oo

–i6 -5 15 o.oo too.oo

-t7 o 50 1.08 87.8o
–16 0 so 0.8$ 90.50
–16 0 50 0.82 go.6o

-15 o too 3-50 6o.oo

–16 o ïoo 3.30 6a.oo

–15 i ïoo 3-35 61.70

-155 5 3oo 5.67 34.90
15 4 3oo 5.93 31.95

-~5 6 300 5.80 33-35
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DisousstoaofResu!~

In thecaseof the suvorizedgel,Table1andFig. t showthat thereaction
beoamemeasurableat about toc". The continuationof the ourveindicates
a réactionat still lowertemperaturebut thiswasnot realizedin theexperi-
ments. The catalyst increasesin erncloncyas the temperaturerises. The
mostrapidinoreasecomesin the temperatureintervalbetween140"andt8o".
Above900"practicaMya!l of the oxygenisremovedat theratesofstreaming
studied.

Thecopperoatalystgivesa meaaurablereactionat a lowertemperature
than the silvercatalyst. The reactionis measurableat 80°. There is a
rathereteadyinoreasein the amountof reactionuntil t6s"ia reachedwhen
thereisa rapidrisein the etBeieccyof thecatalyst. Theoatalystbecomes
onehundredpercenteSoient below200"for the rates of Sowof thé gas
mixturestudied. The ourvesfor the silverand coppercatatyetsare muoh
aHkeexceptthat above165"the eBeieneyof the copperoatalystincreases
morerapidlythan doesthat of the silvercatalyst. This copperoata!yst
comparesfavorablywiththe onepreparedbyPeaseandTay!or.' In fact it
probablyinitiatesreactionat a stight!ylowertemperature.

Theplatinizedaad pat!adizedgelson the other handpromotecomplete
conversionof the oxygenand hydrogenat an of the temperaturesstudied
ptovi~edthe rate ofgasflowwasnottoo fast. Fig a showstheeffeotof in-
oreasingthe rate at whichthe gasstreamedthroughthe catalystuponthe
emoiencyofthe oatalyst. Theemcienoyoftheoatalystdoesnotdiminishas
rapidlyat the highertemperaturesforgivenincreasesin gasflowas it does
at lowertemperatures.Thèsecatalystsheatup considerablyas a resultof
thereactionand the temperatureisundoubtedlymuchhigherthan that re-
cordedby the thermometerimmersedin thé catalystbecausethe platinum
catatystwasoftenobservedto glowat localpoints. TablesIII andÎVshow
that inereasingflowproducesinoreasingdiffetencesbetweenthe temper-
atureof the bath andthat of the catalyst. Theplatinumoatatystshowsa
thirty degreerise in températureat -15"fora streamingrateof300ce.per
minute. Thisis the greatestdifferenceobservedin anyoftheexperiments.
The copperand silvercatalystsshowno dinerencesin bath and catatyst
temperature.

Themostinterestingresultshownby theseexperimentsisthat theplati-
numcatalystis moreefficientin promotingthésynthesisof waterat faster
streamingratesthanis thepatladizedgel. Thisiscertainlytrueat 25"andat
-15°. Ato" there is not muohdifferencebetweenthe twocatalysts. It
woulda!soappearthat theplatiniitedgelismoreefficientat -15°than it is
at o°. Thisis probablydueto the faot that at o° the waterfonnedby the
reaotioncondensesin smalldrop!etsonthewallof the tube. Thèsedroplets
tendto fallon thecatalystor run downthetubeandontothecatalyst.Here
thewaterisvaporizedbythe localheatingof the catalystgranulesandthis
steamtendsto preventthereactinggasesfromreachingtheactivesurface.

1J.Am.Chem.Soc.,44, t6~(t9M).
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At -1 s"thewaterfreozeaonthe wathofthe tubeanddoesnot interferewith
the reaction. Thisnodoubtaceountafor the ahnoatequaleNoiencyof the
catatystsat o"whileat the othertemperaturesthe platinizedgeliscoMide~
ablymoreeSdent. Atslowratesofstreamingbothcata!ystsareeuffioiently
activeto useup theoxygen.

The presentstudy doesnot makeit poealbJeto postulatea mechanismof
reactiononthe catalystsurfacébecausethe compo~tionof the gasmixture
wasnotvaried.

SMamaïy

i. ThesUvercatatystinitiâtesthereactionbelowïoo~and is praotioally
onehundredpercentefSeientabove900"at therateofstreamingatudied.

a. The coppenzedgel initiatesthe réactionbelow80"and the reaction
is completebelowaoo'

3. TheplatinizedandpaMadizedge!sshowmarkedaotivityin promoting
thesynthesisofwaterat a!ltemperaturesstudied. Theplatinizedgelismore
eScient than the paHadiumcatalystas the rate of atreamingof the gasesia
increaBed.

NctM~CAeMM-
~~M(~<!fAir~tMM<e,
jHOmeop<~<t,Af~tn<M<e.



BY C. H. D. CLARK AND B. TOPLEY

The catatyticdécompositionof formicaoidvapourat the surfacesof
Metab,glasses,sllioaand motaHicoxidescsn be explainedon thé viewof
contactcata!ysis,aocordingto whichthé reaotiontakesplacein an adsorbed
layeronemoleoulethiok,partiallycoveringthe cata!ystsurface.

The independencoof the two alternativemodesof décompositionon
giass,viz., (i) HCOOH-~H,+ 00~, <md(s) HCOOH-~H,0+ CO, when
consideredin conneotionwith the large temperaturecoefficientsof these
two reaotions,makesit very probablethat the interpretationin tenns of
the 'adsorption'mechaNismiscorrectin this iastance.'

The sunp!estassumptionto explainthe fact of eata!yMBby surfacesis
that the energyneoessaryforaotivationof the reaotantmoleoulesNlowered
byassociationwiththecatalytiosurface,but thisleadsoneto expeota rough
pMa]le!Iambetweentemperatureooemoientof reactionrate and specifie
catalytioactivity (i.e.,the catalytioactivity perunit areaofsuperfioialsur-
face). Suoha pataUeMemmight,ofcourse,becompletelytMakedby a wide
variationin the numberof moléculesadsorbedper unit area; but a priori
it wouldseemreasonaNeto expeotthat whentheheatofadsorptionis large,
a considérablealterationof the activationenergywouldbe produoed,be-
causeof thé 'motecutar8e!d'in whiohthe adsorbedmoleculenndsitself,and,
simultaneoudy,a relativelylargefractionof the surfacewouldbe coveredby
the adsorbedlayer. Further,the poM<~correctionto beappliedto the em-
pMoa!'energyof activation'in kinetica1lyunimoleoularreactions,on ac-
countof deoreasingadsorptionwithrisein temperature,isequalto the heat
ofadsorption. Ifwewrite

k<e-e+~wheM

k '= rate of reaotionperunitaMaofcatalytiosurface,understandardcon-
ditionsofconcentrationofreaotantvapourandvolumeofreactionbulb;
A = empiricalenergyofactivationobtainedfromthe temperaturecoefficient

of reactionrate;
X = heatof adsorptionper gram-mo!ecute;
R = gasconstant;
<r==fractionofsurfacecoveredbya unimolecularadsorbedlayer,at tempera-

tUMT;
thenwemightexpeot,inpassingfromonecatalystto another,that the larger
valuesof <rwouldbe assooiatedwithlargervaluesof andsmallervaluesof
A,sothat qualitativelythereshouidbea corrélationbetweene' andk.

Actuatly,there appearsto be no corM!ationbetweenthese two expéri-
mentalquantities.

1HmohdwoodandTopley:J.Chem.Sce.,t23,tOM(192}).

THE CATALYTICDECOMPOSITIONOF FORMICACID VAPOUR
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Becauseofthis,measurementsof oatalyticemcienoyhave beenmadefor
a numberofmetats,whichhavenot beenpreviouslystudiedwiththe objeot
ofascortainingwhethertheirBpeciSocatalytioaotivitiesforoneandthe same
reaction(HCOOH-~H,+ CO,)oan be related to any one propertyof the
oataiysts;for instance,on one view,it seemedpossiblethat oatalytioem.
oiancymightbeconneotedwiththe numberof 'free'electronsin themetals,
as measuredby the ex<~ssof their speoifioheateover the value3R. In the
event,however,the resultsweronotveryhelpfulfromthispointofview,be.
causein somecasestheaotualeffectsof the meta!sconcemedseemedto be
maskedbyanoxidefilm;but it basnevertheïessseemedworthwhileto reoord
the experimentalresultswhichhavebeensofar obtained.

The experimentalmethodemployedwas8i!ni!arto that usedby Hinshe!'
wood. The oatalyst,togetherwitha weighedamountof formioacid, con-
tainedin a narrowoapillarywitha veryfinetip, wasintroducedinto a bulb
of knownvolume,whiohwascootedin ice,evaouatedto belowo.t mm. with
a Hyvacpump,andsealedoff. Vapourbathsof anisol,aniline,nitrobenzene
and quinolinewereusedto maintainsuitableconstant températuresduring
the decomposition.Theunimoleoularvelocityconstant,reducedto t sq. om.
ofcatalystsurfacein a aoc.c.reactionbulb,is taken as a measureof the spe-
cifiooatalytioactivity. ThisconstantwiUbedenotedby~.

Someexperimentswithosmiumand tungsten werealso carriedout in
a manometrioapparatusexact1ylike the one aheady desoribed.'Analyses
of the gaseousproduotsofdecompositionwerecarriedout in a Haldaneap-
paratus.

CatalysisbyOsmium

The use of osmiumas a catalystwassuggestedby the observationof
E. MuUerandK. SponsePthat, in respectofdécompositionofaqueoussolu-
tionsoffomucacid,the aotivityof metalliorhodiumdecreasesas the purity
ofthe metalinoreases,andappearsto beconnectedwith tracesofosmiumin
the rhodium.

Metallioosmiumwasobtainableonlyin the formof a powder. A rough
estimateof the effectivesurfaceofthis powderwasmadeby determiningthe
size.of the grains. Theparticteswere'graded'by siftingthroughfinecopper
gauze,andthe numberofpartiolesdeterminedin twoways:–

(i) Bycountingunderamicroscopethenumberofpartiolesina weighed
amountofthepowder;thisgave3.71X !o"particlespergram.

(2) BytheapplicationofStokes'Law,whichgave i X 10*particteaper
gram.

Fromthe meanofthèseresults,the surfacearea of ï gramof the powder
iscaloulatedtobe80.1sq.cm. Thisrepresentsthe orderofmagnitudeof the
superSeiatareaof theosmiumcatalyst.

Theexperimentswithomiumweredonewith 00%formicaoid. For de-
compositionat températuresin the neighbourhoodof 2oo"C,analysisof the

HmshelwoodandTopley:J.Chem.Sec.,t2J,tM2(tgza).
Z.EtektMchemie,28,307(t~M).
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reactionproduotsshowedthat onlyhydrogenand oarbondioxidewerepro-
duoed. ThereaoUonfotlowetheunimolecularlaw,as the results in Table1
of a typioa!experimentin the manomètreapparatuashow.

The absolutevalueof the velocityconstantwasdeterminedat iS3.9''C,
in a senea of five sealedbulb experiments,the resultsbeingk = 0.0131,
0.0078,o.ot46,0.00767and 0.00903.Theaveragevalueof the unimolecular
constantkco,+ 0.0104.

The temperaturecoeSdent waafoundby usingthe deviceof aHowing
the reactionto take placeparMyat onetemperature,and then to proceedto

completionat a highertemperature,in themanometrioapparatua. The fe-
aultsof experimentaregivenm TaMeII.

The valueof A maybetakenas 19,000caloriesper gram,to the nearest
500calories. Usingthis, the absolutemagnitudeof the unimolecularcon-
stant perunita~eafora 20c.c.bulb,iscaïcolatedto beo.aX io-' at 2oo"C.

CatalysisbyNickel

The nicke!oatalyatwasusedin the fonnof purenickelfoil. At the tem-

peraturesof theexperiment(~83"and 210")the fonnicacidvapour (99.6%)
reacts with the metal,hydrogenbeingformed;after the reaction,the bulb
containeddropsofa greeniahliquid,-presumablya solutionofnickelformate.
At the sametime,carbondioxideisformedinthe reactionbulb,probablyasa
resultof directcatalyticdecompositionat themetatiicsurface,and notbythe

decompositionofnickelformate,sincetherewasnosignofa depositofmetal
on the smoothsurfacesof the foil.

TABLE1

Thoett PMMUKp0 k='ttogep<(pe'-p).
(mtnates) (mm.otH<[)

20 !t6 0.00<S$S
40 197 0.00645
60 267 o.oo6y9
80 3i4. o.oo6yî

j'oo 349 o.oo68s
Eo4 Pohtt 440

TABLElI

Temperatures(OC) kco, Aco.(eab.)

ï54.6 0.00477 18,900
iSs.o 0.0200

154.9$ o.ooa4ï 19,300
185.0 o.oiïi

IS4.99 o.oogïp 18,400
185.1 0.0133
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In a typidalexperimentat 3to",the gasin the reactionbulbbadthecom-
position

H -64.3%
C0'=33.7%
C0!= 3.0%

Thea.o%ofoarbonmonoxidecorrespondedto the aotivityof thewallsofthe
reactionbulb, whiohwasofsodagtass.

Similarresultswereobtainedin other experiments,thoughthe ratio of
carbondioxideto hydrogenis somewhatvariable,and increasesat the lower
temperature.

Underthe conditionsof thesebulbexpe~ents, thore is noformationof
méthanebyreductionofcarbondioxidebyhydrogen,asobservedbySabatier
witha finelydividednickelcatalyst. Westcottand EngeMer,~a!soobtained
nométhanewhendeeomposingformioacidvapourby passingit overanickel
oatalystbetweenaoo"and500".

On the assumptionthat the carbondioxideis formedby the usualuni-
moteoutarreaction,independentlyof the simultaneousinteractionof the
nickelandformioacidvapour,thefollowingroughvaluesof koo,(caloulated
withnaturallogarithm,the unitof tune boingthe minute)area measureof
the specinocatalytioaotivityof nickel:–

° kco,per i sq. cm.
'~C 3 x io'
2!o"C 1.6 X to-~

Forcomparisonwithothercatalysts,the absolutemagnitudeof theunimole-
cmarconstantfornickelat aoo"Cmaybetakenas t.o X 10'

CatalysisbyTungstem
The catalystwasusedin the formof a thin tungstensheet. Catalytio

décompositiontakesplaceat a rate convenientformeasurementat :M''C:a
manometrioexperimentprovedthat the reactionfoMowsthe unimoleoular
law.

The gaseousreactionproduct was practicaNypure carbon monoxide.
Duringthe reaction,the brightsurfaceof the tungsten becomesduHand
slightlyblue. SinceaUotherMe<(tbthat bavebeenexperimentedwithcata.
lysethé carbondioxidereactionmainly,it seemslikelythat the explanationoftheproductionofoarbonmonoxideonlyin thiscaseisthat a thinfilmofthe
blueoxideof tungstenis rapidlyformedon the surfaceof the metal,whioh
thenproducesthe usualcatalysisby oxidesyieldingcarbonmonoxide.This
wouldaccountforthe diseolourationof the metal, and, moreover,anexperi-ment in whichthé yellowoxideof tungstenwasheatedat 2io"Cina sealed
bulbwithformicaoidvapourresultedin the réductionof the yellowto the
blueoxide.

1J.Phyo.Chem.,30,476(t9a6).
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Theexistenceofaucha thinnhnofoxideontungsteniaprobable,accord-
ingto U. R. Evans,'inviewofthe markedpassivityof the metal. The re.
action Mbwasevaouatedto ratherlessthan 0.1mm.of residualair, whieh
wouldteavesumciontoxygentofumishanoxidefilmthiokenoughto produoe
interferenoeeo!ours.

Aninterestingpointis the unusualcatatytioactivityof this oxidefilmi
the unimolecularconstantkooper.sq. cm. of superficiatareaof oxidelayer
iaa.5 X io'~ata!o"C. Thisis ratherhigherthan the constantkoo,for silver
at thé sametemperature,andcertainlyverymuohgreaterthan the Bpeoinc
activityofordinarygranular"blue"oxideof tungsten;possiblythe associa-
tionofthecoherentoxidefilmwiththeunderlyingmetalalters its properties.

Cata~tisbyMo~bdeattmandTantalum

Bothmolybdenumand tantahm cata!yaethe decompoaitioo,but the
usualreactionHCOOH-~H,+ CO.isnot themaineffect. Atypicatanalysis
of thegasobtainedwithmolybdenumwas:–

H -53.4%

C0'=6.7%
CO' =39.9%

Aboutone-thirdof the carbonmonoxideand a little of the carbondioxide
in this oxperimentwouldhâvebeendue to the catalyticaction of the soda
glaasofthe reactionbulb theexcessof hydrogenisthus verymarked. The
interactionofformicacidandmolybdenumisbeingfurtherinvestigated.

Catalysisby.SNica,PyrexandSodaGlass

In thecourseoftheexpérimentaonmetals,an attempt wasmadeto Sud
a materialforthereactionvesse!whichwouldhavea negligiblysmaUcataly-
tic activity. Thespecifioaotivityofsilicaand of Pyrexwascomparedwith
that ofaodaglass. At~o"C, theproductsaremainlycarbonmonoxideand
waterin eachcase. Themeansofthe resultsof manyexperimentsare rep-
resentedbythe followingfigures:-

kc.
SodaG!ass 4 X ro-~

1~-ex 1.5X10-'
FusedSHica i.oXio'*

TableIII containathe quantitativedata availableas to the catalytie
decompositionof formicacidvapouron the surfacesof differentcatalysts;¡
the valuesof k areoatoutatedin reciprocalminutes,for unit surfaceof the
catatystinareactionbulbof20c.c-,uaingnatural logarithms.

1"MetabandMetaUioCompounds."



C. K. D. Ct~NK ANDB. TOPMiY

TABLEIII

Catatyet (atMo'C,perunitaMt).

Durog~ass a.sXto-'
Gold 9.2X:M''
Silver i.o3X!o"'
Nickel iXto-'
PMinum 4.4Xto"'
Rhodium a.4 X to'~
Osmium 9.2 X 10-'

(PaUadium ïo-* 10-')

kco
(atato'C,perunitarea).

SiNca 1X10-'
Pyrex ï.sXto-*
8<M!&G!ass ~XM~
THng8ten(+oxide6Im) a.sXto~

Ourthtmkaaredueto Dr. J. N. Williamsoa,ofthe FuelDepartmont,for
theloanofa Haldanegasanatysisapparatue.

!/M<Mf~,
LM<&,
&~&~M~.
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It isa commonlyrecognizedfact that riseintemperaturecausesa marked
inoreasein therateofosmosisanddialysisandaboincreasesthé osmotiopres-
auredevelopedbya solutionseparatedfromthepuresolventby a semiperme-
ablemembrane.Areviewofthe literaturecoveringthesesubjectsshowsthat
relativelylittleattentionbas beengivento the effeotof temperatureexcept
in itadirecteffectontheosmotiopressureofa solution. H. N. Morseandtus
coworkers'andnumerousothershave investigatedthis phaseof the subject
quiteextensively.However,nothingin aquantitativeway is reoordedcon-
oemingthe rate ofpassageof materialthrougha membraneaa affectedby
temperature.

G. Flusinhaaehownby expérimentaon rubbermembranes'andon pig's
bladderlthat thedirectionandvelocityof transferofliquidaaorossthesemem.
branesdependonthe absorptioncapacityof themembranefor the liquida.
Carbondigulphidewhichisabsorbedreadilybyrubberpassesquioklythrough
a rubbermembraneinto aloohol,whereaschlorobenzeneand nitrobenzene
wMchare not readity absorbedpass throughveryslowly. Water whichis
taken up m largequantitiesby hog'sbladderpassesthrough rapidlyand
ohloroformwhichisabsorbedmuchlesspassesthroughproportionattystower.
He deoidedthat the velocityof osmosisdid not dependon the maximum
amountof absorptionbut uponthe energywithwhichthe membranetakes
upthe liquidduringthefirstminuteofcontact. Hisexperimentswerecarried
out under controUedtemperatureconditions,but no attempt wasmadeto
déterminetheeffectofdifferenttempératuresonthevelooity.

Thé présentpaperrecordsthe resultsof experimentsmade to determine
the effectsof deBnitechangesof temperatureon the rate of establishment
of equilibriumin (:) aSystemcomposedofpurepyridineseparatedfrompure
waterby a thin rubbermembraneand (a) a Systemcomposedof a one-half
molarsolutionof sodiumchloridein water separatedfrompure waterby a
collodionmembrane.

Rtperunentsahowiagthe Effectof TemperatureChangeson the Passage
ofPyridiMthrougha ThinRubberMembraneinto Water.

The pyridinewaspureand freshlydistiUedbeforeuse. The waterwas
distilledand freefromdissolvedgases. The rubberusedfor the membrane
waaa highgradeofdentaldam,veryuniformin weightand quality. The
tbioknessof theunstretchedsheetwas0.3 ± .05mm.

'Am.Chem.J.~S~t.a~.gSa.s~.(t9tt).
'Compt.rend.,126,t~ (1898).
'Compt.rend.,131,i~oS(t<)oo).

THE EFFECTOF TEMPERATUREONRATEOF OSMOSIS
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Nooriginalitylaolaimedfor the ceUandsturmgan-angement,the design
of whichwasderivedfromthe apparatusused.byKaMenbMg'in bis work
onoamomBanddialysis. Fig.g!ve8 the essentiatdetailsoftheapparatus.

The cellwasa eyUndhcatniokel-plateddrum,3 oentimetersin diameter
and 4.2 centîmetemin height. The area of the openend was y.o7square
centimeters. Aroundthe bottomand open endof the drmn wasa roUed

nangewMchmadeit easy to fastenon thé membrane.A bar wasfastened
acrossthe insideofthecellabouto.$centimeterfromthebottom,thefunetion
ofwhichwasto preventthe atirrerfromdroppingdownintodirect contact
withthe membrane.Theupperand closedendof the ce!lwasfittedwitha
metalliotube5centimeterslongandexactlythe samediameteras a gtasatube
whichwaafirmlyfastenedto it bymeansofrubbertubingandwire. Ahollow
cylindercarryinga largenumberof turns of finewireformedan electro-
magnetwhichoperatedthe stirrer. Thiseleotro-magnetwaaconneotedtoa
sourceof directcurrent through&rhéostatand adjuatablemakeand break
contact. The longglasstube extendingup fromthe cell rested againsta
millimeterscaleupon whichthe rise of the liquidin the coïtcouldbe con-
venientlyread. The rubbermembranewastied overthe mouthof the cell
by meansofstrongthread,carebeingtakento obtaina taut surfacewithout

J. Phya.Chem.,10,~i (t9o6).
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etretchingthe rubber. After the rubberwas in p!aeea.pieceofnew,washed
muslin,weighingo.ot33grampersquarecentimeterwastiedoverthe mouth
of theceU. Someauchsupport waaobvioustyneeessaryto preventthe bul.
~ng andstretohingof the rubber under the weightof thecotumnofliquid.
Newpiècesofrubberandc!othwereusedforeachexperiment.

Thecell,SHedwithwaterand freefromairbubblesand withthemeniseus
onthescate,wasplacedina gtasaouporbeakercontainingthe pyridine. The
beakerwascoveredbya BlitcoverBttmgaroundthe oeN,andthenplacedma
thermostatcapableof regulationto lésathan o.5"C. Thecellwasalwaysim-
mersedto thesamedepthin the pyridine. Thewaterin the cellandthe pyri-
dinein the beakerwerebroughtto the temperatureof the thermostatbefore
loweringthe cellintoposition.

Theriseoftheliquidm the gtaaatubewaaobservedand recordedin cemti-
meters. By carefulcaMbrationit wasfoundthat the tube, whiohwasexcep-
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tionaMyuniformin bore,containedsa eubiomiUimetemforeverycentimeter
of ils tength. Fromthis thesoalereadingswereconvertedintovolumespass-
ingthroughthemembrane. Dividingthisvaluebytheareaof the membrane
gavethé volumepassingthroughonesquarecentimeter.Theseare thevalues
usedin plottingthe results.

Stirringoftheamer liquidtookplaceoverytSoraoMeonda.KaMeaberg*
haashownthat stirringisabsolutelyneoessaryin quantitativemeasurements
of osmosisand oamotiopressure. Hiacontentionsin regardto this pointof
techniquewereagainehownto becorrectin theexperimentshereinrecorded.
Moreor less rapid and uniformstirringwasnecessaryin order to obtain
uniformandconcordantresultsin theexperimentsrecordedbelow. It isonly
reasonaMeto assumethat, withoutstirring,thepyridinepassingthroughthe
rubberwouldforma veryconcentratedsolutionofpyridinein waterwhieh
wouldremainincloseproximityto themembrane. Thepyridinewouldonly
diSueestowlyiatothewatermtheupperpartoftheceU.Thislayerof concentra-
tedaoiationwouldretard the flowofpyridinethroughthemembrane.Afa!œ
equilibriumwouldthus be set up betweenthis layerand.the purepyridine
emergingfromthemembrane. ThepurposeoftheexperimentsiBto measure
therate ofattainmentofequilibriumbetweentheuniformcontentsofthe ceB
and pure pyridine. Sturingthe contentsofthe ceUcausesthe concentration
to bemaintainednearly uniformthroughout.

Experimentswereconduotedat ten degreeintervabfrom s"C. to 8s"C.Theresultsare givenin Tablest to IX and areplottedin Fig.9. Cheoking
experimentsweremadeat eaohtemperature.Toconservespaoetheaverages
are givenin the tables,exceptat ~s'O.wheretworunsaregivento indioate
the smaHdifférencesusuallyoccurring. At 65*,75°and85*0.the amountof
en-orincreasesslightlydue probablyto the greaterdifficultiesof manipula.
tionat the highertemperatures. Towardtheendof theexperimentsat thèse
highertemperaturesthe rateof passageincreasedsomewhat. This isshown

TABLE1

Pyridineand Waterat 5"C.
T:f~ In_L_I w vTimeln Totatcnm. VoLin ou. mm. Timein Tctatcma. Vot.inou.mm
minutes naemtube passingthrough minutes tiseintube paeeiBgthtough

ï cm.'membrane t cm.'membtMe
.0 3.90 –– 50 6.35 .94

5 3-9° 5.95 55 6.50 .94
4.30 3.00 6o 6.85 .94
4.70 3.00 70 7.ïo .94

2.95 80 7.35 .94
25 5.~5 i.8y 90 7.6o .94
30 S.45 1.50 too ?.&5 .94
35 5-65 1.50 no 8.io .94
40 6.00 ï.5o iM 8.35 .94
45 6.io .75 t30 8.60 .94
J. Phys. Chem., M,ï4t (t9c6).
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bytheupwardtrendoftheourvMat 65",y5"and8$". Thisresuttisundoubt-

ed!ydueto the solventactionofthe hot pyridiaeonthe rubber,oausiogthe
membraneto be thinnerat the endof the experimentthan it wasat the be-
gitming.Themembranesin contactwithpyridineat a temperatureof 85"C.
weresofar ditantegratedat the endof 70to 80minutesthat theywouldno
longersustainthe columnof liquid.

TABt,B II

Pyridineand Waterat is"C.

T&Min ToMcoM. Vot.inou.mm. Timein Totatcms. VoLincu.nun.
minutes

in
rieeintube passingthrough minutes

in
riMtntubo pa~ngthMUBh

oa.'memMane t c!n.'membrane
o S-< –– 65 ii.a a.as
S 6.6 ïo.so 70 ïï.s 3.2$

to 7.4 6.00 75 ït.8 9.9$
'S y.9 3-75 8o 12.1 9.95
20 8.3 3.00 85 ï9.4 9.35
25 8.7 3-oo go ia.y 9.95
30 9.0 2.2$ 100 13.3 9.95
35 9.3 3.as "o 13-9 2.2$
40 9'66 2.2$ Ho ï4'ïx 9.95
45 9.9 9.95 19; 14.5 9.95
50 Ï0.3 9.9g 130 15.0 9.40
55 ïo.6 9.9$ 140 Ï5-5 9-40
60 10.9 3.9g

TABÏ.BIII

Pyridine and Water at a5"C

Timein Totatoms. VoLincu.tam. Timein Totatcma. Vo!.in ou. mm.
mmotM tmeintube paœtngthMueh minutes tiMintube pfMdogthMugh

t em.'membrane t cm.'membMae
o 2.6 –– 80 ï6.35 4.00
5 6.8 33.00 85 16.75 4.00

M 8.5 r.75 90 ~.35 4.00
ï5 9-i5 4-90 95 17.85 4.oo

9.15 4.5o 100 t8.35 4.00
a5 10.30 4-13 105 ï8.85 4.00
30 lo.Qo 4.oo no ïo.35 4.oo
35 ".40 4.i3 itS 19.85 4.00
40 ia.oo 4.ï3 ïM 20.35 4.00
45 ï2.6o 4-ï3 "S <o.85 4.oo
50 i3.io 4.13 130 "'35 4-oo
55 13.6o 4.~3 i35 ai.85 4.oo
6o 14.10 4.13 140 22.35 4.00
65 14.75 4.50 145 22.85 4.oo
70 15.35 4.oo ï5o 23.35 4.oo
75 15.75 4.oo
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Ttmein Totatcma. Vot.ineu.mm. Ttmeia TotatctM. Vot.iacu.mm.minutes risemtubepaMmgthmmh minotM tis~intube pammgthroMht cm.'membMne t em.'membmoe
o 2.0 –– 85 M.i 6.00
5 7.2 3900 go ai.y 6.00

'o ~-4 900 çs 22.7 6.oo
~5 9.3 6.75 too za.~ 6.75
~° 10.t 6 00 !05 23.4 6.oo
~5 M.9 6.oo no z4.a 6.oo
30 it.7 6.oo ti5 25.0 6.00
35 M.6 6.75 190 25.8 6.75
40 !3 4 6.oo iz5 36.7 6.oo
45 14 3 6.oo !3o 27.5 6.oo
5° '5.0 6.oo 135 a8.3 6.oo
55 iS9 6.75 i40 ao.o 53S
~S 16.8 6.75 t45 29.8 6.oo
70 176 6.oo 150 ~0.6 6.oo
75 i8.4 6.oo i5S 3~.4 6.oo

19. 6.75

TABMIV (a)
PyridineandWaterat 3s"C

Ttmem ToMcms. Vol.in eu.mm. Timein Totatoma. Vol.in eu.mm.minutes nsemtttbepaeamgtttmagh minutée rise in tube passingthroughtom.'membmne t~'membmNe
o –– ïio 24.3 6.00

5 7-3 39.8o n~ 3~.1 6.oo
'S 8.3 7.so no 35.9 6.oo

9.2 6.ys 26.7 6.oo
25 to.o 6.oo ï~o 37.s 6.oo
30 io.9 6.75 135 38.3 6.oo
35 "-S 6.75 140 29.1 6.oo
40 12-7 6.75 145 30.9 6.oo
45 13.5 6.oo t5o 3".7 6.oo
50 ~4-4 6.75 ï55 3~5 6.oo
55 15.2 6.oo i6o 33 3 6.oo
60 ï6.o 6.oo 165 34.1 6.oo
65 '6.8 6.oo 170 34.9 6.oo

~7-7 6.75 175 35.7 6.oo
75 ï8.s 6.oo i8o 36.5 6.oo
8o 193 6.oo 185 37-3 6.00
~5 ao. 6.75 190 38.1 6.oo
90 2t.o 6.oo ios 38.9 6.oo
95 21.9 6.75 zoo 39.7 6.oo

100 ~7 6.oo ao5 40.5 6.oo
i°5 23.5 6.oo

TABLEIV (b)
FyridtneandWaterat 35"CVnl in.11 '1' M-l



BFFECTOfTEMPEBATCBEOM!tATN0F OSM08lS t~~

Timein ToMcme. Vohinou.mm. Timein Totateme. Vol. in ou. mm.
minutes nMintubepaashtgthrough minutes riseintube paeeiNgthrottgh

t cm.'mmnbfene t em.*membrane
o t.s –– 80 a6.o 9.00

5 ?.3 43.00 85 27.2 9.00
10 8.7 lo.so Qo zS.~ 9-00

ï5 'o.o 9.7S 95 ~9.5 8.2$
20 n.3 9.75 !oo 30.7 g-oo

~S r.6 9.7S ïos ~t.9 9.00

30 i4.o !o.so no 33.0 8.:s

35 15.2 9-00 tis 34.2 9.00

40 16.5 9.75 120 35.3 8.25

45 '7.7 9-oo us 36.4 8.2S

50 t8.9 9.00 t3o 37.4 9.oo

55 ao.o 8.2$ t35 38.4 8.25
60 2Ï.2 9.oo ï4o 395 8.2$

65 22.4 9.oo !4S 40.6 y.so

70 23.6 g.oo ï~o 41 7 7"5o

75 ~4.8 9.oo

TABLEV

Pyndineand Water&t4S'C

TABH!VI

Pyridineand Waterat 55"C
Timoin Totalems. Vol.inou.mm. Timein Totatems. Vol.in ou. mm.
minutes Meotntubepa.mh~through minute nseintube pMsingttuoaght cm.'membrane t cm.'membrane

o o.so –– 75 33.00 12.75
5 8.50 S9.SO 80 34.65 ï:.oo

'45 14.70 85 36.25 iz.zo
1~-30 13.85 {)o 37.90 ix.ao
'4-iS '3.8$ 95 39.50 ix.M

~5 15.95 i3 50 100 41.10 ïz.so
30 i7.75 13.50 ios 42.90 12.70
35 '955 '3.50 no 44.40 u.oo
40 21.30 !3.10 us 46.40 12.70
45 ~3.oo :2.7o 120 47.90 12.70
50 ~470 13 to 130 5ï.5o 12.70
55 a6.35 12.00 140 55.io 13.40
60 28.00 !2.35 150 58.50 12.70
65 29.80 12.40 i6o 63.80 12.70
70 3!.35 "a.40 170 65.50 12.70
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TABUBVII

PyridineandWaterat 6s"C

TABLEVIII

Pyridineand Waterat ?s"C

Timein Tetatcma.Vct.incu.mm. Timoln Totatcma. Vot.iaea.mm.
minutes fiMintubeptMsingthMUgh minutes rieointube passingthrough

ï MB.'membrane i om.'membrane

o 0.40 ––
95 52-40 i6.5o

5 !t.oo 79.50 ioo S4.6o 16.50
!o 13.80 ai.oo tog 56.80 t6.so
iS 16.40 19.50 no 59.00 t6.5o
20 18.yo :y.2o 115 6t.go ~.M
25 si.oo ty.zo ïao 63.50 t6.5o
30 23.30 !2o 130 69.00 16.90
35 ~5-50 t6.5o 140 72.6o t~.so
40 27.8o 17.20 150 ??.3o 17.60
45 30-10 ~.20 t55 79-6o ty.ao
50 3~.40 i~.ao ï6o 8t.90 ly.ao
55 34.70 !7.ao t65 84.20 i~.ao
60 3y.oo ly.ao 170 86.50 17.90
65 39.3° ~.M 175 88.8o 17.20
70 4~.50 16.50 i8o 90.30 17-90
75 43 70 16.50 185 95-8o 2o.6o
8o 4S-90 16.50 190 98.M 18.00
85 48.to t6.5o 195 ïoo.30 18.70
90 50.20 15.6o 900 ïoa.to 18.70

Timein Totalcm. Vol.ineu.mm. Timein Totetoma. Vol.in
mmutea nsemtube passingthrough mmhtea risemtuba pMeiMthMuzht cm.'membrane t cm.'membtMe

o 2.1 –– 50 39.$ ~2.0
55 13.ï 8:.s 55 4~.5 !:3.6

ïo 16.y 38.3 60 45.6 22-7
~5 M.o 94.6 yo 51.8 za.y

~-9 23.4 75 55.0 23.4
25 ~5-5 22.6 80 s8-i 22.6
30 s8.a 23.0 ~5 6i.3 23.4
35 3i.o a4.o go 64.5 23-4
40 33-8 240 <~ 67.8 24.0
4Ç ~6.6 22.6
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Ttmein TotfJems. Vol.inou.mm. Timein ToMcnM. Vol.in ou.mm.
minutes riMiatubepMaingthrou~i minutes rise In tube passingthrough

ï cm.'membtaoe cm.'membf&ne

o 3.0 –– 40 48.9 zS.$
5 ig.o ï9o.o 4S S3.5 zy.o

'o ~4.7 43.6 50 56.3 28.s
'5 29.3 34.2 55 60.0 27.8
20 33-4 30.8 60 63.8 28.5
35 37.a 28.5 65 67.a 30.0
3° 41.0 28.5 70 7~-o 31.4
35 45.1 30.8

Estpedmeatsshowiagthe ECectofTempeMtUMChangeson the Passage
of SodiumChloridefroma Oae-haMMolarSelutioathrough

a CollodionMembraneintoWater.

Thesodiumchloridewaapurifiedbypreoipitationwithhydrogenchloride.
Thewater waadistilledandhad beenboiledto frceit fromdiesolvedgases.
Thecollodionsackwaspreparedbypouringanalcohol-ethersolutionofnitro-
celluloseintoa largetest tube,rotatingthe tubeand drainingout the excess
solution. Aftera short timehad elapsedthemembranewasremovedfrom
the tube and washedthoroughlyin distilledwater. Themembranewasper-
feotlytransparent.

Alargecorkstopperwhichhad a largeholeout in the centerandwhich
had been thoroughlycoveredon its entiresurfacewithcollodionwasfitted
intothe-mouthof the saok. Thesackitgeliwas 13centimeterslongand 4
centimetersin diameter. Wheniooec.ofsolutionwereplacedin the sack85
squarecentimetersofsurfacewerepresentedfordialysis.

The bagwasauspendedin a oneandone-halfliterbeakerby meansof a
wireclampattachedto the corkand fittedoverthe sideof thebeaker. The
beakerwasimmersedin the samethermostatused in the experimentswith
rubbermembranes.Aglassstirrerpassedthroughtheholeinthecorkstopper
andeffectivelyagitatedthe contentsof the sack. Anotherstirrercirefflated
thecontentsof the beaker. icoec.ofthesaltsolutionwereplacedin thebag
and tacocc.of distilledwaterin the beaker.'The solutionandthe waterin
the beakerwereboth broughtto the températureof the thermostatbefore
loweringthe saokinto the water.

iocc.samplesweredrawnevery5minutesfromthebeaker. Thecontents
of the beakerwereagitatedwitha ourrentof air just beforedrawingeach
sample. Thiswasdoneto makecertainthat therewasnota layerof coneen-
trated solutionat the bottomof the beakerwhiehhadnot beencompletely
eliminatedbytheactionof themeehamcaistirrer. ïooc.ofpurewaterat the
temperatureof the experimentwereaddedforeveryrocc.ofsolutionwith-
drawn. Correctionsweremadefor thiacontinuâtdilution.

TABM)IX

PyridineandWaterat 85°C
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The chloridewasdeterminedin eachsampledrawnbymeansofa N/ïoo
solutionofsUvernitrate,usingpotassiumchromateasindicator.

Experimentswereperfonnedat ten-degreeintervalsfrom~s'Cto 65"C.
Twoor moreexperimentswereconduetedat eaohtemperatureand it was
foundpossibleto oheokwithinsma!!marginabetweentworunsat the same
temperature. Thequantityofaatt in the~stem at théendofa runas ca!cu-
tatedfromthe analyticalresultscheokedthe amountin the originalioocc.

o~OBe-haKmolarsotutionwitMn0.15%to o.:o%. Whenthe transferof
sodiumchloridebecamealmostzerothe contentsof the aackin eachexperi-
mentmeasuredapproximatelyjiocc. indicatinga flowof waterthroughthe
collodionmembranetowardthe sait solution.

Thesamemembmnewasusedfor the nrst aevenruas. Thismembrane
wasaccidentaUybrokenand a newonehad to be prepared. To detennine
whetherresultsfromtwodifferentmembraneswerecomparable,someof the
determinationsmadewiththe firetmembranewererepeatedwiththenewone.
Thesedéterminationscheckeda!mostas closelyas thosemadewiththe same
membrane.It isthuspossibleto preparetwo collodionmembranesfromthe
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samematerialand followingthe sameprocédurewbichwill showthe same
rate of permeaMMtyto a solublesalt suohas sodiumchloride. It ehouldbe
notedat this point that the membraneswereeoakedthoroughlyin distilled
water betweenexperiments.

The amount of sodiumchloride in tninigramspassing through one
squarecentimeterof the collodionmembranein fiveminuteswascalculated
ffOMthe analyticaldata. Thèse are the valuesgiven in columnthree of
TablesX to XIVand usedin plottingagainsttimeinFigs.3 and 4.
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TABMBX
NaClthroughCoNodionat 35"C

TABUSXI
NaCIthroughCollodionat 35"C

TABLEXII
NaClthroughCollodionat 45'C

Timein cc-t/tooN M~.N~CIpMs- Timein ce-t/t~N Mm.N~Ct
nunwtesAt:NO,teq<ttMdEtthMught1 minutesAf:NO,requ:MdMMiM

forNaCIeater- om ofmem- forNaCIeuter..forNaCtenteF- em.'ofmmtt- forNaCtenter- tMough
Mgtoe.c.in htaneirnsmin. i~toe.c.inSve tom'.off
8veminutes minutes membrane

insmin.

5 4.90 4-so 50 i-!0 .9$
4.3$ 3.66 ss 1.00 .86

~S 3 50 3.02 60 .70 .6i
30 3.90 3.47 65 .70 .6!
25 3.ao 1.86 70 -so .44
30 3.oo t.?3 75 .60 .si
35 ï 6o t.39 8o .60 .sï
40 1.35 ï.39 8s .4$ .39
4S ï.30 1.04 90 .40 .35m. vr

-g- _i}

Timein ~t/tccNMge.NaCtpMtt. ~°'ein o.e.t/tooN Mge.NaCt'niautee AgNO~KquMedingthMwght minutesAKNO,tequitedMœ!a<
forNaCteatering cm.'ofmMn. St-M~ente~ ~azh

toc.c.infive branoins min. ingtoe.c.inNvet om.'of
'M"Mte8 minutes membrane

inSmin.

5 5.40 4.6$ 50 ï.oo .86
ïo 4.85 4.i8 s5 .80 .59
~5 4-ïo 3.65 60 .60 .5a
M 3.10 :.67 65 .50 .41
25 ~.65 9.~8 70 .50 .41
30 2.ïo 1.83 y5 .40 .34
35 ï.8o 1.53 8o .50 .41
40 i.6o 1.37 85 .50 .41
45 i.2o ï.o3

Timein
,c-MoNMgf).NaCtM89. Timein o.)f/tooN Mgs.NaCtminutesAgNO.MqmtedingthMUghT mmutM ARNO.teqmredpMtam!.ferNaCteatef. cm'ofmem. ~NaCtMt~. through

ingtoc.c.ta ave branein$min. toc.c.inSve t em.' of
minutes minutes membrane

in 5 min.

5 7.05 6.io 45 i.~ !.ts
5.70 4.90 50 .90 .~8
4.M 3.6i S5 .70 .6o

M 3.~0 2.74 6o .50 .43
~5 a.7S a.37 65 .50 .43
30 a.3S 2.00 70 .60 .52
35 1.75 i.5i 75 .40 .34
40 1.35 i.o7 80 .30 .96
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TABLE XIM

NaCt thtoagh CoUodion at ss"C

TABLE XIV

NaCl through CoUodtOB at 6s"C

Discussion
Therateofpassageofpyridinethroughthinrubbermembranesincreases

withrisein temperature.Approximately,thevelocityat is"Cisdoublethat
at s'O and at zs~Cit is twiceas muchas at ts"C. At 3~0 the rate is So
percentgreaterthan-at 25"Cand the velocityat 45"Cis a!soso percent
greaterthanat3s"C. Therateat 5S'~i833por<!entgreaterth&nat45"Camd
at 6s°Cit is one thirdlarger than at 55"C. The increasebetween65°and
75"Candbetween~s'Oand 8s°Cappearsto lie in the neighborhoodof33
to 2~percent.

Anyexplanationofsuchexperimentalresultsis necessarityratherspécu-
lative. The ideasofArmatrong*andGi!let*oSera ratherattractiveexplana-
tionof thé observedrésulta. Water is eonsideredas an equilibriummixture
ofhydrol(HtO),dihydrol(H)0)) and polyhydrol(H,0).. Theequilibrium
betweenthèseformsisaffeotedby temperature;the higherthe temperature
thegreatertheamountofhydrol(H~O)présent.This "monad"isverypeactive

Ptoc.Roy.Soe.,7aA,964(ï9o6).
Compt.rend.,177,957(t~~).

Ttmetn c.o.t/tooN Mga.NaC!paaa. Timein e.e.<ooN Mga.N~Ct
tn:nutMAf[NO,Mqu)Kdht~throu~h!1 minuteaAgNO,requ!MdpaMtoz

for NaCtenter- mn.'ofmem-- forNaCIenter- throMO
ing!0c.o.infive bt&Beins '"in. !ngtoc.c.infive t em'of

Miautea minutee membrane
M5min.

5 9.o ?.?? 35 i.6 1.38
to y.2 6.I? 40 1.2 t.03
'5 4.6 3.98 45 .8 .68
20 3.8 3.30 50 .6 .50
25 a.8 2.40 S5 .4 .34
30 z.o t.ya 6o .a .t8

Timein .M.'AooN Mgs.NaC!MM. Timein o-e.t/tooN Mgs.NaCi
minutesAgNO,required inetbMughtt minuteaAgNOtMqutMd MMiog

forNaC!enter- cm.'ofmom- fotNaCtenter* through
ingtoc.c.in nve bnmein s min. ingtoo.c.inive t cm.*

minutea minutes membMne
in5mina.

5 11.6 to.oo 35 i.~ t.ao
!0 7.3 6.ay 40 .6 .sz
ï5 5.0 4.30 45 .3 -aS
~0 3.2 z.75 50 .3 .s6
~5 2.$ 2.18 ss .2 .t8
30 i 8 t.~6 60 0 .oo
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andiaoMenyresponsibleforthe ohemioa!activitiesof water. The introduc-
tionof foreignmateriahintowaterwhioharesolublein the liquidtend a!so
todisturbtheequilibriumin thédirection(HtO).–nH~O.

At the lowertempératuresthe amountof (H<0)présent is relatively
small. It Mthis hydrol(H,0) whichattraotsthe pyridineand removesit
fromthe surfaceof the rubbermembrane.It wouldappearfromthe data
givenabovethat froms"C to z5"Cthe productionof (H~O)underthe in-
fluenceof temperatureis regularandaboutdoublesfor each M degreein-
oreaseprovidedthe attractionofwaterforpyridinemaybetakenasa meas-
ureof the amountofhydrolpresent. Above~"C the relativee~eotof tem-
peratureonhydrolformation(andattractionof waterforpyridine)becomes
less;up to 4S*Cbeingabouta 50percentincreaseforeaeh10degreeinterval
and fromthereup to 6s"Cshowinga 33percentincreasefora Ukeinterva!.
Above65"Ctheamountofhydrol(H,0) presentin the equilibriummixture
isso largethatan increaeein temperaturebasrelativelylesseffeot. <

The uniformityof the rates for temperaturesfrom5"to 6s"C after the
Srst 30 minutesmay be explainedby the fact that aumoientpyridinebas
enteredby that timeto combinewiththehydroloriginally.présent. Thedi-

t

hydroland polyhydrolpresentare eontinuaUydiœooiatingunderthe effeots
of the temperatureof the experiment.Thehydrolthus Hberatedcombines
immediatelywith pyridineand the dissociationcontinues,the rate being
governedbythe température. Anexcellentexampleof this wasshownin
anexperimentnot recordedabovewhichwasallowedto run at 25"Cforseven
andone.haKhoura.Nomaterialchangeinratewaanotedoverthe !aatseven <
heursof the experiment.

At the Mghtemperatures,75"and8s''C,complicationsarisebecauseof
thevigorousactionof thehot pyridineontherubber. Themembranesgave d

r~

wayentirelyafterexposureto pyridineat 85"Cfor yoto 80minutes. It is
evident,however,that inoreasein temperatureat thesehigherlevelswould
bave relativelylesseffeot. Theequilibriummixturewouldcontaina pre-
ponderanceofhydmlwithsomedihydrolandrelativelylittle polyhyhydrol,
consequentlya temperaturechangewouldhavea smaHerenecton thepro-
ductionof (HtO)mproportionto theamountoriginallyprésentthan woulda
likechangeata lowertemperaturewheretesshydrolandmoreofits polymers
wereprésentin the originalequilibriummixture.

The abovereasoningignoresthe effectof the membraneon the rate of
passageofthepyridinethroughit. Thisfactorisonethat muetberecognized.
Pyridinedissolvesin rubberandthe water(hydrol,HIO)on the upperaide
of the rubberremovesthe pyridinefromthe surface. Increasein tempera-
ture increasesthe solubilityofpyridinein rubberso that the eSectof the
membranein thisparticularcasetendstobeinthesamedirectionas théother
effectsmentionedabove.

In the caseof the passageofsodiumchloridefroman aqueoussolution
througha collodionmembraneinto waterit is moredifficultto drawcon-
ctusiona.Thereis transferin both directionsbecausewaterpassesthrough
thecollodionmembraneinto thesalt solutionat the ssmetimethat the sait
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passesthroughinto thewater. In otherwordethemembranein thiaSystem
is not at att semipermeable.EquiHbnumtendsto be establishedwiththe
concentrationofthe saltthesameonbothsideaofthémembrane.Thehigher
the temperaturethe morerapidlythe salt passesthroughthe membranee<

but the rate of passageia verynearlythe sameforaHtemperatureabe.
tween25"Cand 65"Cat theendof30minutes.

i. The volumesof pyridinein cubiomillimeterspassingthroughone

squarecentimeterof rubberdamintopurewaterat temperatureintervalsof
!o degreesfrom s"Cto 8s"Cweredetermined.

z. Therateinoreases100percentfor to degreeintervab betweens'O and

as°C;50percentbetweenz$*'Cand45"C;33percentbetween4S"Cand65°C;
andfrom33to 2s percentfor zodegreeintervalsbetween65"Cand8s*C.

3. The miUigramBof sodiumohloridefroma one-hatfmolaraqueous
solutionpassingthroughonesquarecentimeterof collodionmembraneinto
water weredeterminedfor io degteetemperatureintervab betweenas"C
and6$~.

4. The initial rateofpassageofthe salt throughcollodioniagreaterthe

higherthe temperature,but the rate is practicaUythe sameforaUtempera-
turesat the endof30minutesofdiatyais.

g. The reasonsfor the resultsobtainedin the experimentsonpyridine
are disoussedfromthe viewpointof the theorythat wateris an equilibrium
mixtureofhydrol(HsO)anditspolymers.

TheauthorwishestoexpressbisindebtednesstoMr.HarryN.Huntzicker
for his assistancein the experimentalworkon the pyridine-rubber-water
system.

C&<mt<~La6ont<OM,
M<!M!M~-Po«~,
&t(tt<Paul,M<HMM<a.
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I. ArcSpectrographieDétectionmdEsthMUonof Gallium

GeMT~.Arc speotroscopyis weUsuitedto the needsof the analytical
ohemiet.Whenthevisibleandthe ultravioletspectralrangesareconsidered
it willbe noticedthat the greatmajorityof mota!sand a numberof non.
meta!shavetheirpersistentliaesin theseranges. Arcspeotra,asa raie,are
intenseandthismakesthemespeciaUyadaptableto spectrographioobserva-
tion. If thesubstanceto beanalyzediaa goodconductorofelectrlcity,suoh
asa metaloran alloy,andis intheformofwireorn)d, it oanbeuseddirectly
asélectrodematerial. Ordinarilytheohemistiaeonfnmtedwiththehandling
ofsubstancesthat arenon-conduotots;evenin the caseof motabhe bas to
workfrequentlywith granules,powders~boringaand tumpswhiohcannot
bemadeintoelectrodes,at ieast,not convenient!y.In suchcasesand a!ao
in the caseof liquida,useis madeofgraphiterodaof suitablediameterand
lengthto hotd the substancesto be snbjeotedto spectralexcitation. Arti-
ficialgraphiteof a veryhighdegreeofpurity is procurablefor spectroscopiework. Whenan arc is madebetweentwo suohgraphiterode,the spectrum
willbefoundto contain,inadditiontothe linesandbandsdue to carbonand
to someofits compounds,a!solinesdueto a numberof impuritiessuohas
magneaum,sodium,calcium,uthium,silicon,iron and manganèse.Other
thingsbeingequal,the intensif and the numberof thèse lineswilldepend
uponthe quantitiesof the respectiveimpurities.

Thedirectourrentisusedfortheproductionof thearc,and it iatheprao-
ticeto makethe lowerélectrodetheanode. TheanodemeonsideraNybotter
than the cathode. Thisfactcanbe observedanytime onbreakingthe arc:
theanodewillbered-hotovera longerdistanceand it willcontinueto glow
sometimeafter the cathodebasbecomedark. Whenthe lowerelectrodeis
madetheanode,andthe substanceto beanalyzedis plaoedon it, it willbe
observedthat thespectroscopietest, ina greatmanycases,ismuohmoresen-
sitivethan in the eventof reversedpolanty.

A quartz spectrographntted with one Cornu priam,or a largerauto-
collimatingLittrowtypeofinstrument,issuitableforworkin theultraviolet
region. The latter instromentgivesvery goodresults aiso m the visible
range. For the detectionofgaNiumwhiehbaspersistentlinesin the visible,
a glassinstrumentcanbe used. Ordinaryphotographieplateswitha sen-
sitivitybetweenX5000andX~350giveverygoodresults,andofcoursespeoial
platesshouldbe usedfor rangesotherthan this. Themethodofdeveloping
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and fixingiasimilarto theonefoUowedin ordinajyphotographieworkwith
one outstandingdifference:In spectrographythé ohomistis after hardest
contrastaobtainable.

Ea!pefMMKMWork«~t G'oNntm.FresMypreoipitatedgalliumhydroxide,
whiohon spectrographieexaminationwaafoundto containonly negUgtMe
traces of sodium,iron, oatoium,magnésiumandsilicon,waa convertedto
the ohloridewith the aid ofhydrochloricadd. Thegalliumcontent of this
solutionwasdeterminedgravimetrioallyand waterwaaaddedto bringthe
concentrationto 0.1percent. Fromthisstocksolution,solutionscontaining
o.ot, o.oot and 0.0001gm.ofgalliumper 100oo.wereprepared. A smaU,
definiteportion(0.1co.)ofeachsolution,deliveredfroma graduatedcaputary
pipette, wasptaoedonthe lowergraphiteélectrodeand subjeetedto arcex.
citation. Theseportionsoontainedo.t, o.ot, 0.001and0.0001mg. ofgallium
ïespeotively.FresheleotNdesweFeusedin conneotionwitheach test. The
spectral Hnesobservedat thédifferentconcentrationsare tecordedin TableI.

TABLE1

A 0. 1 mg. o.oimg. o.ootmg. o.oooïa)~.

4t7s.o v v ~f

40330 v v

a944.a v v f
2943.6 v v v f
2874.&a v v v f
3?ï97y V v Vf
36599 v v vf
asoo.s v v vf
34So.i v f
2338.6 vf

?)?. "V"désignâtesthefactthatthelineiavisible,"f",thatit Mfaintand"vf"that
it lavwyfaint.

Ifgalliumin quantitieslargerthan o.i mg.bearced,thefollowingspectral
lines,in additionto thosegivenin Table 1willbeobserved:3020.5,2418.7,
23~.3, and 2240.2.Beoausethehumaneyeismuohmoresensitiveto vMMe
radiationthan the photographiept&te,X41~2.0and 4033.0are visiblewhen
thé concentrationofgalliumis lowerthan the lowestgiveninthe table. This
is espeoiallytrue of the lowerfrequencyline. The galliumline 2874.2is
coinoidentwithan iron!ineofpiactioaMythesamewavelength. It shouldbe
bornein mind,however,that this iron!meis oflowpersistance,and if it is
visible,manyotherlinesdueto thiselementshouldbe présent.

Fifty-nvemineràbwereexaminedspeotrographioaUyfor the présenceof
gallium. TheobseryationsaretecordedinTaNeII. The tenn traceaaem-
ployedin this table designatesquantitiesin the neighborhoodof 0.001%;
large trace,stands for quantitiesin thé neighborhoodof 0.01%and amaM
tracefor quantitieslessthan 0.001%. To illustratehowthesehave beenar-
rivedat, the caseoflepidolite(fromSanBernardinoCounty,California)will
bebrienyconsidered.
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Mineral Placeoforigin Gacontent

Albite Bedford,NewYork Trace
Albite RichviUe,NewYork 8ma!itrace
Atunite Marysvale,Utah Absent
Analoite TableMountam,Golden,Colorado SmaUtrace

Apatite Buokinghatn,Quebee Absent
Ballctay Tennessee Sma!Itrace
Bauxite Linnwood,Georgia Smalltrace
Bauxite Bauxite,Arkansas Absent

Boryl SouthAuatraUa Absent
Beryl Bedford,NewYork Absent

Beryl Canada Smalltrace
CMorite PutnamCounty,NewYork Absent
Corundum IredeBCounty,North Carolina Smalltrace

Emery PeeksMU,NewYork Smalltrace

Enargite Chiapas,Mexico Absent

Feldepar Québec,Canada Trace
Franklinite franHinFumace, NewJersey Absent
Gamet FranklinFurnace,NewJersey Absent
Gamet WarrenCounty,New York Absent
Indiananite Huron,Indiana Absent
Kaolin HollySprings,Pennsylvania SmaUtrace
Kunzite PaloCounty,California Trace
Labradorite St. JohnCounty,Quebec Trace
Labradorite Maine,Labrador Trace
Lazurite Andesde OvaUe,Chile Smalltrace
Lepidolite SanBenMrdi~Ù~mty, Caufomia Largetrace
Lepidolite OxfordCounty,Maina Trace
Leueite Albeno,Italy Smalltrace
Lithiophylite BlackHills,SouthDakota Absent
Microc!ine El PasoCounty,California Largetrace
Microcline Verona,Ontario Trace
Microcline FranklinFurnace,New Jersey Trace
Morocline ChestnutFlat Mine,

NorthCarolina Trace
Microcline Godfrey,Ontario Trace
Mioroc!me DavisMine,NewHampshire Trace
Mieroe!me Virginia Largetrace
Muscovite AsheviNe,NorthCarolina Trace
Natroloite Medford,Oregon Trace
Nephelite Bancroft,Ontario Trace
ONgocIase OrangeCounty,NewYork Trace
Orthoclaae Quebec Smalltrace
Orthoclaso(pebble) PacifieGrove,California Trace

TABLE II
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TABLEII (Continued)

FinelypowderedlepidoMtem fiveand ten milJigramportionswassub-
jeotedtoarcexcitation. Thespectrogramsmthe caseofthe higherquantity
containedthe galliumlines4~2.0,4033.0,2944.2(faint),2943.6and a8?4.a.
Thiswouldseemto indicatethat a quantityhigherthan 0.001mg. andlower
than o.oïmg.ofgalliumwasprésentin thézoneofexcitation. Expressedin
percentages,the galliumcontentisestimatedto be between0.001and0.01.
The shortcomingsof this methodof estimatingthe quantity of an element
are obvious:The reaetionain the arc arebeyondthe controlof the operator.
However,if thé mmtBare wide,it is possiblein many casesto differentiate
betweentracesand largerquant~ties,eapeciaUyif the elementhas spectral
linesof gréâtsensitivity.

n. ExtmctionofGatNam&'omLepidolite
Theminéralegroundto passthrougha 40meshsieve,wasfosedm a nickel

cmcib!ewith twice its weightof potassiumhydroxide,and whilestu!m a
pasty condition,the fuaedmaaswasbrokenup in smaUparticlesby stirring
withan iron rod.

ItwastransferredtoataUgiasscylindereontainmgwater,
stirred witha eun-entof air and allowedto settle. The supernatant liquid
was siphonedoff,morewaterwaspouredin thé cy!inder,stirred as before;
thé solidwasagainaUowedto settleandthe liquidwasremoved. Thiswaa
repeatedtill about ten titersofwaterwereusedfor onekilogramof original
mineraL The residuewhichcontainedpracticallya!l the aluminumand a!l
thé gaUium,a factestabUshedspectroscopioaUy,wasptacedm an evaporator,
treated withconcentratedhydrochloricaoidand heatedto "crack" thé ai!ica
gel. Thealuminumand galliumwereextractedwithsuccessiveportionsof
dilute hydrochloricadd andtheextractionwasdeemedcompletedwhenthe
residualsilicashowednogalliumor the meresttraces whenexaminedspeo-
troscopicaUy.The ohloridesolutionwasconcentrated to a sma!Ivolume

Minent! Placeoforigin Gacontent
SodaMte Litohfield,Maine Smalltrace
Sodalite HastingsCounty,Ontario 8ma!Itrace
Spodumine California Trace
StUMte PeeMdM,NewYork Absent
Stilbite WestPaterson,NewJersey Absent
Tourmatme El PasoCounty,California Largetrace
Tourmaline SanDiegoCounty,California Largetrace
Tourmaline WintèrHarbor,Maine Trace
Tourmaline RioMand,NewYork Trace
Tourmaline Bedford,NewYork Trace
Turquois NewMexico Absent
Wa.veUite MontgomeryCounty,

Arkansaa Absent
WiUemite FranklinFumace,NewJersey Absent
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and theexcessofminéralaoidwasneutraliMdwith ammoniumacétateand
anexcessofaoetioacidwasadded. Potassiumarsenitewaaaddedto thisand
the wholewasfirstsaturatedwithsulphurdioxideto makesurethat the ar-
senicisinthe trivalentstate,andnextwithhydrogensulphide. Thegallifer-
ousarsenioussulphidewasremovedby Bttration. But the filtratewasnot
entirelyfreetromgallium,andin orderto recoverthis fractionit waaneoes-
saryto repeattheprocedureofaddingpotassiumarseniteandsaturatingwith

sulphurdioxideandwithhydrogensulphideuntil a preoipitateof amonious
sulphidewasobtainedwhichdidnot carrygallium. Thegattiferousprécipi-
tates weretransfenedto an evaporatorand treated withnitricaoid. The
unoxidizedsulphurwasremovedby Sitrationand washedtut it waafoundto
befMefromgallium. Theexcessofnitricaoidin the nitrate wasdrivenoff
byevaporationandhydrocMoricacidwasadded. Thesolutionwassaturated
withsulphurdioxideand with hydrogensutphidoand the precipitatedar*
senioussulphidewasremovedby Ntration. It wasfoundon spectrosoopio
examinationthat even this residueon careful waahingwith hydroohloric
aoidretainedminutetracesofga!lium. The nitrate whichcontainedalumi-
nmnandgalliumwasconcentratedto a amaHvolume,madestronglyacid
withhydrochlorioacidandanexcessofpotassiumferrocyanidewasaddedto
it. Thisbroughtaboutthe précipitationof galliumas the ferrooyanideto-
getherwitha comparativeiylargequantityofferrocyanioacid. Sincegallium
ferrocyanide,likeotherferrocyanides,ispeptizedby adsorptionof theferro-
cyanideion,it wasfoundnecessaryto employeggalbuminto facilitatethe
removalof the sondaby 6!tration. The residuethus obtainedwaswashed
onthe filterwithdilute,warmhydrochloricaoiduntil washingsgavenotest
for aluminum.Theresidueand filterwereignited. Aquaregia wasadded
and heat applieduntil completesolutionwas brough about. Successive
portionsofhydrochloricacidwerenextaddedand drivenoffbyevaporation
to insuretheremovaloftheoxidesofnitrogen.ThehydroeMoricacidintum
wasneutraMzedwithammoniumacétate;aceticacidwasaddedandthe iron
wasprecipitatedout by addinga freshlypreparedhot solutionof a-nitroso-
~-naphtho!in $0%acetieacid. The ironpreoipitate,whenseparatedfrom
thesolutionandwashedonthé filter,wasfoundonspeotroscopicexamination
to be freefromgallium. ThéStrate waamadealkalinewithammonium
hydroxideand boueduntilgalliumhydroxideprecipitatedout. Thiswasre-
movedbyfiltration,washedand ignitedto the oxide. Aspectrographicex-
aminationof the freshlyprecipitatedgalliumhydroxideprovedthat it oon-
tainednegHgibktracesofthé commoneretemontsordinarilyassociatedwith
substancesof highestpurity. The ignitedoxidecontainedthe sameimpuri.
ties,especiallysiliconandmagnésium,to a somewhathigherdegree.These,
evident!y,werederivedfromthe moineratedfilterpaper.

Onekiiogramof lepidolitetreated in the mannerjust describedyielded
0.0887gm.of Ga<0;.Thegalliumcontentof the minéralexpressedas per.
centageisverycloseto 0.007.
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smmn
A methodfor the arcspectrographiedeteotionand estimationof gallium

wasdescribed.

Fifty-Ëveminertt!awereexaminedspeotrogt&pbicaUyfor the pMaenceof
galliumandthe resultarecorded.

Amethodfor theextractionofgalliumfrom!epido!itewasdescribed.
Com<M~<tw~.
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RecentAdvanceam OtgaMeChemistty.feb.~<m< ~y.~<etMr<. f~
«K~ett.~XMe~t~+~Vo~.pp.~+SS!?. Len<<M<to<<We).y<~i!
I<M~M<M,C~Mand Co., Pt~ ?'0. Thenrst volumeeontatns"a surveyof
numerouefundmentalproblemaof organioohemiatry,and, withsomefewexceptions,
it deahwithsubjeetsuponwhiehgeneNiagreementbasnowbeenreaehed."TheohapteK
areentitted:somemainourrentemorganioehemiatry;sundrymodemreagecta:addition
reactions;theaHphaticdiazeneeompounda:the ketens;thé potykeHdesand theirallies;
themonocyoHeterpenes;the dicyolioterpenes;theoMniotcrpenes;the pyrrot,pyridine,
andtropineatMoids;thequinotineandiMquicoHneatkatoida;thepurinegroup;thepoly-
peptides trivalentoarbon;unsatata~on;orientingiNaueneesin thébeMeaesyttem:con-
c!uaien.

"In everyseienoewhichlaat aBprogressivetheramustarieefromtimeto timeconNiota
betweentheoldergenerationofworkeMandthéleadersofthe new;for,to thosewhohave
gtownup alongwithit, a theoryt~neMUybeeotnesinvestedwitha sanotitywhiehM
quiteout ofkeepingwithite truemakMMftoharaoter.Thé longera theoryBtaods,thé
hardefit ieto abakeit, and the greateris the teadoneyto becomeateteotyped.Thereia
anotheraideto the matter. Withoutanydiatespeet,it maybeaaidthat the majorityof
soientifiomv~tiffatomare not pcMeMedof 8tri]dB<[tyoriginalmiode–weeMmetan be
Paeteuts–andhencetherela a pronouncedtendeneyto takethinp MtheyaMandwork
alongthe beateatrackrather thanto pushout in thé wiMememandriekthe ehaaeeof
hxMBCtheroadattoeethef.ThuBt-oandevoy theoy thereerowaapa littlebaadofwork.
ers,whoseoneaimseemstobe toaccumatateévidenceconfirmingtheirfavoritehypothesia;
andinthiswaythetheorygainscomideraNeweightofeuppjrtiagdata. Ontheotherhand,
théaoNtaryworkerwhohappenatodiCerfromthemajorityofMafellowshaato oveMome
a tremendousweightofumeonscioNsprejudicebeforeheNabtetoobtaineventhesemblance
ofan impartiathearing. In spiteofthesedifficulties,however,progtemiamade,"p. t.

"Whenthe rmnt prograssof ot~anicchemiatryie comparedwiththe tremendoue
revolutionairiinorganiechemMtryand radioactivitywhiohhavebeenbroughtaboutby
theworkofThomson,Ranmay,Rutherford,Soddy,Aston,andLewis,theeontrastoannot
butatrikothemind.

"Onereasonforthiecomparativebarrennemiaperhapeto be foundin theatt.raotion
whichthe neweraubjectshaveexeroiBedupon invea~ators,drawingthe moreoriginat
mindaawayfromorganioprobtema.Theformulaof triphenylmethaneiacertainlya less
enttancingeubjectthan,say, thepeeuuarphenomenonofMoaterism;andit Nonlynaturat
that inqmrmginte)Jec<ashouldconcentratethemselvesbypréférenceuponmatterawhich
seemmorefundamentalthanproblemaofmo!e<!tt!aratructure.

"Thereia,however,noreaeontodespairof théfutureoforganicohemietry.It latrue
that themeresyntheaisofahfge numberofnewsubstancesoreventheotearing-upofthe
constitutionofsomeintricatea!kaioidwillnotleadto a freshavataroftheeubject.What
iaurgentlyneededMa completelynewHneof development.It is notdiNcuttto suggest
waysinwhiehaucha changeof trendmightbe aceompiMhed.Forexampte,nine-tenths
at !eaatof ourlaboratoryreaotioMlie outaidethé temperature-limitaunderwMchthé
plantsandtheammahenat,yetptantaandanimaisauceeedin producingquiteeonsMetaMe
yieldsofcertainmateriahwhiehwecanobtainin thelaboratoryonlywithsomedMeutty.
It seemsnotimpossiblethat a studyofreactionawhichcan takeplaceat ordinarytem-
peratureeand in theabsenceofviolentreagenta,mightopenupan entirelyfreshlineof
developmentin organiechemistry.Our inoreasedmodemknowledgeofeatalystsand
theiractionmakesthiafieldmuchmorepromisingthanit oncewas;andthépostnbMtiea
involvedin theuseof colloidalreagentsneedonlybementionedin orderto euggestlines
ofinvestigationwhiehcouldhardtyproveunfruitful,"p. 17.
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"Aithoughthe word"alkalold"ie oneof the bestknownin ohemica!tonninotogy,an
émetdeSmttonofitsmeaningia bynomeanssimple.Forprésentpurposea,agénérâtidea
ofalkaloidalcharaoteris moreimportantthanan académiedennitton;and thofoitowing
descriptionwittsuBcehere.

"ThoatMoidaarenaturatty~eourringnitrogencompoundswhiehpossesscertainspeciBe
physiotogica!actionsuponanimalorganiama.Thuaatropinebasa mydriatieeffeetandH
usedforexpandingthépupitof the eye;quininelaemployedasa fébrifugeto reducetem.
peratweduringfever:strychnineproducesthémusculareffeotsnoticedincasesofetryoh-
ainepoisoning;andcocaïnesots as a localanaesthetie.In the majorityof <t)kaMds,but
not in a!t,thenitrogenatomis a memberofa ring-systemsuchas pyrrol,pyridine,or
quinoline;andevenincaseswhereit laa part of an openohainit ia eitherseoondaryor
tortiaryincharacter.ïn conséquence,thé majorityofaikatoidshavebasiooharaoterietice;
butthh lanotan invariaNerule,aincesomeofthé purinegroupareaeidiointheirnature.

"Onexaminationof the morefamNiaraMoids it ia foundthat theyare buiitupon
thebaaiaofthepyridinering,just aa thé aromatiocompoundaarefoundedonthebenzène
nucleus;andasamongaromatiotypeaa benzeneringh aometimesfoundto becondensed
withothereyotiochaiM,eo in the pyridinea)ka!oidathere ate compoundswhereinthe
pyridineringN overtaidwith others,yieldingderivativeaof quinolineor isaquinotine,"
p.205.

"Themaineharacteristicaof thé polypeptidec)aMmay nowbrieftybe aummarbed,
andit laof interesttocomparethemwiththoseof thenaturallyocottrrint;pteteine. The
polypeptidesare aoUdB,whiehusuaNymelt at about aoo'C, with aomedécomposition.
Theyareeaily solublein water,but insolublein aloohol,likeaomeofthe albumine;and
inateadofhavingthe ueualineipidor sweetteste of the ordinaryamino~cid,they are
bitter,Hketheproteindetitativea. In dituteeulphuriaacidao!utiontheyarepreoipitated
by phosphotungatloaoid,in which bohaviorthey Msembtethé albumins. Boththe
naturalandartiaeiate!aMeagivethe Muretreaotion.Theactionoffermente,or ofaeids
oraUMMa,Mthesameinbothciasses;andsimiiarproductsare obtainedwhenanimaisare
fedwithpotypeptideBandalbumine.In thé caaeoffermentactionit iefoundthat much
dependeuponthegroupawhiehhavebeenusedin buildingup thépolypeptideatructure,
Mmepolypeptidesbeingmuohmoreeaauyfermentedthanothets,"p. 279-

"Accordingto Gomberg,ait the importantpropertieaof triphenylmethylcan beex-
piainedonthébasisofthéfollowinghypo~eais:(ï) tautomerizationofhexaphenyl-ethane
to a quinonoidsubstancehavingthe Jacobaonformula;(2) partiat dissociationof thia
compoundintopositiveandnégativeionsinai!aolventa;(3)mutualinteMonvertibiiityof
thèseionabytautomeriochange;and (4)the existenceofthe trivalentoarbonatomagiving
riseto freeradicies,"p. 303.

"Weoannotsay definitelythat the ethylenioimkageie moreor iemactivethan the
carbonyibond;forthematterlainauencedin differentwaysby thereagentemployed,thé
Mlventused,andthe relativepositionof the twodoublebondsin themolécule,ïn other
words,"unsataration"lanota definite,measuraMethingwhichwecanprediotin anycase
fromthebehaviourof the"unsaturated"substancein other eireumstanees;it is rather
aomethiagMnetic,sometMngwhichis extremelysensitiveto externatforces,and which
in its tumcanplaya part in mnuenoingthe chemicatactionofgroupswhichit doesnot
appa,rentlyaffectdireotiy,"p.3)5.

"In theforegoingseetions,noattemptsbasbeenmadeto ineludeaUthespeculations
whiehhâvebeenput forwardfromtimeto timewith regardto thé problemof benzene
substitution.Instead,theaimbasbeento exhibitsomeofthe verydifferentaspectsfrom
whiehthémattercanberegardedand in thiswayto bringeut a numberofpointswhich
standinmoreor temetosere)ationshipto the mainthème.Whena problemiastill un-
sotved,it iaoftenquiteasimportantto knowwhatsolutionshavefailedaait isto learnof
thosewhichhavebeenpartiattysuccesafut;for in thiawaythe waste~ftimeinvoivedin
tMetesaepeoulationsalonghopeteMroadala avoidedby thosewhowishto reconsiderthé
problemde<MMforthemsetves,"p. 357.
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"ThereieasecondmothodofreadingthisMatoryoforganiochemNtry;forwemaytake
thecareerof a singleinvestigatorandendeavourto traceeut howhepased fromoneUne
ofMearchto another,andin thiswaytry to putoUMetvesinMeplaceandseehowhewas
ledonbgieaMyfromproblemto problem.

"AsanNtuatrationof this,theoareerofvan'tHoffmaybesketohedin itabareout!ines.
In hiastudentdays,heevolvedthe ideaof steMehemisttyandextendedthe thenexisting
struoturalchemistryintothreedimensions.Hianextatepiaseenin Mtt~M<eA<w<~er<«e
ofjfett~e C~em~where,amidthe discussionofohemiealstructures,thé ideaofreaction
vdocitiesmade ita appeatance. Thteeyears later,thie founda M!N'expreMionin hie
B<t«~de<<!WMt<tMet)Mt9!<e;andtheexpérimentalworkwhiobwaseamedoutbyMmin
thisfieldbroughthimfaceto facewiththe problemofohemioalaBnity. HèretheaCinity
whiehuniteathé eompocentaof doubleBatteattraetedhisattentionand led to his dia-
ooveryof transitiontempetatoMs.AMMndUneof thoughtfromthesamestarting-point
broughthim <oeotNiderthe widerproblemofaolutionand ledto hieenuneiationof thé
oamotiepressuretheory. Andin hisfinaloomplotedMseaMhheagainaetout fromthis
Mmejtonping-ongroundin orderto eluoidatethe intrioateproblemof thé oceaniosait
deposita.Fromthis it JBeaayio Methat van't Hoffprooeededtogica)!yfromonelineof
researehto its mcceMot;andthat hiaideaawereattofthat bigandsimpletypewhiohbear
themarkofgeMusatworh.

"Anotherexampleoftheaamekindmay bedrawnfrompartofFiMher'acareer. In an
earlierohapterit haabeenshownhowhe developedtheméthodeofeynthesiam thé field
of thépolypeptides,uaio~the amino-jp'oupofoneamino-aoidto forman amidewiththé
carboxytgroupofanotheramino-aoidmoleoule.At theoonolusionofbisinvestigationof
thépolypeptideshewasledto examinea paraM MneaofreaetioM:théesteriBoaMonofa
hydroxyl-acidwiththéhydroxylgroupofa secondhydroxy-aoid.In thiswayhecameinto
théfieldof the depoides;andsohewasledto approaohthemonacidsandtanninfromthe
synthetioaide. Thus the examinationof onemtiesof reaotionedrewhimforwardinto
freshfield,and thM,in ite tum, openedout intoa comptetetynewregionof the subject,"
P.305.

"Thésecondvolumeis intendedfor Honoatsatudentsand post~raduateworkers.
It eontainsa descriptionof thé latestworkin severalfieldsofinterestin modernorganio
chemistry.In someofthèsethe mainworkofdMnnt;uptheaobiecthaabeenoompteted,
whHstinotherethéproblemart.atutunfmtved,andattthat couldbedcnewasto givesome
aceountof the present-dayposition,"p.vi. Thechaptersareentitled:organicchemistry
in thetwentietheentury;somecarbohydMteconsNtations;theeesquiterpenegroup;rubber;
recentworkon the aikatoida;the anthecyanins;the cMoMphyttptobtem;thé depaides;
Mmetheoriesof the natund synthèsesof vitalproduotajnewotjtane-atkaMcompounds;
othercasesof abnonnatvalency;struoturalformulaeandtheirfaiiinp;someappMeatiom
ofetectronicsto organicchemistry;someunsctvedproblème.

Inthéformin whichit exiatato-day,oïgfmiechemistrymaybesaidto take itaroot in
theworkofFranktandat themiddleoflaetcentury. Oncethédoctrineof theconstanoyof
valenoywaaaccepied,thewaywasopenforCouperandKekuMto bringorderintothevast
mamofmaterialwhichhadbeenaccumutatedineM'Mertimes;while,later,van't Hoffand
LeBelcarriedthe ideaeofmo!ecutafarrangementontoftwodimemioMintothreeandtaid
thé foundationofourpresentviews. Followinginthetrackofthesepicneem,the ehemiats
of the latter hait of the nineteenthcenturyrapidlydevelopedthetheoMtiea!aideof thé
subjeot;while,ontheotherhand,themodemfommtaelenttosynthetieatworka certainty
whiehhadprevioualybeenunknown,"p. t.

"Onthetheoretieatsideoforganicchemistry,towhichwemustnowtum,Thiete'sviews
onvalencyexerteda eoMideraMemBueneeduringthecentury. It isverysetdomthat any
theoryis aeceptedimmediatelyafter beingpubINted;usuaNya consideraNetimeis te-
qnMeddunngwhiehthe ohemieatworldassimihtesthe author'sviewain a moreor less
uneonscionsmanner,untilaomedaytheyfindtheirwayintotext-bcoka.It isa Mmarkabie
tributeto the valueof Thie!e'spartialvatencytheorythat it becamea oJassiealmostaa
soonaait waspuMished,"p.9.
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"Thémoststrikingexampleof intrame!ecularchangeis thediseoverybyHantMthof a
newolassofeteetrotyteswhiohhâvebeennamedpseudo~cidsandpseudo-bases.Previom
to hiework,theelootrolytesknownto usmightbe groupedunderthefourfoMowingheads:
(!)Aoids,wMchgiveriseto hydrogenions;(e) Bases,wh!ehyietdhydroxylions,(3)Satts,
wMchdissooiatointo actdieand bMicions; and (4) Amphoterioeteetrotytes,whichare
eapabteofproducingeitherhydrogenorhydroxytiomaccordingto theexperimentelcon-
ditioneemployed.

"Nowwhenan acidsolutionMneutraiizedby meansofa base,thesolutioniaacidio
at thebeginningandremainsaeidicaUthroughthe titrationuntiltheneutratization-point
lereMhed.Onthe otherhend, if westart with a sohttionofnitromethane,it ianoutral
inreaotion;andyetif weatowtyaddtott a mhttionofsodiumhydrodde,theeoititiondoes
notbecomeaikaiineat once. In faot,wemayhave to adda emMidemNequantityof al-
kalibeforetheaextdroppNdttceeana!Minereactionin théUquid.Clearlynitromethane
isa neutralsubstancewhioh,(f<<wt<tM<,canexhibitacidiopropertiesinpreMneeofalkali.
tt isthis<!<?'<tM<M!~aM<MtwhichdiitinguMtesit froma trueaoid,"p.M.

Onp. n théauthorsaysthat "thédiMoveryof thepseudo~eidsresultedin théeoHapM
ofOetwald'ahypothesiaae to thé natureofindieators." If theauthorhadaubstitutedthe
word"broadenin~*forthe word"cotiapae,"bisétalementwouldhavebeentrue. OttwaM
aaidorigina!!ytbat anaoidindieatoris a weakacidwhosetonhMadifférentcolorffomthe
undiBMciatedacid. Wenowsaythat anacidindicatoriBa weakaoidinwhiohtheionor
a produetderivedrevereiMyfromit basa dMferemtoolorfromthe undimoeiatedaoidor a
produetderivedreversiNyfromit. That changeofwordingmaymeancoUapseto an or-
ganicohemMt}butmostchemistahaveaturdierconstitutions.

"In the wholefieldof atereochemietry,no morepuzztingphenomenaareknownthan
QMMegroupedunderthe headof thé WatdenInveNion;and at thé presentdaywesMU
awaita solutionof theproblem. Thedataare so compMcatedthat it couldbe impossible
todeaiwiththemMtyhere:all that oanbedoneis to inâioatothénatureofthe question,"
p. t6.

"Wenowaometo a subjeotwhiehMesin the borderlandbetweenorganicandpbysioal
chemistry,nametythe relationsbetweenthe phyaicatpropertiesofcompoundeand their
chemioalstructure. Theproblemseomprisedin this branehhâveforthemostpart,been
soivedby organiochemista,owingto thé fact that the materiatofexperimentis largely
drawnfront the oarbonoompounde.TheeurioM)etep-motherlyfaahionin whiehthis
importantsubjoothasbeentreatedby theordinaryphysioatchemistis poasiblyduetothe
influenceofOstwaJdwhohada largefollowingamongtheoldergroupofphysioalohetnista;
or it maybeascribedto the faet tbat fewphyaic&!chemistehaveanye!aimto beranked
asevenmoderateorganioohemista,a factwhichhandicapstheminthispartioularlineof
researeh.Whateverbe the Mason,thereis no doubtthat therelationsbetweenehemieat
constitutionandphysica!propertiessofuttyreeogniMdby van'tHoff,havenot beenpur-
suedwitheithereagerneesorsuccessbythephysioalchemisteofthéOstwaMSchoot,"p.M.

"It ieweUknownto everyohemistthat whendextro-rotatoryeane~ugat(eucrose)la
hydretysedwithdnuteaoids,the resultingmixtureofglucoseandfruotoeeislaovo-rotatory,
whenceis derivedthetenn "imyerstoa"to desoribethe process.Theoriginof thechange
inrotatorypowerla foundin thé faet that the dextro-roiatorysuetosemoleouleis split
upintoa dottro-rotatorygtueosemoleculeanda taevo'rotatoryfructosemoleculeofmuch
higherrotatorypower. The result of thiais that the mixtureposseeseslaevo-rotation.
NowwhensueMseis methylatedand hydrotysed,the octamethyt-suernsespUtsup into
teteramethyt-gtucoMand tetramethyt-fructose;but tMMtfeM~<~ <tfM<~theM<<t<o~
poweris otten~ Thisapparentanomalyis due to the factthat themethylatedfructos
residuedMfeMfromordinaryfructosein beingstrongtydextro-totatoryinsteadofshowing
iaevo-rotation.Thisfumiahosconolusiveproofthat thé fructoMmoleculeis capableo
existingin twodifférentforma. Ascombinedin the suerosemo!ecu!e,it is imthe'y-fonn;
andduringthe inversionof sugarit reverteto the normalstablefructosetype. If thia
intramoleoulerreatrangementta preventedby methylation,whiohhcks the moteeutar
structure,thentheproduotofinversionisthéteramethyl-derivativeofthey-formandnota
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derivativeof the normalform. TMsconceptionof the matteris teinfoKodby the faet
that tetramethylfruetosededvedffomthemethylationofmethyt'fruetosidediffersgreaUy
in physieatand chemicalcharacterfromthe tetramethyt-fructoseobtainedfromoeta-
'aethyt-euetOM.The formercompoundis Stabletowardspennanganate,the suerose
produotisunataMein presenceofpermanganate;and the twosubstancespresentthe con-

trastinMtatorypowetWMehwasrefen'edtoabove,"p.46.
"ln actualpraotice,thehydrolysieofcelluloseiahemmedinby dimeutties.f~omtime

to timeaceountshaveappearedin theliteraturedeseribinghowpraotioallyquantitative
yietdsofglucosehave thusbeenobtaiaed;but thèsehavebeenadvereolyoritioizedby ïr.
vineand Soutar. ThoMtwoinvesti~toMeanriedoutcMeMinveatigatieasin whiehonly
MtuaUyNoiatedglucosewafttakeuintoamount;andtheywereabletoprovethat theglu-
eeseyietdfromoelluloeeon thiBbaaisMa a minimumof 85per cent.,whiohcompates
veryfavourablywith thenonoatyieldaofmations in the auga)-group,MMetheseraM!y
teaeh80percent. Later,Mtmiet.WMiamareoordeda yieldof90.67percent.of the theo-
taticatquantity,hieMMttabobeingbasedonactuaUy~ecJatedglucose.FtnaMy,Irvine
and HiNtobtainedan evef-aUyieldofhe!meefromceUuloMamountingto no teas than
9S.ïPMcent.ot the theory.Fromthèsefiguresit Memsnotunwanantedto supposethat
eottoneettutoeeiaeseentiaMycomposedofgtueoseani< p. yo.

"The RCntgendiagtanMofeettutosehydrate,oxyoellulose(derivedfromoxidationof
VMOOM),andhydmeeNatose(pMpafedbythereduotionofviBeoae),havebeenfoundidenti-
ea!with the diagramforliohenin,whiohshowsthat att thèsetnatena!ahave the same
ctyataUineconstitueate.ThiaevideneeMgt~ta that cetMcMand Mcheninare bothbuilt
apfrombaafdunitewhiohhavethechatacterofghtooseanhydrides,"p. ys.

ZingibeMnesoundalikeanEdwardLearword;but it seemsto beasesauiterpowfound
mfciBgBroit.p.M. TheautborMya,p.t!?,tbat"thMWorkofTiMen'e8hou!dbet~afded
Ma teat aynthesiaofrubber,andstandaina differentcategotyfromBonchardat'a.Boneh-
MdatobtainedhisMopKMbydMMingrubber;MthathisworkconsiBtedofrc~ntAet~tw
rubberfromitadécompositionproductaTilden,onthe otherhand,obtainedbisMoprene
fromtMTpentme,andmaythmojaimtohavemadea trueaynthesiaofrubber." ThiBBeema
vetyfa~fetched.Both tneneondemedNoptenetoa rubber. TheBonKeoftheisopteM
wouldbea veryimportantmatterif thiswete.acommeMiatproblem;but it Mquiteim-
matenatM far aa the MientiSoaideof the questioniBeoneefned.Therewaano reason
tosupposethat the sourceoftheisopreneaffeoteditareactionMnotNty.It is aoea~ to
ean-ypattiaanshiptoo far.

TheauthordoesnotMcepttheviewofHatties,p. 19, thatMoptenerubberisdimethyl
oetadiene.

"OatMmMeaakidiBetedfromHamettwithregardto theetamiNcationoftherubber-like
matenalaproducedby aynthetiomethods. In his view,thé phyaicalpropertiesof thé
productarebotterindicesof itanaturethan the resultsof décompositionMaotionahave
provedto be. Forexample,adéterminationmaybemadeofthetempératuresat whichan
artificialrubberaoquiresandhMesite elastioproperties;and if thesetemperatuMsagree
approximatelywith thoeefor naturalrubber,Ostromisstenttdoonsideredthat the ayn.
the~catsubstanceie "nonnaL" If,ontheotherhand,thereisMttieagreementhèreandif
thej-angeof températureoverwhiehthéartifioialproduotremainselastieis différentfrom
thejrangefoundfornatma!rubber,thentheartificialprodut shouldberegardedas abnor-
md," p. !<o.

"The isomerMmofcodeineandpseudocodeinethereforeansesfromthé fact that thé
-CH(OH)-gmupoccupiestheposition6 in onemoteeuteandthé position8 ia the other.
Thèsereaotionaenableusto comparethé formulae)formorphine]ofCoUieand FMhorr.
TheColliefofmuta.agreeswiththefacta;wheMasin the Pschorrformulathéposition8 is
atteadyocoupiedby theiMquino!iMring. Fromthis it is evidentthat Cottie'eformulais
thémorecorrectofthe two,"p. te6.

"The mbent choMnfortheremovalof the pigmentfromthe petabofBowersor the
atonaofbemesvaries,ofeourse,aceordingtothénatureofthéanthocyaninprésent.In thé
eMe~ofthe eomaower,wateratonesufBeesto dissolvethe coiouringmateriat;hydro~Morio
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aoidtnmethyta!cohotsolutionis usedin thécasesofthérose,theho!!yhoek,the mailow,
the peony,andtheMiberry;dilutealcoholisemployedtoremovethépigmentsfromthe
Jarkspurand thésoarletpelargonium;whi!stMeticaoidisfoundtobethe bestsolventin
thécasesof thé gmpeandwhortiebeny,"p. !?4.

"Theimportanceofmotauiederivativesofthéanthoeyaninabasbeenemphasizedby
s~meworkon thésubjeot. Reduettonofa flavonederivativebymeansofa metaianda
M<!t<~aeid!eadsto a productionofa redcompound;butwhenmagnetismandanorganic
aoidauehasaeeticacidMemptoyedinprésenceof meroury,thecotouroftheproductis found
to divergefromthe nonna!red tint. Thedineteneebetweentheréactionproduote
whenmineralandorganioacideare employedbasbeenttaeedto thefaetthat the radicle
-Mg.Ct ieMptacedbya chlorineatomifhydraohlorioacidMpresentin quantity;aotbat
theend-pMductisthéredoxoniumcMonde,"p. t<6.

"BMingthemaelvesupontheseMault,SMbata,8hfbat&andKMiwag:suggestedthat
meta!Mcoomplexs~ta of thiatype are importantfactoramHowercolorationandgiverise
to the "blue"anthocyaniM.Themeta)tMatomswhichtheycontainareprobablycalcium
andmagnésium.The"violet"and "red"pigmenteareasmmedtobecomptexsattseon.
tainingfowerhydroxylgroupathan thé "blue"ones; ortobemixtuMsof the "blue"com-
poundswitha certainquantityofredoxoniumBattewhichhavebeenfonnedfromthé"Nue"
denvativeabydecompositionwithacide.

"The eidstenoeof thèsevarioustypeswouldbeconditionedby thenatureofthesap
in the noighborhcodof the pigment;and as the sapmustobvioualybemorehigUyeon-
centratedtheneaferwegoto the evaporatingm~aceofthepetab,it isevidentthat varia.
tioMin théattuctureof the pigmentmustbeexpected.Again,thésapin certainparts
of théplantmaybemoreatkatinethaninothers;andas thecyanidiasareindicators,it is
olearthat theirtint willbeaffeotedby thisfactoraho,"p. 187.

"In thehigherbranchesofthe vegetaNekingdom,cMorophyUplaysa mostimportant
part in the vital eeonomyof the organism;whilstin animaban eqnaiiyessentiatfactor
is thecolouringmatterof theblood. Theparailelfunotionsofthetwocompoundssuggeat
that someNmiiarityin naturemightbe tracedbetweenoblorophyllandhaemin;and a
surveyof the chiorophyUproblemwouldbe incompletewithouta briefreferenceto the
colouringmaterialofblood.

"Examinationofthe bloodpigmentshowsthat it iscomposedoftwoportions;an al-
buminous.substancecaitedglobinand a non-albuminouscompoundnamedhaematin.
It iswiththelatterthat wearehereconcemed.

"Bothchlorophylland haematinare metatiicderivatives,the magnésiumof ohloro-
phyUnndingitsanalogueinthe ironofhaematin.IneachcasethemetaHic&tomdisplays
an abnormalcharacter;andboth compoundscanbefreedfromtheirmetallicportionby
simiJartreatment. Mnaity,whenanatogouadégradationmethodsareemployedinthe two
cases,aetioporphorinis producedfrombotheblorophyBandhaernatin.Thesefaotsare
suNoientto justifytheassumptionthat thetwosubstancesarerelatedtooneanotherina
morethansuperBoiatdegree,"p. ao~.

"Uptotheprésenttimethelichensarethémiitaryabundantnatumtsoutceofdepsides.
If Sohwendener'sviewsbecorrect,the lichensare producedby a symbiosisoffungiand
aigae;andposaiMytMspeeuUaroriginmayaccountforthépresenceintheirtiamesof the
depsidegroup,whichis soconspicuouslysoaroeintherestofnature,"p.aao.

"Howdoesit comeaboutthat thedepadesoccursoptentifuttyinoneparticulartypeof
piant-tife?The rarityof the depaideein genetat,ascempatedwiththeprofusionof the
proteinsin nature,eanperhapebe accountedforonMuesaheadysuggestedon an earlier
page. Amide-formationdépendsupontheoombinationofdissimiiargroupa,whilstm the
esterifiaationof aphenoMeacidtwogroupaofamuehiessunmeeharM~rarebeinglinked
together. But thiaservesonlyto makethecaseofthenaturatdepsidesstiNmorestranfe;
for it is dMBcuttto seewhy,whentheydooccnr,theptantshouldproducesuchrelatively
enormousyietdsas areindicatedby the highpercentageoftanninin gaus. Nor doesit
aceountforthé limitationof the Bourceaofthenaturaldepsides.!n thisiast conneotion,
onepointmaybesuggestiveEveryoneknowsthatmessesgrowbestindim!y-!it)ocaMties;
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wheMMthéordinaryplantBouriehesonlyinagoodlight. Nowthenormalplantiaongaged
in buildingupeettutose,whereaathe monsyntheeizeaa largeproportionofdepaidewhieh
is notfoundinthonormalvegetaNe. ? it beyondthéboundeofpoMibiiitythat therefa
80meeonnectionbetweenthesefaota;andthat photochemicalactionp!ayeitepartmthé

problem,"p.333?
"AHreactioMwhiehMetiketytobeemployedinvitaleyntheseaMereveMiNe;andhence

iftheybecarriedoutingtaasteet-tubeatheymtmtcometoanequiMbriumpoint,exoeptin
thoseeaseswhereingaaeouaproducteareformed. How,then,doesthe plantauooeedin

producingitahighyieldeofcertainMbstaneeawhich,Ina teet-tabe,wouldbeformedonly
inminorquantitieafromthesametea(~nt<?Whenweexaminethé nvingplant,weareat
oncestruokbythéwonderfulmeehaniMnofthenaturaleheoicat!abonttotywhichwennd
there. It iaa eystemofteet-tubesmadeofeeiMoseandditîefingfromordinatytest-tubea
in that thé wab ate ecMtntetedfromsemi-penneaNemembranes.Eacheettutoeeteet-
tubeMimmetMdima solutiondMeringftotnthat whiehie oontainedwithintheee)tu!ose
veMet.Themembranesotsnotonlyaaacontainer,aathé g)aMtest-tubedoea,butinaddi-
tionit behavesasa Nter,a ooncentrator,ora eoparator.Thusdu~ngthé ptogresaofa
down-gradeteaotioninwhioha comp!exmoteeuteMbrokenup intoeonatituentparte,thé
ce)Mo6ewaUpermitaa certainproduotto acoumulateinonepart ofthe plantwhibta
mixtureofothereompoundsmaybewithdtawnto a differentregion. Inthiawaytheordi-
naryequitibnumétageofthe Mactioniaevaded;andmuehhigheryieMsmaythuabe
attained,"p.~37.

"Photoohemioaleffeetamust,of course,playa veryatrikingpart in vitatpMcamea,
e<peoia!Iyin thé vegetablekingdom.Ofthese,thé mostimportantfromthé theoretioal
standpointiathediacovMyby Cottonthat the dextro-and)aeve-fomBoftartarioacid
absorbd~ciMutartypoiariKdlightto differentMtenta;whiohimptiesthat suchtightwill

décomposethemat diCetentratM. NoweincelightNoiroularlypo!arizedby théearface
of thé aea,wehâvea natura!methodwherebythe productionof unequatquantitieaof

asymmetriomateialeanbeattained;andoncethebalancebetweenthetwoiNomemiathua

diaturbed,thegénérâtproductionofopticattyactivecompoundebecomeepossible.It may
be that thèseexpérimenteindicatethe mannerin whiohoptioallyactiveeubstancesnret
madetheirappeafaneeontheear&'asurface,"p. 246.

"Thefattyacideoftheacetioeeriesarequitecommonin nature,whibttheirhydroxyl-
derivativee-withthéexceptionof!aetmaoid-are hardlyMpresentedat ati. Whyshould
thisbeao? Whydoail theimportanteugaraandatatehescontaina ohainofive orsix
M'aw«<«p!e<M M'e~earbonatome?Whyarethemajorityof theamino~eideobtained
fromthéptoteinetheOf~mino-acida?Whyarethéortho~ndmeta~tenvativeaeoettungty
repreaentedamongnatura)!yoceurnngbeMenederivatives,whibtthemajorityof theter-
peneaare derivedfrompwo-cymene?

"In thecaseofeuehbroadgeneratitieetheremustsuMiybeeomesimplesolution.The
euriouathingis-not that the anewernto theMquestioneare omittedfromthe ordinary
text-booka,butratherthat the questionsdonot appearto hâvemggestedthemsetveeto
the writereat aM,"p. 276.

"Thé abnormalcompoundsdesoribedin thé presentohapter,as we)taa theirallies
amongthe meta)-ketybandthe triphenyhnethytseries,eannotfail to Mggestprobima
affectingthe verybasesofstructuralchemiatty.OncetheconceptionoffreeradMeeiB

admitted,the tcng-tneddogmaofthé quadrivalenceofearbonoomesintothéMa!eefora
finaltest. It is doubtfulifa!!the olderideaawillbeeuddenlythrownaside.Muchmore
probablyweehaHaimplyincorporatetheideaoffreeradMesin ourthinkingandahaMnot
troubleourMiveatoomuehovertheincompleteneseofourvalenoyMbeme.Butthéohem-
istryoffreeradic!es,aait extenda,iacertaintohavea markedInfluenceuponouruttimate
conceptionofvalency.Dutingthepresentgeneration,thwehaabeena graduaiproceNot
facingfreshfaetswithregardto the ehemieatbonde,f)ofaraa organicchemietryis con-
cemed. ThisnrstmanifesteditMifin a préoccupationwithreaiduatamnityandpartiat
vatenciM;thenit ehoweditaetfin the attemptto bringeteetronicideMtobearuponthé
carboneompoundB;andfinally,inrecenttimes,the'atomietheoryofG.N.Lewisseemsto
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havegivenussometbingmuchmoredenniteandsatiefactorythananythingwhichpreceded
it. It ismuehtooaoon,as yet,toconsideroursetvesonSrmground;butwhenthéfurther
impMMtioNSof the Lewistheoryhâvebeenworkedout andappliedtouneaturatedcom-
pouadsin general,it seemsnot un!ike!ythat weshaithavea muehclearerideaofa good
manyproblemethan wehaveat présent.

"ThécaseofthefreeradMesisofspeoia1interestfromthéstandpointofLewis'stheory,
sinceinthe triphenylmethylderivativesearbonaetsaaanionogenicelement,andthuswe
havea bridgebuilt betweenthat behaviourof thenormalnon-iogenieoarbonderivativea
on theonebandand theionixaNemoteoueaofBatteuponthéotherhand. Lewis'Btheory,
with itaconclusivesweep,BeemBto offermoatintereatingpomtbHttteain this regionof

chemietry,"p. 3~.
"Intr4molooularchangefunuaheeoneof the moetinterestingMde forepeoulationin

organioohemistry. TwopMMenMate evtdenttyinvolvedin the question:for we may
inquite,inthénratplace,whyoneparticulastruotureiemorestablethananMomenoform;
or, eeeondty,wemayendeavourto conjecturethemechanifmof the pmeesawherebythé
oneMomeris convertedintotheother. Letus takecertainwett-knownexampleeof intra-
BMtecutafchangéeandseeif theyeanbeaccountedforby anygeneralprineiple.It wiUbe
auSoieatif weexaminethe pinaeonechange,thé BeckmannreatranfetMBt,the benzillo
aoidchange,and thé hydrobenzoinchange,"p.3;9-

Theauthorbasa realtalentforthissortofthingandit istobe hopedthathewillwrite
manymorebooha. Thereare notmanypeoplewhocando it and thétalentsofthefew
shouldnotbewaated.

WilderD. Bancroft

A Text-Bookof ïtMMgaoicChemhtty.Vol.vn, Paft ï. EditedbyJ. F<<Mt~and
D. ytttM. M X CM;pp.st~t + S70.LondonandPMladelphia:CA<<f!MGf~Htand

Company,J. &J~pp(tt<e</Company,M~. Priee:<7'0. Thiapart ofthevolumedeals
withoxygen.TheohapteraareentitM:generaleharactetistieaof theebmenteof Group
Vï; oxygem;thé physioalpropertieaofoxygen;the chemicalpropertiesofoxygen;ozone;
the atmosphère;water:physioalpropertieaof water;chenucalpropertieeof water;eom-
positionandmoleouiarcomptexityofwater;waterasa sotvent–wateranalysis;hydrogen
peroxide.

"Thé commercialcommodityknownaa "oxytithe"haa the foUowingcomposition:
sodiumperoxide,98.3:;oxideofiron,too; coppersulphate,o.68,"p. !?.

"Themostprobableexptanationlathat attematetyMgher.andloweroxidesof man-
ganeseareformed-the higheroxidebytheoxidisingactionoftheheatedohlorate,andthe
loweredde by the décompositionof thehigher,eitheraloneor in contactwith a further
supplyofohlorate. Mentionbas alreadybeenmadeof the tact that, whenpotassium
chlorateisheatedalone,someperchlorateisformedthroughself-oxidationsimultaneoualy
withtheevolutionof oxygen.Thisreactiondoesnotoccurin théptesenceofmanganèse
dioxide,sinoethisoxideeneetethedécompositionof théchlorateintoeMorideandoxygen
at a températureconsiderablybelowthat at whiehautoxidationof thechlorateproceeds
at an appreciablerate," p. 22.

"Thetheorythat thé catalysteffeetsthe decomposition[ofMeachingpowder}by ita
ownalternateoxidationandreductionissupportedby the resultof pamngchlorineinto
a 50percent.solutionofsodiumhydroxidecontainingdissolvedeopperhydroxide;the blue
solutionat amtdepositaa yeUowcopperperoxide,whichrapidlydécomposes,evoMng
oxygenandregeneratingtheoriginalsolution.TheeffectofaddingtwocatatystetoNeaeh-
ingpowderis remartcaMe.If thébleaohingpowderismadeintoa creamwithwater,oxygen
maybeHberatedat thé ordinarytempératurebyadditionofa ferrousormanganèseaet
and inthéprésenceofa copperornickeloompound.ThebestresultMobtainedwitha mix-
tureofferrousandeoppersu!phatea,"p.~3.

"Plumboxan,a mixtureof thé manganateand meta-plumbateot sodium,namely,
NatMnO<.Ma<PbO,,readilyevolvesoxygenwhenheatedin a ourrentofstem at 4300to
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<MO°C. Theplumboxanis r~eneratedat théeatnetemperatureby rep!aoingthe steam
withair,théissuinegas,duringtheinitialstagesofrégénération,eonsistiagofafairlypure
nitrogen.

"Théoxygenobtainedbythisprocessis verypureif theprécautionistakento remove
thetasttracesofnitrogenfromtheporesofthepiumboxanafterregeneratlonbyeonnecting
toa vaououevasse!beforeintroduolngthé steam.Theohemioalreactionstakingptaeeare
verycomplex,and but unperfeettyunderstood,"p. 96.

Whenspeakingaboutthé asshnitationofcarbondioxidaby plantaunderthéinSuenee
of~uniight,theauthorssay, p.27,thst "theenergynecessaryfor thisreaction,whichis
endothermio,Mobtainedfromthelight,them<xtactiverayebeing,ouriouetyenough,thoae
of thered,orange,andyellowportionsofthe speetrma,andnot the ehemicattyreaotive
rayeof the blueandvioletend." EverybodyebeeoMiderathisaa absotute!ynormal,
beoausetheblueandvioletrayearenotabaorbed8tro!)([!y.

In theproductionof liquidairbythéClaudeproceM,"thedMeuttyoflubricationap-
peareto havebeenmainlyre<T)oc~Heforthe faituMofpreVioueattempte,andthiswas
nmtovercomeby théemploymentofpetroteumetherwhiehdoesnotMtidify,butmerely
becomeavitMomat attch!owtemperatureaas t~o'ta – !6o*C. Later,however,it was
fouadthat leatherretaitNtta ordinarypropertiesat thèselowtemperaturM,andin tQM
leatherstaMpingswerefittedto théworMnt;partsofthémaeMneryto theentireexclusion
of lubricants,"p.96..

"Oxygenisabo solublem certainmoltenmetab,<.ft.p!at!numandaBver,moretban
twentytimesitsownvolumeofthéeasbehtgabaorbedin thécaeeofthélattermetat;the
dtNotvedgas<Blargely,but noteomptetety,restoredat themomentofsoMMeationof the
metal,andthephenomenonof "epitting"iathusproduced.Thepowerofoxygento dit-.
fusethroughheatedOIvo',whereasglm iBimpervious,ieprobab!ydueto thMBotubitity
ofoxygeninthémetat,"p. 43.

"Therateofoxidationof anypartioularsubstanceis dependentupon~anousfactors,
to wit,iteownphysioalconditionaswelasthatoftheoxygen;thepresenceofmoisturoor
ofa catalyser;and theapplicationof light,heat,andpressa. Thus,!iquidoxygendoes
notaSfectphosphorusor the a!kaUmeta1s;neitherdoesit combinewithaotidnitrieoxide,
althougha sma)tjet ofburning:hydrogenwillcontinueto bornbelowthé«urfaeeofliquid
oxygen,thewaterproducedbeingtemovedasiceanda consideraMeamountofozonebeing
fonned. Similarlygraphiteanddiamond,whenonceignited,wiMbumonthé surfaceof
liquidoxygen,thécarbondioxideproducedbeingfrefsenandsomeozonepasaingintosolu-
tion,"p. so.

Theauthorsaya,p.52,that "byflame<sgenerallyunderstooda mamofgasraisedto
incandescence,"fergettingMMttit is praeticaUyimpossibleto heat a transparentgaeto
iNcandescenee."It is possibleto preparean activeformofoxygenanatogousto active
nitrogenbysubjectingthe dry,ozone-freegasto théinnueneeofaneleotriodischatge.It
yieHsa weak,MuMb-gMenaftergtow,whichiatesapemiatentthanthat cfhydrogen.When
mutedwithactivenitrogen,thisactiveoxygonyieMsoxideaofnitrogen.Bothoxygenand
ozoneare unaSeetedbyactivenitrogen.Benceactiveoxygenisdifferentfromthèse,but
iacapableofexistingforonlya ahorttime,"p.ge.

Afterdiseusdngslowoxidation,theauthorssay,p. s6,that "probaMyaMthèsetheories
possessan elementof tmth; againsteachofthemsomeobjectionmayberaised;thereia
yetroomforsomecomprehensiveexplanationwhichshaUremoveaHdimcutties."

"Therebasbeendiseoveredinthe tissuesofanimabandplantea ctassofcomp!exor-
ganiccompounds,termed/etwe~or~M~nM,whicharecapabteofexer<jngmarkedcata!ytie
influenceoncertainehenucatreaotions.SomeofthèsesubstancesareeatatytieaHyactive
towardsoxidationproeeeMSby the atmosphère,and thesebodieaarefrequentiydistin-
guishedbythétenuo~MM. Oxydasesarewidelydistributedandthedieoolorationofthe
fresMybrokensurfaceofsomefruitis to bereferredto atmosphenooxidationinducedor
aidedbyanoxydase.AJechonotinotureofguaiacumresininthé présenceofanoxydase
undergoesoxidationby freeoxygonwithformationofa bluecoloration,andsoprovidesa
convenientreagentforthé identMeationofthiatypeofsubstance.Manganèse,andatso
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iron,eompounds,areftequenttypKsent!ntheseoxydases,andit appem probablethat in
semécasesoneofthèsemetab,ifnotboth,aotuaMyptaysanimportantpartin thécatatytto
procees.ïn Mmecases,however,compoundsof thesemetabareabsent,Mthat inauch
oxydasesthe activatingeffectappearsto beohamcterisMeofthe organieenzymeitae!f,"
P.SS.

"Whena mixtureofoxidiseNesubstancesiasotreatedthat certainofthé eonstituente
ontyare oxidisedto thé moreor ïesscompleteexclusionof the remainder,the processia
knownauseteetivaoxidation.In casesofgasconscombustiblemixtures,thépassageover
catalyatfrequentlyen~Betsthesélectivecombustionofoneconstituent.Thus,forexample,
whena mixtureofoxygen,hydrogen,oarbonmonoxido,méthane,and nitrogenle passed
overspongyplatinumat !77°C.thehydrogenandcarbonmonoxideareoxidised,but not
the méthane.Thisis termedMteeUveoxidation,and ie thébasisofHempet'smethodof
ana!yBmt:certaingaseouamixtures.The sélectiveoxidationofcarbonmonoxidein exceN
ofhydrogenbypassageovereatatystsat MitabietemperatureshasbeenstudiedbyRideal,
whoshowsthat theoxideofcopper(operativeat t to'C.)andtheexidesofironandohMm-
ium(operativeat 95"°te 350°C.)areactivein inducingthe oxidationof the monoxide,
althoughinnocaseiathesélectiveoxidationcomplète,"p.99.

"HadEuropepossessedanAretioeMmatewitha maximumtemperaturebelowy''C.,it
iapossiblethat thé disooveryofphosphorescenceofphosphorusmighthavebeenlongde-
layed. Uponignitionwitha tightedtaperthéphosphorescenttempératureintervalwould
havebeenpassedsorapidlythatthéphenomenonwouldnotordinantybeobserved,"p.6t.

"It has longbeenknownthatcertainnamesare capableofexistenceat relativelylow
températures.Thus,a eentury&go,Davyobservedthat whena hot platinumwirewas
introducedintoa mixtureofethervapourandair,notonlydidthéwirebecomeredhotin
conséquenceof activesurfacecombustion,but a pa!ephosphorescentlightcouldbe de.
teetedabovethewire,part~outartywhenthelatterceasedtoglow,if theexperimentwere
conductedin a darkroom. Doebereinerobservedthe Mmephenomenon,andmentioned
that whenetheris droppedintoa retortat tco'C.it mayassumethespherMdatstateac-
companiedbya paleblueflame,visibleonlyin the dark,andtoocoolto set nreto other
bodiea. Perkinsuggestaseveralwaysby whiehthisphenomenonmaybeexhibitedat lec-
tures. Ofthese,perhapsthebcstistoheatanironorcopperbautoduNredness.aNowit
to coolto suoha températurethatit isjust invisiblein thédark,and,bymeansofa wire,
suspendit overa dishcontainingseveralntterpaperssaturatedwithether. ABthe baU
approachesthéether,a beautifulblueCamewillform,passingoveritaheatedsurfaceup.
wardsforseveralinches.Thebailmaybe têt rightdownintotheetherwithoutcaueing
ordinarycombustion.TheblueaameisoharaeteriMdbyitsiowtempérature.The6ngors
maybeplacedin it withoutdiseomfoi't;paperN notchamd by it, andevencarbondi-
aulpbidelanot ignitedby it," p.76.

"In 1815Davysuggestedthattheluminosityofa candieBameisduetothépresenceof
minutepartiolesofcarbonat whiteheat. Thèseparticleswerebelievedtobeproducedby
ineomptetecombustionofthe hydrooarbonvapoursinthe reatrictedsuppliesofair avail-
abiewithinthename,thehydrogenofthé vapeursbeing"preferentiatiy"oxidized,leaving
the oarbonto shiftforiteeM.Thistheorywasgenerallyacceptodfor manyyears,and it
wasnotuntil !867that a rivaltheorywasprojectedbyPranMand,aocordingto whiehthé
iuminosityof thé Bameis dueto radiationsfromdensebuttransparenthydMoarbonva-
poar8,"p.78.

"Fmmthe foregoingit willbeevidentthat adécisionbetweenthétheoriesofDavyand
FmnMandcannotbe easilyarrivedat. Indeed,it is by no meansimpossiblethat both
thecriesarecorrectinsofaras theygo. TheonlyreaMycertainfeaturei8that theluminous
zoneia diphasic,"p. 79. Thisis ratherhopetessbecauseanoxyhydrogenname,for in-
stance,isnotdiphasic.Whattheauthorshaveoverlookediathattherearetwoindependent
sourcesof luminosityin a name,the incandescenceofsolidpartietes,whiehis a thermal
luminescence,anda true chemituminescence.The problemis quitesimpleif it is once
formulatedproperly.Davywasrightfor thermalluminescence;but hisview-pointdoes
notaccountforthe cotorsofsaitCames.It isnot trueto say,as thé authoMdoonp. 8t
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that "the higherthe températureofa Nome,the greaterwiMbecomeits iumioosity,thé
changebeingdue to a gênera!ehorteningof the wave-tengthof thé radiation." Thia is
trueonlyfor the easeof thermaliuminesceMe.

"Byioweringthétempératureit ispooiMegreatiytoinereaaetheyietdofozonewhioh,
underordinaryconditions,taiessthanio percent.ofthéoxygen.Byimmeminganozon.
isingapparatuein a coolingmixtureofetherand sotidearbondioxideandMworkingat
-78'C., a yietdof ït percent. basbeenobtained,~ereaain tiquidairit wu foundpos- <sibteto convert99percent.of theoxygenintoozone,the bestreeuttebeingobtainedat

thMtempe)'atuMwithapKssuteoftoomm.,theoxoMU<)uefyh)(}0)ttaaitHfonNed,p.t~i.
"Obtainedin thisway,ozonemaybepm-inedby tMettonatdMUattonat lowtempéra-

tures,theboMiNg-pointofoMMbeiagsome63'above~atof oxygen.TheOMnhedocygen
MqaeNedbyooottnginUquMair. Thedeep4)hmMquMthusobtahMdevotvMnmintyoxygen
undertedttcedpKœuteandat a certaincompositionMparatesintotwolayers.Theupper,
dark-bluelayercornisteofa solutionofoMMialiquidoxygen;thélowerdeepviotet.btaek
layeriaasolutionofoxygenia ozoneandcontaioa,at !83*C.,eome30Purcent.ofoxygen.
AMbut mèretracesofoxygenareremovedin a aingtefraotionationof thb liquid,and by
earefutmanipulationpureozone,B.P. -1M~'C.,maybeobtamed,"p. t~.

"CarbontetraohloridediMoivesappraximatetyeeTentimes as muehozoneas does
water,andwhenoxygeneontainingsixpercentofozoneiepaasedthroughthétonnersot.
venta distinotlyMuesolutionlaeasi!yobtained,"p. !46.

"Whenordinaryozoneis allowedto reaetwithanzaturatedorganiooompounds,thé
elementis sometimestakenup by the latter ingroupeoffouratomeinsteadet the ueuai
triatomiogroupa,wnereasif the ozonela previouaiywashedby passagethmughsodium
hydroxidesotutionandsulphurioacid,the additionoceumonlybygroupeof threeoxygen
atome.The formationof oxozonides,as HaKiwt~~MxthepMdueteeontainingOtgMupe,
isattributedby Harriesto thépresenceofoxoaoneO.intheerudeozone.Theévidenceas
to thepossibleexistenceofa tetratomioformofoxygen,however,eannotyetbeeonsidered c
aszatisfaetory.Vapourdeneitydetenninationsrevealno tendeneyon thépart of even t

puteozonetoa8soeiatetohigheroomptexesthenthatCMteBpondingtoOt,p.t~.Récent
determinationaof thé vapordensityofpureozoneeonnrmthé value48forthe mo!ecu!ar
weight.NotendeneytoaNociatetohighermdeouieshMbeenobBervedeithetin thepure
liquidor that gas," p. !ss.

"AsagenerairuieanyharmfutetreotproducedonmanbyairmMtbeduetoMmefoKign
impurityin the air; thé mixtureofnitrogenandoxygenis an absotuteneeessityfor pro-
tongedexistence,Thefat ofmammab,however,dissolvesmorethanfivetimesaamueh
nitrogenas doesan equalamountof water,and thie tactmaygiveriseto seriousreeutte
withmenworkingunderconditions,for example,in CMSMM,in whiehthe externatate
nmsphericpreaaureundergoeasuddenand comiderabtevariatioM. if thé reduotionin
pressureis too suddeathe fat-eontainmg~zsuesof the wotiMrsareHabiete injuryonac-
eountof the formationofgasbubbtee,"p. 159.

"Not meretydoeathé proportionof oxygen[inthé atmosphère)varyfromplaceto
place;but it abo variesat oneand thesamep!aoefromtimeto time. ThusLevyfound
that thé air of NewGranadaunderwentremarkab!echanges,aftergréâtforesteonnagra-
tions,theoxygencontentfattingfromat.oï to ao.33percent. 8uchavariationNdecidedty
abnonnat,but invoicaniedistrietsisperhapemorefréquentthanisgeneraUyknown,"p. tô~.

ConHderabievariationlin the amountof carbondioxidelmaybe dueto tocat cir.
cumatancas.

ThusReisetfoundthattheprMeneeofaaockofaoosheeponanne.cahndaym Dieppeinduceda notablerise if the proportionof earbondioxidein the immédiate
neighborhood,whichtegiaterad3.18partsper M.oooinsteadof :.96–the normalvalue 1forDieppe.Theinfluenceofvégétationupontheearbondioxidecontentoftheair basnot
reeeivedthéconsidérationit deserves,aithoughafewisoiatedexpérimentehâvebeenoarried
out. Ebermayer,for example,founden exoeasof the gasin the forest,a reauttthat con-
BrmedthéearlierobservationsofTruchot. InconmMdspaees,euchaadweiMag9,the<'ar- a
bondioxideshowsa markedinoreaseowingto itebeinga produetofhumanmetaboiism, !<
andn]ayreaeho.spercant,"p.t67. c
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"Fmmthe pointofviewofventilation,oMneand peroxidesaMofintereatas theyim-
part a crispneseorfresbneseto thé air,andthe faotthat theyarereadilydeeomposedby
heatlaprobablyoneofthecausesof the"Satness"ofheatedair. TheweU-knownSanitaa
preparationsareessentiatiysotutiomofhydrogenperoxideandofdiiîerentorganioperox.
ides. Therecanbenodoubtthat in naturethépresenceofhydrogenperoxideisan impor.
tant factorin removingfoettdand pu~tdmatterfromtheatmosphère.BosMohaacal-
culated that 96,877,440,000gaUomof euca!yptuaoUare hetdcontinuaMyat oneand
thé samemomentin theleavesof treesmaeeadtogetherandocoupyinga bettofoountry
overwhichthehot windsblowin NewSouthWateaandSouthAustraMaatone. KingMtt
ooncludeathat thisamountofeucalyptuaoMoanandmuetproduceintheatmosphereaur-
roundingthefoKstanotessthan 92,785,o23tonsof peroxideofhydfo~n,andabout507,-
S87,945tonsofthésolublecamphor,nottomentiontheotherptoducteofo:ddat:on,"p. t77.

"It iainterestingto recaMthéexpérimenteofLehtnannandhiecoMeagtteewhodemon-
attatedquitereoentlythat whena da~Men air la breathedthroughthe nose,approxi.
matety40percent.of thedust remainaintheayotem,eitherin the hma9or etomach,the
remaining60percentbett~eitherKapiredor retainedbythé noseandmouth. If, how-
ever,the subjeotbreatheathroughthe mouthaome80parcentia retainedby the body.
ThieMtNtrateBthe importanceofbreathingthroughthe noM,but it abo iNaatratesthe
neceNityofredueingthédustin theatmosphereofpublieMomaanddweBingeto theMna)!-
est pomibteamount,aenomatterhowcafeMa subjeotis,someofthé dustfindsiteway
into théeyatem,"p. t84.

"Thepresenceofmoiatitrein air hasa two-foldactionuponrespiration.FiKt,thereia
the veryobviouafactthatif warmair saturatedwithmobtUMenterathe lunge,thelatter
wiUhavegreatdMouityindiMhajca~ngtheireuperfluouemoiature,andaeenseofoppremion
muâtresult. Thisexpiaimthé heavyfeelingproduceduponenteringhot-housea,in which
the air,apart fromfromitamoiatutecontent,laperfectlygood,andveryfreefromoarbon
dioxide.Cotdair,evenifeaturatedwithmoisture,willnothaveanythinglikethe same
effect,for uponenteringthe!ungethe temperatureriséeproportionatelyhigher,and the
air lathuaaMeto takeupmuohmoremoieturebeforebecotninceaturated,therebyaUowint
thelungtfuitopportunitytore!ievethemeelvee.Seeondty,airoontainingmoiatureoannot
take upoarbondioxidefromthé bloodaseasilyas driedair,comequonttytheventilation
of thetuM~isretardedbyinhatingmoietair.

"ThMetwofactomworkingtogetherareeuSieientto showthat respiredair, being
saturatedwithmoMureat a warmtemperature,cannotbewho!esome,andL. E. HHtand
hieco~rorkereregardthémoiaturecontentaethe maincauseof the diaoomfortof iM-ven.
titatedbuiidinae,"p.t86.

"Springwater,partieutarlythatderivedfromdeep-seatedeprings,iausuallybeautifuNy
olearandeparkling.ThedeameMiBmaMydueto thoroughMteringduringpe<co!ation
throughtheM: wMiattheeparHeiaoausedbythepresenceofgases,mainlyoarbondioxide,
in solution,"p. 2o6. WateMcontaininghydrogensulphide"hâvebeenusedftequentty
m by-gonedayaforeeeretcorrespondance.LetteKwrittenwitha solutionof leadacetate
becometegiNewhendipped,forexample,inHarrogatewater,"p. Mo.

"Merruginouswaterarebitter to the taste,evenonepartof ironpermillionofwater
beingpemeptiMeto theaverageindividual.Suchwaters~whicharewidetydistributedin
Germanyand the Netheriands,in America,andelsewhere,ate particubriyfavourableto
the grqwthofminuteotganmns,suoh,forexampie,aathé Cfeao<A~,thé vitaKtyofwhich
appearato beconneetedwiththe sécrétionofironwithinthetisaueof iteceUwatla. This
organiamBourMhesin~MteMcontaining0.3parteofironpermiMionofwater,andmaylead
to seriousohokingofwater-maina.Aérationandtreatmentwithtirneorwitheolloidalaub-
atanceshavebeenadoptedwith moreor!emMcoaM.Thue,for example,at Ameterdam,
intenseaérationfoUowedbyfiltrationbasredueedtheironcontentofitewater<mpp!yfrom
0.8partepermiNionto nit. Iron mayaleobecomptetetyremovedfromwaterby passage
througha manganeiepennutitfilter,"p. 234.

"AverystriMnginstanceof thevalueofeandfiltrationwasaffordedby theontbMakof
cholerainHamburgin t~a. ThecitydrewitawaterfromtheElbeandusedit initaraw



ï6o NBwsooKB

conditionfordomestiepmpo<M.Nofewerthan uso per !0o,oooof the populationper-
iehedthroaghcho!eta. Theeontigtmmtownof Aitonaloetbut Mt per too.ooodeapite
the tact that it drewitadomeaticwater&omthe Elbe~~w Hambmg,after it hadM.
cetvedthe eewagepollutionfromthé!at<Moity. TMsKtaN~immunitywaadueto thé
fMtthat théAitonaautho-ttief)purMedtheirwaterbypamagethroughand aitem,"p.ags. r

"~theu~thecomp)~biMtimofnatu~wateMaMexMe<U~ytmaB,theire~eet)mon )
thedietrtbNtionof laadandwaterontheoruetofthéeatth Mimportant. It haabeenoat-
oulatedthat,m conaequeneeoftheeompMNibiU)~ofsM.watw,the meansea-tevet{9ït6
feetlowerthan ?wouldbetfwaterweteabsotatetytnooNptessiMe,withthereaultthattwo
nnMtonsquaremiteaof landarenowme<~et9dwhiohwouldothendaebe eubtneMed,"
p.z64.

"It is intetestineto notethat wheteaa!6eptodueedwitha eooNn~temperatuMwithin
oneortwodegreeeofthémetting-point)Busualtyotea)-,théproduotobtainedwithstronger
ooohngMmi&yimappearanoeonaceotmtoftheinetudonofminutebubbloeofairwhich
waapMVMMtyin solution."

"UvingstonmentioMthatthé tempetatmeoftheaurfacewaterofpondsintheeentmt
regionsof SouthemAfrioamayreachashighaa38*0.,but,owingto thepoorconduotMty
of heat, detMoustyeoo!watermaybeobtainedbyanyonewalkinginto the middteand 4
Mftingupthewater&omthebottom,"p.e7o.

OnP.34Sthé authoreaaythat "it fainterestingto notethat,wMstsolutionsofaniMne
greenandofmagentaarenotbleachedbydUatehydrogenperoxideaotutioninthédark,yet
uponexposuMto the lightofa quaftMneKurytampthecotomsfadeMadUy.It would
appea)',therefore,that, undertheMmcea ofthelight,the peroxidebeeometiBema~tyactive." WMbthiscoMMonmaybedthtitianotneceasaty. Thedyentayhawbeen
aettvatedbythetight.

t!~H~-D.Botxt~t
1

Bn&tmn
Anumberofen-oKhâveoceurredintheptoof-readin~of thearticleby MeNN.Swan

andUrqMhartent:tted"AdMtptionEquat:on9"(M.ast). ThetefetenceatoWaMamaunder
"TheIsobar:ThBO)-eticat"onpp.95!,:67shouldbedeteted. Inthe papeMofWilliams
therereferredto, no équationiagivenforthéisobarnorManyderivablefromhteiMBtœe
equation. Onp.asgchan~theequa~onatthebottomofthepagetotogXt~tog~Clog(a/v).

Onp.25~changeto (a/v)~ (a/v).

Onp. 296changeto =' p/~MMR.T
Onp.957changeto -=. (N.N) Vt~m,to p-4,andtoC.9k,(6k~ ak~+bk,– K)tt –~tt*).
Onp. asSchan~to X :OC~J~(e- -t) dh.

Onp.x5gchange
fMf J'/r

Onp.~chan~t.X.

On6 I.h_-t dlog). dlogx x 1
+

0/00.
Onp. ~.ha~et. diogc = diocco !oge./cj +ï-o/e7
Onp. a&tchangeto ourvea, Fig.a. {

Onp.96yoha!)gBtoîot!~=h)gx.-({'{!ogp)C,to~'='-dke/~dC,andto <
;11!osM'='togp. ]

Onp. a69chant{etoyAo;' ± B, y-'A< o)' y =<A~ A B~, andto"Kand~are
constants." '>

Onp. ayochangeto
k =- ~ag

Ohp. ~t changeto dx,/dt. t(a-xj
x.-x x a/

Onp. 27' changeto dx,/dt
Onp. ayschangeKfetence55tot~ngtmnr:J. Am.Chem.Soc.,M,MM(t0!6).
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JSTUDIESIN DYEING

BY ROBEBT C. HOUCK

SILKSANDDYESTUFF8

Inttoductton

In dyeingsilkwithcoloranot necessarilyfast to lightand washing,both
acidand basiodyesare used. Thebasiocotorsare capeciallyadaptedto silk
beoauseofthectearbrillianttonesofpurecolorsobtainedwiththem. In both

cases,dyeingis oarriedout in a boiled-offliquorbath. The actionof the
boi!ed-oifliquoror bast soapon the prooessofdyeingandthe effectofaddi-
tionagentsarestudiedin this thesis.

In blacksilkdyeingthevariouscoal-tarblackdyeshavegenerallya slaty
fadedappearance.This is due to the fibrebeingsotranstucentthat the full
b!aokcoloriadilutedwithan excessof transmittedlight. Toobtaina good
blackonsitkthefibremust berenderedopaque. Logwoodacoomplishesthis

purposeand iausedin conneotionwitha tanninmordant. Astudyismade
ofthé adsorptionoftanninby silkin viewof this.

In conséquenceof thé unexpectedbehavioroftanninwithsilkat different

températures,it waathought desirableto makea fewexperimentson the

precipitationoftanninby acids,especiaUyin viewof theworkofThomason
the precipitationof tannin extracts. It was thoughtpossiblethat a pure
tanninmigbtprecipitatepretty shaiplyat a givendegreeofacidity;but this

provednot to be the case.

AdditionAgentsin theDyeingofSilkwithAcidandBasicDyes

Numeroustheorieshavebeenformulatedto explainthe processofdyeing.
Briggsand Bull' have shownconctusivelythat in the dyeingof woolthe
takingupof acidand basiodyesis a caseof adsorption.

Theadsorptiontheorybasbeensummarizedat lengthbyBancroft.~With
aciddyesthe theoryis.asfollows. In thepresenceofa solutiona fibretends
to adsorbeverythingin the solutionvaryingwiththe nature,concentration,
andtemperatureof the solutionand withthe natureof thefibreitself. With
anaciddyeinacidsolutionthe constituentsofthédye-bathwouldbehydro.
genions,sodiumionsif the dye werea sodiumsait, dyeanions,acidanions,
and undissociatedcompounds. The hydrogenions beingmore strongly
adsorbedas a rulethan any of the other univalentcationsprésent,and the

dyeanionsbeingadsorbedmorestronglyfor thesameconcentrationthan the
otheranions,thefreedyeacid iswhatisadsorbednormaUy.'Thedyeanions
haveto competewiththe otheranionsand thereforethéadditionofstrongly

J.Phya.Chem.,M,845(!9M).
J.Phys.Chem.,t8, t, t8,385(~t~);t9,50, t~ (!<)<5).
B~ncroft:J.Phya.Chem.,t8, to (t?~); "AppliedColloidChemistry,"H5(~9:!).
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&d<mrh«fi &ninna will m<t /!n<mn tha mmmmt tnl.adsorbedanionswilloutdowntheamountofdyotakenupby the fibrewhile
thoadditionofstronglyadsorbedcationswillincreasetheamountofdyetaken
up. A high concentrationof hydrogenionswillthereforeinoreasethe ad-
sorptionof aoidradieab. Thismeansthat aciddyeswillbe takenup most

ureadilyin aoidsolution;but that theymaybetakenup in neutralor alkaline
solution. Sulphuricacidwillcauselessof an aciddye to be takenup than
anadditionofanequivalentamountofhydtooMoricaoidor than theaddition
of isobydriohydrochlorioadd. Théadditionofsodiumsulphateto the bath
willcut downthe adsorptionofanaoiddyeandwillcausemoreevendyeing.

Theeffectof the additionofanydefinitereagont'to the dye-bathmaybe
the resultof severalfaotora. It mayaffecteitherthé fibreor the dye-bath.
Thereagentadded mayoitherabtohemioallyonthé fibreor beadsorbedand
insodoingchangethe adsorptionofthe othersubstancesposent in the bath.

1Withthe dye-baththe effectmaybemoreoomplicated.Thereagentmay
reaotchemicaUywith the dyeas in thé caseof CrystalVioletandpotassium
hydroxide,givingin this instancea whiteinsolubleleucobase. If the dye
is in true solutionit mightchangethe Boiubuityof the dyeand thuachange
theamountadsorbed. If the dyeis in colloidalsolutionit mightaffectthe
degreeofdispersionandalter thé amounttakenup. The reagentmay also
changethe hydrogenion concentration.This factorbas beenshownto be
of great importanceby Pelet-Jolivet9and by Bdggaand BuU'whoatudied
it quantitatively.

TheadsorptiontheorybasbeenshownbyBriggaandBull to applyatrictiy
to the dyeingof woolwithaciddyes. Theyshowedthat that aoiddyesare
takenup by woolbestfromadd solutionandthat the amounttakenup in-
creaseswiththe hydrogenionconcentration.Theya!soshowedthat addition
agents,aa sodiumsulphate,changethe amountadsorbed,and in this in-
stancetbat thé sodiumsulphatedecreasesthéadsorptionas demandedbythe
theory. The theoryshouldapplyto the dyeingof silkin the samewayand
thiswillbe shownlater in thispaper. J

BasicDyesandthe AdsorptionTheory
Withbasicdyesthe theoryiastatedas follows."Abasicdyeis takenup

mostreadilyin an alkalinesolutionbut maybe takenup ina noutraloracid
solution. This foUowsfromthe fact that in the caseof basicdyes the color
is in thebasicradicalof thédye,thedyedissodatinginaqueoussolutiongiv-
ingooloredcations. Renceif thé dyeis presentin an alkalinedye-baththe
hydroxylions,beingas a ruleadsorbedmorethananyotherunivalentanion
present,promotethe adsorptionofthefull colorbaseofcations. Thepresence
ofcationsin the bath otherthanthoseof the dyewillcausethe amountof a

`

basicdye taken up by the fibreto be eut down. In the samewayreadily
adsorbedanionswill increasethe adsorptionof the dye. Additionof sui-
phurieacidto the dye-bathwillcausemoreofa basicdyeto beadsorbedthan

1J. Phys.Chem.,26,846(t~M).
Chem.Abs.,2,2159(t$o8). 1.aJ. Phys.Chem.,26,845(t~2).
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an equivalentamojnt of hydrochlorioaoidor than thé additionof isohydrio

hydroohîoricaoid. Theadditionofsodiumsulphatewillincreasethe amount

ofbasicdye takenup by thé fibre."

BriggsandBuUhavestudiedthédyeingof woolwithbasiodyesand have

shownit to be an adsorptionphenomenon.The theorybeingcorrectahould

holdforsilkinthé samemannerasforwool. Thiswillbeshownto bethe case

later in this paper.
Althoughbasiodyesarenot veryfast to lightandwashing,they are used

extensivelywithsilk becausethey givocoloraof gréât briUianoywith this

fibre. Moreoverthe requirementsof fastnessto lightand washingaro not
so strict, as a rule,for8iH:. Hûbner~saysthat the dyeingof ailkis striotiy
a physioalor mechanioaioperation. Pelot-Jolivet2showsthat in dyeingsilk

witha basicdye,méthylèneblue,the amountof dyetakenup is a maximum

inalkalinesolution,anda minimuminaoidsolution.Data obtainedby them

are given in Table I.

TABLE 1

Adsorptionof MethyleneBlueby Silk

Volumeof dyebath $oce.

Concentrationof MethyleneBlue = 0.8%.

Weightofeitk 0.3g.

MethyleneBlueadsorbed,mg
Fibre a oc.N/io HCI Neutral z ce.N/to

Solution KOH
Silk 1.3 ïo.8 40.6

This is as it shouldbe for,accordingto the theory,basicdyesshouldbe

takenup bestfromalkalinesolution. BothBriggsandBullandPelet-Jolivet

givedata showinghowthe adsorptionof basiodyesby woolvarieswith in-

creasingalkalinityin thé firstcaseandwithincreasingacidityin the second

case. This oheoksthe theory. Onlythe abovedata for silk are available.
Résultasimilarto thosefor woolshouldbeobtainedforsilk. Thevariation

in théadsorptionofbaaicdyesbysilkinacidsolutionwillbeshownlater.
Petet-Jo!ivet"in studyingthe effectof additionagents in thé dye-bath

foundthat o.5gramsofsilk in 50ce.of 0.2percentmothylenebluesolution
took up 18.4mg. dyewith sodiumsulphatein thebath and 10.8mg. when

alone. Thesedata point to the theorybeingcorrectwhenappliedto the

dyeingof silk.

However,H. Salvaterra~madea quantitativestudyon the dyeingofsilk
withbasicdyes,dyeingthé silkwitha seriesofcloselyrelateddyes. He found

fromhis exporimentethat the amountof colortakenup variedin the same

mannerasthe mo!ecutarweightsofthecolorbases. Heconoiudedfromthese

experimontsthat thedyeingwasachemicalprocessandsupportedthe theory

1J.Chem.Soc.91,MS7(t9oy).
Petet-Jotivet:"DieTheoriedesMrbeproMMM,"95(t9!o).

'"DieTheoriedesNrbeprozesses,"n8 (t9to).
J.prakt.Chem.M,502(t9t3).
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1 heseresultswhicharetheonlydata givenby Salvaterraarehardiysumcient
groundon whichto basehisconclusions.Hisdata givenfor the amountof
dyest-ufftaken up by onegramof silk must havebeencalculatedfromthe
amounttakenup by thé differentamountsof silkhe usedwith the different r
dyes. Theseamountsofdye"taken up by onegramsilk" thereforeare not
comparableand hisvaluesas listedare not necessarilywhatonegram ofsilk
alonewouldhaveadsorbed.Onethinghoshouldhavedoneto substantiate
hiatheorywasto havestudiedthe variationin the concentrationof the dyo
in the bathand the dyein the fibrein a seriesof experimentswitha given
dye.~ "If the dyefonnsa sparinglysolublecompoundwiththe fibre,the fibre
and the compoundwith the fibrewouldformtwoaeparatephasesand con- ]
sequentlythé compositionofthe dye in the bath wouldstay constantas long j
asanyofthefibrecompoundwasfotming.Thentheconcentrationofthe bath
wouldvaryand that of the dye in the fibrewouldstay constant. In caseit
wasadsorptionthe concentrationofthe dyein thebathandin thefibrewould
vary continuousty." Salvaterraalso forgot or neglectedto considerthe
workofSisiey~whodyedsilkwithfuchsineand decolorizedit. Theopemtion
was repeatedseveraltimeswithoutthe silk losingweight. This' is a "de-
cisiveproofagainstthé assumptionthat a sait formationhad occurredbe-
tweenthé dyeand the fibre." Anotherfactor whichseemsto disprovethe )
chemicaltheoryis the workof FreundHchand Losev:*They state that the j
"partitionof a basiccoloringmatter betweencarbonor silk, etc., and an
aqueoussolutionfoUowthe samelawand that it is adsorption."Silk would c

BMtcroft:J. Phys.Chem.,t8,2 (t9!4). <
Bull.,2S,865(t9M). [

'Bancr&ft:J. Phys.Chem.,t8,t~s (t9~).<Z.phyaik.Chem.,59,284(1907).

of salt formationbetweenthe colorbaseand the silk. The data fromwhich
he drewtheseconclusionsare givenin Table II.

TABLEÏÏ

Dyeingof Silk withBasicDyes
Timeofrun hours.

Temperatureboilingwaterbath
(A) (B)

Material Found Mol.Wt. Ratio Ratio DM.
DymtutF forrun

Dye
oatg. of of cfdye A

Sdk Dye mtk dye Mot.Wt. M!~ and
Bi))t B

p-Fuchsin 4.79 t.~t 0.022 305 ï.oo t.oo o.o
Fuohsin 7.43 i.8y 0.024 333 0.92 0.92 o.o

New
Fuchsin 8.78 2.:3 0.026 347 o.88 0.85 3.2

Crystal
Violet 6.76 ï.69 0.030 389 0.78 0.74 S.7

NewSoM
Green3B 939 2.36 0.032 4'S 0.73 0.69 5.6

m,
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haveto playthé partofan acidor a basein this casewhiohmightbe but it

seemsimpossibleforoneto haveto consider,in the sameway,carbonacting
asanacidorbase.'

Becauseof the data of Petet-Jotivet~pointingto the correctnessof the

adsorptiontheory,and becauseno adsorptionourvesfor the dyeingof silk
hadbeenmadeit wasdeemednecessaryto substantiatethe adsorptiontheory
as applicdto the dyeingof silk. It is foundin commercialdyeingof silk
that thé additionof sodiumaulphateto the bath cuts downthe amount of

dyetakenup whetheracidor basic. Thisisa furtherreasonforcheckingthe
correctnessof the adsorptiontheory.

TheËMtpart ofthjspaperisconcernedwithshowingthat the adsorption

theoryiscorrect,applyingto thédyeingofsilkexactlyas forwool.

Experimental

Thesilkusedin thisworkwasacrst-ctassgradeofdegummedaitk.obtaioed
throughthe courtesyof ProfesserT. B. Johnsonof Yale. In someearlier

workdoneon theadsorptionof tannicacidby silk,thiscommercialsilkwas
washeatedina tonpercentsoapbathforonehourat os"C. Thisprocesswas

repeatedusinga fivepercentsoapbath to ensurecompletedegumming.The
silkwasthen washedthoroughlywithdistittedwaterto removethe soapand
dried. Experimentsshowed,however,that this wasnot necessaiy. Thesilk
as suppliedhad beendegummedas completolyas possible,becausethe silk
as suppliedand that undergoingthe furthertreatment gave results wh!ch

agreedctosetyenoughtomakeit possibleto dispensewiththe soaptreatment.

Thedyesusedweresuppliedby E. 1.duPontde NemoursandCompany
for thé earlierworkof BriggsandBullin their studyof thé dyeingof wool.
The aciddye employedwasduPontOrangeII and the basicdye duPont

Crystal VioletE.

The "bast soap"usedin the latterpartof the workwasmadeby degum-
mingrawsilk,usingneutral,powderedsodiumoleate,as suppliedby Powers-

Weightmanand Companyfor the degummingagent. The rawsilk wasde-

gummedby heatingfirstin a ten percentsoapbathforonehourat 95"Cand
then ina fivepercentsoapbath for thésametimeand at the sametempera-
ture. Afterusingthesoapbattmforseveralsuccessivetreatmentsthe soap
becomesthoroughlychargedwiththe sericinand this liquorwasusedas the
bast soap.

The généralprocedurethroughoutthe workwas to makoup a dye-bath
ofknowncompositiontoa totalvolumeofzsoce. Thiswas thenattachedto
a return condenserto preventevaporationand heatedto the températureof
the boilingwaterbath,about95*C. One-grampiecesof silkwereplacedin
thebathat this températureandkeptat this temperaturefor forty-fivomin-
utes. At the end of this time the silkwasremoveddirectly fromthe hot
bath. Thebath wasthenallowedto cooldownto roomtempérature.

Bancroft,J. Phys.Chem.,18,e (t?~).
Petet-JoHvet:"DieTheoriedesFatbeprozemea"9~. !8(igio).
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The amountof dye taken up by the fibrewasdeterminedby di~CMnce
afterthe amountleftbehindin the bath hadbeendetermined.Theamount
leftbohindin the bath wasdeterminedbytitration ofanquotportionsofthe
cooledbathwith titaniumtrioMoride.ThemethodfoUowedis that suggested '<
by Knecht'whiohhadbeensucoessfuUyusedlater by Satvaterra,"Briggsand i
BuU,'and Paddon.* Thetitanouschlorideusedwasstandardizeddirectlyin
tennsof thé dyobeingused by titrating a standardsolutionof the dyeto a
color!esssolution. Duringthe titration the solutiontitratedwasboiledand
air wasexoluded,beingdisplacedby an atmosphèreofhydrogen.OrangeIî
titrates to a coiorlessendpointin the presenceof an excesaof RooheUesait.
CryatalVioletE in the presenceof Rochellesalt titrates to a oolorlessend-
point with the separationof a white preoipitatewhichdoesnot interfère,
however,withseeingthe endpoint. Sodiumbicitrate,quitebyaccident,waa
foundto workveryweUin this titration. In the presenceof thiseompound
CrystalVioletE titrates to a oobriessendpointwithouttheseparationofthe
whiteprecipitate. The changefrom Roohellesalt to sodiumbicitratedoes
notaffectthe resultin any wayand ehouldnot, for Piccard"statesthat the )tartaricacidin RocheUesalts exertsa catatytioactionon the actionand he
recommendsthe use of one percenthydroftuorioaoidwhichactesimilarly.
Sodiumbicitratepresumablyaotsin exactlyanaJogousmamier.

Déterminationof the dye left in the bath containing"bastsoap"at first
presentedonedimtou!ty.Titrationof an aliquotportionofa dye-bathcon-
tainingthissoapresultedin theuseofmoreof the titandardtitanoussalt than
correspondedto that requiredfor the dyewhenprésentalone. Thisdimoutty
wasnrst met by standardizingthe titanous chloridewitha standard con-
tainingthe samepercentageofsoapas usedduringa seriesofruns. Thisdif.
ficulty disappearedwhensodiumbicitratewasusedintheplaceoftheRochelle
salt. Usingthébicitratethe volumeof titanouschloridecheckedverycloselywhentitratinga standardcontainingsoapandwhentitratinga standardwith

,1nosoap.
)Finalhydrogenionconcentrationsweredeterminedin thecaseof thé ex-

penmentswithOrangeII to seeif as in the caseof woolthe amountof dye f
takenup variedcontinuousiywith the hydrogenion concentration.The
hydrogeneleotrodewasuaed in these determinations.The électrodevessel
employedwas the simplifiedform of the Lewis,Brighton,and Sébastian
device.'

Hydrogenused for thé eleotrodewaseleotrolytiohydrogenfroma tank
and beforeusingwas passed through a!katinepyrogallol,water and sul.
phurioacid. Passingthehydrogenthrougha quartz tubecontaininga heated
mchromespiralwaanot resortedto as it haabeenfoundnot to benecessary.

Knecht:BN.36,usa (1903):38,MM(1905).
o

*J.pMht.Chent.,M,5M(t9t3).
J.Phya.Chem.,26,845(t~a).

<J.Phye.Chem,26,38~(t9~).
AM)X~8~;8~' ('~9);KMoht:"NewRédactionMéthodein Volumetrio~3'~r" 8 (1918).
J.Am.Chem.Soc.,39,M~o(t~ty).
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Saturatedoalomelelectrodeswereusedas the standards andthe poten-
tials weretneasuredat roomtemperatureusinga Leedsand Northruppîe-
ciaionpotentiometer.It is not necessarym workof this type to usean in-

strumenta9sensitiveas thiaonesincethe accuraoyof determinationsofpH
ofdye-bathsisnotexceedingtygreat.

Uk andHydMcMoficAcid

First a studyof the adsorptionofan acidby silkwasmade. Concentra-

tion of acid in the bath and ofacidin the fibreshouldvary continuouslyif

the silkshowsadsorptionof théacid. Onegrampiecesof silkwereheated

F!0.ti
AdsorptionofHCIbySilk

at the temperatureof the boilingwaterbath withdye-bathsof knowncom-

positionand the acidadsorbeddeterminedby differenceafter the aoidleft

in the bath had beendetermined. The data for this seriesof experiments
are givenin TableIII.

TABLEIII
Adsorptionof HCI by Silk

Weightof silk i g.

Volume of bath 250cc.

Temperature Boilingwater bath.

cc.N/MHCt eo.N/toHC! co. N/io HCI
at start at end adsorbed

1.0 o.y6 0.24
2.0 1.34 o.66
3.0 a.t8 c.8:
5.0 4.05 o.os
7.0 5.99 i.oi

ïo.o 8.84 ï.i:6
ï5.o 13.64 136
25.0 23.48 1.5~



MfERTC.ttOUCK

Thesedata showthat the acidconception in the bath is varyingcon.
S for adsorption.Plotting dataeu~l~whichshowsthiaveryplainlyasseonin Fig.i.

AddDyesaadSm
Silk wasnext OrangeII in acidsolutionfor,~S to the

theory,aciddyes solution. The silkwasenteredat the tempemtureofthé boiliugwaterbathandremovedat the9Mne
temperature.Theresult8oftheexperiments giveninTableIV.

TABLEIV

r~ AdsorptionofOrangeII by Silk
~wuncui uyeDM-n250CC.
Weightof 8i!k 1 g.
Amountofdye y g mg.
Temperature Boitingw&terbath
Timeof

runce.N/toHCt
~gminutes

m<t~.

o.o «a0.0 2.8

~.4 4.~

~<

40.35 ..7.8-° 43.08
~° 45.5 .7
~S.o 3.
So.o ~?~

**Th~~h.-F~–– ~'53")~"Thevaluef., theamountotdye.dB.rb<~inthiacasei. obvio~ty
Fromthèsedatait is clearlyseenthat the amountof dyetakenup varies

contmuouatywith hydrogenionconcentration. As the hydrogen
cent~onmcreased, thé amountofdye takenup a!8oincreased.Thisia in
dy:I~~r formulatedan increasein adsorptionof aoiddyesin aoidsolution.

Nextastudy wasmadeof theeffectof the additionofsodiumsulphatewhenaddedto thé dyebath. Theconditionswerekept exaotlythe~~beforeexceptforthe additionofthe tenth-normalsodiumau!phatesolution.
TABLEV

Effectof SodiumSulphateon Adsorptionof OrangeII by SilkYofumeof bath 250ce.
Weightofsilk t g.
Amountof dye ~smg.
Temperature Boilingwaterbath
Timeof run ~sminutes

<-c.Ct .N/N.,SO. mg.dyeadded
adsorbed

0.0 38.67"'° 25.0 ~.y8
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Thesetwoexperimentsshow that the additionof a stronglyadsorbed
anionas the sulphateanionoutsdownthe adsorptionof thedye. Thisis as
it ahouldbe. No furtherworkwas doncwith thé effeotof sodiumsuiphate
onthedyeingwithaciddyesexceptlaterto seethé effectplayedbybastsoap
in silkdyeing. The reasonfor not carryingtheseexpérimentaanyfarther
horewasthat greaterinterestcentoreduponthe basicdyes.

Fromthèsetwosetsofexperimentsoneissafein concludingthat the dye-
ingofsilkbyaciddyesisan adsorptionphenomenon.

BasicDyesand SUk

Experimentewerenext made, dyeingsilk with basicdyes. The basio
dyeemployedwasduPontCrystalVioletE wMchcaneasilybedetermined
by titrationwith titanous ohloridein thé presenceof an excessof either
Rochellesalt orsodiumbicitrate.

Accordingto the theoryof dyeing,basicdyes shouldbe takenup most
froman alkalinesolution. Anattempt wasmade to dyesilkwithCrystal
VioletE in alkalinesolution. Whenthe silkwasaddedto thehot bath the
colorlessleucobasewasprecipitated. Howeverthis dyecanbeusedin neu-
tralorslightlyacidsolution.CommerciaUyit is usedinslightlyaoidsolution.

Astudywasmadeof thedyeingofsilkwithCrystalVioletEinacidsolu-
tion. TheËrstexperimentsweremadewiththe bath acidifiedwithsulphuric
acid. Theresultsareshownin Table V.

Thèseexpérimentashowthat more dye is taken up in neutralsolution
thaninacidsolutionandthat the amounttakenup inacidsolutiondecreases
withincreasingacidity. Theseresultsagreewiththe theory.

Sinceaceticacid isused to a great extentin the dyeingofsilkwithacid
andbasicdyes,a studywasmadewith it replacingthesulphuricacid. The
résultaofa setofexpcrimentsareshownin TableVII.

TABLEVI

Absorptionof CrystalVioletE by Silk

Volumeofbath250ce.

Weightof silk tg.
Amountofdye ysmg.
Temperature Boilingwaterbath
Timeofrun 45minutes

cc.N/toH,SO< mg.dyeadsorbed
added

oo 48.3
2.0 ~.s
50 g.o
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Comparisonof thoseresultswiththoseof TableVI showsthat moredye
is takenup in bathsaoidiBedwithacetioaoidthanfrombathsacidifiedwith
an equivalentamountofsutphuricecid.Thisisasitshouldbe. TwofaotoM
play a part in determiningthia diSerence. First the differencein the ad-
sorptionof the sutphatoandacétateionswouldleadoneto eonctudethat the
adsorptionoughtto be greaterfromautphurioacidbaths. Thisfollowsfrom
applyingthe Sohulze-Hardyvalencerulewhichwouldp~dict a greaterad-
sorptionofthe sulphateanionthan theaoetateanionbecauseofthedifference
in their vatences. Howeverthe moreimportantfactorin this caseis thede-

0gtee of ionizationof the two acids. Acetioaoidis eonsidereda weakaoid
whilesulphuricacidis relativelya strongacid. At 9s"C.a solutionofsul-
phuricacidcontaining0.05molsofacidper liter (tenthnormal)is 64.8per-
cent ionizedwhilea o. i molaraoetioacidsohttion(tenthnormal)isonly1.3 <
percent ionized. As a reaultthe adsorptionof hydrogenionsby the silk
in caseof the sulphuricacidbathswouldbegreaterand the amountof dye
taken up wouldneeessanîybe eut downoverthat for the aceticacidbaths.
TheresultsshownbyTaMesVIandVII areinagreementwiththe theory.

A study was thenmadeof the effectof additionagentson the dyeingof
silkwithbasicdyes,the onestudiedbeingsodiumsulphateasbefore.

TABLEVIII
Effectof AdditionAgents(SodiumSulphate)on thé Adsorptionof Crystal

VioletEbySilk <

TABLEVII
Adsorptionof CrystalVioletE by SilkfromBathaaoidifiedwithAcetioAoid
Volumeof bath ~socc.
Weightof silk tg.
Amountof dye 75mg.
Temperature Boilingwaterbath
Timeof run 45 minutes

ce.N/toCH,COOH mg.dyeadaerbed
<o 48.3
z.o as.5
S.o 16.3

Volumeofbath 250ce.

Wéightof silk i g.

Amountof dye ~mg.
Temperature Boilingwaterbath
Timeof run 4smiaute8
Bath acidifiedwithsulphuncacid

cc.N/toH,SO< ec.N/toNa,SO< mg.dyeadsorbed
o.o 0.0 48.3
a.o o.o et.s
5o 0.0 <).g
S-O :S.o ty.g
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EffectofSodiumSulphateon the Adsorptionof CryatalVioletE by Silkin

CHsCOOHBaths
cc.N/toCH~OOH ce.N/!oNa,80, me.dye

Msotbed
o.o oo 48.3
z.o o.o zs.S
S.o o.o ï6.3
S.o 25.o 35.5

Anotherseriesof experimentswaarun to showthat thiseffectiBgeneral
and not specificfor a givenacid concentration. The data are given in
TableX.

Ttin.~ Y

Theseresultsagreeverynieetywiththe theory. Theadditionofastrongly
adsorbedanionas the sulphateionshouldinoreasetheadsorptionof the dye
andthis.is shownvery clearlyby the abovedata.

Theresultsof the workdoncsofar canbosummarizedby sayingthat the

adsorptiontheorydoesapplyvery satisfactorHyto the dyeingof silkwhen
the silkiadyedwith eitheracidor basicdyes. It nowremainsto beshown

why in commercialpractice sodium sulphate apparently decreases the
amountofan aoidor basiodyetakenup by silk.

PracticalSilkDyeing
In the practioatdyeingof silk there is added to the dye-batha certain

percentagebyvolumeof"bast soap,"or "boHedoffliquor." Bast soapisthe

produotobtainedby the heatingof rawsilkwith hot strongsoapsolutions.
Therawsilkfibreis composedessentiaMyoftwoparts,theoutercasingcaUed
sericinorsilkglueand the innerfibreor fibroin. Thereeledsilkas it appears
in tradeconsistaof 70-7$percentof fibroinand 30-25percentof sencinor
silkglue. The sericincausesthe raw fibreto beharshandrough;containing
mostofthecoloringmatter it givesto the rawfibrethestraw-coloredappear-
ancewhichisassooiatedwithit. Thesericinissolubleinhotsoapbathsand

Effect of Sodium Sulphate on Adaorption of Crystal E by Silk

from CH,COOH Batht
co.N/MCH,COOH co.N/io Na80< mg.dye

adsorbed
o.o 0.0 5~.7
1.0 0.0 20.1
10 2S.o 36.6
2.0 0.0 22.1

2.0 2S.O 26.6?

3.0 0.0 17.8

3.0 2S.O 20.6

TABLE X
-±~. AJt-

ThiswaarepeatedusingN/io acetieMid in placeof the suîphurioacid.
TheresuttBofa seriesofexperimentsareehowninTableIX.

TABMÎX
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iseasilyremovedbyheatingwithsoap. Thesoapisusedformanyt~tmenta
and becomesheavilychargedwith the waxy and glue-likesericin.-This
heavilysericin-chargedsoapis oai!edbast soap or boiled-offliquorand ié
verymuchusedinmakingupdyo-bathsforsilkdyeing. <

Theadditionof&<,8<wopto thedye-bathisthe faotorwhichcausessodium
sulphateapparentlyto c<M<wa f~cfMMin theaw<K<~ofa basicdyetakenup.The use of bast soapin théart ofsilkdyeingbas longbecnresortedto.
Napier' says that PetkinBin his original statement stated "that in silk
dyeingthe principaldifficultyi8dueto the greataNnity of the dyesfor thé
fibrewhiohpreventsevendyeing. Aftera time it wasfoundthat this could
beovercomeby dyeingthe silkina weaksoaplather. This causesdyeingto
proeeed!esarapidlyandkeepsthefaceof the silk ingoodcondition.

Matthews2states that silkisusuallydyed withbase dyes in a dye bath
containing"boiled-offliquor"brokenor neutralizedby acetioaoid. Healso
states that ordinarysoapcanbeusedin the placeof the bast soapor that' it
maybe omittedentirely,the dye-bathbeingmadeup withacetieacidalone.
Matthews*givesthefollowingreasoNSfor the useof boited-offliquor: e

1.
"Theboi!ed-off!iqu'oractsasaMguiatorinthedyeingproeess;re-~rds the adsorptionof colorand givesmoreregularand better penetrated

dyeings."
z. "Its usepreventstossofweightof the silkespeoiallyif there is much

silkgluesttUieft on the fibre."
3. "It addsto thesoftoessandlustreof the dyedsHk."

Whittaker*saysthat basicdyesare bestapplied ina perfectlyneutralbath t
or in a boiled-offbath just neutralizedor brokenwithacid. Hesaysthat the
acidm thé bath keepsthe coloroffthesilkand preventsgoodexhaustionof
thedye-bath.

Numerousother referencescouldbegivenwhichdealwith thé dyeingof
silkand the author ineverycasementionsor recommendsthe useof boiled-
off liquorin silkdyeing.

1Matthews6states:"thoughthepracticeofusingbast soapbasbeencarriedon for a longtime andis ahnostuniversal,the absolutenecessityof its em-
ploymentbasbeenquestioned.Ganswindteclaimstohaveshownbypracticaltests that the resultsobtainedwithoutthe boiled-offliquorare equaUyas c
goodasthose obtainedotherwise,thé lustre,feeloffibre,and otherproperties
beingthe same. Thoughthe presenceof the bast soapretards the velocityof dyeing(aidingthe pénétrationandevennessof thé color),it alsoprevents
goodexhaustionof the dye-bathwhichis a draw-back." Mattbews,as
statedabove,says that the boiled-offliquormay beomitted. Springer'says
tttsnotnecessaryto useboiled-offliquorif the silkis completelydegummed

Napier:"Mmuato(Dyeing,"38~(t8~).
c

Matthews:"ApplicationofDyestuB'a,"2~0(ig2o).
Matthews:"ApplicationofDyestufb,"t~-t~ (t~o).Whtttaker:"DyeingwithCoatTarDy~ ï6 (t9t$).6 "TheorieundPraxiedermoderenFSrbereiIl, !6

"Dyestuffs," 24, 56 (!9~).
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It has beenshownin this paperthat the adsorptiontheorydoesapply to
the dyeingof silkwhendyedin the absenceof boiled-offliquor. It remains
nowto showexperhoentaUythat bastsoapdoeseutdowntheamountofdye
takenup and to showwhy.

Experimentswerecarried out to showthe decreasein adsorptionof dyes
by silkin the presenceof bast soap. Thebast soapusedwaspreparedas de-
goribedat the beginningof this paper. The resultswithaciddyesaregiven
inTable X.

TABLEX

Theseresultscheckcommercialpractice. Sinceaciddyesareaffectedin this
mannerit wouldbe natural to expectbasicdyesto act in the oppositeway,
namely that bast soap shouldforcethe dye on the fibre. Experimental
resultsshowed,however,that, just as in thecaseofaciddycs,the amountof
basicdyes adsorbedin the presenceof bast soapwaadecreasedmaterially.
Data forCrystalVioletE and SilkaregivenbyTablesXII and XIII.

TABLEXII
à -1

This wasrepeatedreplacingthe sutphuricacidby aceticacid. Thedata
for theseexpérimentaare givenin TableXIII.

Adsorption of Basic Dyes bySilk in the Présenceof Bast Soap
Volume of bath 250ce.

Weight of silk i g.

Weight of dye 75mg.

Temperature Boiling water bath
Time 45 minutes

ec.N/to H<80< ce.N/to N~80, ce.bast mg.dye
soap adsorbed

oo o.o 0.0 48.3
~-0 0.0 o.O !:t.5
5.o o.o o.o <).5
5.0 zs.o o.o iy.s
5o 25.0 95.0 6.t

AdsorptionofOrangeII bySilkin the PresenceofBast Soap
Volumeof bath !so ce.

Weightofsilk g.
Amountof dye 75mg.
Température Boilingwaterbath
Timeof run 45minutes

ce.N/to HCI ce.N/toN&tSO~ oc.bast mg.dye
soap adsorbed

10.0 o.o 0.0 38.67
ïo o 25.0 o.o 27.78
ïo-o 25.0 25.0 6.oo
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It is thusshownclearlythat the additionof bast soapto thedye.bathcuts
downthe adsorptionofa basiodyeby siUc.Thehighresuitwithacetioaoid
in TableXIII iaexplainedbya decreaseinsolubilityof thedyewhena large
volumeofacetioacidwasaddedto ensurecompleteneutralisationof thebast
aoap. Thisresult,however,is in accordwith tha theoryfor the amountof
dyetakenup isBtiitiesstbanwhenbast soapwaaomittedfromthe bath.

It waathoughtthat the sameresult, decreasein adsorption,couldbeob-
tained by dyeingfirstin a bath containingonlythe soapand seeondiyre-
peatingbut addingsodiumaulphateto the bath. A seriesof experiments
weremadevaryingthe differentsubstancesin the.bath. Thedata obtained
are givenbyTableXIV.

TABLEXIV

Theresultsofthisseriesofexperimentsshowthat thebast soapineverycase
causesa decreasein théadsorptionof the dyebythe fibre.

Thiscanonlybeexplainedbysayingthat in bothcasesthe bastsoapas a s
wholeis takenuppreferentiallyby thé fibreand as a reaultthe amountof (
of dyeadsorbedbythe fibreis eut downmaterially. Anotherfactorwhieh
undoubtedlyaidain the caseof CrystalViolet Eis that Crystal Violetis ]

TABUSXIII

Adsorptionof Crystal VioletE by Silkin PMseneeofBast Soap
ce.N/M CH.COOHce.N/to Na,SO< ce.boa)) n~. dye

soap adwtbed
0.0 o.o o.o 13.3
a.o o.o o.o a~.s
S-o 0.0 0.0 16.3
5-o zs.o 0.0 3S.5
5.0 ss.o 2S.o 4.55

~S-o 25.0 as.o s).9
7°.0 ~S.o as.o 20.0

AdaorptionofCrystalVioletE by SilkreversingtheOrderofaddingAssist-
aata to the Dye bath

Volumeofbath~50ce.
Weightof silk ig.
Weightofdye 75mg.
Temperature Boilingwaterbath
Timeof run ~5minutes
ce.N/M CH,COOHce.N/MNa,SO< ce.but mg.dye

soep adswbed
oo o.o 0.0 sz.y
0.0 o.o ~.o ~.ix
0.0 25.0 2~.0 2.9
S-o 0.0 25.0 4.0
S ° ~5.0 25.0 2.6
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consideredto be partlycoUoida! Diffusionexperimentsindicatethis to be
the casewith CrystalVioletE. Thiameansthat thé dyemay act to some
extentas a substantivedye,especiaUyin thé presenceofa peptizingagent.
Someof thé baat soapmightaotas the peptiziogagentand in this wayeut
downtheadsorptionto a certainextent. Thisbasbeenshownto be the case
withsubstantivedyesby Briggs.'

Summary

i. Astudybas beenmadeoftheadsorptiontheoryofdyeing,applyingit
to the dyeingofsilkwithacidandbasiodyes.

z. The dyeingof siikbasbeenfoundto be an adsorptionphenomenon
andfollowsthe adsorptiontheoryconclusively.

3. The action of assistantsbas beenstudied,in particular the action
ofsodiumsulphateandbast soap. Theactionofsodiumsulphatechecksthe
theory.

4. The results obtainedin praoticewhiehapparentlyeontradict the
theoryaredueto thé presenceofbastsoaporboued-oCliquorin thédye-bath.

TanninMordant

Tanninshavebeenusedfora longtimeasa mordant,both forcottonand
forsilk.

Bancroft'mentionsthe fact that the "aboriginesof North Americaused
sumacas a mordantto nxthe red eoloringmatterofa speoiesof gaiiumon
porcupinequills. He also states, p. ny, "that cottoncan be dyed with
quercitronbark by impregnatingthe fibrewith thé astringent matter of
myrobolans,renderingto a greatextentthe useof aluminumacetate un-
necessary. In describingthedyeingofcottonwithmadder,p. ty8, hemen-
tions the tact that the cottoncanbe mordantedtirst with sumacfollowed
by treatment with alumina. SIater<states that the consumptionof galls
in printingand dyeingia verylimited,beingusedin the productionof thé
bestciassof HacksuponsUk. Hementionsthe useofother tanninssuchas
divi-divi,catechu,and sumacin printingand dyeingoperations. Dreaper*
saysthat tannioacidsareofthegreatestvalueto thedyerof cotton,forming
lakeswithbasicdyes. Onsilkhebelievesthat theyplaythe part moreofa
dye than a mordant. Hummei"statesthat tannicacid acts as a mordant
towardcoloringmatters of basicoharaotersuchasmagentaand malachite
green.

Tanninsareusedoncottonfora mordantlargelyforbasicdyes. Thefibre
is treated with tannin, for examplea décoctionofgalls,and the adsorbed
tannin is fixedby meansof tartar emetic. This isnecessaryin the caseof

Fete~-JoMvet:"DieTheoriedesFarbeprozessos,"33(t9to;.
J.Phys.Chem.,24,368(t~.
"PhitosophyofFefmMentCotom,"2, 76(t8t4).
"MammtofDyoWares,"(tM~).
"ChemiatryandPhysicsofDyeing,"67(;9o6).
"TheDyeingofTextileFabrice,"My()Ms).
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vegetablefibresfor Knecbtand Kershaw'haveshownthat tannioaoidad-
sorbedby vogetablefibresis easilywashedout by coldwater. Georgievics*
studiedtheadsorptionoftanninbyeottonandconctudedthat:

(i) The tanninvat neverbecomesexhausted.

(2) Adsorptiondependslessuponthe actualamountof tanninin sou-
tion than uponthe concentration.In praoticeas concentrateda bath as
possibleis used. Gardnerand Carter*state that the adsorptionof tannin
by cottonis inoreased48-50percentbythe additionoflowerfattyacidssuoh
as aceticacid. HC1has little or noeffect,whilesuiphurioacidbasa detri-
mentaleffect. Knechtand Kershaw~studiedthe adsorptionof tannin by
eottonundervariousconditionsand they concludethat the bestcondition
foradsorptionis toenterthe cottonat too"Candallowtocoo!withoccasional
stirringfor threehours. Theyalsoshowthat the most tanninis taken up
fromthémoreconcentratedsolutionswhichiswhatoneshouldexpect.

Tanninis usedwithsilklargelyto producea goodgradeofHaokandfor
weightingby successiveattemate treatmentswith tannin and ferrie salt.
Vignon'studiedthe adsorptionof tannicaoidand gallioacidby silk. He
concludesthat ungummedsilk eanadsorbgallicand tannicacidsand that
the tannicacidisadsorbedmorereadilythan gauioacid,the Hnutbeing2S
percentof the weightof the si!k.Heennann'alsostudiedthe takingup of
tanninbyailkandstatesthat silkbehaveslikehidein that it adsorbsa large
amountof tanninfromcoldsolutionsand asmuchas 25percentfroma hot
solution. Hefurtherstates that the tanninadsorbedisnot readilyremoved
by water. Sis!ey'studiedthe effectoftheadditionofacidsontheadsorption
of tanninand findsthat if silk is stirredin a dilutesolutionof tannincon-
tainingno acidonlya smaUamountof tannin isadsorbed. If minera!acid
is presentthe adsorptionis practicallycomplete. He alsostates that silk
willadsorbtanninfrommoreconcentratedsolutionin the absenceof acid.
Hegivesnodatato showwhattheeffectofacidwouldbe inthe caseof more
coneentratedsolutions.

Ganswindt'states that of theorganicmordantstanninis usedto a great
extentforsilk. Heatsosays,p. zi, that thé adsorptionfromwarmbaths,(up
to so''C),is puretya mechanicaland not a chemioalprocessand that the
tannin takenupfromsuchbathscanberemovedby washingwithwaterand
stitt easierby washingwith soap. Fromhot baths silkean take up 20-2s
percentof tanninwhichis fast to washingandretained6rm!yevenif treated
withsoapsolution.

Thispaperdealswiththeadsorptionof tanninbysilk.

J. Soc.Chem.Ind.,H, M9(1892).
Mitt.tech.Geworbe-Museums:nWien,8,t, 362(t898).

J. Soc.DyefeandCotoamta7,t4,t~g.
J. Soc.Chem.Ind.,U, M?(!8f)ï).
Compt.rend.,121,9t6(1895).
FSrb~-Zettung,19,4(t~S).
BuN.,(4)31,9~ (t.o&),
"TheotieundPraxisdermodernenFârbetei,"11,t8 (taog).
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Expérimental
Thesilkusedin tbiaworkwasobtainedthroughthe courtesyofProfeasor

T. B. JohnsonofYale. ThetanninsusedwereJ. T. Baker'sU. S. P.Tannic
Aoid,powderedpreparedfromChinesenutgallsandZtnsser'sU. 8. P.Tannic
Acid,powderedandTannioAeidXXX.

One-grampiecesofsilkwereplacedintannin bathsofknowncomposition
eitherat roomtempératureor at thé températureof thé boilingwater-bath
whileattachedto a retumcondenserto preventevaporationand keptat thé
requiredtempératurefor forty-fiveminutes. The silk wasenteredand re-
movedat the temperaturemaintainedthroughouttheexperiment.

The tannin adsorbedwasdeterminedby differenceafter determiningthe
amountof tanninleftin thebath at théendofeachexperiment. Thetannin
left in the bath wasdeterminedbythe useofthe Loewerithalmothod.' The
solutionswerestandardizedagainsta tanninsolutionofknownconcentration.

Thé effectof temperatureon the amountof tanninadsorbedby silkwas
studiedfirst. Theresultsofa seriesofexperimentsaregivenin TableXV.

TABLEXV
The EffectofTemperatureon AdsorptionofTanninby Silk

Volumeof bath toc ce.

Weightofsuk ig.
Timeofexperiment45minutes

Theseresultsshowclearlythat moretannin is takenup by silkat higher
temperatures. Knechfsaysthat thé greatestamountof tannin is takenup
at thé pointof incipientboiling.

The effectof varyingthe concentrationwasnext studiedand that data
obtainedare giveninTableXVI.

TABLEXVI

J. pMkt. Chem., 8î, tso (t86o);Z. ana!. Chem.,le, 20: (t877); 20, ~t (t88t).
Kneoht, Rawaonand Loeweathat:"A Manua!of Dyeing," t, t~o.

EffectofConcentrationonAdsorptionof Tanninby Silk
Volumeof bath 100ce.

Weightof silk i g.
Temperature Boilingwaterbath
Timeof Expenment45minutes

g. tannintaken admcbed g. tannintaken adsorbed
o-5 0.0~5 o.so 0.100
o-~So 0.0551 r.oo o.iso
o-375 o.ogo 2.00 o.iyo

g. tanninadsorbed
g. tannintaken Roomtemp. Temp.ofboiling

waterbath

0-~50 o.ozy? o.o8y
0.50 0.0301 o.no
a.o 0.0436 o.i~o

'Ph~o~t~t,)t<.ntt~)~––t-t.-t_
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Theseresultsshowthat thereisa continuâtvariationin theamountadsorbed,
indicatingthat there is nocompoundbeingformedandthat the takingup of
tanninby ai!kis ao adsorptionphenomenon.At leastthis is true over thé
rangegtven.

Experimentswerenextoarriedout to seeifthéamountoftannintakenup
bythe silk fromcoldtanninbathswasa funotionof time. At the tempera-
tureofthe boilingwaterbathforty-SveminuteswereSM&cientto bringabout
maximumadsorption. At roomtempératurethéamounttakenup duringthe
sameperiodwasrelativelysmatl. It wasthoughtthat if at roomtempera.
ture thesilkwaslofttill equiUbriumwasreachedthe amountof tanninad-
sorbedbythesilkwouldundoubtedlybeequalto théamounttakenupat the
highertempératureor mightexceedit. Considerabledimeultywasmet in
tryingto oarryeut the experimentsovera relativelylongperiôdof time.
Mouldformedinthesolutions,usuallywithina week,makingthe experiments
faUures.Thisdiffioultywasfinallyovercomebysteritizmgboth the solution
andthe silk,allowingthemto coolto roomtempératureandenteringthe silk
at that température. ThedataobtainedaregiveninTableXVII.

TABM!XVII

Theseresultsshowclearlythat théadsorptionoftanninbysilkfromcold
bathsisa functionof time.

Theeffectofacidson the adsorptionof tanninby sukwasnext studied.
Sulphuriaacidwasusedwiththe dilutesolutionssoas to proveor disprove
the workof Sisley. With moreconcentratedsolutionsbothsulphurioand
aoeticacidsweretried. ThedataaregiveninTableXVIII.

Theserésultashowthat indilutesolutionaciddoeshelpinadsorption.of
tanninbut that itseffectisnotsomarkedinmoreconcentratedsolution.

Finallythe effectof washingon thefastnessof the tanninadsorbedwas
studied. 8i!J:that had beentreated eitherin thé coldor in thé hot was
washedwith waterand a portionof thé washedsiUttreatedwitha solution
offerriechlorideandthedepthoftheblackproducednoticed. Theremaining

ESectof Timeonthé AdsorptionofTanninby SUk
fromCoHTanninBaths

Volumeof bath 100ce.

Weightofsi!k i g.

~'S* ~~ture c.t<mninM)tea expenment tMiaorbed

o.as 4smmmtes room 0.0277
°~! 3ïdays room apoited
oso 4sminateB room 0.0301
°so sitbys room 0.0502
°So nodays room o.ïgoo
o-So 4ScuBUte8 boiling 0.1200

waterbath
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ailkwaswaahedagainand the treatmentof a portionof thé silkso washed

repeatedwithferriesalt and the blackproducedcomparedwiththefirstor

precedingsamples. Thisprooesswas repeatedseveraltimes,wanhingfirst
with waterandSnallywithsoap. The silkthat hadbeentreatedm the cold
with the tanningaveup its tannin eaaityto the wateras the inkedsamples
of silk. showed.ThoseNtkswhiohhad beentreated in the hot retainedthé
tanninfimly, evenon beingwashedwithsoapsolution.

SuauMty

i. Apreliminarystudyhaabeenmadeof theadsorptionoftanninbysilk.

a. Moretanninia takenup frombot solutionsthanfromcoldsolutions.
If equilibriumisreachedin the coldthe amounttakenupapproximatesthat
takenupin thehot.

3. Additionof acideaidato a atightextent in the adsorptionof tannin
bysiikinthehot.

4. Tannintaken up in the coldis fairly easilyremoved,whiletannin
takenupin the hot is retainedmuchmore6rm!y.

5. Noexplanationcanbe givenat presentfor the effectof température
on theadsorptionof tannin.

Tanninand Electrolytes

Tanninsare astringentsubstances,manyof whichare glucosides.They
existinthecolloidalstateinsolution.

Tanninsare amorphous,slightlyacid,and vary in colorfromdarkbrown
to purewhite. Theyareas a rulepeptizedby water,alcohol,acetone,ethyl
acétate,andglycerol. Theyare not peptizedby ehloroform,benzene,petro-
leumether,carbondisutphide,and fixedandvolatileoils.

Sometanninsgiveblue-blackprecipitateswithferriesaltsandothersgive
green-blackprecipitates.Thisisgenerallygivenas onemethodofctassifying
the differenttannins.

TABLE XVIII

ESectofAoidon AdsorptionofTanninby Silk

Volumeofbath ïooce.

Weightofstik ig.
TempôratuM BoHingwaterbath
Time ~smimutes

g.tannin ce.N/to H<SO<ec.N/to CH,COOH g.tannin
taken adsorbed
0.02 ––– ––– 0.002
0.02 ~0.00 ––– O.OÏ2

o.so –– –– o.ïoo

0.50 as.oo –– o.iïo
o.so 5o.oo –– o.ïao
0.50 –––

5O.OO 0.120
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Alargenumberof inorganiosaltspreoipitateorcoagulatetanninsolutions.
Most tanninsgive brownprécipitationswithpotassiumdichromate.' Lime
watergivesprecipitateswhiohvaryin coter." Saturatedsolutionsofcalcium
ohloride,sodiumchloride,and potassiumacétateprecipitatethem.' Lead
and copperacétate~ as weiias ammoniacalzincacétate*haveaUbeenused
to precipitatetannins in suggestedmethodsofanalysis. Stannouschioride,"
nickelhydroxide,7and tartaremetic'haveaisobeenusedtoprecipitatetannin.
Ammoniummolybdatepteoipitatesmost tannins.9 Aluminumoxide'"has
beensuggestedas asubstituteforhidepowderintheonicia!methodofanalysis
as adoptedby AmerioanandEnglishohemista.Othersa!tdwhiohpreoipitatetannin solutionsare ammoniumchloride,cobaltacetate,manganeseacetate
and uraniumacetate.

Mineralacidssuohas hydrochloricand sulphuricacidprecipitatetannins
but Unswillbe discussedat lengthlater for thispaperbas to dealwith the
precipitationof tannins bythesetwoacids.

The tanninsin additionto beingprecipitatedbyino~anicsaitsareactive
reducingagents. They reducegoldandcoppersolutionsand absorboxygenfromthe air,especiallyin alkalinesolution. Thefact that theyaregoodre-
ducingagentshasbeenmadeuseofin theLoewenthalmethodoftanninanaiy.sis usingpotassiumpennanganate.

The glucosidetannins are hydrolyzedby dilute acids yieldingglucose
as oneof theproducts.

Thé actionof the tanninswithminera!acidshas beenstudiedsincethe
tannins werefirst isolatedas a newc!assof substance,about 1790".Dize"
firstcaUedattention to the precipitatecausedby the additionof HCIto an
infusionof gaiis. Davy" mentionsthe precipitateobtainedbyacidswith
tannins. Trommsdorf'<studiedthe precipitatesfonnedby the additionof
HC!and H~SO~to astringentsubstances.BerœMus"proposeda methodof
analysisbasedon the formationof a precipitatewitha oiearinfusionof nut
gallsby H:SO<. Etti in 188~precipitatedoakbark tannin by HCI. Most
authorsof textbooksin theirdiscussionof tanninstate that tanninsare pre-

Smith: "ChemistryofPlantLifo."
AUea:"CommerciatOrganicAnatyais,"5.
TUmMe:"ThéTannins,"23(t~a).
Nonia:"Or~nicChemistry,"5~.
J.Chem.Soc.,6<HÏ,t69(!8«4).
Procter:"LeatherIndustriesHMdbook,"t03.

J. Chem.Soc.,HOIÏ,904(t9t6).
J. Soc.ChemInd.,21,M8(t{)M).
J. Soc.Chem.Ind.,23,76:(tgo~).

"'A])en"Conuneh:iatOrganicAnatyM",Vol.5.
"TnmMe:"TheTannins."t, 9 (t8~).
'2J.Phya.,7,399.
~PMJ.Trans.,M, :33 (t8o3).
"Neu.aU.J. Chem.3, Il (t8o~).
"'JahtesbehcM,V,~44;Lehrbuch,e, 209(t837);Pogg.Ann.,10,w (t8<7).
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cipitatedby dilute minera!acids. Amongthèse authorsare to be found
Remsen,'Noms,' and Boha!

Thomasand Fostor/ withthehopesof throwingsomelightuponthe col-
loidalnatureof tannin, againstudiedthe actionof variouselectrolytesupon
numeroustanninextracts. Astudy of their resultsbringsout the following
points:

Oakbarktan liquorsarepreoipitatedmoreandmorewithincreasingacid
concentrationof hydmoMoricacidand sulphuricacid. Acetioacid givesno
appreoiableprecipitationin any case but with higherconcentrationsthe
suspendedmatter beginsto dissolve. Formioacid gives similar results.
Lacticacidbehavessimilarlyto formioacidbutdissotveathesuspendedmatter
at lowerconcentration.

Bariumohlorideand calciumohlorideboth give increaaingamountsof
preoipitatewith inoreasingconcentration. Aluminumsulphate causesa
rapidincreasein precipitate,passingthrougha maximumandthen a stower
increase.

Wi!son''considersthese resultsas a saltingout. Thomasand Poster,"
in the interpretationof their results,say that the effectof the electrolyteis
maskedbythe saltingout andchemicalprecipitationofmolecularlydispersed
substancesinadditionto thecolloidaltanninspresent.

It seemedworthwhileto déterminewhethera!! the tanniu of one kind
cornesout at a givenconcentrationof the precipitatingagentas is the case
withsolsstabilizedentirelybyan adsorbedion.

Theworkof Thomasand Fosterwasrepeatedfollowingthe methodout-
linedbythem. Thetanninsusedwere:

(t) U.S.P.Tannic Acid,Powdered,J. T. BakerChemicalCo. This
tanninismadefromsetectedChinesenut-gal!s.

(2) U.S.P.TannioAcid,Powdered,ZinsserandCo.

(3) TannicAcidX.X.X., Zinsserand Co. This last tannin is one of
exceptionalpurity.

Solutionsof each tannin weremade up sothat :oocubiccentimetersof
solutioncontained4gramsofsolidmatter. Thesolutionsweremadeat 8s"C,
cooledto 3s''Cand adjustedtofinalvolume. It wasfoundunnecessarywith
thesetanninsto centrifugethestocksolutionto throwdowncoarsesuspended
matter. ce.portionsof the stocksolutionwereplacedin 50ce.graduated
centrifugetubesand an equalvolumeofelectrolyteadded. The tubes were
thencentrifugedfor fiveminutesat 1000timesgravity. Thevolumesof the
precipitatewerethen recorded.

Usinghydrochloricacidas theelectrolytethe resultsobtainedare given
in TableXIX.

"OrganieChemiatfy,"~9 (t?::).
'"haiM deChimieorganique,"380.
"OrgMicChemiatry,"tSo-tSt,539.
J. Ind.Eng.Chem.,14,t~ (t~i).
1Wilson:"TheChemiatryofLeatherMaBufactuM,"s~ (!923).
J.Ïnd.Eng.Chem.,t4, t~ (t~i:).
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It is seenciearlyfromTableXIXthat noprecipitatewaaobtainedwith
either tamuntill a concentrationofz molaraoidwasreachedin the caseof
Zinsser'stanaie acid. In bothcaseswhonpreoipitationstarted the volume
of preoipitateinoreasedwith increasingacidconcentration. In aUcasesthe
precipitatesformedwithverystrongaoid variedfromthoseobtainedwith
acideofweakerconcentration,bybeingtessdense. Thiswasverynoticeable
withconcentratedacid. Thèseresultsare showngraphioaUybyFig.a, asare
also the data obtainedby Thomasand Poster. They obtainedprecipitates
withmosttanninswithacidswhichwererelativelyveryweakcomparedwith

TABLEXIX

Precipitation of Tannins by Hydrochloric Aoid
Tannin used 25 ce.of4percentsolution

Electrolyte used 25 ce.

Conc.of Volumeof Conc.of Volumeof
electrolyte ptecipttate deetroiyte preoiptate

added in ce. added mec.

Baker's U.8.P. Zinsser's X.X.X.

M/:oo-zM o.oo M/ioc-zM o.o
2.0 M o.oo 2M 0.25
3.o M 0.00 3 M 0.50
4.3 M o.so ~M ––

5.oM –– g M 1.75
6.6 M 3.00 6 M 3.00
7-oM 4.5g ?M ––

8.oM 5.0 8M 4.5
9.o M 8.0 0 M 5.0

Conc.HCt1 0.55 Conc.HCl 7.0o
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Thevolumeof preoipitatoformedincreasedwith increasingaoid concen-
tration.The dinerencein the characterof theprecipitatewithstrongeracid
solutionswaavery markedhere.

Acetieaciddidnot givea precipitatewithanyof the threetannins. The
acidconcentrationin thiscasewasvariedfrom0.005molarto glacialacetic
acid.

Bariumchloridedid not givea precipitate.with Baker's Tannie Acid,
U.S.P.powderedor Zinsser'sTannicAoid,U.S.P.powdered. With Zinsser's
TannicAcid XJC.X.a preoipitatewasobtainedwith all concentrationsof
solutionsused. The volumeof the precipitatewas small,0.25ce. through-
out exoeptwitha saturatedsolutionof bariumchloridewhenthe volume
increasedto 0.50ce.

Thecharacterof the precipitate,as notedabove,variedwith increasing
acidconcentration.The questionimmediatelyarosewhetherthe volumeof

precipitatesobtainedwithdifferentacidconcentrationswerecomparablewith
référenceto theamountoftanninactua!!yprecipitated.

Twenty-fivece.portionsofafourpercenttanninsolutionwereprecipitated
with6MHCtandconcentratedHCIrespectivelyand the volumesnoted. The

precipitateswereanalyzedfortanninusingthe Loewenthalmethodof analysis.
Theresultsaregivenby thefollowingdata:

Thevolumeratioindicatesthat morethan twiceas muehtanninwasprecipi-
tatedwithconcentratedHCIaswith6MHCI. The actualamountof tannin

precipitated,determinedbyanalysis,wasapproximatelyonlyoneand a half
timesasmuchwithconcentratedHCIas with6MHCI.

the aoidof lowestacidconcentrationprecipitatingthé tanninsused during
thèseexperiments.Withacidsof lowconcentrationthey wereundoubtedly
alsopreclpitatingforeignmatter,otherthan tannin.

Withautphunoaoidas the electrolyteexperimentswerecarriedout only
withJ. T. Baker'sTannicAoid. Theresultsof the experimentsare givenin
TableXX.

TABLEXX

PrecipitationJ. T. Baket'8U.S.P.TannicAoid,Powderedby SulphuricAcid

Tannintaken 25ce.of 4 percentsolution
Volumeofelectrolyte:5 ce.

Cono.of aoidaddedVolumeof preoipitateCooc.ofaoidadded Volumeofpredpitate

M/ioc-~M o.o ce. 6 M to.o

3M o.sg yM ï4.oo

tM 3.0 8M 16.0

SM 7.0

Precipitant Vohaneof g. tannin Ratio of Ratio of
precipitate found volumes g. tannin

6MHCI 3.occ. 0.38$ a.i r 1.46

conc. HCI 6.5 o.syo

1'1 1
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It foMowsfromthèseexperMncntsthat the tannin is not precipitatedcom-
pletelyat a givenconcentrationof acidand that the vohtmcsofprécipitâtes,obtainedwithsolutionsof increasingaoidconcentration,arenot comparable.
Thevolumesofprecipitatedo not representthe relativeamountsof tannin
aetuat!ypreoipitated.

TheseconclusionswereconËrmedfurtherby other experiments. Tannin
wasprecipitatedwithaoidofa givenconcentrationand then 2$ce.of the fil-
trate waatreated withan equalvolumeof the sameprécipitant. In everycasemoretanninwasprecipitated.Data obtainedaregiveninTableXXI.

TABLEXXI

AdditionalPrecipitationof Tanninfrom OriginalFiltrate by OnginatPre-
cipitant

Résulta of thesametypeandorder wereobtainedusingZiDBser'sTannicAoid
U.S.P.andTannioAcidXXXasshownin TableXXII.

TABLEXXII

AdditionalPrecipitationof Tannin from OrigmatFiltrate by OriginalPré-
cipitant

m_

Therésultagivenin TablesXXI and XXII showthat the tannin isprecipi-tated ineompletelyin theoriginalprecipitation.
Incompleteprecipitationof the tannin and unreMabiMtyin the volume

oftheprecipitateswereagainshownin anotherseriesofexperiments.Tannin
wasprecipitatedbyaoidofa givenconcentration. Theprecipitatewaspep..tizedin waterandreprecipitatedby acid of the samestrength. Whenthe
precipitatewascomptete!ypeptizedthe volumeof precipitateon reprecipi-tation indicatedcompleteprecipitation. Analysisof the precipitatesfor
tanninshowedincomp!eteprecipitation. Data obtainedin this experiment
aregivenin' TableXXIII.

Tannin J. T. Baker'sU.S.P.

P~'Pttant Vo!ttmeofprécipite
Originalsotation FHtMte

6MHCI a.oc<e. o':oec
7MHCt ~y
8MHCI ~s
conc.HC! 6.0 o.io

va~rsvwuv

Tannin Zinmer'aU.S.P. ZMMser'sXXX
Precipitant VoLof precipitate Vol. of preoMtate

Original Filtrate Original MtMte

SMHC! –– ––

yMHC! 3.5 ce. o.ïocc. 3.0 o.io
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It is evidentthat the tanninis not precipitatedcompletelyand that thé
volumesobtaineddonot representthe effectof the electrolyteonthé aotual
amountof tanninpreoipitated.Henceourvesof the type drawnby Thomas
andPosterdonot representtheeffectofthevariousetectrotytesonthe actual
amountoftanninprecipitated.Therefore,the curvesare notof muchvalue.

Anothersourceoferrorwhichmayinterfèreis hydrolysis. This factoris
ofgreater importancewhenusingminera!acid as the electrolyte. Fischer
andFreudenberglstatethat hydro!ysisofa tannin withfivepercentsu!phuric
acidat Too"Cis nearlycompleteafter 60-70hours. Hydrolysiswouldde-
Cteasethe amountof tannin preoipitated.

Summary

Tanninsare coagulatedby minera!acideand thé volumeapparentlyin-
creaseswithincreasingaoMconcentration.The volumesoftannincoagulated
intheexperimentsdescribedabovedonotnecessarityrepresentthé truoeffect
ofthe electrolytebecauseofexperimentalenor dueto lackof analysis. The
curvesof the type drawnby Thomasand Poster are thereforenot of any
appreciablevalue. Sourcesoferrerin thémethodofThomasandPosterare:

( i) Theamountoftanninprecipitatedbeingdetenninedbyvolumegives
chanceforerrorsincethe oharaeteroftheprecipitatevariesconsiderablywith
differentfactors,suchas acidconcentration.

(2) Thevolumeof precipitatedoesnot representthe relativeamountof
tanninprecipitated. Thevolumemaybe doubledbut the actualamountof
tanninprecipitantmayonlybeelighlyincreased.

(3) Precipitationis not complète.In some casesthe volumerelations
indicatedcompleteprecipitation.

(4) Hydrolysisofthetannin,particularlywhenminéralacidisused,may
result,reducingthe volumeof théprecipitate.

The precipitationof the tannin in the above cases by minera!acids is
dueto at leasttwofactors:

( i) Adsorptionofhydrogenion.

(:) A decreasein the peptizingactionof the water. The peptization
oftannin isapparentlychieflya peptizationby water and only very slightty
auelectricalstabitization.

'Bar., 45, 922 (!9!2).

TABLSXXIII
Tannin PreoipitantOfipnat Volume Tanninby

Volume after analpia
peptization
andre.

precipitation
ist ppt zndppt

BakerU.S.P. 6MHCI 3.ce. 2.5 5ce.

7MHCI 4.5 4.5 0.539 0.3~6
ZinsserU.S.P. yMHC! 4.0 5.0 0.505 0.3~
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A FURTHERSTUDY0F THE ABSORPTION8PECTRAOF

POTASSIUMFERRO-AND FERRICYANIDE8

BY FREDERICK H. OETMAN

In a formerpaperonthe absorptionspectraof thé ferro-andferricyanides
ofpotassium'it waspointedout that the absorptionspectraof the so~aHed

a and ferrocyanidesdescribedby Briggs'arc identical,therebyfumishing

additionalévidencein supportof the claim made by Bennett~that thèse

saltsare not isomeric.

It was also pointedout that a slight but neverthetesswell-defined

differenceexistabetweenthe absorptionspectraof thé a and ferricyanides
ofpotassiumdescribedbyLockeand Edwards.~

It may be reealledthat these investigatorswerethe first to showthat

whena solutionof ordinaryred, or <)f-K}Fe(CN)<,is treated with a dilute

acidand thenprecipitatedwithalcohol,an oHve-greensalt, correspondingto

the formula,KtFe(CN):. H,0, ia formed. This salt they designatedas

potassiumferricyanide.This salt wasshownby its discoverersto differin

manyof its réactionsfromthé ordinary, or a potassiumfemoyanide. For

example,ontreatinga solutionof the jS-saltwitha dilutesolutionof bismuth

nitrate no precipitateisformed,wherea~whenthe ordinaryor a-salt is simi-

!arty treated with bismuthnitrate a copiousyellowprecipitate is thrown

down. Notwithstandingthe attemptsof Bellucciand Sabatini' on the one

hand,and ofHauserandBiesabki''on the other, to disprovethe statements

ofLockeand Edwardsrelativeto the existenceof thesetwo modificationsof

potassiumferricyanide,the workof the latter investigatorswas comptetety
connrmedby Wellswhorepeatedtheir experimentswithgreat careandcon-

vincedhimse!fof the correetnessof their conclusions.

Whilethe resultsofour earlierspectroscopicstudy of these substances

are thus seento be inperfectagreementwith the contentionthat Briggs'so-

called « and<! ferrocyanidesdo not exist, whereas the a and ferri-

cyanidesof Lockeand Edwardsare well-definedchemicalcompounds,it bas

seemeddesirableto repeatour workwith more rennedapparatus. In our

earlierstudiesthe absorptionspectrawerephotographedby meansofa smaU

Hilgerquartzspectrograph,sizeE3t,and the resultingplates weremeasured

and the absorptioncurvesmappedby the familiarmethodof Hartleyand

Baly. In the presentworka largeHilgerquartz spectrograph,sizeE3,with

wave-lengthscale,wasusedin conjunctionwith a Judd Lewissectorphoto-

Getman:J. Phys.Chem.,25,147(<92t).
1Briggs:J.Chem.Soc.,99,t0t9(!<)!!).
'Bennett:J.Chem.Soe-,tll, 490(t~t?).
<LoekeandEdwards:Am.Chem.J.,21,193,~tg (t8<)9).
BellucciandSabatmi:Atti.Accad.Lince!,231,176(!9!t).
HauserandBiesaMti:Bar.,45,2516(t9H).



'88 FBEDBBtCK H. OKTMAK

meterto doterminethe curvesof absorption.The tilt of the oameraof thé
spectrographwasadjustedby preUnanarytrialswitha copperaparkuntil
the readingsof thé wave-lengthaealeagreedwiththe valuesof the wave-
lengthsof the principaltmesof the copperspectrumas givenin a table of
standard wave-h.ngths.ïn aUof the subséquentexperimentsa condensed1 t_-JI

sparkbetweennicket~steeteleotrodeswas
used as the sourceof uttra.vio!etradia-
tion. In order to make sure that no
narrow absorptionbands had escaped
notice, owingto discontinuitiesin the
iron-niokelspeotrum,a sourceofeontinu-
ouaultra-violetradiationwasemployed
with the spectrographalone.

An apparatus~mijarin principleto
that devisedby Fulweilerand Barnea'
wasconstructedin whichan electnodis-
charge betweeu tungsten wires under
water constitutedthé sourceofcontinu-
ous ultra-violetradiationextendingto
\:='2io In the productionof the
spark dischargo,thé primaryterminais
of a kilowatttransformerspeciaUyde-
signedforspectnunworkwereconneot-
ed withthé 110voltA.C.lightingcircuit.
Thesecondarytenomah wereconneeted
with two kilowattcondensemin par-
allel,eachcondenserhavinga capacityof

approximately0.03 miorofarad.An ad-
justable sparkgap,againstwhicha cur-
rent of air wasdirectedby meanBof a
NnaUrotaryblower,wasjoinedin series
withthe tungstenélectrodes.Thetung-
sten wires formingthe electrodeswere
2mm.in diameterand weresoarrangeda w waawugcu

that the lengthof the sparkgap couldbeeasilyadjustedby meanaof regu-
latingscrews. The most satiafactorylengthof spark under the eleotrical
conditionswhichprevailedwas foundto be appmxinmtdy0.5mm. With
the slitofthespectrographadjustedto o.osmm.,a twominuteexposurewas
foundampleto givea thoroughlysatiafactotyapectrogram.

The spécialmountingshown in Fig. i wasdevelopedin the course
of this investigationand becauseof its eonveniencein bringingthe source
of radiation into finaladjustment we digressfor a briefdescriptionof its
salientfeatures. By meansof clampsattaohedto the verticalrod, R, the
speciaNydesignedPyrex8aak,A, carryingthe sparkgap,G, wasfastened
at approximatelythe correctheight beforethe slit of the spectrograph.

FalweHerandBames:J. FranklinInst.,194,83(t~M).
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Tne finaladjustmentwaseffectedby meansof thé screw,B,whichoperates
against the spiral spring,C. A simHMadjustmentin a horizontalplane
canbemadebymeansof thescrew,D.

The methodsemployedin the preparationof thé saltsandthe procedure
followedin makingup the solutionsweresimilarto thosedesoribedin our
ear!ierpaper.

Themeasurementsoftheplatesobtainedwiththe spectrographandsector
photometerarerepresentedgraphicallyinFig.2, wheremolecularextinction
coefficientsareplottedas ordinatesagainst the correspondingwave-lengths
(ortheir reciprocals,knownas wave-numbers)as absciasae.Employingab-
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sorptiontubes .0 mm. m length,it wasfoundthat the optimumconcentra-
S absorptioncurvesof both the ferro-and
ferrioyanldeswaso.ooosmolar.

It observedthat the absorptioneurvesof the so-oalleda and<9
ferro~~ofpot~um~com.id~. Whiteth~co~rmi~the~clusions~~m previousexaminationof the absorptionspectraofthese twosubstances,a comparisonof theactualourvesofabsorption~b.

seriesof experimentsrevealea markeddisagreementbe.tweonthem. Theexperimentalmethodemployedin the earlierwork,how-

ever,beinglittle better than qualitative,webelievethat the ourveshownin
~.m.y be

accepted.as representingthe variationof absorptionwith
changingwave-lengthof incidentdation withmthe limiteofexperimentalerror.

.< absorptionof altra-viotetradiationby the a
~f potassiumwewereled to befievethat weU.de6ned
althougha!i~t<M~nce e~ in theabsorptivepropertiesofthesetwoJ~Thedata which obtainedwiththespectrophotometerleavesno

the validityof our formerstatement.Asin the caseof the ferro-
cyanides, actual formof theabsorption foundto be

bX~S-––––<~P~by theso-mlledBalymethod.
Owingto the relativelysparsedistributionoflinesin thoaerégionsof théiron-nickelspectrumwhereit conftmthe existence

of absorptionbandsm solutionsofbothferro-andferrieyanides,the tungsten
~h~dybeenat.te?'thiB~~u tra~t radt~n giveaa continuousspectrumto X= ~o~. By meM9of this sourceit was possibleto securespectrogramswhich~n6nne~

mostsatisfactorymannerthe existenceandpositionof the absorptionbanda.
InFy 3 Mshowna spectrogr&mobtainedwith0.0005molarsolutionsof a~nd ferrc~Mdes and a ~nd ferricyanidesin tubes 4. mm.tong The

(A) Snectmmofeouree.
tB)

AbMTpUonspectn)mo{o.ooo$N<t.K,Te(CN).
<KJ.-e(CN.

a~ a.K<Fe(CN),
~K~e(CN).
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spectrumimmediatelybelowthe scaleia that of thé sourcealone,whilethe

suoceedingspectra correspondto a ferricyanide,<3ferricyanide,« ferro-

cyanideand ferrocyaniderespeetive!y. That a markeddifférenceexiets
betweenthe absorptionspectraof the ferro-andferrioyanidesisclearlyshown
by the spectrain Fig.3.

SUBUBMy
The resultsof furtherspectroscopieexaminationof the ferro-and ferri-

cyanidesof potassiumcontainedin the foregoingpagesmaybe brieflyaum-
RMMizedaafoUows:

(i) Thé molecularextinctioncoeScientaof the compoundsdesigoated
by Briggsaa « and ferrocyanidesofpotassiumhavebeendetenninedand
foundto be identioat. This result supportsthe viewadvancedby Bennett
that thesesaltsare not isomerioas ctaimedbyBriggs.

(2) In likemannerthe molecularextinctioncoefficientsof the ceand

ferrieyanidesof potassiumhave been detenninedand foundto be ap-
preciablydifférentfromeach other, thereby confirmingthe statement of
Lockeand Edwardsas to the probableisomerismof thesetwocompounds.

(3) An apparatusfor producingaparksunderwaterbetweentungsten
electrodeshas beenemployedin a further examinationof solutionsof the
ferro-andferrioyanideswitha viewto doteotinganynarrowor weakabsorp-
tion bandawhichmightotherwisehavebeenoverlookedwithinthespectral
range involved.

(4) The absorptionspectraof the ferro-andferrieyanidesofpotassium
havebeenshownto diSermarkediyfromeachother.

NtNMeIa&em~,
u~<M~cn!,COMM.



s«

"I~1

<
<,r

THETHECATALYTICACTIVITY0F METALLIZEDSILICAGELS

IV. TheOxidationof Methane

BY L. H. REYENSON ANC L. E. 8WBAMMQBN

Agréât manyinvestigationshâvebeencarriedout havingas their basis
thé oxidationof méthane. Theresearohesof Boneand Wheeterand their
co.workefrsare weUknown. In recentyearsBerland Fischer*hâvestudied
the oxidationof methaneat tomperaturesabove 400". They find smaU
amountsof formaldehydeundercertainconditions. Ttopsohand RoUon'
alsostudiedthisreactionpassingthemixedgaaeethroughheatedquartztubes
at rather rapidrates. Thebestresultsobtainedby theseinvestigatomcor.
respondedto a conversionofaboutsix percentof the total méthaneto for-
maldehyde. Bccauseof the interest whichattaches to the oxidationof
methaneit wasthoughtthat a studyof the activityofmetallizedsilica.gels
onthis reactionmightleadto interestingresuttsin the Se!dof partialoxida-
tion of hydrocarbons.

Bxpetimeatat
The sameexperimentalprocedurewasused in this workand the same

ca.talystsusedas in thepreviouspaperbytheauthorsonthesynthesisofwater.
Agasabsorptionpipettecontaininga solutionofKOHwasaddedto the gas
analysiasystemto takecareof théCO:formedbyoxidation..Thegaseswere
streamedat ratesvaryingfromtg ce.to 200ce.per minutethroughan ap-
parentvolumeof sec.of oatalyst. Thereactionwasstudiedwiththe cata-
lystmaintainedat temperaturesvaryingfromzoo"to 400". Thegasesafter
reactionwereanalysedforcarbondioxideand oxygen. PreHminaryexperi-mentsshowedthat théonlyoxidationproduotof methanepresentinanalizable
quantitywascarbondioxide.

Resotts
Theresultsof the experimentsare. givenin Tables1to IV andin Fig. i.

Thésymboleusedhâvethe followingmeaning:
A–Thé percentofméthanein the originalmixture.
0~–The percentofoxygenin the originalmixture.
A'–Thé percentofmethanein the exitgas.
O~'–Thep~centofoxygenin the exitgas.

f–The fractionof theexitgasfoundto beCO,.
F-The percentofthe exitgasfoundto be COt.
x-The fractionof the originalmethaneoxidized.

X-The percentof theoriginalmethaneoxidised.
A"–Thé ca!cu!atedpercentofmethanein the exitgas.
~The caleulatedpercentofoxygenin the exitgas.

Z.angew.Chem.,36,~7 (!9a3).
'BrennstoSChem.,5,37(t9:4).
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In the followingreaction, CH4+ ~0,–C0< + 2H,0 if the fraction of
methaneoxidizedis x, then the percentof methanein thé gaamixtureafter
the reactionis givenby

Aip
ioo (A Ax) (~
(A+0,-aAx)

Likewisethepercentof0~in thefinalmixtureia

00
100(0, :Ax) (,)
(A+ 0~ aAx)

Rate-ConveMionCurvesforth~OxidationofMéthane

Thé percentofCO::in thegasesafterréactionisgivenby

F=–––~––. (3)F
(loo-aAx)

(3)

whereF = ioo f.
It Mevidentthat the amountofmethaneoxidizedîsequalto the~~ott~t~of
carbondioixdeformed. For the valueofx wehave

x=-'2°L (s)
A+aAf

(5)

Substitutingthe valueofx from(4)in (ï) and(2)wehave

A" A + f (:A 100)

and 0,' = 0~+ af (0: ioo)

The valuesofA" and O!"givenin the tablesare catcutatedfromthe experi-
mental valuebecausef is determinedexperimentaMy.The valueof 0/ was
determinedexperimentaHyand thevalueofA' wasdeterminedbydifference.
The valuesin the tablesareexpreœedin percentage.
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TABM)!I
SilverCatalyst

TABt.BlI

CopperC&ta~st1 1- 1

t-'ttvct~t~MuyttX
Gas Mixture: (A) Methane 7a.30% (0:) Oxygen 27.70%.

T<Map.R.ta FMAMbaM Cat.uj.tedfmmF
'C e.o.per A' 0,' F toox A* 0,

minute

360 45 83.69 lo.aS 6.03 7.46 74.65 M.33
360 45 7~-5~ 97-15 0.37 0.37 7a.ï2 27.61
360 45 7~'30 a7.7o o.oo 0.00 7~-30 a7'7o
360 45 ?z.43 27-03 0.54 0.74 7~.24 ~7.9!'
360 45 7a.45 36.70 0.85 ï.ï6 73.37 ~6.78
~50 45 98.64 1.36 0.00 o.oo 7~~ '7.70
"5° 45 73'5o a6.so o.oo o.oo 72.30 37.70250
~5° 45 73-3° 37.70 o.oo o.o 72.30 37.70
300 45 90.69 o.3t o.oo o.o 72.30 37.70
200 45 S6.37 13.50 o.oo o.o 72.50 37.70
3oo 4S 71.30 37.70 o.oo 0.0 72.30 27.70
200 4S 71.83 37.<)o 0.28 0.4 72.12 37.60

rn TY

~uppcr~tmuyaft
CasMixtuM: (A) Méthane69.00%(0,) Oxygen31.00%.
Tan?. Rate FMGMAa~ysie CatcuhttedfromFc.o.pur

Minute A' 0,' F toox A* 0,'
400" i5 75.12 i2.6o ta.28 14.29 73.67 14.10
390 12 73.75 17.65 8.6o to.6s 72.~6 19.12
390 ~5 7ï.as M.45 7.8o 9.79 71.96 20.24
390 45 70.94 ~S8o 3.36 4.S7 70.~ 26.40
390 75 69.75 26.32 2.93 4.oo 70.11 26.93
390 200 69.12 28.90 1.98 2.76 69.75 ~.ao
400 200. 70.12 28.00 1.88 2.63 69.71 28.40
3~0 15 71.98 22.05 5.97 7.73 71.~7 ~.70
360 15 70.63 23.25 6.ïa 7.90 71.32 M-55
360 200 70.00 28.95 i.os 1.49 69.40 29.50

320 15 70.86 26.90 2.24 3-" 69.85 27.90
320 200 69.21 29.4S '.34 1.89 69.50 29.~6

GasMixture: (A) Methane76.00%,Oxygen24.00%
380 12 9t.96 4.67 3.37 4.14 77-75 18.88
380 35 79.77 i3.i8 7.05 8.14 79.66 Ï3.29
380 40 8o.i3 t3.6o 6.27 7.34 79.26 14.47
38o 45 78.33 17-55 4.12 5.01 78.14 17.74
380 60 77-5~ 20.00 2.48 3.12 77-~9 ~0.23
380 100 77-~3 si.ïo 1.67 2.12 76.87 21.46
380 200 76.15 M.oo 0.95 1.25 76.49 22.56
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Gas Mixture: (A) Methane 27.00% (Ot) Oxygen 73.00%

Temp. Rate Fia~GMAmtysis Catcubtedfron~F
''Co.e.per

At os10 p 1009
0'*

minute A' 0.' F !oox A*

Gaa Mixture: Methane 37.00%,Oxygen 73.00%

4oo"C.ï5 42.t6 56.7t 1.13 4-ïo 26.48 72.39
400 is 30.76 67.48 t.76 6.30 96.19 72.05
4M 15 27.93 70.67 2.to 7.45 26.03 71.87
400 20 26.39 70.91 2.70 9.50 25.76 7~.54
400 30 96.09 7T.OO 2.91 ïo.ao 25.66 71-333
400 50 26.51 7t. 10 2.39 7.6o 26.02 71.59
400 8o 26.82 72.08 1.20 4.oo 26.49 72.4:
400 ioo 26.03 72.3T 0.66 2.40 26.70 72.64

400 15 26.48 7t.70 1.82 7.a6 26.16 72.02
4oo 1$ 26.72 72.50 1.78 7.M 26.18 72.04
400 45 26.68 7Ï.82 1.50 6.05 26.31 72.19
400 75 2?.îo 72.15 O.S6 2.30 26.74 72.70

350 1$ 26.78 72.ïo i.ï2 4.07 26.48 72.40
350 15 26.35 72.47 t.i8 4.26 26.46 72.36
350 30 27.04 72.30 0.66 2.40 26.70 72.64
350 6o 27.18 72.50 0.32 ï.ao 26.85 72.83

350 t5 55-50 43-70 0.80 2.90 26.63 72.57
350 15 36.56 62.30 ï.i4 4.io 26.48 72.38
350 15 27.77 70.00 2.23 7.90 25.97 71.80
350 30 26.73 71.82 1.45 5.ao 26.33 72.22
350 6o 27.06 72.20 0.74 2.70 26.66 72.60

GaaMixture: Methane76.00%,Oxygen24.00%
390 ï5o 94.67 3-20 2~3 2.69 77." 20.76
390 ï5o 82.30 ïi.oo 6.70 7.77 79-48 13.82
390 150 78.00 18.28 3.72 4.55 77.93 18.35
390 ï5o 78.47 16.90 4.63 5.56 78.40 16.97

340 32 97.22 2.50 0.28 0.37 76.15 23.57
340 32 77.92 21.00 i.o8 1.39 76.56 22.36
340 32 76.65 22.05 1.30 1.67 76.67 22.03
340 32 76.49 22.45 i.o6 1.37 76.55 22.39
340 32 76.55 22.15 1.30 1.67 76.67 22.03
340 32 76.38 22.05 1.57 2.03 76.82 2i.6l

340 32 76.74 20.90 2.36 2.97 77-~3 20.41
340 32 76.76 2t.90 1.34 1.72 76.70 21.96
340 32 76.85 21.05 2.10 2.67 77 09 20.81

TABLEII (Continued

CopporCatalyst
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TABLEII (Continued)

»I
CopperCatalyst

i M w

TABM)III

PIatmumCatalyst
a- _M ii1

~v~<v* ~<tWMjfBtf

Gas Mixture: Methane 76.00%, Oxygen 24.00%

Temp. Rate
F~O~A~ysi. (Mc~Mf~F.0 0.0.per

minute A' 0,' F !oox A' 0,'zoo 50 Qg.46 0.54 0.00 0.00 76.00 24.0050 80.63 18.85 ..$2 o.68 ~7200 50 76.53 22.05 o.sz o.68 76.~ 23~0 50 76.16 33.30 0.54 o.~o 76.~8 23.18
~00 50 76.Ï4 23.40 0.46 0.6o 76.:4 ~305o 76.05 23,25 0.70 0.90 76.36 23.00
360 45 99.3' 0.28 0.41 0.54 76.~ 23.31360 45 '6'~ ~° .0.05360 45 76.78 21.30 r.o~ 2.35 77.00 21.08
360 45

f
76.57 zt.8o 1.63 a.o8 76.85 2t M36. 45 76.58 22.M 1.32 ,.69 76.69 21.3936o 45 76.38 22.04 1.38 1.77 76.7. 21.9.36o 45 76.35 ~2.30 1.35 1.73 76.70 21.95

TABM)ÏI!
wtM~MMi \~M'Mnym<

Gas Mixture: (A) Methane 80.00% (O.) Oxygen20.00%

~c~ Fin.!C~A~ C~u).Mf~F°C a.o.per
A' 0/ F A' 0,'

365 C..5 86.39 3.o6 10.5: n.o~ 86.33 3.~365 25 87.66 o.oo 12.50 ,2.50 87.5~ ooo
365 45 87.50 o.oo 12.34 19.38 87.40 o.:6
365 too 87.24 0.69 ~.07 87.24 0.69365 ~o 87..4 0.74 11.9: 12.04 87.15 0.93
330 i5 87.52 o.t8 ~.30 ~.35 87.38 o~330 25 87.22 0.58 ~.20 ~.26 87.32 046330 45 86.95 0.77 1~8 12.32 87.37 0,35330 ioo 86.82 0.98 n.6o 11.77 86.96 i 44330 200 86.46 2.26 n.~ 11.50 86.77 ~95
~50 20 82.94 i2.8o 4.26 4.90 82.56 13.:8~50 40 81.4. 16.95 1,65 2.oo 80.99 ~.36~50 65 8r.o2 18.15 0.83 ,.o2 80.50 18.67
a5o 6g 8c.oa x8.x5 0.83 i.oa 80.5o c8.67

GasMixture: (A) 78.00%Methane, (0,) 22.00%Oxygen
300 20 î'~

85.41 ..34
3oo 30 84.77 2.91 12.32 12.85 84.80 2.88
300 80 84.15 5.17 io.68 ~.28 83.90 -4o
300 ioo 83.83 5.~ .0.90 11.48 84.10 5.00300 200 85.0. 3.04 ~.95 12.35 87.4. 3.35
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T~mp-Rate FinatChMAtM!y8M CekutatedfromFF
C e.c.per

minute A' 0,' F toox A* 0<*

Gas Mixture: (A) 27.00% Méthane, (0,) 73.00% Oxygen

360 25 26.40 7ï.3o 2.30 8.1$ 25.94 7t.76
360 35 26.13 72.30 1.57 5-6S ~6.29 72.14
360 6o 26.72 73.00 0.38 1.40 26.88 72.74
360 zoo 27.00 73.00 o.oo o.oo 27.00 73.00

400 20 24.78 6o.!o 6.12 20.20 24. t8 69.70
400 35 26.25 69.30 4.45 is.to 24.95 70.60
400 6o 26.29 70.!o 3.61 12.50 25.34 71.05
400 ioo 26.39 70.6o 3.01 ïo.5o 25.64 71.38
4oo 200 26.86 71.80 t.34 4.80 26.38 72.28

330 25 26.40 73.20 0.40 1.47 26.82 72.78
330 25 26.56 72.;s 0.59 2.16 26.73 72.68
330 25 26.84 72.55 o.61 2.20 26.72 72.67

CasMixture: (A) 72.00%Méthane,(O.) 28.00Oxygen
400*0.25 80.80 0.00 10.20 ïo.30 80.43 0.37
4oo 50 80.72 0.28 19.00 lo.to 80.36 0.37
400 ce 80.67 0.28 19.ïs 10.20 80.33 0.57
4oo 150 80.74 0.56 18.70 18.95 80.23 1.07
4oo 200 80.67 0.28 19.05 10.15 80.38 0.57
360 45 80.92 o.oo 19.08 19.20 80.40 0.52
360 8o 80.80 o.!4 19.20 19.28 80.45 0.35
360 too 80.35 :.oo 18.65 18.89 80.20 1.15
360 150 80.40 0.80 x8.8o 19.00 8o.26 0.94

320 45 8o.86 0.14 19.00 19.10 80.35 0.65
320 80 80.73 0.27 19.00 19.10 80.35 0.65
320 ioo 80.43 1.57 18.oo 18.40 79.92 2.08

320 150 8o.t2 2.08 ty.80 18.20 79.83 2.37

~75 45 8o.54 i.ïi 18.35 18.82 8o.6o 1.05
275 45 So.43 0.97 i8.6o r8.85 8o.18 1.22

~45 45 73.75 ~.95 4.30 5.52 73.89 2t.8t

TABLEIII (Continued)

PMnum Catalyst
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Uas Mixture: (A) Methane 70.00% (Os)Oxygen 20.00%

Temp. Rate FinatGMAnetysM Cateu~tedfMmF
c.e.per
minute A' 0,' F toox A'Il 0:'

4oo 15 74.92 t2.28 ï2.8o 14.$6 75. ï3 12-07
400 t5 7S.Ï2 n.gS 13.30 15.00 75.33 "-27
400 40 73-24 20.40 7'~ 9.oo 72.89 19.90
400 8o 71.33 23.60 4.57 5.98 71.83 ag.ôo
400 t6o 70.00 28.40 t.44 2.oo 69.4~ 27.98

360 15 71.0$ 24.69 4.55 5.72 71.74 23.91
360 45 7ooo 26.7s 2.Ï9 3.oo 69.12 28.67
360 8o 70-3~ 28.6o 1.09 1.55 70.44 28.47<

Gas Mixture: (A) Methane 71.50% (O.) 28.50%

360 20 73.08 23.7g 3.17 4.t8 72.86 23.97
360 40 72.90 24.70 2.40 3.21 72.53 25.07
360 40 72.80 24.70 2.50 3.33 72.57 24.93

335 20 72.34 26.60 t.o6 1.41 71.95 26.99 i
335 30 72.27 26.8o 0.93 1.28 71.90 27.17 i
335 45 72.34 26.80 0.86 i.!8 71.87 27.27

GasMixture: (A) Methane27.00%,Oxygen73.00%
40o"C.i5 25.47 69.50 5.03 16.90 24.69 70.28 C
400 30 26.15 70.00 3.85 13.!0 25.23 70.92
4oo 45 26.40 7t.05 2.55 9.00 25.82 7:.83

c

4oo 90 26.88 71.00 2.12 7.52 26.01 71.86
400 t5o 97.03 7t.70 1.27 4.60 26.42 72.3t
400 200 26.97 72.20 0.83 3.00 26.62 72.55

360 15 :6.45 72.00 2.24 7.95 26.97 71.79
360 20 26.59 72.05 1.36 4.90 26.38 72.26
360 30 26.19 73.00 o.8t 2.95 26.63 72.56
360 ioo 26.45 73.15 0.40 1.47 26.72 72.88 <

i
330 :5 26.55 72.00 1.45 5.21 26.35 72.22
330 M 27.09 72.ïo o.8i 2.95 26.63 72.56
330 40 27.08 72.40 0.52 1.90 26.76 72.72
330 6o 27.45 72.25 0.30 i.io 26.86 72.84

TABLEIV

PaUadiumCfttatyst
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MscusaiaaofResalts

Theresultsfor the copperandsilvercatalystare veryinteresting. It is

evidentin the caseof bothof thesecatalyststhat in theearlystagesof the

réactionoxygenis beingremovedfromthegasstreamandthat thiaoxygenis

not usedin the oxidationofméthane. Thisis indicatedin Tables1 and H

whensuccessivesamplingsare madeat the samestreamingrate. Afterthe

first removalof oxygenthé silver catalystshowspractioaUyzero aetivity

throughoutthe temperaturerange studiedwhitethe ooppercontinuesto

showcatalyticaetivity. Becauseof this removalof oxygenin the early

TnneE<BoiencyCurvee–Oxid&tionofMethane

stagesof reactionadditionalexperimentswerecarriedout. With the aid

of a by pass tube aroundthe catalystsampleswerecollectedand analysed
at 2~ minuteintervals. Theresultsofthèseexperimentsareshowngraphi-

callyinFig. 2. In the caseof the coppercatalystthe temperaturewas360"
whilein the caseof the silverthe curvesforboth 360"and 200°are given.
CurvesA in the caseofbothcatatystsgivethe amountsofoxygenfoundin

the gasesafter reactionat 360°. CurvesB are for thé oxygencalculatedto

bepresentfromthe amountof CO,formedandcurvesCareforthe amounts

ofC0<foundinthe exitgases. CurveA'forsilverisfortheamountofoxygen
foundat zoo"and CurveDgivesthe calculatedoxygencontentat M<~from

theCO,found. TherewasnoCOtfoundat 200"soD givesthe valuefor the

0: in theoriginalgasmixture.

Thèseexperimentsshowquite definitelythat the oxygen,which6rst

reachesthe copperand silverdepositedonthesuicagel,is takenupby these

metahahnostcompletely. It may be stronglyadsorbedor eisecombined

chomicallyto formthe oxide. Sinceit is impossibleto difforentiatebetween

thèsetwostatesat presentit is casierto concludethat chemicalcombination

bastakenplace. In the caseof oopperit isprobablyanothercasewherethe

coppermustbepartiallyoxidizedbeforeit willact asa catalystin oxidations.
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Thisaccountsforthe strangeshapeof the ourvefor thé coppercatalyst at
400 as shownin Fig.t. Thenrstmeasurementaweremadeon a f~shcata.
lystand the firstthreepointsarethosetakensueeessivetyat about the same
rate of flow. AfterreaohinganequHibnumstate of oxidationthé catalystbehavedjust as the platinumandpalladiumo~ysts. In orderto accountfor the rather largeamountofCOsproducedioitiaHyat 360"in the caseof
the silvercatalystcnehMto assumethat thésilverwasactingasanoxidising
catalystprior to beingoxidizeditsetfor ebe there wasBOtneadsorbedCO.in thécatalyst. Thisdoesnot seemteasonaMebecauseth~ wasnonefound

whereadsorptionshouldbe botterthan at 360~. The instabilityofMtveroxideat highertemperaturesacoountsfor the fact that moreOxygenwasremovedat zoo

P~M~ ao suohremovalof oxygenwasobserved
reaction. Thé reactionseemato quicMyreach an

equilibriumstate. Furthermore,the rate ofstreamingdoesnot havemucheHMton thé eSciencyof the reactionas longas the methane is in excess.TheMachonbecomesmeasuraMoat about 240". Smallincreasesin oxygencontentproduceincreasesin the amountof oxidation. Thia doesnot holdoverthe total rangeofconcentrationstecausean excessof oxygendoesnot
produoecompletooxidation. ~Btea.auei.i~whenthe
oxygen than whenit Nlow. For examplea changefrom
twenty to twenty-eightP~ in the oxygencontentof the ga~mp!e in-creasedthe amountofméthaneoxidizedf~n about twelvepercenttomore
thanmneteenper~nt.

Ontheotherbandanoxygencontentofseventy-th~o
~°~ciencyofthecata-lyst falls offrapidlyas the rate ofgas flowincreases. As in other catalytic8tudieathereia apparently concentrationratioofoxygento methane

T~ experimentsaboindicate that themethanemust reachthecatalystsurfacebeforeit isoxtdizcd.
? ~t~ catalystthe does becomemea~urableuntu~o" or nearly:oo°abovethat at whichthe platinizedgelcausesoxidation.

~t~nedforthepanadiumcatalyBtas for the platinumexceptthat the paMium was lessefficientat a giventemperatureTableIVshowsthat increasesin the oxygencontent
centrationeof oxygencausesmOre whileoxygenin excesslea.dsto
lessenedreaotion. Thedifferencoin théeffioiencybetweenthé platinumand
palladiummay bedueto the factthat thé platinizedgel is a elightlybetter
adsorbentofoxygen.

ThiBiBahownintheadBorption~iies'on~geb

SMBtMty
With the exceptionofthesilvercatalystthem~lUzed si!icage!shavebeenahownto act <-ata!yticaHyin theoxidationofmethane. Theypromotethe completeoxidationofmethane,yieldingcarbondioxideand water. No

partialoxidationproductswerefound.

'RoyMsomandSweann~n:J. Phye.Chem.,!t, 88(~7).
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2. The coppercatalyst is apparentlyoxidizedto a considerableextent

and then thé copperoxideor thé copper,copperoxideactsas the catalyst.

Thecopperoatalyststarts the reactionat a températureas lowas :oo".

3. Thé e&oieBoyof the platinumand paMadiumcatatystsdependsupon

thé oxygencontentof the gMmixture.

4. Thé platinizedgel initiatesreactionat a températureas lowas 240"

whilethe palladiumdoesnotbecomeactiveuntilabout330*.The platinized

gelwasfoundto be thé mostactiveof thé catalystsinthis reaction.

S<A<ct<!fCt<wt«(~,
<y<t<MM«t~JMt'nMM<f(,
~<tMOCo!<t,~M!)«0<a.
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j BYMCHARDBBADNEM*

1 Extensivefieldexperimentsare nowin progresain many counttieefor
testingtheeffectofdifférentcoagulatingagentsuponthe physicatpropaties
and productivityofagrioulturalsoib. It bas longbeenknownthat theap.
pucationofthedivalentcalciumionin sunicientquantity willbringaboutan
improvementinsoustructurewhiehisingeneralMgardedaadueto a decrease

inthedegreeofdispersionoftheco!loidalo!ay.Theooagulationofclaybyetec-
trolytesbasbeenmuchatudiedinthe laboratory,but duepartly to thegréât
différencesin thesoibthetnsetves,to differencesin the méthodeused,andto
the présenceof uncontrolledvariablesour knowledgeregardingthe funda-
mentalnatureoftheproeessisstiUextremelymeagre. j

Anattemptbasbeenmadeat the MissouriLaboratoryto isolatesomeof
thesevariablesandto determinetheir effect undercontrolledconditions.It
bas beenehown,in thecaseofadd c!ay8,that veryslightchangesin thepH
valueobtainedaftermixingthé electrolyteand the clay causea verygreat
change in coagulationvalueespeciaUynear the neutral point (ï). With
neutraloralkalinesoib thiseffectis of courselesspronounced(2). It bas
also beenshownthat in certaincasesat leastthe nature of the anionbasa
speaiBcinfluencethat cannot beattributed to changesin thé hydrogenion
concentration.Thecoagulationvaluebasbeenfoundto dependina pecuUar ]
wayuponthe concentrationof the day sol. Witha neutral sait !ikeCaCt: ,1
orKCtthecoagulationvalueisahnostindependentofthe concentrationofthe
day, whilein the caseof thehydroxidesof thesemetals the valueincreases
in directproportionto theconcentrationof the clay. Mixturesoftheneutrat
salt and thehydroxidegivevalueswhich,ingénérât,tend to agree.withoneor
the otherorbothconatituenta,dependinguponthépHvalueproduced. i

Theexperimentsjustcitedwerecarriedout witha colloidale!aysolsepar a
rated fromthePutnamsilt loamsubsoilbymeanaofthé SharplesLaboratory i
Supercentrifugebya methodprevious!ydescribed(t).Thisnaturatsolcon.
tains fromtwenty-fiveto thirtymilliequivalentsofexchangeablebasesper100
gramsofday,ofwhichaboutfiftypercentareCa,fifteenpercentMgandthe
rest largelyNa and K. The sol centainefrom twenty-twoto twenty-nve
miiuequivatentsof exchangeableH per 100grams. The averagesaturation t
capaoityofthé coUoidis fromfifty-twoto fifty-fivemilliequivalentaper 100 M
grams. WhenweconsiderthattheCaionisabouttentimesasemcientasa
coagulatingagentastheKion,andthat theformeris readilydisplaeedbythe
latter whenthelatterisintroducedin theformofaneutralsalt, it wouldseem
quitenaturalto expectthat the coagulationvaluesobtainedwouldbegreatly
aBfectedbythis exchangereaction. Thisbas beenfoundto be the casefor
otherdaysby WiegnerandGallay(4).

'DepartmentofSoib,UmvenntyofMissouri,Columbia,Missouri.

FACTORSAFFECTÏNGTHECOAGULATIONOFCOLLOIDALCLAY
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Informationregardingthe rôleplayedby exchangeréactionsduringthé

coagulationprooesscanbe obtainedby conductingtwo parallelseriesof ex-

perimentsinoneofwhichthe exchangeréactionsare allowedto proceednor-

mallywhileintheothertheseréactionsareeitherpreventedorconttolled.

It hasbeenshownrecentlythat a soilcan be easilyfreedfromexchange-

ablebasesandsaturatedwithhydrogenionsbyelectrodialysis(3). The re-

action involvedis apparentlya simplehydrolysisof the surfaceionsof thé

alumine-silicatecomplex.If the calcium-saturatedcomplexis ropresented

as CaX then the reactioninvotvedin eleotrodialysisis expressedby the

equation:
CaX+2H<0~±H,X+Ca(OH),

Theresultingelectrodialyzedclay(H~X)iswell suitedforcoagulationstudies

because(i) it is freefromordinaryetectrolytes,(2) it is freefromexchange-

ablebases,and (3)it maybeeasilysaturatedto any desiredextentwithany

baseby theadditionoftheproperamountof thé properhydroxide.

E~petimeatatMethod

PreparationofttM~ena~.ThecoUoidalotaywasseparatedfromthe sub-

soilof the Putnamsilt loamby the methodpreviouslydescribed. This sol

wasmadeup of partiolesunder100~ in diameter. Theeleotrodiatysiswas

carried out in an ordinary three-oompartmentcell between pardunent

membranes,usinga platinumgauzeanodeand a nickelgauzecathode. A

potentialof 150voltswasappliedto the electrodesand the dialysatewas

siphonedoffperiodicallyand repiacedby distilledwater. The dialysiswas

continueduntil thé catholytewasfree frombases. This requiredin most

casesfour to sixdays. Theelectrodialyzedclaywassuspendedin distilled

water,theconcentrationdeterminedbythe pyknometermethodand a series

of dilutesolutionspreparedfromthisstocksolution. The sixpercentstock

solutionhadapHvalueof3.2to 3.4anda total acidity equivalentto fifty-five

milliequivalentsper100gramsdryclay.
De(etTt:t7M<t<wofcoagulationf~Mes. The coagulationvaluesweredeter-

minedbythesamemethodusedin the ear!ierexperiments(i) usingthe con-

centriotube devicesuggestedby Weiserexcept that in this casea smaller

apparatuswasused. Fivece. of the claysol wàs measuredinto the outer

spaceby meansofa pipet,the desiredamountof electrolytewasthen meas-

ured into the centertube,andsuffioientwateraddedto bringthe volumeup

to fivece. Theclayand the electrolytewerethen thoroughlymixedby in-

vertingthe cellquickly. Aftera thoroshaking,the mixtureof clayandelec-

trolyte waspouredinto test tubesandallowedto stand for fifteenminutes.

The test tubeswerethen centrifugedforan additonalfifteenminutes. The

minimumconcentrationof electrolyterequiredto producecompletecoagu-

lationcouldin mostcasesbedeterminedeasilyand fairlyaccuratelyby this

method. Thecoagulationvalueis expressedin everycasein termsof milli-

equivalentsofCaorK perliter. In mostcasesnodiScultywasencountered

in reproducingresults. In everycasethe valuesplottedin the ourvesropre-

sont the averageofat leastfourcloselyagreeingdeterminations.
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EnpethnenttdRestdts
The effectof electrodialysisupon the coagulationvaluesobtainedwith

Ca(OH),areshowain F!g.i. Withthisdivalentbasethe coagulationvalue
isa linearfunctionof the«mcentmtionofthe otay. (CurvesAaadB). The
saturationeMvesC andD representthéamountofCa(OH)~requiredtoneu-
tralizethéacidityof the colloidalotayasdeterminedbypotentiometriotitra-
tion.

InthecaseofCa(OH)!themcreaseincoaguMMnvatu68re8uMagîrom

) 1

CM.! i
ENectofconcentrationofthé ehyaotuponthee~ubMonvaluesofclaybefore(B)and

after(A)deot)t)dMyM.Coaf~tmgagentCa(OH),.

eleotrodialyaiscanbe largelyaccountedforby the différencem the dogree
of saturationof theclay. In the caseofboth the natural and the etectro-
dialyzedsolthe coagulationvaluesare aboutdouble the saturationvalues.
WhenKOHis usedas the coagulatingagent (Fig. 2), the effectof electro-
dialysisis muchgreaterthan it waswithCa(OH),. This waaof courseex-
pected.aathebasesremovedby electrodialysiswerolargelyCaand Mg. The
coagulationvaluesincreasewith the concentrationof the clay,but not lin-
earlyas in the caseofCa(OH),. Noexplanationbas beenfoundfor theup-
wardinflexionon curveA. The influenceofelectrodialysisis mostmarked
at thelowerconcentrations.In thecaseofthe .25percentsol (Concentration
ofclayiaalwaysexpressedas concentrationresultingaftermixingwithe!ec-
trolyte)the coagulationvaluewasinoreasedfromtwenty-twoto onehundred
threeas a resuitofelectrodialysis.This showsquite conclusivelythe very
importantro!ethat exchangereactionsmaypiayin coagulationphenomena.
Thedifférencebetweenthecoagulationvaluesandsaturationvaluesaremuch
greaterin thecaseofKOHthanwithÇa (OH),. TheelectMMneticpotential
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of a potassiumoiayis muchgreaterthan that of a calciumclay and conse-
quentlya muchgreaterexcessof that cationienecessaryto lowerthe poten-
tiatto thecriticalvalue.

Withthe neutndsaltsofbothKC!and CaCI~the coagulationvaluesare
praoticallyindependentof the concentra.jooof thé o!ay. (See KCt curve
Fig. 3.) With mixturesof the baseaand their neutral sa!ts very complex

FM.: 2

CoagulationvaluesofnaturatandetectMdMyzedeoNoid&tclaywithKOHMinBuencedbvtheeoneemtmtionoftheolay.

curvesmaybeobtained. Witha mixtureofeightparts KO!and twoparts
KOHforinstance,thé coagulationvaluesobtainedwiththe .25percentand
the .sopercentsolsareahnostthesameas thoseobtainedwith KOHalone,whilewithaUday solsabove1.5percentthe valuesobtainedwith thismix~
ture are almo8tidentioatwith thoseobtainedwithKCl alone. Quite fre-
quentlytwodifferentcoagulationvaluescouldbe foundforthesamee!eetm-
lyte mixture,oneofwhiohwasofthe sameorderofmagnitudeas that of the
neutral salt alonewhilethe otherapproachedthat of thé atkanalone. This
anomalousbehaviorwasineverycaserelatedto thepHvalueof the mixture.
If a sumcientconcentrationofthé cationwerepresentto bringabout coagu.
iationatpHvatuestessthansix.thenvaluessimilarto thé neutratsait wereob-
tained. If, however,sumoientbasewerepresentto renderthemixturealka.
line thenvaluessimilarto thoseobtainedwiththe pure basewereobtained.

Theecectofhydrogonionconcentrationwasevenmorepronouncedin the
caseof theetectrodia!yzedo!ay(Fig.4) than it wasin the caseof the natural
sol (Fig.3). In Fig.4areshownthe coagulationvaluesas a functionof the
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final pHvalue. Thevaluesfor themostdilute(. 25%)andthemoatconcen-
trated(3%)soisboth beforeandafterelectrodialysisareshown. In thecase
oftheelectrodialyzedolayaUthe pointsaresegregatedintotwoverydistinct
zones. The nrst is an acid zonewithpH valuesunderfiveand coagulation
valuesunder fivemiHiequivaIentaper Hier. Thesecondis an alkaUnezone
withpHvaluesbetweenelevenandthirteenandcoagulationvaluesbetween
onehundredsix and one hundredeighty. No distinctcoagulationvalues
wereobtainedbetweenthese twozones.

Mo.3
EffectofconeentrationofchysoluponcoM~HonvaluesobtainedwithKC!,KOHand

mixturesoftheM«ttations.

With~thenaturaï clay there is a!so tendenoytowarda lowadd and a
hi~a!katioecoagolat:onzôme. Th6zonesaM,however,muchwidermpH
range. With the.25 percentnatura!clay the coagulationvalueswerecon-
stantbetweenthepH valuesnineandtwelve.

DiscussionofRMaKs

Thèseexpérimentashowquiteeonclumvelythat thé coagulationvalueof
a co!bidatclaymayvary widelywithslightchangesin either:(ï)hydrogen-
ionconcentration,(a) concentrationof the ciaysol,or (3) inthenatureand
extentof the exchangereaotionswhiohtakeplacewhenthecoagulatingagent
is mixedwith the clay. Thé enectof hydrogen-ionconcentrationis most
markedwhenexchangereaetionsarepreventedby the useofsolsfreedfrom
excha.Dgeablebasesby electrodialyaia.The two distinctcriticalpH value
zonesfoundwiththis purifiedctayare probably.due to the tact that in the
aoidregionthe hydrogenclaywhichbasa verysmalleleotrokineticpotential
iabeingnoccuiatedwhilein the alkalineregionthe potassiumorcalciumclay
withmuchhigherchargesonthe partioleis involved. Twodistinctconsecu-
tive reactionsprobablytake placein the caseof coagulationin an alkaline
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medium.(t)Theacidityofthectayitse!fmuatnmtbeneutra!ized.Theamount

of baserequiredfor this purposeM,of course,direotlyproportionalto the

concentrationof the otay. (a) A auScient exoeasof eleotrolytemust then

be addedto ooagulatethe resultingÇa-or K-eaturatedclay. In the caseof

Ca(OH)itheamountof baserequiredfor thé neuttaUzationof théacidityof

EffeetofpHvalueonthecoapdatton~atues–daysolsbeforeandafterdectrodMyais.
Coagulatingagents,KCi,KOHandmixturesofthesesolutions.

the claycoNstitutMabout60% of the total requiredfor coagulation. With

KOH,however,the neutralizationis req)onmb!efor ïo percentor less,(de-

pendingon concentrationof the day) of the total eleotrolyterequirement.
Thismay be attributedeither to specifiodifferencesin the abeorbabilityof

the twocationsor possiblyto différencesin the amountof ionizationat the

surfaceof the partiole. At any rate the cataphoreticpotentialof the potas-
siumclay is machhigherthan that of the calciumclay,and a highercon-

centrationofelectrolyteisnecessaryto bringit to the chtioatpoint.
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The effectof the concentrationof the o!aysolupon coagulationvalues
provedto be quitecomplex. OnlythemonovalentK and divalentCa ions
werestudied. With the neutral saltsof thesebasesthe valueswerepracti-
oa!Iyindependentof the concentrationof thesol. WithCa (OH)gthecritioal
concentrationwasa direct linearfunotionof the concentrationofsol. With
the KOH the valuesinoreasedbut not nearlyas rapidlyas with Ca(OH)z. c
Whenvariousmixturesof the basesandtheirneutralsaltawereusedas co-
agulantsverycomplexourveswereobtained. Thecleverexplanationoffered
by Kruyt (5) for theeffectsobservedbycartierinveatigatorsof this problem
w)Uhave to be amplifiedif they are to clarifysatisfactorHyall the observa-
tionsmade in this study.

TheeffectofexchangereactionsuponcoagulationvaluesbasbeenbutUtt!e <
studiedin the past. Thé verystrikingdifférencesobservedin the behavior
of the naturai olayandthe electrodialyzedclaysolsshowquiteclearly,how-
ever,that thesereaotionsmayboofgreatimportance.

BtbMegmphy i(t) R.BmdSetd:Therelatione(hydtogan.ionoeneemtMMontotheaoooubtîoaofa col.
MtdMcby.J.Am.Chem.8oo.,4S,5o(t(M~).

(a) R. Bradfield:Theimportanoeof hydrogen-tonconcentMttoncontro!inphysico.chemMatetudtMofheavyMib. SoQScience,M,4~~ (t<~4).
t"'y~~

(3) R.BNdSeM:Theuseofatectm~MMhmthéphysico-ohemicatinvestigationsofeoih.
H'oceedmmoîHmtInternationalSoihCoagreM,WMMogton,D.C.,Junet<H7(Notyetpub)iahe<t).

& <'M"''5~7.

(4) R.pa~y:C~atdbu<Mnat'6tudede)aMMuIatMnderaM[i!e,D.So.Thesi8.L'Ecote
i'ojtytecNMqueFédérale,ZMch. !9M.

(5) BLR.&nyt.ThemechanMmofcoaguhMon.InJeromeAtexande)''a"Co!!oidChem.
MMy.t. 3t6-'9(!9~6). !]

j
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A 8TUDYOF THE POTENTIALSANDACTIVITIESOFTHE

METAL8IN ZINCAMALGAMCELL8

BY J. N. PEABCE AND J. F. BVBB80tE

Etectfomotiveforcemeasurementsof zincamalgamcettshavebeenmade

by RiohMdsand Forbea,'Richards,Wilsonand Garrod-Thoma~and by
Hulettand Cren~mw.' In theseinvestigationsdifferentmethodswereused

in preparingand handMngthe amaifiams,but bothweredesignedto givere-

Bultaof a high degreeofaccuracy. Thereis, however,an unfortunatelack
of agreementbetweenthe resultsobtainedin thé twolaboratories.This is
béatshow~by Fig. i. AUattemptsto bringthemintoharmony,or to point
outerrorsineithermethodofprocedure,havefailed.

Richardsand his co-workemhavemeasuredtheelectromotiveforcesex-

istmgbetweenvariousdiluteamalgamsin contactwitha saturatedsolution

t RichardsandForbes:Pub.CarnegieInet.,56;Z.phyA.Chem.,M,683(t~oy).
Richards,WilsonandGan-od-Thomas:Pub.CN-negieInat.,tt8,Z.phyaik.Chem.,M,

M?,t6s (t909).
HulottandCrenattaw:J.Fhya.Chem.,t4, t~g(t<)M).
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of zincaulphate. Theyhâvealsocalculatedthe potentia!swhiohthe amal-

gamswouldhave,if theyfonnedperfeotsolutions. For this catoutationthey
usedthe familiarrelation,

E=~!n~
nf Ci

inwhichCtandCidenotetherespectiveconcentrationsofthe zincin theamal-

gams. Theyhavefoundthat theobservedpotentialsare less thanthosecal-
culatedby (i), and, further,that the déviationsfromthe ealoulatedvalues
increaseas the concentrationof the zincin the amatgamis continuouslyin-
creased.

In a similarstady at as"HulettandCrenshawbavemeasuredthe electro-
motiveforcesof zincamalgamce!iaovera concentrationrange,extending
fromthe saturated two-phaseamalgamto very diluteamatgaots. In each
casethepotentialwasmeasuredagainsttheconatant,easilyreproducibletwo-

phaseamalgam. Theyfoundthat for the range,0.0061N 0.00000307N,
the potentialbetweenanytwoamalgamaconfonnsto the lawsof a perfect
solution,as indicatedby (v). Thefact that thèseamalgamsdo appear to
behaveas perfectsolutionsfora givenrangeof concentrationand that they
thenauddenlybecomeimperfeetisdifficultto comprehend.

Hildebrand'bas measuredthé vaporpressureofmercuryoverzincamal-

gamsat 325".Fromthe resultsobtainedheseemstohaveshownconclusivety
that zincdissolvedin mercuryis polymerizedaccordingto the equilibrium
relation,2 Zn'?~Zn:. Applyingthe lawofmassaction,usingmolfractions
insteadof concentrations,thisequilibriumis givenaccuratelyby the equa-
tion,

K/1+~ y-
« (')

"\N+i-«/ N+i-«
(1)

whereN isthe numberofmo!sofmercuryto onemolofzinc,a is the number
ofZn:mo!sand K is the equilibriumconstant. In thisworkhebasassumed
that the typeof equilibriumexistingis independentof the temperature,but
that thevalueof the equilibriumconstantchangeswiththe temperature.

In a later work,"Hildebrandbasshownthat theelectromotiveforceofa
concentrationcell containingliquidzincamalgamais accuratelygiven by
the relation,

nEf=.RT~Ndtnp.,
(2)

Bymeansofa seriesofmathematicatdéductionsandsubstitutions,involving
the Raoultvaporpressurelawandequations(ia) and (2), he arrivesfinally
at theequation,

E- = 0.~0834 log~+~+V~r~±T
(3)

n °i+Ni+V~+2ANt+A

HadebMnd:TraM.Am.Ejeettoehem.Soo.,32,3K(t9ta).
Hifdehraad:J.Am.Chem.Soe.,35,5oi(t~)).
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In thisn is thé valenceandN is the numberofmotsofmercuryto onemolof

zinc. A=*4K + i, whereK is the equiUbriumconstantof (la). Hitde-

brandtestedthe validltyofequation(3),usingthe electromotiveforcedata

coUectedby RichardsandForbesat 23.01".Forthishe let A = i .6,whioh

impliesa valueofK 2.65. The veluesof E thus calculated,and the ob-

servedvaluesworefoundto agreewithintheUnitofexperimentalerror. He

alsocalcutatedfromhis vaporpressuredata.the potentialswhichthe same

cet!sshouldhave,if the zincwerenot asspciated.In suchcases,according

to thevaporptessurelaw,p = p. wefind ·

Ndlnp=~'
N-f- I

which,on integrationand substitutionof the ordinaryvaluesof the con-

stants, givesthé relation,

E-o.00.19834 ~og~+~-

`

n Ni + 1

ThisequationfoHowadirectlyfrom (3)incasethe zincwerenotassociated,
that is,whenK = o, and,therefore,whenA = i. WhenHildebrandapplied

equations(3) and (4) to the data of 'Hulettand Crenshawhefound that,
whilethe deviationsfromthe ideal potentialsare not far fromthose cor-

respondingto the workof RichardsandForbesand to equations(3), the

differenceis,nevertheless,fargreaterthanthemaximumerrorclaimedbythe

investigators.Moreover,hefoundthat novaluecanbeassignedto A which

willbringthé measurementsofHulett andCronshawintohannonywith the

theory.
In viewofthediscrepanciesarisingintheworksofthe investigatorscited,

wethoughtit worthwhileto repeat thestudyof the electromotiveforcesof

zincamalgamelectrodes.Tothis endwehavefollowed,in general,the pro-
cedureof Hulett and Crenshaw.

MaterlalsandAppamtus

Mercury-Themercuryusedin thisworkwaspurifiedby repeatedspray-
ingthroughdilutenitricacid,then driedbyheatingandfractionallydistilled

fivetimes in a ourrentof air under reducedpressure. It wasfinallydried

byheatinginanelectricovenat ics" andstoredina vacuumdesiccator.
Zinc <S~pAo<e.–Thézincsulphate was purifiedby digestingBaker's

"Analyzed"sait with zinc oxide and hydrogenperoxideto oxidizeany
ferrousiron. The solutionwas then filtered,madeslightlyalkaline with

ammoniaandhydrogensulphidewasaddeduntila fairlyheavyprecipitateof
zincsulphidewasformed. Thismixturewasdigestedfortwodayson asteam

bath, then cooledand Ntered. This procedureshouldremoveany heavy
metalswhichmighthavebeenpresent. Thezincsulphatewasthen allowed
to crystaUize,andit wassubsequentlyreerystallizedthreetimes,the last time

fromconduotivitywater. The salt thuspurifiedwasusedin preparingthe

electrolyteforthecellsandalsoinpreparingthézincfortheamalgams.
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~!Mc.–Thezincwaspreparedby the eleotMtymsofsoMom ofthe puri-
fiedzincsulphate,ustnga cathodeconaistingof a 0.$mm. tip of a amaM
platinumwire8ea!edintothe endofa glasstube. Theourrentdensitywaa
kept low80that a rathercompactdepositof zincwasformed. Thesolution
waskeptneutralduringdeotroïysiBby surîoundingthe largeplatinumanode
witha porouscup,SUedwithbasiczincsulphatepreparedfromthe purified
salt. The zincobtainedby e!eotro!yBiswas washed,driedand twicefused

?.

withpure solidammoniumchlorideto removethé oceludedmotherliquor.
It wasthendistilM fourtimesunderreducedpressurein a Pyrexglasstube,
thé last distillationbeingmadein an atmosphèreof hydrogen. Underthese
conditions,nofog,due tooxidation,appearedas wasthe casewhenairwas
usedinsteadof hydrogen. The brightcrystallineMncwaathen eut to con-
venientsizebymeansofa cleansteel"sidecutters."

Hydrogen.-Thehydrogenwaspreparedby the e!ectro!ysisof a strong
solutionof sodiumhydroxidebetweennickelgauzeelectrodes. It wasbub-
bled throughan a!ka!mesolutionof pyrogalolto removeoxygenand then
througha towercontainingfusedcalciumchlorideand sodalime.

Theelectrodevessels,eightinnumber,weremadeofPyrexglassandwere
ofthe formshownin Fig.z. In preparinga eellforusethe cellwasfilledto
aboutthreequartersofitscapacitywitha solutionofzincsulphate,saturated
at 25",and thesolutionwasthenboHedfora ahorttimeunderreducedpres-
sure. The tube was then repeatedlynlkd with hydrogenand repeatedly
evacuated. Finally,to removethe last tracea of oxygen,the solutionwas
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subjectedto a longperiodof continuousstirring,accompaniedby an inter-
mittent glowingof the platinumwire,o. To preparethe amalgamthe mer-
ourywasweighedina spécialpipette,Fig.z, B, and wasintroducedintoone
of the cupsofthe cellunderhydrogenpressure. Thiswaadoneby removing
an eleotrodetube by breakingthé cementsealat d, loweringthe capillaryof
thé pipetteinto the ce!!and breakingoffthe oapiUarytip at h by pressure
againstthé bottomof the cell. The zincwasweighedaccuratelyand then
droppedintothe meroury..Duringtheseoperationsa rapidstreamofhydro-
genwaspassedintothe cellat a andout throughthe openingthroughwhieh
the additionwasmade. Amalgammadeupin this mannerhavebeenkept
foreightmonthswithoutanyévidenceofsurfaceoxidation.

The weightaof merouryusedare aecurateto o.to mg., thoseof zincto
o.o!mg.Eachcellwhenmadeupoontainedoneamalgamwithexactly2.22g.
of zincin ïoog. of mercury. This givesa.two-phaseamaigamat 25",and
it is the amaigamagainstwbiohthepotentialofeachof theotherelectrodes
wasread.

AUpotentialmeasurementsweremadeby meansof a highrésistance,5-
dialWolffpotentiometerin serieswitha sensitiveLeedsandNorthrupgal-
vanometer. Bymeansofgalvanometerdeneotionait waspossibleto readthe
potentiabto dso.ooimv. The ceuBweteimmersedin a largeoil thermostat
whiohwaseiectncailycontroUedto ±o.ot"at any desiredtemperature. The
temperatureswere read by meansof a standard thermometer,(B.S. No.
21577). The Epp!eystandardreferenceceU,(i.oïSoi v. at !:5°),waskept
constantlyimmersedin a separateoit-bath,maintainedat 25"±o.ot.

The potentialof each single.phaseamaigamwas read against the two-
phasereferenceamalgamat i8",25",and30*.This référenceamalgamistwo-
phaseat or beîowag",but beoomesa singlephasesystemat 30°. The po-
tential betweenthis standard referenceélectrodeat 30"and an amalgam
whichisstilltwo-phaseat that temperaturewasdetermined

It wasfoundthat the concentratedamalgameat a giventemperaturegive
a constantpotentiaiindennitely. The diluteamalgamsshowa tendencyto
increasein potentialon standing. If, however,the amalgamis thoroughly
mixed,it is possiMeto obtainpotentialreadingsat the three temperatures
and then to retum to the originaltemperature without any appreciable
changein theelectromotiveforce.

Whitethepotentialsof the amalgamce!!swerereadat the threetempera-
tures, thevaluesdifferso little that, for the sake of brevity,only thosefor
25"wi!tbegiven. The valuesof -E giveninTable1representthe meanof
manyreadingstaken overa periodof fromtwoto ten days. In no casedid
the readingsvary appreoiaMyfromthe meanvalue. In this table Ni!is the
molfractionofthe zincinthe amalgam,-Eisthe potentialofeachindividual
amalgamagainstthemostdiluteamalgam,the valuesbeingcalculatedfrom
the respectivevaluesof the potentialsmeasuredagainst the standard two-
phaseamalgam.
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The activityof the zincin the amalgamaand the potentiab,as wellas
the increasein freeenergyaccompanyingthe cellpmcess,are M~tedbythé
well knownthermodynamicatexpression,

AF=En.f=RTh~
Q:

Inthiathevatuestakenfortheconatants&)-e:f= {)64()4eou!omb8;R= 8.3166
joules,and n = a.

By reananging(s), substitutingthé propernumericalvalues,and sub-
tracting logNafrombothsidesoftheequation,weobtain

log
S = ~o~

N,) + log“ (6)

At in6nitedilution,or whenCii/N:becomesequalto unity, the lefthand
memberof (6)becomeszero,hence

-E
'r logNt].

~o~
If nowweplotthe valuesofthequantityin thebrackets,asordinates,against
the mol fractionsof zinc,as absdssae,the valueof theordinatewherethé
carve cutsthéverticalaxisisequalto -log a~. Wehaveplottedthesevalues

TABUSIJ

ActivityofZincin ZincAmaigamsat 25".0_

~X~ -E
-E

.,xio'

mv. 0.020588 Ni
!nN,!

ooooo ce [3.Sï99o! 1.000 o.oo
0.30:4 0.000 3 Si94a 0.9989 0.302
J 5853 2i.i9S 3-15642 o.99z i.s7
3 024 29.43Î 3.51404 0.987 2.98
5 3~2 36.700 3.50976 0.977 g.s6

18.187 51.656 3.48656 o.926 16.84
~'96$ 53.392 3.48350 0.919 19.98
~3-~04 54.768 3.47670 0.905 aï.46
30.049 57.44S 3.46429 0.880 26.44
3~.954 58.467 3.45866 o.868 a8.6i!
35-543 59-a8o 3.45330 0.858 30.49
38.510 6o.i8o 3-44891 0.849 32.70
39 937 6o.5!:8 3.44487 0.841 33.60
43-495 61.393 3.43705 o.826 35.94
47.783 62.377 3.42948 o.8t2 38.80
52.721 63.39Ï 3-4~105 0.796 4t.99
55.194 63.789 3.41460 0.785 43.3t
57.737 64.204. 3.40906 0.775 44.7360.200 64.630 3-40532 0.768 46.24
63.780 65.160 3.39816 0.755 48.19
rnf .9
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for the three temperaturesandthé curvesaregivenin Fig. 3. Thevaluefor

-log for 25°,at infinitédilution,is givenin bracketsat the top of the

third columnof Table ï. By subtractingthia valuefromthe valuesof the

ordinatesat other valuesof Ns, wehave obtainedthe corrospondingvalues

of logas/Ns. Fromthesewehavecalculatedthe vahieaof<t:/N:and<!efoundin
the last two columnsof thistable. Fromthe natureof the methodused,it is

obviousthat the three curvesofFig. 3 muetcrossat a pointcorresponding
to the most dilute amalgam. The nearer this point is to the verticalaxis

the lesswi!lbe the inaccuracyintroducedbyextrapolationto the axis.

In passing,it is interestingto comparethe activitieswhichwehaveob-

tained for zinc with those whiehLewisand Randall' have calculatedfor
thalliumfromthe dataofRichardsand Daniets.*They havefoundthat the

valuesof a~/Nzincreasescontinuouslywith increasingconcentrationof thal-

liumin the amalgam. Withzincamalgama,however,exactlythe reverseis

'LewiaandRandatt:"Thennodymuaios,"267(t92g).
RichM-deandDanieia:J.Am.Chem.Soc.,4t, t732(t9t9).
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true. The valuesof a,/N, deoreaseas the concentrationof the zinc is in-
creased. ThMis precMy whatweshouldexpeot,if the dissoivedzincis as-
sooated in the amalgam.

Thevariationof the activityof the twocomponentsof a binarymixture
withchangein concentrationat a giventemperatureisgivenby the relation,

ai N~
Na

d a$ (8)
~~=-~1~-

Todeterminethe valueof the log<t~Niformerouryat any concentrationof
Nncit is onlynecessaryto plot the valuesof N,/Ni as ordinatesagainst the
correspondingvaluesoflogc,/N!. Theareaunderthéourvefromthe origin,whereNi, o, up to the desiredconcentrationN. givesdirectlythé valueof
Y~ desiredconcentration.WehavecarefuUyplottedour values
of N!N, againstthe correspondingvaluesof log a~N:, and wehave re-
peate<Uymea8uredthe areasby meansof a polar ptanimeter. The valuesfor a,/Nt and 01for mereurythus calculatedare given in thé last two
columnsof TableII.

TABLEII

ActivityofMerouryin ZincAmalgamsat as"
m

In orderto determinethe effectof temperatureuponthe electromotive
forcesof theseama!gamce!!s,wemadethreeaetsof ce!b,one foreachtem-
perature,andeach set containingexaotlythe sameseriesof concentrations.
ihese amalgamwerepreparedina specialpipettewhichenabledus to weigh

N,Xio' N~N.X~ <N,
ooooo o.oooo o.ooo i.ooo
0.3024 0.3025 0.999 0.999+
'S°S3 ~.5878 0.992 0998

3~
3.033 0.08? 0.997
S- 0.977 0.995

'°- iS-S~ 0.926 0.983
~~S 21.414 0.920 0.980
~3.704 94.~80 o.~ o.977
30.049 30.980 o.88o 0.972
~4 34.077 0.869 0.969

~-543 36.853 0.858 0.967
~S~ 40.052 0.849 0.965
~7 41.598 0.841 0.964
43-49S 45.473 0.826 0.961
47~83 50.i8ï 0.812 0957
~7~ 55.655 0.796 o o~
55'94 58.418 ..y85 0.951
S7737 61.275 0.775 0.95060.200 64.056 0.768 0.948
~o 68.125 0.756 0.945
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both the zincand the mercurywithoutmixing. Afterthe pipettehadbeen
washedbya streamof puredry hydrogenandevacuated,the mercuryand
zinoweîemixedand thoroughlyshaken. The cellswerethen sealedand

placedintheirte~pectivetemperaturebaths. Thepotentialsworereadover
a periodofseveraldays,or until the potentialsbecameconstant. Fromthe
valuesof the electromotiveforcesthus obtainedwehavecalculatedthe in-
ofeasoin freeenergy,-AF, accompanyingthe dilutionfromthe morecon-
centratedamat~tos,respectivety,to the onemostdilute. Thèsevaluesfor
the threetemperaturesare givenin Table111.

TABLE 111

ThermodynamicData forZincAmalgamCeUs

Thetemperaturecoefficientsof the eleetromotiveforce,and likewiseof
the changein freeenergy,werecalculatedfromthe potentialsat the three
temperaturesby meansof the equation,

Et=EMh+f(t-zs)+~t-2s)~. (9)
ThesevaluesarealsoincludedinTableIII.

Whenthe valuesof are negligible,as theyare for thèsecells,wemay
calculatethe changein heat content, AH, accompanyingthe dilutionfrom
the knownvalueofthefreeenergyofdilutionbymeansoftherelation,

-AH;M -AF~(i «.298). (ic)

Furthermore,thechangeinentropyaccompanyingthedilutionisgivenbythe
wellknownrelation,

-AS = (")
T

The valuesof AH~ and ASM.havebeencalculatedandare to befoundin
the hst twocolumnsofTableIII.

Forpurposesofdiscussionand comparison,TableIV bas beenarranged.
In this TableE. representsthe observedpotentials,E, the idealpotentials

N,X to* AF., AFM AFt. a X M' x to< AH,, ~S,.
joules. joules. joutM. joules. joules.

0.0324 0000 0000 0000 –– ––– 0000 0000
'-5853 3996 4090 4165 35.09 +0.323 255.2 14.58
30:4 5543 56~8 s~St 35.24 +0.199 354.3 20.24
5.382 6912 7083 7212 35.61 +0.100 441.9 25.24

20.96~ t0036 10304 T0475 34.80 -0.338 642.99 36.72
32.954 10993 "a83 1:478 35-45 -o.i86 703.9 40.21
38.5:0 11310 n6ï4 11812 35-45 -0.284 724.6 41.39
39.937 '1381 ti68ï 11836 35.72 -0.140 728.8 41.63
47.783 H725 ~038 12251 36.n -0.155 751.1 42.90
55.Ï94 11989 12311 t2530 36.31 -0.139 768.1 43-88

Mean +35.65
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as oaloulatedby (4), and E. are the potentiabca!outatedby (3). In these
cakutatioasNt = 330~.9,andNt ia thé molratio in the amalgamtaken in
conjunctionwithit. la théreoalculationofthedataofRichardsand Forbes,
Hildebrandhasassumedthe valueA = n.6. Wehavefound,however,that
the value,A = 11.2,whensubstitutedin (3),givesbetteragreementwiththe
observedvaluesnotonlyforthe dataofRichardsandForbes,but abo forour
ownas well.

Whitethe différencesbetweenthe observedpotentiels,Eo,and the ideal,
E,, do decreasewith increasingdilutionof the variableamalgam,Nj),this
differencedoespersiatevenat the lowestconcentrations.To catoulatethis
deviationforthemostdiluteamalgam,whereNi = 3305-9~wehavecaïculated
the valuesof E. andEt by meansof (3)and(4),lespectively,andtakingN2
solaqsethat Abecomesneg!ipbtein eomparieon.Forthis purposewehave
arbitrarilyassumedN: to be 1000000,andthat the resultingamalgamis so
dilutethat its potentiali6that ofan idealamalgam.Hildebranduseda aimi-
larmethodin caleu!atingtheelectromotiveforceof themostdiluteamalgam
employedby Richardsand Forbes. Wehavefoundthe deviationfor the
amalgam,N = 3305.9,to beo.ozomv. Thisvalueaddedto the originalde-
viationsgivesthe correcteddeviationswhieharecollectedin column,(E.-
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E,),ofTableIV. Theresultsshowa verycloseagreementbetweenobserved

andcalculatedpotentialvaluesin the diluterangeofconcentration,but these

valuesdodivergeas wepassto higherconcentrationsofzinc. Thedeviations
arebest shownin Fig. 4. The curvesshowat oncethe closeagreementbe.

tweenour data and thoseobtainedby RichardsandForbesthroughoutthe

concentrationrangewhichthey studied. Thoyshowalsothat HUdebrand's

equation(3) applieswith considerableaccuracythrougha largepart of the

concentrationrange whichwehavestudied.

TABM!IV

DeviationsofZincAmalgamafromIdealSolutionsat 2g"

RéférenceshouldagainbemadetoKg. i. In thisareshownforcompari-
sonthe plotsof the deviationsof the electromotiveforcesfromthe data of
Richardsand Forbesand fromthat of Hulettand Crenshaw.Asstated be-

fore,the latter havefoundthat the amalgamsbehaveas ideal solutionsup to
theconcentrationat whiehlogN = 2.51. At thispointthe observedpoten-
tialsbeginto deviate fromthose catcutatedfor idéalamalgams. Although
wehaverepeatedtheir work,usingessentiallytheirmethodthroughout,we
havebeenunableto duplicatetheir results. Onthe contrary,our resultsdo
confirmthoseofRichardsandForbes. Wehaveshownthat, throughoutthe
wholerangeof concentrationup to saturation,the deviationsbetweenthe
observedand idealpotentialsincreaseregularlyaswepassto higherconcen-
trationsof zinc. Thesedeviations,on the other hand,approachzeroat in-
Snitedilution.

NtX'o* M,/Nt Eo Eo El Ee-Et Eo Eo
obs. oalo. ideal
mv. mv. mv. mv. mv.

0-3024 3305.90 0.000 0.000 o.ooo –[0.020] o.ooo

1.5853 629.80 21.195 21.199 zi.zSi -0.106 –0.004

3.024 329.70 29.42ï 29.403 29.576 –0.175 +o.oi8

5.382 184 8o 30-700 36.664 3°-98i –0.301 +0.036

18.187 53-98 51-656 51-599 52.620 –0.984 +0.057

20.965 46.70 53-392 53-285 54-4S' –1.079 +0.102

33.704 4t.ï9 54.768 54.729 56.032 –t.274 +0.039

30.049 3~8 57-448 57-485 59-076 –t.648 -0.037

32.954 29.35 58.467 58.452 60.252 -1.805 -6.075

35-543 "7-Ï3 59-28o 59.408 61.231 –i.97i -0.128

38.510 24.97 6o.i8o 60.312 62.257 –2.097 –o.!32

39-937 24.04 60.528 60.723 62.726 –2.218 -0.195

43.495 21.99 6ï.393 61.680 63.823 –2.450 -0.287

47.783 19.9~8 62.397 62.724 65.029 -2.672 –0.347

52.721 17-968 63.391 63.807 66.292 –2.921 -o.4i6

55.194 17."8 63.789 64.308 66.88t –3.ïi2 -0.519

57.737 i6.330 64.204 64.799 67.459 -3-~75 -0.595

60.200 15.611 64.630 65.253 67.998 –3-388 -0.623

63.780 14 679 65.160 65.876 68.740 –3.600 –0.716
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Staamtuy
i. The electromotiveforcesof zinoamalgamconcentrationce!!abave

beenmeasuredat 18",s)~and30°. Theamalgamconcentrationsrangefrom
N = o.0003024uptosaturation.

2. The changein freeenergy,heatcontentand entropyacoompanyin<:
dilution havebeenoomputed.

3. The activitiesof the zincandmercuryin the variousamalgamehave
beenoalculated.

4. Thé deviationbotweenthe observedand ideal potentiab inoreases
oontinuouslywithincreasein the concentrationof the zinc. It approaches
zeroat infinitedilution.

5. TheresultsobtainedconfirmtheworkofRichardsand Forbes.
jPAtw<ce<CA«)t<eo<Zo&oM<M~,
f~S«Xeiy~w~~MM.
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THE BEHAVIOROF METHANOLOVERALUMINUMAND

ZINC OXIDE8*

BY HOMEB ADKINS AND PHMP D. PBNKÏN8

Anumberof recentpublioationsupontheformationofdiethylether over
oxideca.talystsmakesit seomadvisaNeto submitsomeresultsobtainedin
!oa4 uponthe behaviorof methanoloveraluminumand zincoxides. The
experlmentalmethodwasessentiatlythe sameas that pMvious!ydescribed
in the studyof the dohydrationanddehydrogenationof the highera!ooho!s.'
That is, about so cc. of methanolper hourwaspassedovera gramof the
catalyst heated in a Pyrex tube to 300to 4oo'*C.The reaction produots
werepassedthru a condenser,thenbubbledthru 10ce. ofconcentratedsul-
furic in eachof two 8" Xi- test tubesand thé undissolvedgascollected
and measured. The dimethyletherin the condensatewasboitedout at the
end of an hour's run, collectedin the sulfurioaoidand then liberated,col-
!eetedandmeaauredoverwater. Theetherwasliberatedbydilutingthe acid
withwatertoaboutfourtimesitsvolumeandheatingtoboilingfora fewmin-
utes. TheMcoveryofethe~isat!ea8t9o%. Thecatalystswereof the same
sampleas thosepreviouelyusedaandhadbeenusedforanhourortwobefore
eachof the runs reported,sothat theiraetivityhadbecomerather constant.
Twothermocoupleswereused,the headof onebeingin the oatalystsmao,
andthat oftheotheroutsideofthetubebut inan indentationadjacentto the
catalyst. The dehydrationof methanolis a stronglyexothermicreaction,
so that the differencein temperatureindicatedby the thermocoupleswaain
somecasesaamuchas 4$".

Thevariationin thereactionwithtemperatureisshownin Fig. i. Curve
3representsthe total aetivityin Mtersofgasperhourandcurve4the aotivity
in Htersofdimethyletherperhour. The temperatureshownie that of the in-
'ade thermocouple. Curves i and 2 showthe samevaluesfor activities
plotted against the temperatureas indicatedby the outsidethermocouple.
It is apparentfromthe ourvesthat methanolis convertedahnost quantita-
tively over the alumina oataiyst used into dimethylether in increasing
amountsat temperaturesup to about350"and that there is little changein
eitheractivityor proportionsof produotsovera rangeof perhaps40". Fur-
ther inoreaseof temperatureresultsin a rapidincreasein the productsother
than dimethylether (COi!,CO, C~, H:, and CH<)partly at the expense
of that compound.

Thebehaviorofmethanolovera zincoxidecatalystis showninFig. 2,the
températurebeingthat of a thermocouplein the catalystmass. The forma-

*contributionfromtheI~bot&totyofOt~nioChemiettyoftheUniveraityofWisconsin.
AdkinBMdPerMm:J. Am.Chem.Soc.,41,n63(t92s).
McKeeandBurke:J. Ind.Eng.Chem.,tS,793(t9~).

AdkmsandPerkim:J.Am.Chem.Soc.,47,t!6;t;LMierandAdJtina:t?~ (t~s).
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The titeraofgas and dimethylether at 20"and 740 mm, formedper hour by the passage
ofso ceof methanolover t z. ofpteeipittted zincoxide, are plotted against the températureindicated by a thermocouplein the catalyst maas. A représentative mf analysis )e shown
in the 6gure.

Thelitereofgasat 220and740mmformedperhourbythepaMageofsoceofmethanol
over t g. ofattMmm,are plottedagainstthe temperaturesindicatedby a thermocouple
outNdethe catalyattube (ourve!) andin the cataiystmasa(ourve TheUteMofdi.
methylethercontainedtnthégasaresimitartyshownmeurvM3 and4.

MethanoloverAlumina

Méthane! over Zinc Oxide

Fto.ti

FM.9a
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tionofdimethyletherWMahnostnegligibleoverthiscatalyst. Theformation
of simplegaseousproductsbecameprominentat abouttheaametemperature

in the easeof alumina,. Therewasa considerableamountof blackening
of the oatalyst.

Aseriesofexperimentswereconductedinwhiohdimethyletherwaspassed
over the aluminaoatalystalongwithvaryingamountsofwater at tempera-
tutea fromzyo"to 430". Six to ninelitersper hour of dimethylether was

pasaedoverthé catalyst. The resultsofa numberof runaare givenin Fig.
3, showingthe variationwith temperatureof the amountof dimethylether

290 MO !TO 4)0

FM.3
HydrationofDimethylEther

Theliteraofdimethyletherhydratedat varioustemperatureaMdnf:variousamounts
ofwaterwitha flowofapproximatelysevenlitersof théetherpefhouroveri g.ofan
aluminacatalystareehown.

enteringinto reactionwith varyingamountsof water. It is apparent that
the greatestamountofhydrationtookplacewhen8to 10ce.ofwaterperhour
wasused. Thiscorrespondsto a 50%molecularexcesaofwater, greateror
tesseramountsofwaterdecreasingthereaction. Theserésultawereobtained

usingi g. ofaluminacatalyst. When6 g.ofcatalystwasusedthe maximum
reactionwasobtainedwith about 60g. of water,i.e. 700%molecularexcess

per hour. Theactualamountofetherhydratedper hourwasapproximately
twicethe amounthydratedover i g.ofcatalyst.

Thewaterfor the hydrationwaspassedinto the vaporizerin the same
fashionas the alcoholin the dehydrationexperiments. Thedimethylether
waspassedfroma bottleundera lightpressureand mixedwiththe steamjust
after it left the vaporizer. The amountof dimethylether reactingwas de-
tenninedby subtractingfromthe amountintroducedthe amount foundin
the gas, coUeotedas in the dehydrationexperiments. Asa checkon this
methodthe amountof methanolm the distillatewasdeterminedbythe use
of aZeiss immersionrefractometer. In generalthis showed75 to 80% as
muchmethanolas correspondedto thedimethylether diaappearing.
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Dimethylether was prepared in quantity by passingmethanolover
atuminaat 340*passingthe productsthru a condenserand recoiversur.
roandedbyicewater,andthenabsorbingthegasinoono.mufaricaoid. tooce.
of sulfuricacid willsatisfactonlyabsorbtheetheruntil thevolumeis 400ce.
Theslightlybrownsolutionmaybe keptat rcomtemperatureandpressure.
Awater-whitesolutionmaybeobtainedbycarryingout theabsorptionat o".
Whenaaupptyof i or ta titemoftheetherwasneeded,30co.ofthesolution
in acidwasplacedina 8- X t- test tubeand waters!owtyaddeduntil
the tube wasthreefourthsfull. TheevolvedgaswaaooUeotedoverwater.
About50%ofthediasotvedetheria nberatedduringthe additionofthe water
and the remainderuponheatingthe solutionto boilingin an oi!bath fora
fewminutes.

Summaryand Coaclustoas

Therelationoftemperatureto thé rateof dehydrationofmethanolover
analuminacatalystbasbeenshown. Thereisa veryNnaBamountofdecom-
positionof the etherbetween3So"-38o".DécompositioninoreaBesrapidly
abovethat point.

Zincoxideprecipitatedas thehydroxideisveryinactivetowardsmethanol
at 325°and inducesa negligibleether formationat any temperature. At
temperaturesabove395"zincoxideshowsa rapidlyinoteasingtendenoyto
decomposemethanol.

Theoptimumconcentrationofwaterformaximumhydrationofdimethyl
etherat a constantrate ofnowisshownto varywiththeamountofcatalyst.

.tfo<<t<on,yt<co)M<tt.



STUDIESIN HOMOGENEOUSCASREACTIONS1
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Introduction

Dunngthe lastfewyearsthé theoryofactivationby collision,ratherthan
by radiation,hasmaderapidstrides. Subséquentto the suggestionofacti-
vationby radiationby Perrin,'Lindomam'ahowedthat on the basisofthe
simpleradiationhypothesisthe inversionof sucrosemuât be enonnousiy
acceleratedby sunlight,in disagreementwith experiment. Many other
casesare nowknownin whichthe frequencywhichis caloulatedfromthé
simpleradiationhypothesisis quite withouteffecton a system;frequently
it faUsina regioninthé infra-redwhichis notabsorbedat all. At aboutthe
sametime,Langtnuir~pointedout that there is not enoughradiantenergy
ina systemto accountforthe observedratesof reaction. Abo, Lindemann*
caUedattentionto thefact that, if the ratesof activationand de-activation
are largecomparedto the rate of reaction,the reactionmay be kinetically
unimolecularregardtessof the orderof the activationprocess. Calcutations
havebeenmadeby Christianeenand Kramers,6by G.N. Lewis,"andbyTol-
man~whiehdealwith themaximumpossibleratesofactivationby radiation
andby collision.In ai!of thesecalcutatioMit wasfoundnecessaryto make
ratherundesiraMyliberalassmnptionsto accountfor the observedratesof
reaction;it cannotbesaidthat they wereveryfavorableto eithermethodof
activation.

Sincetheselast-mentionedcalculationswerepublished,twodistinctargu-
mentsin favorofaotivationbycollisionhaveappeared. Thenrst oftheseis
ofanexperimentalnature;Hinshelwoodandhisco-workeM~havefoundthat
the decompositionsofpropaldehyde,of diethylether,anddf dimethylether,
allofwhieharestricttyunimolecularat highpressures,deviatefromtheuni-
molecularcourseat lowpressures,the specifiereactionrate becomingsmaller
with decreasingpressure;Ramsperger*has observedthe same type of de-
creasein thespecifieratein thedecompositionofazomethane,andto a greater
extentthan in any of the casesstudiedby Hinshelwood.This decreasein
the specifierate withdecreasingpressureremovesthe very featureofuni-
molecularreactionswhichthé radiationhypotheaiswas inventedto explain,

"LeaAtomes"(t~tg);Ano.Phys.,H,5(t~).
PM,Mag.,40,87!(t~o).
J.Am.Chem.Soe-,42,tt~o(t~zo).

<TtN!a.FaradaySoe.,t7,598(t~aa).
'Z. physik.Chern.,104,451(t~g).
LewisandSmith:J.Am.Chem.Soc.,47,t5o8(t~s).
J.Am.Chem.Soc.,47,t~ (1~5).

a. ~P'"?~~ ~?S'~ 221<): Hinshelwood:114A,"4;~9~7);lunahetwoodandAakey:ttSA,9!5(!927).
J.Am.Chem.Soo.,49.~M,1495(t~y).
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and may be i egardedas experimentalevidencethat radiationaloneis not
sumoientto cause the thermaldécompositionsof the above-montionedsub-
stances. The secondof theseargumentsin favorofactivationby collision
is baseduponthe suggestionmadeby Christiansen'"that the numberof de- igreesof freedomof the moleculemust be eonsidered.This ideahas been
thebasisforcalculationsbyHinshelwood"andby FowlerandRidea!"whioh
showthat thé maximumrate ofaotivationis verymuohiacreasedby this
assumption. In thé paperby Fowlerand Ridealthereare someother as-
sumptionsmadeas to the methodof activationwhichseemratherquestion-
able, and whiohhave beenoFiticizedby Tohnan,Yost, and DieMnsoa.
Thetreatmentgivenby Hinshelwoodseemsto bepreferable,and willbedis- r
cussedin a later section. Itmaybesaidthatasaresuttofthistreatmentit
provespossibleto accountfairlywellfor the experimentalresultsofHinshel-
woodhimself,but that the muchfasterdecompositionsofazomethaneandof
nitrogenpentoxidewouldrequirethe assumptionof an absurdnumberof
degreesof freedom. Hinshetwoodassumedthat the specifieréactionrate

·

ofatt activatedmoleouleswasa constant,independentoftheirenergycontent.
In thispaperthe conséquencesofreplaoingthisassumptionbythe morerea-
sonableonethat the speoificreactionrate foractivemoleculesincreaseswith
theirenergycontentwillbeconsidered.Just beforethepaperwassubmitted,
anarticleappearedbyRiceand Ramsperger'*in whichthissame,assumption
wasmade. Thedevelopmentandthe finalresultareinmanyrespectssimilar
to that presentedhere,but thereare enoughdineMncesto makepublication
ofthisarticleseemdesirable.

Thereseemsto besomedisagreementin the literatureaboutthe meaning
to bogivento the energyofactivation. In the originalArrheniuséquation,

qis theenergypermolnecessaryforaotivation,that is,thedifferencebetween
theaverageenergyof the activatedmoleculesand the averageenergyof a!I
themolécules.Tohnan"as the resultof a rigorousandverygeneralderiva-
tion,hasobtainedtheexpression

dT
i

kT'

TheBnetgyofActivation

dmK q
dT ° RT

dinK E E

Proc.Camb.PM.Soc.,2~, ~s(!9a6).
Proc.Roy.Soc.,tHA,230(t~6).

"Proc.Roy.Soc.,U3A,570(r926).
Pmc.Nat.Aead.Sci.,M,ïM(t~y).

J. Am.Chem.Soc., t6~ (t<~).
J.Am.Chem.Soc..47, (t~s);"Statiatica!Meehanica,"~65(toay).
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whereEis théaverageenergyof themoleculesthatKactand Eis theaverage
enorgyof aUthé molecules;this equationappliesto unimo!ecuiarreactions
in whichthe equilibriumquota of aotivatedmoleculesis essentiallymain-
tainedforothercases,Tolman'spapermustbeconsutted.Tolman,then pro-
posesto caUthia quantity E E the energyof activation.Lewis, on the
otherhand,definesthe energyofactivationas theminimuminternalenergythat a moleculemusthave in order to Mact;thisdefinitiondoesnotinvolve
anyequation. Thisdefinitionseemapréférableto that of Totman,because
manysimplehypothesesas to the natureof theaotivatedstatesgivevalues
of E g whichare not constant with respectto the temperature;it should
certamiybea fundamentalrequirementfor anydéfinitionof thé energyof
activationthat it beindependentofthe temperature.

Thus,forthe simplecasecharactenzedby twointernaldegreesoffreedom
forthe molecule,andmaintenanceofthéequilibriumquotaofactivatedmo!e-
cules,Lewts'~has calculatedthe temperaturecoefficientof the reactionrate,
assuming,(a),that the specifiereactionrate ofaotivatedmoleculesis inde-
pendentof theirenergycontent, and, (b),that the specifiereactionrate is
proportionalto the excessenergyoversomecriticalamount,E.. Assumption
(a)leadsto theequation

d ln K E.

while(b)gives
dT ~k~'

while(b)gives

dtnJK E. + kT
dT

Thesesameresults mighthavebeenobtaineddirectlyfromToiman'sequation.Thusfor the 6ï8t case

r
F NkTe-EdE

~E.

E=-_–––––––-––=E.+kT,
Ë =

N
k T e-s~ d E

= Eo+ kTI

A.
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t NkTe-EdE

v

p
o

e-E/kTEdE

..––––––––=~T

NkTe-dE
~o

LewisandSmith:J.Am.Cham.Soc., KM(.025~LewisandSmith:J.Am.Chem.Soc.,<y,[513(,<),s).
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ThepaperofRiceandRamspergerdealtahnostentirelywithtwotheories;
that whichtheyhâvecalledTheoryI, whichis simplythc theoryconsidered

by Hinshelwood,and TheoryII, in whichit is assumedthat an activated
moleculedoesnot reaet until some particulardegreeof freedomacquires
energyof E<,orgreater. Onthe basisofthisassumptionit is possibleto cal-

culate, from statistica!mechanics,the way in whichthe spécifiereaction
rate df activatedmoleculeschangeswiththeir energycontents. Theyhâve

appliedthesetwotheoriesto Hinshelwoodand Thompson'sresultsonpropal-
dehyde,and foundthat the formof the curveobtainedby plotting log K

againstlogp (ata fixedtemperature)isgivenfairlywellbyeithertheory.

The author bas alsodevelopedHinshelwood'stheory,in muchthe same

wayas haveRiceand Ramsperger,andobtainedthésameresult. It is found
that

Whence

just asLewisfound. Andin thesecondcase

and Eis thé sameas before. Therefore

Thusweseethat assumption(a) correspondsto a typeof reactionin which
Tolman'sdefmitionoftheenergyof activationisthesameasLewis's,but that

assumption(b)correspondstoa type inwhichtheonofgyofactivationas de-

finedby Tolmanis not onlylargerthan that givenby Lewis,but isvariable,
increasingwithtemperature.

Sincemanyotherexamplescouldbegiveninwhichthissamesortofvari-
ationwouldoccur,it seemsbestto adoptthe definitiongivenby Lewis. Ac-

cordingly,in this paper,thé energyofactivationisdefinedas the minimum

internalenergypermolwhichmoleculesmustattain inorderto react. This
samedefinitionbas beenadoptedby Riceand Ramspergeralso.

TheSpeci&cReacttonRateofActivatedMolecules

/*ce

e-(E-E.)EdE

jEo

/*M

e- (E Eo)EdE

JE.

Ë=––––––––––––––=E.+akT

d!nK E-E E~,
dT kT'k'P

d!nK E.+kT
dT kT

K=
i+A/P
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where~i is a conatantat any 6xedtemperature;this h)equation(5) in Rice
andRamsperger'Bpaper. Theauthor basfoundit veryconvenientin testing
this theory to plot i/K against i/p. Accordingto tho equation,this plot
mustbe a straight line,fromwhoseinterceptsK~ and maybe found at
once. It is thus veryeasyto tell whetherthe data foranyparticularreaction

I PMpaMehyde&t?" H P)-opa)dehyde796°
III DiethylEther798° IVDimethylEther777°
VAzomethene603" VIAzomethane563°

arein agreementwiththiatheoryor not. In this wayit is foundthat the ex-
perimentaldata for diethylether, dimethylether, and azomethaneare in
definitedisagreementwiththe requirementsôf the simpletheory;propalde-
hydegivesstraight Uneswithin the accuracyof the expérimentalresults.
Theexperirnentalresultsforall fourof thesesubstancesareplottedin Fig. i.

Thus it seemedthat, althoughthé assumptionof a reasonablenumberof
degreesof freedomwascapableofaccountingfortheorderofmagnitudeofthé
reactionrates of most monomolecularreactions,it wasnot able to account
quantitativelyfor the variationof specificrate with pressure.A!so,it was
foundthat the theorywasunableto accountforeventheorderof magnitude
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in the caseof someof the fasterreactions,notably the decompositionsof
azomethaneand nitmgenpentoxide,without assumingan unreasonabte
numberof degreesof freedom.

Asecondtheorywasthendeveloped,baseduponthe followingargument.In a complexmoleouleit is notsumoientto have a largeamountofenergystoredto causedecomposition.It isnecessaryfor thisenergy,or a sumoient
part ofit, to beooncentratedatsomeweakpointinorderto rupturethemole.
cule. Nowthesimplestpossibleassumptionis that thereissomesinglebond
in the moleculewhiehiscasierto breakthan anyof the others,and that aH
but an inappréciablepartof theréactionis initiatedbya breakof this bond.
Then,ifweassumethat thebondbreakswheneverit acquiresenergyinexcess
of somecriticalamount,E., it shouldbepossibleto ca!cu!atefromstatistical
mechanicsa relationbetweenthespeciScreactionrate ofactivatedmolecules
and their energycontent.

ThisdiffersfromTheory11of RiceandRamspergermoneway:theyas-
sumedthat it wasnecessaryfortheenergyEoto be concentratedin a sing!e
degreeof freedom;the authorbasregardeda ohemioalbondas similarto a
simpleosoiUator,andhencepossessingtwodegreesof freedom. Saveforthe
differeneesresultingdireotiyfromthis onevariation, the two devekpmentsare verysimilar.

FollowingRiceandRamsperger,let a moleouleof ClassA be onewhose
total internalenergyisbetweenE andE + d E, anda moleculeofClassCbe
onewhiehisofClassAandinwhiehsomeparticularbond(that is, somepar-ticulartwodegressoffreedom)basenergyinexcessofEo. Weassumethat the
rate at whiehmdecdesofClassAenterClassC isproportionalto the fraction
of the moleculesof ClassA whieh, e?M~n~, wouldbelongto ClassC.
TheassumptMnsinvolvedinthisareverydear!youtlinedby Riceand Rams-
pergeronpage t6:2 of theirarticle,andareexactiythé samein this theoryas
in theirs.

Wewish,then,todeterminethefractionofallmoleculeswhiehhaveenergybetweenE and E + dE andwhiehwouldhave also, if the distribution!aw
held,energyinexcessofE. insomedefinitetwodegreesof freedom.

Thiscalculationmaybemadein a wayanalogousto that used by Rice
andRamsperger.It mayahobedonein a differentway,somewhatmoreele-
gantmathematically;a similarmethodis notavailableforthe casetreatedbyRtceandRamsperger,becauseofthenon-integrabilityofoneofthe equations.It is thissecondmethodwhiehwillbegivenhere.

Forasingleoscillatorit iswellknownthat the probabilityofenergyinthé
rangefromE to E + dEis

P.~=~e-~dE,

and that the probabilityofenergygreaterthan E is

P..E =0-
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Thenit foMowsat oncethat the probabilitythat a systemof twoosoiUatoM
willhâveenergygreaterthanE is

~-f[(a')(')]~

-?+ ')'kT

In thisexpressionthe 6Mttenuwithinthe bracketsis the probabilitythat a
chosenoneofthe oseillatorswiUhaveenergyin therangeE. to Eo+ dEoand
thesecondtormis théprobabilitythat theotherwillhaveenergygreaterthan
E Eo,80that the twotogetherwillhaveenergygreaterthan E. The in-

tegralof this productfromEo= o to E. =' E plusthe probabilitythat the
firstoscitlatorwillhaveenergygreaterthanE, isevidentlythé totalprobabil-
ity that thé twotogetherwillhaveenergygreaterthan E.

It is then easyto findthéprobabilitythat the twooseillatorstogetherwill
haveenergyin the rangefromEto E + dE. Thisis

~P-3-11dB
p,dE

=~e––dE.

Continuingin this way,it is foundthat the probabilitythat SosciUators
haye energygreater than E is

~{[~[~(~)"
+

~E.~I~&tT
(!)

-[B~)' ~(~-].-

andtheprobabilitythat theyhaveenergyin the rangefrom Eto E + dE is

p ~Ps.E.
~s.E.dE= de

ES-t
.-E/M.)~

'(S-i)t(kT)~
e

Theseare of courseall well-knownresults. Evidentlythe integrandof (t),
namely,
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~–-[a.'–~][(~(~)"'+..+
CU.B..cIE. kT

e
Jv(d-~)! kT

+ +

,]~

isthe probabilitythat aomeohosenoneofthe SosciHatorswiUhaveenergyinthe rangeEoto Eo+ dE. andthat the wholegroupwillhaveenergygreater
than E. Hencetheprobabilitythat the wholegroupwiUhaveenergyin the
rangeE to E + dEandthat the ohosenonewillhaveenergyin thérangeE.
to Ee + dE<,isgivenby

aCSEPd'"aE
Ce.=-~S~dE

=(S~)!EdE.

But it hasatreadybeenfoundthat thé probabilitythat the wholegroupwill
haveenergyin therangefromE to E + dEis

fS-t
-ElkTPg,it- = "e"Ïi'rs.E.dh

(S-t)!(kT)8~

Hencethe probabilitythat whentheSoscittatomhaveenergyin therangeEto E + dE somechosenoneof themhas.energyin thé rangefromEoto
Eo+ dEois

c~e.
CS.E.dE.Eo,dE,

r

S.BodE

(S

1) Els-(Ex dE,.

Then,finally,the probabilitythat whenthe wholegroupbasenergyin thé
rangeEto E + dEsomechosenoneofthembasenergygreaterthanEois

C~E. = Fr' E.\s-
JE (E Eo)S-'r~S.E.E.= Cs.E.<)E.E..dE.= t––g–~t

Hencethé apecifiereactionrateof moleculeswithenergyE is

.(~)'-

whereAis theproportionalityconstant.

It onlyremainstoevaluatethisconstantin tenusofthe rateat highptes-
sures. Whentheequilibriumquotaofactivatedmoleoulesis maintained,the
numberofmoléculeswithenergybetweenE andE + dE that décomposeper
secondis
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NK .?- F NE~ .-MT.tE'tr./E-E.V-'lNK~dE-
[(s~,),(kT)~ °"JL"E"; J

whereN ia the total~numberofmoteoutes.Thenthe total numberof mo!e.
cu!esthat decompo~persecondis

NK~-=
/NK6dE=NAe'

Hencethé observedspeciBoréactionr&teat highpressureswiUbe

K~Ae-

Thatis,

A=K~e+~

and heoeethéapeoi6cFeactMnrateofaotivatedmoleoulesofenergyE is

w,.E./tT /E E.\

TMsis thequantitythat MceandRamspergorhavecattedbE;thecorrespond-
ingequationin their theoryis (18) it ?

b.,=K
––~––~T E.Y /E.

E.

r(-t-i)

It isofmterestto calculateEandE in Totmaa'sequation

d!nK Ë – Ë
'~T"

Evidently
/'QO

(E-E.)S-'Eo-~dE
./E.

yM

(E-Ë.)S-'e-dE

=E.+SkT
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and Ë=–––––––––=!),T––––– =SkT.

Hence Ë-E-=Eo

and

as couldhavebeenseendirectly.

Thus if the assumptionmadeby RiceandRamspergerthat reaotionoc-
ourswheneversomesingledegreeof freedominthemoleculeacquiresenergyin excessofE. bereplacedby the verysimilarassumptionthat reactionoc-
curawheneversomebond (twodegreesof freedom)!Nthemotecuteacquires
energyin excessofEo,a s!ight!ysimpler,but verysimilarreaultis obtained
for thespec]Boreactionrateofactivatedmotecujea.If it is rememberedthat S
in thepresenttheoryis equatto n/a in the notationofRiceandRamapergersincethenumberof degreesof freedomis twicethé numberof osciHators,itis evidentthat the differenceis in the directionofa relativelygreaterspecificreactionrate for the moléculesofhighenergyin the Riceand Ramsperger,
theorythan inthat ofthe author;thiseffect,however,isnota largeone.

TheRateofAetiwtionefMotecules

Thenextproblemis to findtheactual reactionratewhenthepressureis
notsoiughthat theequilibriumquotasofactivatedmoleculesaremaintained
If, followingHinshelwoodand Riceand Ramsperger,weassumethat at all
temperaturesandpressurestherateofactivationisequalto therate at which
activatedmoleculeswouldparticipatein collisionsif thé equilibriumquotaofthemwerepresent,wemayagainusepart ofRiceandRamsperger'sderiva-
tion. Theyhaveshownthat

whereWEdEistheequilibriumquotaofmoleculeswithenergybetweenE and
E + dE,bs tsthespeci6creactionrateofthesemolécules,and

-<
04.

yae E-E~e-~dE
E~e-dE

~)

d in K E.
dT ~k~'

K= W~badE
y~ t+bEkT/(ap)

a =
4 m

04.
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Herewebave

W – nS- n-E/ttT
~y(8)(kT)~

and

h /E E.
ba = A

~–g-~

t

Whenthesesubstitutionsaremade,the resultingequationreducesto

T<- y" e-dx

–=D )
A/BN

Jo x"(x+E~
1

wh~D-eandB=4)/

a formwhichissuitablefor calculation. It is not possibleto performthé in-

tegrationalgebraioally,and it is thus necessaryto obtainnumericalvalues

bygraphtoatmeansorbyquadratures.

Test of the Theory

The dataof Ramspergeron the decompositionof asomothaneaffordthe

best test of any theorywhichconeernsitseKwith thé decreaseof réaction

ratewithpressure,sineethe reactionbasbeenstudiedat pressureslowenough
to givea veryconsiderabledecrease,at two~eMpera~wes.Thislast fact isof

great importance,as willbe seen.*

Thehigh-pressuremeasurementson azomethanemaybefairlywellrepre-
sentedby

log K = 1~.0651: – tn8o.!z/T,

or

K = 9.aa8X 10"- e~°~.

Comparisonof thiswiththe theoreticalequationforhighpressuresshowsthat

A = 0.228X io"
and

E. = 51130.
HereE. andR arein caloriespergrammolecule.If it isassumedthat

<~= 5 Xto cm"
then

B= s.2ï4Xto-

Thenit onlyremainstoselectvaluesforT andS; for,whenthisbasbeendonc,
D may becalculated,and K is thusexpressedas a functionof N only. The

resultingintegratshavebeenfoundby quadraturesfora numberofvaluesof

S andN. Theresultsaresununarizedin thefollowingtables.
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S=6,T=6o3
N t<~ ïo~ ïo" jo~ io'"
(P om) 6.2 Xïo" 6.aXio< 6.aXïo" 6.2X10~ 6.9X10
K/K~ .9162 .6538 .3os5 .0937 .0:93

S=9,T.6o3
N to" 10" io"

T

ïo" 10" ïo"
P 6200 62 6.s) .69 .062 .0062
K/K~, .7889 .zopi .06383 .oi49S .002905 .00045377

N K~ ïo'"
S

ïo"12,
T = 603

M", jo'" 10"
~o 6.aa .62 .062 .0062

K/K~ .8614 .574~ .3ao3 .ioo8 .03005 .006243

S =' :2,T=. 563
N ïo~ io" io" lo" M" io"

S8o 58 5.8 .s8 .058 .0058
~/K~ .9601 .6847 .3708 .1425 .04:58 .009975

In consideringthesevaluesseveralpointsare to bekept in mind. If the
valueof <~i~altered, it is not necessaryto Mcatoubtethe mtegtata;new
tablesmaybopreparedfromthe onesgivenbyreduoingthe valuesofN andP
inthesameratio in which<~bas beenincreased;an inspectionoftheequation
whichgovernsK showsthe correctness06this prooeduM.Thé valuesof A
and E. used in this calculationare thoseobtainedfromthe measurements
ln Ramsperger'snrst paper. It is likelythat bothA andE. are a little too
smaU;the valuesof K~ determinedby extrapolationat 603"and 563°are
3.09X 10 and 1.38X ic ascomparedwith 2.66X to and 1.28X
10 <88givenby the equation. For this reason,incomparingobservedand
calculatedvalues of the reaction rates, the compariftonis made between
valuesof K/K~ and not betweenvaluesof K; whenthis is donethe error
causedbyinaccm-atevaluesofAandE. issmaU.

In Fig. 2 the ca!cuiatedvaluesof K/K~ are comparedwith the experi-
menta!vaiuea. Here <~hasbeen takenas 1.5X lo andthe valuesofP
givenin the tableshave beencorrectedaccordingty.It isevidentthat the
experimentalresultsare fittedveryweUbytakings =112, = 1.5X 10
theycouldbe fittedequallywellby a smaUervalueof6,in conjunctionwith
a largervaluefor Thus, so far, the theoryhas provedsatisfactory;but
therealtest isyet to come. It isnowpossibleto ca!eu!atethespecifiereaction
rate at any temperatureand pressure,a!!of the arbitraryconstantshavingbeenchosen. In Fig.3 the theoreticalcurveforT = 563iscomparedwiththe
expérimenta!one;the agreementia littleshortof remarkable.

Thus Ramsperger'sresultson the decreasein speeiScréactionrate with
decreasein pressuremay be quantitativelyexplainedby taking = 1.5 x
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io S = 12.Theycouldbe explainedaboutas weU,probably,by larger
oram&UervaluesofS, withcotreapondingtychangedvaluesof< It may be
advancedin criticismof this theory that the valueschosenfor Sand <~are
bothlargerthan isprobableforsucha moleculeasazomethane.But it must
be rememberedthat an aotivatedmoleculehas a veryhigh "internattem-
perature"andthat manyof the degreesof freedomthat are normallyfrozen

TheUnesarethetheoroticalcorvéefors – H,a =9,a = 6respectively(T'=' 60.}*o*='t.SXte'"). Ahoj'Monttttdispiaeementofthesecurvescotrespondatoachangeinthevalueofe*. ThepointerepresentsomeofRacNpetger'eexpérimentaonazomethaneat
6o3'K.Averticaldiapjacementofthèsepointecorrespondsto a changeintheassumed
valueofKtp.

maybeexc!ted;thus the specifieheat data wouldnot beofvaluein fixinga
valuefors, sincethey apply to moleculeswithmuchlowerinternalenergy.
Asfor the valuegivenfor < it mustnot be forgottenthat this is the mole-
eulardiameterforcollisionaldeactivation,whichneednotbe the sameas the
diameteras determinedby measurementsofviscosityor thermalconductiv-

ity indeed,the experimentsof Stuart" with mercuryvapor have shown
that in that caseat least the diameterfor collisionaldeactivationis about
threetimesthenormalkinetictheorydiameter.

Threeother unimo!ecu!arreactionsare knownin whichthe specifiere-
actionrate decreaseswith decreasingpressure,thé decompositionsof pro-
paldehyde,ofdiethylether, and of dimethylether. In Fig. 4 are giventhe

Z.Physik,32,262(to~s).
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t

plotsof logK againstlogP forthosereaotioM.Forpropaldehydethe curve
Msimilarin formto the theoreticalcurves,but inordertoreconciletheothers
withthe theory it i8aecesMryto Msumethat in the caseof dimethylether
the highestptessuresusedhavebeensomewhatinsuacientto giveK whilefor
diethylether the msuBBoiencymuethavebeenstiUgreater. In orderto de-
cidethis point, the reactionrate wouldneedto bemeasuredfortheaesub-

.-AU'. J

ThecurvetBdMwnfors=M,t.sXM-'<,T=.s63'.ThepointOMBMmeofthe
expeHmentatKaat<aonazomethaneats63°K.

stancesat pressuresup to about fiveatmosphères. Ualess it shouldbe
provedthat the reactionratedoesnot increasefurtherwithincreasingpres-
sure,noneof these resultscanbeoonsideredto be in disagreementwiththe
theory.

Theonlyother unimotecularréactionwhichhasbeenstudiedat lowpres-
suresis the decompositionofnitrogenpentoxide.It seemswisoto refrain
fromtheoriesof this reactionuntilit haabeenfurtherstudiedexperimentally.
If the rate actuallydoesincreaseat very lowpressures,in the wayfoundby
Hirstand Rideat~it is probablybecausesomeothermeohanismof reaction
is becomingthe dominatingfactor. Untilmoreisknownabout this phase
of the reactionit ia usetessto guesswhat this low-pressurereactionis like.
Eventhe maintenanceof the rate downto pressuresof about i cmishard

PfM.Roy.Soc.,!MA,~6 (t~s).
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to aocountfor. Aroughoaloulationwasmade,takingS = y,<~ 10 '<and
T = 300. The reauttswere

"soo ts .t$ .0015
K/Koe .994 .~9i .~49 .ory8

The P~M oftheexperimentaldata.forpropaldehydeat849°(I)andat796"
M~98°(IH~ndfordtm.thytether.t77~~ (IV).ordinates are
&t~ relative pos-tionsofthecurvesarenotsignifieant.

Thusat a pressureof 15cmthe reactionratebasfaUento a fourthofits high
pressurevalue. Henceit wouldbenecesstuyeitherto takes greaterthan 7,
or to assumea moleculardiameterof morethan 10-~to accountfor théex-
perimentalresults.

Discussion

Theresultswhichhavebeenpresentedhèreaeetnto showthat the simple
typeof theorywhichassumesa singlespeciScreactionrate forallmolecules
is not satisfactory;this is the theorythat RiceandRamapergerhavecalied
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TheoryI. Ofthe fourreactionsnowknownin whiohthe apeoiBoreaction
rate decreaseswithdeoreasingpressure,onlythe deoompositionof propalde-
hyde was knownto showthis decreaseat the time Riceand Ramaperger
submittedtheirpaper,and theexperimentson this substancebavenot been
extensiveenoughto revealthe inadequaoyof the simpletheory. But when
it iaattemptedto applythis theoryto the decompositionsof diethyland di-
methylethers,and of azomethane,it is foundunsatisfaotory;this is ahown
bythe curvesofFig.i, whiohshouldbestraightUnesif Theory1is correct.
Thereiseveryreasonto betievethat, iftheexperimentsonpropaldehydewere
extendedto lowerpressures,heretoothe r/K, i/P plot wouldourve.

It thus appearsnecessaryto tesortto a theory in whichthe specinoré-
actionrate increaseswiththeenergy;therearenowtwosuohthéoriesavaiiaMe,
the one developedby RicoandRamaperger,and oalledby themTheoryII,
and the onepresentedhère,whiohmaybecaUedTheoryIII. Thèsetwoare
very similar:in the developmentof TheoryII it is asaumedthat décom-
positiontakesplacewheneversomesingledegreoof freedomin the moleoule
acquireaenergyin exeessof a criticalamount;in TheoryIII, it is assumed
that it is someparticularbond(twodegreesof freedom)rather than some
singledegreeof freedomwhichmustaequirethe criticalenergy. In the de-

velopmentof the theoriescertainsimpMyingassumptionshavebeenmade.
The discussionof theseassumptionawhiehRicoand Ramspergerhavegiven
is so goodthat it seemsuselessto considerthemfurtherhere; the aameas-
sumptionsoceurin boththeories.

It seemsto theauthorthat théphysicalbasisforTheoryIII is perhapsa
littlebetter thanforTheoryII; ruptureof themoleculemightbeexpectedto
foUowat a bondof the criticalenergy,and a bondrepresents<<codegreesof
freedom. But suchargumentsarenot conclusiveanda decisionbetweenthe
twomust restuponexperimentalevidence.It isto behopedthat in the near
futureRiceandRamspergerwillattemptto applytheir theoryto azomethane.
It is possiblethat thé.twotheorieswillprovesuiBoienttydifïerentto decide
betweenthembya carefu!applicationto thisreaction.

Asto the detailsofthe theories,thereis aconsiderablechanceforchange.
It may be possibleto avoidsomeof the assumptionsthat havebeenmade,
particu!ar!yin the calculationof bE,but this wouldnot be expectedto pro-
duceany considerablechange;therotationalenergymightbemoreexpHcitiy
eonsidered,thoughthis wouldprobablybe very di&ouit, or a quantum
treatmentmightbegiven. Noneof thesechangescouldmodifythe general
characterofthetheory.

Summary

t. Reasonshavebeenadducedin supportof the definitionof energyof
activation,due to G. N. Lewis,as theminimuminternalenergywhiohmole-
culesmust hâvein orderto react.
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9. It haabeenshownthat the theorytreatedbyHinshelwood,andfurther

devolopedby RicoandRamsperger,whiohthese authorshave caHedTheoryI,
in whiohit is assumedthat aUaotivatedmoleouleshave the samespecifie
réactionrate, regard!essof theirenergycontent,ia in disagreementwith thé

experimentalrésultaforthe decompositionsof diethylether, dimethylether

andazomothane.

3. Onthe basisofstatisticatmeohanicsan expressionhaebeendeduced

for thevariationofthespecifioreactionrateofaotivatedmoleouleswiththeir

onergycontent.

4. Bytheuseofthisexpression,an equationbasbeenderivedwhiehgives
thé speoifiereactionratefora unimolecularreactionat any pressure.

5. Thisequationbas beenshownto be in quantitative agreementwith

theexpérimentalresu!t8forthédecompositionofazomethane.

6. ThediHerencesbetweenthistheoryandthé similaronejust published
by RiceandRamsperger(TheoryII) bavebeenpointedout.

Noteaddedin pro<!f:Attentionis8peoM!ycaUedto thé fact that the tena

degreeof freedomis usedin this paperinthe samesenséas it basbeenused

by Riceand Ramsperger.Thisdisagreeswith the customaryusage,accord-

ing to whiohan osoiiiatorbas onlya singledegreeof freedom,althoughit

possessesboth kinetioand potentielenergy.Asthé term is usedhère,an os-
oiUatorhas twodegreesof freedom.

It is evidentlyneoessaryto discussinmoredetailthe theoryofFowlerand

Rideal(ref.la). It waspointedoutby Tohoan,Yostand Dickinson(ref. 13)
that this theoryrequiredverylargediametersforcollisionaldeaotivationto
accountforthé reaotionrateofnitrogenpentoxide. It bas sincebeenshown

by BernardLewis"that thereis a numericalerrorin thesecalculations,and
that the necessarydiametersare notas largeas Tohnan,Yostand Dickinson
had supposed.They are,however,very large;tomakethe rateofproduction
ofaotivatedmoleculesequalto the rate ofreactionat 300"K. and a pressure
of .05mm.,it is necessaryto assumea diameterof 6 x ï< cm,whichis cor-

tainlyvery large. A stiUlargerdiameterwouldbe necessaryto maintainthe

reaotionrate at ita fu!lvalueat thispressure,and this is necessary,sincethe
récentworkof Hibben"showsthat the rate is surelymaintainedat a pres-
sureof .03mm.and probablyat one ten-foldlower. Lewis'ssuggestionthat
this !argediameteris "apparentand not real" and that if we take into ac-
countthé fact that everycollisioninvolvingan activatedmoleculedoes not
resultin its destructionwewillfindsmailerdeactivationaldiameters,seemsto
the authorto beentirelyincorrect.Weoancaloulatethe necessaryrate ofpro-
ductionofactivatedmoleculesfromthe rateof reaction. If weset thisequal
to a rateofcollisionaldeactivation,we geta numberofcollisionsfromwhich

Science,<i<t,33!fMt?).nProc.Nat.Aead.Set.,t9,626(t9~).
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weoaloulatea diameter;but if onlysomeof the collisionsare effective,since
the numberofeffectiveonesis prescribedforus,wemuethâve morecollisions
altogether,and hencelargerdiameters. The idea of a target area is oneto
whichthe authorsubwribes,but it oannotleadtu deoreaseddiametem.

LewisbasmadecatouMonsforazomothane"similarto thosefor nitrogen
pentoxideandhaa,remarkablyenough,succeededin acoount!ngfor a rateof
aotivationso largeas to permitof the maintenanceof apeciRorate in this
reactionat pressuresmuchlower than those at whichRamspergersubse-
quentlyfoundthe rate wasnotmaintained.

Thet~tWtt~CAMo~,
~«<yeS,MS?'.

Ptoe.Nat.Acad.,M,546('9:7).



THE CATALYTICDËCOMP08ÏTÏONOF SODIUM

HYPOCHLORITESOLUTIONS*

I. Mechanismof the Reaction
-6V<~

BY JOHN B. LEWIS

Until recentlyno systematicstudy of the catatyticdecompositionof

sodiumhypochloritesolutionshadbeencarriedout. In tozgand 1926,how-

ever,articlesby HoweH'and Chimoaga~werepublishedin whichappeared
their resultsusingcobaltperoxideas catalyst. HoweUassumedthat the

decompositionrate followsthe unimolecularlaw; but pointedout that the

constant(K) increasesas the reactionproceeds. He showedthat the rate

increasesin thepresenceofsodiumionswhilehydroxylionshavethe opposite
effect. Chirnoaga,on the other hand, obtained more concordant results

by usingthe equation dc/dt = Kc' (wherec is the concentration,t the

timemminutes,K and n constants). This is especiatlytrue in thosecases
wherethe catalystwasveryactive. In other cases,i. e. wherethe catalyst
wastessactivethe unimolecularïawheld. In generalthe workof the above
mentionedinvestigatorsbasbeeneonnnnedin this laboratorybut it appeared
that the mechanismof the decompositioncan be explainedmoresimplyby
usingthéequationdc/dt =*K; forwhenthe volumeof theevolvedoxygen,in
cubiccentimeters,wasplottedagainstthe time, in minutes,a straight line
wasobtained. Thislinearrelationshipheldin mostcasesfromten to twenty
percentof the total reaction.

Thèseresultssuggesteda mechanismsimilarto that foundby Armstrongl
and by Armstrongand Hiiditch' for the hydrolysisof sugar solutionsby
enzymesandforthehydrogenationofcertainunsaturatedorganicestersusing
nickelas catalyst. In the paper*on the action of enzymeson sugar it was
shownthat equalquantitiesofsugarwerehydrolyzedin equaltimeintervals.
Asimilarrelationahipwasobtainedinthe hydrogenationexperiments. While
the linearportionofthe curvecoveredapproximatelyten percentof the total
reactionin the caseof thesugarhydrotysis,the linearportionofthe curvein
the hydrogénationsheldfairlywellfromfifty to eightypercentof the total
reaction. Amongotherexamplesof reactionsof this typemay be mentioned
the resultsof Bredigand vonBemeck"whofoundthat dc/dt = K for the

decompositionof hydrogenperoxideby colloidalplatinum,and also the ex-

perimentsof Hinshelwood'on the decompositionof certaingasesat the sur-

*ContnbutionfromtheI<abotatoriesofGênera!ChemistryoftheUniversityofWie-
ceMin.

Howell:Proo.Roy.Soc.,104A,t~ (t9~).
'CMmoaea:J.Chem.Sec.,1926,tMs.
'Atmatrong:Proc.Roy.Soc.,73,500(too~).<ArmstroagandHitditch:Froc.Roy.Soc.,OSA,ay(toao).

AnnatroM:Proc.Roy.Soc.,M,500(too~).
BredigattdvonBemeck:Z.phyatk.Chem.,31,266(t8<)9).
Hiashetwood:"KinetiesofOhemicalChangeinGMeousSystems,"t48(t9a6).
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facesofhotwires. Reactionsofthis type areusuallyspokonofasMroorder
reactions.

The conditionsnecessaryfor the reatizationof zéroorderreactionsmay
bestatedasfoHowa:

1. Comparativelyhigh concentrationof the substanceundergoing
change.

2. Thecatalystshouldmaintainitsaotivity.

3. Thereshouldbe smallquantitiesof catalystmorderthat the active
mass,i. e. theadsorbedreactanton the catalystis smallcomparedwiththe
bulk of reactant.

4. Thedecompositionof thereaotant-catalystcomplexmustbethe slow
réaction,thusineuringat aUtimesa catalystsurfacecompletelycoveredwith
reactant.

BxperhneBtat

Prepant<<oKofMo~ena~

ï. Sodiumhypochloritesolutionswerepreparedas foUo~: Approxi
matelynormalsodiumhydroxide,preparedbythe actionofmetaUicsodium
on distilledwater,wastreated withpure ohlonBe. Thegaswasallowedto
bubbleslowlythroughthe sodiumhydroxidesolution,thecontainerofwhich
waskept coolbyimmersionin an icebath. The progressofthe reactionwas
determinedfromtimeto time by pipetingout two cubiccentimetersof the
solution,destroyingthe sodiumhypochloriteby meansof neutralizedhy-
drogenperoxide,and titrating the excessalkali withstandardacid. The
réactionwasstoppedwhenthe hypochloritesolutioncontainedbuta atight
excessof freesodiumhydroxide.Thesodiumhypochloritewasdeterminedby
addinga knownquantity of the solutionto an acidinedpotassiumiodide
solution,andtitrating the freediodinewithstandardizedsodiumthiosulfate.
The initial concentrationsof the hypochloritesolutionspreparedare as
follows:

ThecatalystesolutionsweremadefromrecrystaUizedsalts;standard
stocksolutionsofcoppersulfate,ferriesulfateand cobaltsulfatebeingmade.
The cobaltperoxide,copperoxide,and iron oxidesuspensionsweremade
accordingto the methodof HoweU'and Chimoaga"exceptthat thepreoipi-
tatedoxideswerewashedbydecantationineverycaseratherthanbyfiltering.
Thisprocesswascontinueduntil the washwater waapracticallyfreefrom
aJka!i,requiringin somecasesthreeor fourweeks.

HoweU:Froc.Roy.Soc.,t04A,tM(t~~).
Chimoa~:J. Chem.Soc.,tMe,!693.

Solution Concentration Concentrationof
ofNttCtO NaOH

1 29.74gr.perL o.~Nonnat
37.76gr. 0.03

3 5<48gr.
y?

o.n

4 46.5SS' 0.032
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ApparatusandMethodof Expérimentation

Theapparatususedfor the firstexpérimentawasessentiaUythesameas

that devisedandusedbyWatton~andbisstudentsfor theirstudiesin chemi-

calMnetics.Twenty-Bvecubiocentimetersof the sodiumhypochloriteand

theoatatysta(usuallyi o.c.)wereplacedin espeoiallydesignedreactionnasks

supportedby a ahakingdevicein a thermostat. Thé catalystwaseither

piacedin aglasscapsulheld in the neokofthe Saskuntilthedesiredmoment,

whenit wasallowedto faUinto the hypochloritesolution;or pipeteddirectly

into the reactionnask through a short side-neokwhichwas immediately
ctosed.At the instant the catalystwaamixedwiththe hypochlorite,a stop-
watchandtheshakerwerestarted. Beadingaoftheevolvedoxygen,colleoted

in water-jacketedburets,weretaken at suitableintervalsof timeuntil the

reactionwascomplete.

Catc<t!ations

Thedata for tabulation in the tableswhichfollowwereobtainedby the

followingequations. Equation (i) is the so-caBedzero-orderequation,

equation(2)thé ordinaryunimoleou!arexpression,and (3)whiohisoneform

of thewellknownFreundtichAdsorptionequationusedbyChimoaga.~in his

hypooMoritestudies.

(t) K = dx/dt or moresimplyK = x/t

whereia theo.c.ofoxygenevolvedintime(t) expressedinminutes.

(2) 2.303,
Co

~='
t ~C.-C.

wheret is the timein minutes,C. is the concentrationof hypochloriteex-

pressedincubiccentimetersofoxygenat zérotime,andCtistheconcentration

after time t.

K2I (C.N-N çN-

(3) ~"t––––N-~––––

whereCoandC<andtarethe sameasin (2)andN isa constant.

PreNminatyRésulta

Theeffeotof therateof shakingof thereactionmixtureonthérateof
oxygenevolutionwasdetermined.Thefollowingtablegivestheresults.

Watton: Z.physik. Chem.,4~, 185(ï9<~).

TABLE 1

Experiment Ncmbo' of c.c. of oxygen K

Ntnnber ehakesperntinute aftersonttnutea

i 400 4-3 o.2t5

a 630 6.6 0.33

3 3 8oo S.is 0.407

4 noo S.t 0.405
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It willbe observedthat the valuesfor the last twoagréewell,showlac
that rates of 800or abovegiveconcordantresults. Allsubsequentexperi-
mentswerecarriedoutwiththerate ofobakingat 800or moreperminute.

It wasfoundthat gtassor Bakelitebeadsplacedin the reactionnaaksto

preventsupersaturation,retardedthe reactionrate. Thiswascausedin the

20 40 60
Fts.ti

Décompositionofsodiumhypochloritesolutionsusingvariousoat&tyeta.
ScaleAc* t. Copperoxide

2. CopperaoMate
3and4. Mixturesofcopperandfen-ieoxides

5. Cobaltsulfate
6. Cobaltperoxideat 45°C.

ScaleB = 7. Mixedcopperandferrieoxidea
8. Coba)tperoxidaatM°C.

caseof the Bakeliteby a chemicalreactionbetweenthe hypocMorite~andthe

Bakelite. Theglassbeadseut downthe rate of hypochloritedecomposition

by holdingthe catalystparticlesmechanicallyonthe beadsurfaces.

Restdts
Theresultsobtainedusingthe aboveequatioaaas a basisfor catoulating

the rate of decompositionare givenin the followingtables. In order to

conserveapacë,duplicateresults(obtainedin allcases)arenotgiven.
TablesII andIII areforcobaltperoxideat 45"Cand35"C,whileTableIV

is forcobaltsulfatesolution. TablesV and VIgivethe resuttsobtainedfor
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coppersulfate solution and for precipitated copper oxide. FinaMyin

TablesVII, VIII and IX are giventhe results for mixedoxidesof ironand

copper. In TablesIV, V, VU, VIII andIX the catalystawereaddedin the

solutionform. Dueto the atkaMnityofthehypochloritesolutions,the catalyst

solutionsreaoted,formingthe desiredoxides. Data for the decomposition

ofthe bypochloriteusingprecipitatediron oxideonlyarenotgivensincethe

decompositionrate is so slowthat it may be consideredas withouteffect.

In the tables(t), (x), (K), (Ki),and (K,) hâvethe samesignificanceas in the

equations.The data given in the tablesare also presentedgraphicaHyin

Fig.t.
TABLE II

Temp.4S"C. C.-=i6o Cata.lyst:1c.c.cobaltperoxide t/n-o.8

peroxide(0.5 gr.perL) H Yr
t x K K, K,
10 7.os .705 .00462 .0:2$
14 :o.o6 .755 .00461 .0128
i8 13. .734 .00486 .0:33
24 18.5 .770 .0051i .0:39
37 ~7.6 -745 -005~3 .0140
44 3~-8 .745 .00521 .0140
50 37-ï .743 .0053! -ot42
55 41. .747 .00543 -ot45
66 48.0 .728 ooS43 -OI49
7a 5~-0 .7~3 .00546 .ot45
85 S9.8 .705 .00552 .0146
90 6a.6 .696 00553 .0145
95 66.3 .697 .00563 .0:48

100 6o.o .696 .00565 0:47
104 70.8 .Mi .00564 .0:46

TABLEIII
Temp.35"C!. Co '= 160. Catatyst: i c.c. cobalt peroxide t/n = 0.8

t x K K, K,
M 2.95 .295 .00182 .0055
M 6.46 .322 .00207 .00587

30 10.56 .35~ .00225 .oo6!6

40 14.5 -362 .00240 .00624

50 18.2 .364 .00244 .00620

62 22.8 .368 .00252 .00685

71 26.03 .367 .00250 .00663
82 30.2 .368 .00258 .00654

95 34.6 .354 .00257 .00678
to8 39.4 .365 .00260 .oo686

117 42.5 -3~3 .00263 .00697

136 48.6 .357 .00266 .00692

142 50.1 .353 .00266 .00712

155 54-9 -354 .00270 .00709
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TABM!IV

TABLEV

TABLEVI

Temp.35''C. C.'='iï3. ïc.c.Co804 solution ï/n~o.8

containing i .72gr. perL.

t x K
·

KI K.
ï4 7.13 .S09 .00476 .ouo
20 J0.7 .~S .00494 .0!
28 is.35 -S48 .oo~y .0:35
33 i8.i .548 .00534 .0~6
41 M-S -549 .00545 .0:38
5i ~7.7 -543 .oo5S7 -oï~o
SS 20.8 .542 .oo56t .0140
61 3:.6t .535 .00568 .ot4i
65 34.6 .533 :00568 .oï4ï
70 37.0 .5~8 .0057~ .0~6

Temp. 35°C. C. = 35.8. i c.c. CuSO<eontMaing ï/n =0.8

o.6 gr. Cu.per L.

t x K K, K,
14 a.z .157 .oo4S2 .0089
ao 3.42 .i~t .00512 .oïoo
30 s.46 .182 .00556 .0109
40 7.5 .187 .00588 .oti6
55 ïo.i .183 .00603 .otig
64 11.55 .180 .00605 -oti8
75 i3.i .174 .00607 .on8
91 15-3 ï6o .00609 .on6

125 18.9 .15~ .00601 .on4
148 M.? .140 .00584 .oiio
~94 ~4.1 .1:4 .00575 .oï05

Temp. 35°C.Co =* 35. s o.ccopper onde containing ï/n = 0.8

0.832gr. Cu per L.

x K Ht K,
15 ï.sS .tg!: .00444 .oogoo
26 4.07 .is6 .00477 oog6o
35 S 6' .160 .oogoo .oloo
50 7-9 .158 .00514 .oio2
56 8.o .is9 .oo5!!6 .0103
73 ii.3 .155 oog34 .0104
85 12.8 .~56 .00536 .0104
99 14.7 .149 .oos5o .otos

i<'7 15-55 -ï46 .00548 .oies
z6o 26.85 .104 .00559 .00978
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TABLEVII

TABMBVIII

TABMiIX

Temp. 3~C. C. 35.8. t o.c.ofc&tatyat
Cu per L. ~°

to.o64grFeperL.
t x K K, Kt

M 2.71 .ayi .00~8$ .oo$8$
ï4 3.94 -sSi .008~ .0170
ï8 s.oo .278 .00842 -oi68
M 5.5 .27$ .00830 .otë?
23 6.06' .a7s .00842 .oi68
a4 6.53 .aya .00834 .oï67
28 7.46 .267 .00838 .oi66
3~ 9.76 .as7 .00836 .oi66
47 ïi.o .234 .00783 .0153
S4 ïa.a .aa6 .007:2

Tamp.3g°C. C = 35· x f .1 st J.o gr.liU per1.. x/n = 0.8.Temp~C. C..3S.
io.ofcataty8t~

~=~'

t x K K, K,t x Ki Ki
6 a.M .49~ .01485 .0300

ï<' 5-4 .S4 .01660 .034
~4 7.S2 .St6 .o:6ss .0332
18 8.05 .~6 .0163$ .0328
20 9.6y .~83 .oi6i6 .0320
~4 n.o .4S8 .01~ .0311

ïa.2 .437 .01530 .030
3~ ï3.8 .433 oïs68 .0278
38 is.2 .40 .Oise: .0989
47 ï7.o .36: .014~5 .0275
54 18.5 .34~ .01393 0264

rn. Ye>

Temp.~0. C.=3S.8. ic.o.ofoatatyst i/n-.o.S

~.6grCu perL.L.

~i9sgrFe
x K K, Kt

6 S.y .0464 .0916
8 ia.6 .~y .o,S42 io62

iS-6 1.56 .0572 .nos
iS.: 1.52 .0~01 .n2o

24.~ 1.34 .0624 -H4o
"S-S .39 .06~ .ngc

'4 ay.y .is .0620 .noo
3° '9.64 0.99 .0587 .toao
34 3ï.i5 0.916 .060: .iot
38 3:.3 .0.850 .o6o6 .099
42 3~.9 0.784 .0503 .0963
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AppMatMusedjnmeMunMthedMom-siter E and was coHectedin F. The
pcatttonofNaCïOaotutMM.

pores ofrttua~t-6!ter'~s~howeverwere auS-

TMsapparatuswaemadefrom&Jenagtaaa!cructMeobtainedfromthéEmpireLeb-
oMtorySupptyCo.,atS-aaoB.jythSt.,NewYork.

Discussion

Uponexaminationof theabovetablesit willbonotedthat the valuesfor
K x/t remainfairlyconstantfora time but falloffafter twentyor thirty
percentof the reactionis completed.On the other hand valuesfor Kt, the
unimolecularconstant,inoreaseas the reactionproceeda. This is true in all

cases. Howeverin TablesVII, VIII and

IXgivicgthedataformixedoxidesofiron
andcopper it willbe noted that 1~ fatb
afteran initial increase. Uponexamina-
tion of the values obtained by using
equation(3) it willbe apparent that the
results are more concordantthan those

obtainedusingtheunimolecutarequation;
but they also increaseor deorease,par-
aUetingthe Kt values.

It willbeobservedinTablesVII, VIIII
and IX that the mixed oxidesshowa
marked "pmmotereffect"onthe decom-

positionrate. K and K) valuesgivenin
Table VII are goodbut those in Tables
VIII and IX are somewhatirregular.It
is proposed to extend this phaseof the

investigation.
TheDecontpo~OKofSodium~pocM<M'-
t~ 5o!~OHNwhena ConstantFfesASup-
p~ f~HypocMort<e«XMallowed<op<M<oce!'

eF:KMK<M~<~C<!<<<.

In order to obtain more information

concerningthe mechanismsof the de-

compositionofsodiumhypochloriteaolu-

tions, the followingadditional experi-
mentswereperformed.

The apparatus shownin Fig. a was
used for this work. The hypochlorite
from a storage bottle was allowedto
enter drop by drop into the inner vessel
D through the tube B. The volumeof
the liquid in D being kept constant

by holding its level at C. The hypo-
chloritepassedthroughthe ainteredgtssa
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cientlysmallto prevent the passageof cata!ystparticles. The oxygenlib-

eratedpassai throughthe tube Aand wascolleotedand measuredin water-

jacketedburets. The attrrer 8 operatingat 550revotuttoBSper minute,
workedthroughan ordinarymercuryseal. Theapparatuswasimmersedin

a waterbathat constanttemperature.
In passingthrough this apparatus the hypochloritesolutionchangedin

oonMntrattonfromten to twentypercent. ThefoHowingtablesgivethe re-

sultaobtained. Cobaltperoxide,the onlycatalystused in thèseexperiments
wasof the same concentrationas that usedin Table II. Solutionsused to

obtainthé data in TablesX, XI andXII weremadeby dilutingthe original
stocksolutionwith distiUedwater. The valuesgiven are for cubiccenti-

metersofoxygenat o"Cand760mm.pressure;<,x andKhavingthe notations
usedin the prévienstables. Ct rofersto the initial concentrationof the hy-

pochloritein gramsper liter. Fig. 3 expressesthe sameresultsgraphicaUy.

TABLEX

Temp. 30~0. Ci *=46.5 gr. NaCIOper L. i c.c. cobalt peroxide

Kt x K t x K

Duplicate

$ ï.33 .36$ s 1.43 .285
n 3.oz .274 lo 3.85 .~85
i~ 4.t2 .~4 i5 4.03 .268
20 5.54 .~6 20 5.54 .276
25 6.8 .2~2 25 6.6 .264
30 7.95 .~66 30 8.1 .2~
35 9.~8 .266
40 10.7 .~68
45 i2.i .268

Ct = 39.6gr. NaCIOper L. Ci = 34.2gr. NaCIOper L.
5 1.38 .277 5 ï.43 .287

lo 2.78 .278 ïo 2.8 .280
1$ 4.05 .269 ~5 4-05 .~70
20 5.47 -~73 20 5-37 .~69
25 6.9 .276 25 6.65 .266
30 8.0$ .268 35 7.94 .26530 8-05

35 9-~8 .26$

C,=28gr.NaCtOperL.

5 1.34 .268
10 2.6i .261

15 3.74 .~49
20 4.80 .240

25 6.05 .242

30 7~8 .239
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TABUtXI

TABLEXII

Discussion

Examinationof the data presentedin TablesX, XI and XII and iUus.
trated grapMoaHyinFig.3, showsthat the rateofdecompositionMmeasured
by the equationK = x/t ia praoticaUyconstantover a widerangeof con-
centration. Résultaobtainedwithconcentrationsof46.5.39.6and34.2grams
of sodiumhypocMonteper liter being0.2710.273and 0.270tespectively.
Whentheconcentrationofthehypochloritefattsbelow.thesevaluesKfaUaoff.

Bycomparingtheresultsin TaNesX and XI it willbe observedthat the
rateofreactionisproportionalto theconcentrationofthe catalyst,confirming
theobservationsofHowe!andChimoaga.~

The temperaturecoefficient,determinedoverthe range30"Cto 4$°C is
lowerthan that detenainedby Howeu. Howeverthe value K~/Ko = 2.o
obtainedin the abovedescribedapparatusagreewellwiththe valueK<6/K,t
= 9.02obtainedin theshakerapparatus.

HoweU:Proc.Roy.Soc.,1MA,!34(!9:3).
CMnMMt([<t:J.Chem.Soc.,MM,!6M.

Tomp. 30"C. Ct =. 46.5gr. NaCIO per L. a c.o. cobalt peroxide
t x K t x K

Dup!ica.te
5.0 a.8a .563 5 3~3 .~6

S.57 .557 to 5.5 .550
i5 8.2S .550 15 8.3 .553

~.94 .548 ao n.o .550
~S ~.Ss .543 a5 ~.6 .544
30 ~.9 .540 30 :6.3 .543

Temp.4o"C. Ct = 46. s gr. NaCIOpar L. i c.ccobaltperoxide
t x K t x K

Dapticate
S a.68 .~6 g a.68 ..536

~o 5.44 .544 M 5.4 .S40
~5 8.~1 .548 i; 8.16 .544

~-9 .546 20 10.83 .543
'3-6i .544 ag H.54 .S43

.543 30 ï6.?7 .S4a

Ct = 39.6gr.NaCIOperL.
5 a.6? .534

10 s.36 .526
15 7.84 .5~3
20 io.6 .529
~5 1344 .536
30 i61i1 .~y
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The normaltemperaturecoeHMentobtainedfor this reaction indicates

that oatatytiodecompositionof sodiumhypochloriteis chemictdm nature.
If it isassamcdthat the decompositionis dueto the formationof a c&tatyat-

hypoddoritecomplexanditasubsequentdécomposition,then themeohanism

of the reactioncan be picturedas hypochloriteionsor moleculescombining
withthe catalystformingtheadditioncompoundwhiohimmediatelydecom-

DecompositionofhypceMontesolutionsusingapparatusshowninFig.
( t, :)and(4)areforsolutionscontain!ng28,46.5,and39.6gr,N~CtOperliterusingtce.

cobaltperoxidecatalystat30"C.
(3)iasameaa(~)exeeptzce.ofcaMyatareused.(5)MSMMes(a)exceptthetempera-

turewaa40°C.

poses. Just as longasthe concentrationofthehypochloriteis relativelyhigh
in comparisonwiththat of thécatalyst,the decompositionwilltake placeat
a regularrate, for at the momenta catalyst-hypochloritemoleculedecom-

posesanother hypochloritemoleculecombineswith the catalyst, forming
anothercomplexwhichsubsequentlydécomposes.Aftera timehoweverthe
ratewillfalloffduetoanyone,orcombination,ofthe foUowingcauses:

.i. Changein theaotivityofthecatalystcausedbychangesin its surface.
2. Poisoningof thecatalyst;in this caseno doubtbyhydroxylions.

3. A lowconcentrationof the reactantin the solution8urroundingthe

catalyst. Data obtainedundersuchconditionsusuallyfit the unimolecular

equationor the Freundlichequation(3 above).

Summary
ï. The mechanismofthedecompositionofsodiumhypochtontesotutions

basbeenstudied.usingcobalt,copperandironoxidesand peroxidesas eata-

lysts.
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t. The data obtainedbavebeengivenin tablesandshowngraphioally,
S.

MwasBhowBthatthedecomposttiontakesptMeataMgutarrateM
longas the eatalystis completelycoveredwithreactant.

4. Aaapparatushas beendescribedsuitablefor experhneatswheïea
eonstantfreshoupplyofa reactantsotutionmaybepassedovera fixedamountofcata!yst.

Af«<MMt,!F<MMMttt.



MOLECULARORIENTATIONATSURFACESOFSOLIDS
I. MEÀ8UREMENTOF CONTACTANGLEANDTHE WORK 0F

ADHESIONOF ORGANICSUBSTANCESFORWATER*

BY A. H. NIETZ

The studyof solidsurfacesbas beentakenup onlyrecentlyand has not
yet been giventhe attention it deserves. Somepracticalapplicationsofthe study of wettingpowerhavebeenmadein thé Cotationprocess,largelywithmmerab,of course. A feworganicsubstanceshave beenstudiedbye.i. 1_ _1-A(Mmana jessop,' who have caicu-
!ated the work of adhesionof several
organicsoMds.In récent yeara it haa
corne to be reaMzedthat molecular
orientation at interfaces (pobrity of
solid surfaces) is intimately connected
with the phenomenonof adhésionand
with the stabitity of colloids. The
interfacialtensionof gelatinand toluène'wasshownin this Laboratoryto
supportthis view,and in order to obtain morequantitativeinformationon
Mus,Dr. Sheppardsuggestedto the author an experimentalatudy of the
contact angle"of relatedorganiccompounds.

Themethodusedhasbeenknownformanyyearsbut wasnever appliedto anyextent sofar asknownuntil the workofAdamand Jessop(loc.cit).
Youngin iSos' and Dupré4in 1860publiahedsomeof the relationsfor the
contactangleofa liquidagainsta solidand the workofadhesionbetween
the two.

For the sakéofolearness,the developmentof the methodfromthe equa.tionofDupréandthe workofYoungisincludedhere. If wehavetwobars,each i sq. cm.,in cross-section,of liquidand solidrespectively,represented
by L and8 mFtg.i, theworkdonein separatingL fromSia

W TL+ Ta TLs
whereTLandTgarethefreeénergiesofthésurfaceswhichhaveappearedand
TLsisthe freeenergyof the interfacewhichbasdisappeared.Considernext
the relationsfora dropofliquidL restingin equilibriumona solidS (Fig.2)At the pointB, wehavean equilibriumofforcesrepresentedbythe equation

T8A=T8L+T~COSC6
where8 is the angleofcontactbetweenthe liquidandsolidasshown. This

~:ommuniMtionNo.~3 FromtheResearchLaboratoryoftheEastmanKodakCorn.pany.
J.Chem.Soc.,127,tMg(19~).

S.S.Sweet:J.Am.Chem.Soc.,44,2797(!9M).
"Cohenon of Fiuids," (t8o$).

< "TMonemécaniquedelaChaleur,"p.369(tM9).

_L 1 S

~~T,-T.,

WORK 0F ADHESION.

Ra.tt
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equationcana1sobe derivedfrompurelytheoreticalconsiderations.If we
nowsubstitutethis equationin the Dupréequation,weobtain

W==T~(i+cosC)
whichisan expressioneasilyappliedto theworkofadhesion.It ieneceesary
to mat:6but two measuNments,T~, the surfacetensionof the liquid in
contactwith the so!id;and9,the angleofcontactofwateragainstthe solid.
Thisiathe basisof the experimentalprocedure.

B~ethnentalMethods

Twopracticatmethodefor the meas-
urementof the contactanglehave been
used. Oneemploystherotatingoylinder
describedby Ablett,'and the other the
tiltingplateasusedbyAdamand Jessop
and others. The formeruses material
coatedon a siiver-p!atedoylinder,the

angle being obtainedby adjusting the

height of liquid until the liquid-air
boundaryis straightrightup to the line
of contact. In the secondmethod a

p!ate wascoatedwiththe material and
then inolineduntil the liquid-airinter-
facewasperfectlyplane,the anglebeing

measureddirectly. The secondmethodoffersdecidedadvantagesand is
sufficientlyaceurateforordinarywork.

Différencesdue to unknowncauseshave beenfoundbetweenthe two
methods. Thoughsomerefinementsin Ablett'sapparatushavebeenmade
and the accuraoyinoreased,hia resultshave not beenreproducedin every
respectfor paraSin,and somemysteriousdiffereneesoccurwith other sub-
stanceswhenmeasuredby the twomethod. Timebasnotpermitteda com-
pleteinvestigationwhichshouldbemadeof the causesforthèsedifférences.

AnattemptwasmadetocheokAblett'srésultawithparanin. Theparaffin
usedrepresentsa produotof very highpurity. It waspreparedespecially
forthisworkby Dr. H. T. Clarke,the treatmentconsistingof repeatedstir-
ringwith.warmconcentratedsulphurieacid,meltingat about100"forseveral
hoursin contactwithmetallicsodium,andBna!distillationin vacuo. The
boilingpointofthe finalproduotwas2t8'22s" at 4mm.

Theresultswith thispamffmgave109* ± 30' forthe angleof contactin
water,measuredby Ablett's method,and the sameby the plate method.
Thishighvaluein itselfwouldindicatea highdegreoofpurity,i.e.,freedom
fromunsaturatedor polar compounds.Ablett'sresultswereverifiedso far
as twosetsofvaluesfor clockwiseandcounter-clockwiserotationat various
speedsare concerned. But it wasnot foundpossibleto déterminewhat he
caNsa "stationaryangle,"tha.tia, ananglewhenthereis norelativemotion
ofsolidwithrespectto liquid. It wouldseemnextto physicallyimpossible

'PMLM.g.,4~44(t~).
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to obtain this conditionsincein an apparatusof Ablett'stype it wouldbe
necessaryto addliquidat exac~~the samerateas theadvanceofsolidout of
the liquidtopreventmotionof solidintooroutof theMquid.Abletthimself
doesnot Bpecifyhowthese stationary anglescouldhave been obtained.
MerelyaHowingthe oylinderto remainmotionlessand addingwaterwould
givea resultin the samesenseas the solidadvancingintothe water,or, in
the presentcase,counter-cbckwieemotion. ït ishopedlaterto makean at-

temptto obtainthenecessaryconditionfora stationaryangle,but it is very
doubtfulthat it caneasilybe secured. Further referenceis madebelowto
différencesbetweenthe cylinderand platemethod.

For the presentworkthe plate methodwasfoundmorerapidand con-
venient,andtheresultsarebelievedmorereliable,at leastuntilthe natureof
certaindiacrepanoiesiabetterunderstood. Aspecialformof apparatuswas
designedwhiohis veryconvenientin use andeliminatesto someextent the
error involvedin the motionof the solidin or out of the liquid. This is
sketohedin Fig.3. TheaMeS is an ordinarymicroscopioslideon whichis
coateda smallquantityofthemeltedsolid. Thedideisheldbya convenient
clampCsothat it oanbe tumedto makevariousangleswiththewateras the
diskD is turned. Theheightof the liquidin the jar J issoadjustedandthe
clampC issoplacedthat the lineofcontactLis ontheaxisof rotationof the
diskD. Thisdisehas a carefullygraduatedmetal sca!eaffixedto its sur.
facein sucha waythat it canbe adjusted. Whenan adjoiningpointerin.
dicateszérodegrees,the slideS shouldbe in a horizontalpositionas shown
bya amallspirit levelplacedon it. The diskis mountedto the ehuckofa
smalljeweUer'slathewhichpermitssmoothtumingand aceuratecentering.

Bytheuseof thisapparatus,therefore,theangleasmeasuredis relatively
freefromthe largeerrorsdueto the liquidadvancingor recedingfromthe
solid. Addedadvantagecanbe obtainedby ptacingthe jar in a smallouter
tray witha drainingtube so that by providinga suitablesourceof supp!y,
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purewatercanbe runcontinuallyinto the jar J and overfiowat the levelof
the âneofcontactsothat thesurfaceiaautomatioaUysweptandMnewed.

Thé jar J is a rectangu!arone,preferablywithplate g!as8aidesfrontand
rear, 8uchasan absorptioneeUforphotometriework. Aglassis ruledwith
Nack Unesat intervahof about3mm.andiscementedto the reaf surface.
rn placeof this, a singlefineblaokwire,heldMoundthé jar by meansofa
rubberbandon oneside,maybe used. AsmaUmirror is placedin frontof
the jar J at an angle. Theheightof the liquidis so adjuatedthat it is just
up to the axisof rotation. The slideS is then tilted until the imageof the
straight lines,seen in the mirror,re8ectedfromthé under sideof the liquid-
air interface,appearsperfectlystraightrightup to the lineof contact. To
facilitatethisa groundglassand euitablybrightelectriolampare placedon
the far sideof the jar.

ThesubstancesusedthroughoutwereEastmanSyntheticOrganicChemi-
calsand of as high purity as is commeroiaUyobtainable. In severalcases
thesewererecrystallized.Asampleof thésubstanceto be usedwas melted
in a amalltest tube andseveraldropsallowedto crystaHizeon the end of a
cleanmicroscopeslide.

Greatprecautions,ofcourse,had to betakento assurethe cteamimessof
all the glasswareusedand the purityof the water. Potassiumdiehromate
o!eaningsolutionwasusedonthe glasswareand the surfacetension ofthe
water wascheckedbeforeeverydétermination.This was doneat firstby
meansof a du Noüy tensiometer. It wasfound,however,that this could
be donemoreconvenientlyandjust as accuratelyby plaoinga slideof pure
paraffinof known contactangle in the apparatusand readingthe angle.
Averyslightdifférenceofsurfacetensionorcontaminationof anysort could
be veryeasilydetectedby the loweringofthë angle.

Aapreviouslyinferred,the Ablett cylinderand the plate methodsgave
many widelydivergentresults,the causeof whiehis unknownand requires
furtherinvestigation.Someofthesediscrepanoiesareshownin Table I.

TABLEI

Comparison of Contact Angle measured by Ablett CyMnder and by Plate
Methods

Out
Cylinder

h
p~to

Myristicacid 60 – j~5
Palmitic 54 36 nix
S~MM 53 ~6

Ethyleneglycol dilauiate 76 94 n,

disteara.te $6 64 ~e
Céllulose aeetate S8 –

25
nitrate 7y –

j,
2-4-6tncMoraniHne 62 <)o 55
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Whilein noneofthesemeasurementsbyeithermethodwasthe surfaceof
thewaterawept,it is to be notedthat severaloftheabovesubstancesdonot
contamiaatea watersurfaceintheordinarysense(lowerthe surfacetension).
Ethytoneglycoldilaurateand distearate,andstearicaeid,do not affectthe
surfacetension. Beoauseof erratioresultsobtainedin a fewcaaeswiththe
cylinder,and becauseof the greaterconvenienceand caseof measurement
withthe plate method,as wellas the generalconsistenoyof the resultsob-
tained,the latterbasbeenpreferredfortheprésentat least,and the measure..
méatsdicussedbelowwereall madein that way.

Byuse of overSowat the surfacewiththe platemethodas alreadysug-
gested,the surfaceis sweptcontinually,and if this is desired,the apparatus
as iUustratedis most convenient. However,uniesscontaminationfrom a
foreignsubataneeisconsidered,andthisisnotlikelyunderordinaryconditions
ofdeanliness,there isnoparticularadvantageinsweepingthe surface. Even
thoughthe materialunderexaminationlowersthesurfacetensionbya large
amount,the valuesofT and 6in the equationW = T (i + cos6) are those
undersuch conditiona.As longas thesolidis in contactwithwater,at any
rate,sweepingwillhaveno noticeaNeeffecton the observedsurfacetension,
unless,of course,the rate of solutionis extraordinarilyslow. If anyforeign
substance,however,is present,this willbe sweptaway.

Theplate methodis moresusceptibleto foreigncontaminationthan the
cylinder. For example,pure paraSinwascoatedona cylinderandturnedon
a latheto givea smoothsurface,and thé samematerialwascoatedona slide
andseraped. The contactanglemeasuredby the two methodswith these
specimenswas in eachcase 108". A very amallfragmentof cety!alcohol
wasthendroppedonthewaterineachcase. Cetylaicohottowersthesurface
tensionof water 50%. The contactanglewasloweredfrom toS"to o6<'with
the cylindermethod,and from 108"to ?!" with the plate. No reason is
knownfor this differencebetweenthe twomethods.

Anotherobjectionto the cylindermethodis the difficultyof measuring
smaUangles. Unlessthe top surfaceof the water-airinterfaceisusedfor re-
flection,and this is poor,givinga veryfaint image,the anglecannotbe de-
termmedif it ismuchunder60". Sincemanysubstancesgiveanglesfrom30"
to 60 measurementsonthemarebestmadebytheplatemethod.

Results

Measurementshererecordedfor solidsare,withinlimitsof error,weUin
accordwith other similarwork for liquidsand the morelimitedpublishedresultsfor so!ids. Harkins and his co-workers*have demonstratedquite
clearlythe existenceof certainpolargroupsand theireffecton the workof
adhesionof liquids,asmeasuredbythe methodof interfacialtension. Lang-mut~basalsoput forthviewswhiehhaveexperimentalverificationandwhich
explainthe effectsof polargroupsin producingmolecularorientation.

J.Am.Chem.Soc.,39,354(t9t7);42,700(t92o);43, (t~t).J.Am.Chem.Soc.,39,,8~ (~,y);Chem.Met.EaK.,tS,468(t9t6).
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That the measurementforsoUdsare comparablewithresultsofHarkins
for liquidsisfairlyweUindicatedbyTableII. Comparisonsaremadefor the
substancesofsimilarconstitutionwhichcouldbe foundin themeasurements
by the twomethods. TheïesuItBfor liquidaare oatc~ted fromthe values
of the surfacetensionsof thetwoliquidaandthe interfacialtension. Those
for solideara basedon themeaamementof contactangleandsurfacetension
of water in contactwithsolid.

TABLE II

TABLE III

ValuesofWorkofAdhesion-LiquidPhase

H~MM.CJMkMdRobwt.:J.Am.Chem.Soc.,42,700(t~o)
laopeatane(CH,)~CHCH,CH, g6.88
Hexane

.<,
0<~e

DMSobatyl(decMe)
HigherparaSDs(aboutC,.H,<) 63.oa

AtoatattcHydMcarboM
Benzène ~6.62
T~ene ~6.62
o-xy~ne 66.62
m.xy!ene ~.62
P-xytene ~.36
Ethylbenzène(C.H,(CH,),)meaitylene 63 36
p-cymene ~0.48

Liquida(Hatkinft) go~~(Nieta)
ParaSmOit 47.38 Purep~taBn 49.09
Be' 66.55 Benzene,soHd~i"° 43.s
Ethyl ether ~.aa Diphenylether yy~a
ïsobutylaicohot 94.3 Trichlorotertiary

butytàtcoho! toa.cg
Cyclohexanol ,03.7p Tnphonylc&rMnol ~i.yp
Methylhexylcarbinol 99.y
Ëthylomnamate 89.9g Methytcum&m&te tti.oo
CapïyUoMM 93.~ CapryUcacid 66:a
Undecylenicacid 102.77 Undecylenicacid 70.0
Di-MobutytamiDe 84.56 Diphenylamine 8< 4

((CH,),CHCH,),NH
Dipropylamine 93.68

(CJt,),NH
Chlorobenzene 68.46 ï.~trichlorobenzene 62.66
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TABMÏV

Genem!Data oa WorkofAdhesion

HydMOMbMM 4 g
HydtooarboNS

Dibenzyl go 0 o M 118.8
Stilbene 72 o o MB 94.7
Diphenyl M 0 o M8 99.6
Paranm to8 0 o N 49.99
Benzene ~5 22 9 V- 43.$S
Naphthalene 62 o o N 106.3
Anthracene 92 o o NS 68.6
Diphenylmethane 62 3 4 M+ ~03.6
Triphenylmethane 45 o o N ~3.44
Tetraphenylmethane tgS – – –

~goo

Ethers

Gtycetytphenyi 8 V+ 97.66
Diphenyl 88 o 9.2 S ~7 7

Alcohols

Myristil 60 50 5. V- 54.. 2
46 so 50 MV 61.3

Menthol ~3 22 V ~.8a
Trichlorotert. butyl 65 7 V+ 102.9g
Tnphenylcarbinol 57 o 0 N m.7 y

Aldehydes

Trioxymethylene o y j~
p-iso-butym!dehyde 70 2! 17 V 75.66

Ketones

Acetophenone 65 o V 83.4
Benzophenone 65 s.8 n MV 100.0

Phenols
P-n&phthot 35 t,i 128.5S
Resorcinol S o 6 V ~37.88
Thymol 85 ï7 28 VM 65.6

Amines-Amides

Diphenylamine 80 o SN g~~
2-4-6trichloroaniline 555 0 o N ~.c 5
Acetamide z V

HalideSubstitutions

1-2-4trioMorobenzene 98 0 o SN 62.6
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HydrocarboM t 3 3 4 c

NitfogenCpfb.
Azobenzeae 64 0 o N 104.55
Hydraaobenzene 52 1.1 2.8 N !ï8.7

Aoids
Caproic 45 30 –

87.0o
CttpryHo 60 38 66.22
Pelargonio a 49 ~5 – – 66.i1

69 45 54.0
Capnc 85 43 r

Undecylic 79 44 – –
~g

Lauric ju r ~jI ~.6
TridecyMca: 755 45 g~~4

95 40 – –
36.5

Mynstic 115s 255 32.0
Pentadecylica 73 31r – –

6~.0
P

o
no 2t 37.8

Palmitio m r 6 – 4:.g8

MargM-icct 777 0 – gnoo
P to5 9 – – 5~.2

Stearic 106 o – –
56.8

Arachidic m 1 o o N 46.7y
Behenic noo o o N 47.99
Cerotic n6 0 o N' 40.8
B~c'c 93 33 M M 46.2a
Cinnamic 40 0 3.7 MS ~7.7
Hydtocinnam:c 63 17y t7y MV 87.2a

Undecylenic 53 40 70.0
Benzoic 65 9.5 :.8 V+ 93.6

Esteïs

Methyl cinnamate 45 i& 15.7y V m.o o

Ethyleneglycol dicaprylate 84 14 – – 68.8

dic&prate 96 8 – – 595
dihturate 1233 o 32.8u

d~mynst&te no o – –
~766

dipalmit&te 98 0 – – 62.22
difttea.ra.te 75S o – – 9~11

ButyloM-bamato 40 36 1.9g V+ 95' c
Tnsteann no 0 o N 47.0

MisceHaneous

BeDzyIsutSde 90 o i N 72.88
Zinc stearate 135 0 +55 g 21.3
Castilesoap powdered 68 65 53 MV

TABusIV (Continued)
GeneralData on WorkofAdhesion
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In the caseofbenzene,caprytioacid,and undecylenicaoid,measurements
weremadeonboth liquidandsoMdandin eachcasevaluesforthe tiquidare
higher. Thegeneraltrendof the resultsfor solidsctosetypara!ie!sthosefor
liquids,however. Measurementsof a seriesof solidhomologues,or of solid
compoundswithsimilarterminalgroupa,showgreatervariationswithinthe
groupthan fora similarotassin Harkins'data for liquida. This isseenby
comparlsonofTaNeIVwithsomeofHarkins'valuesfor relatedcompounds.
In TableIII are givena fewof the latter forhydrocarbons,whiohasa whole
showfar !es8divergencethan the hydrocarboos,in TableIV.

TableIVgivescompletedata oncontactangleand workof adhesionfor
70organiosolids. Valuesgivenare forthe foHowing

Columni Contactangle,9
Column2 reductionofthe surfacetensionof watercaused,T~
Column3 reductionofthecontactangleofpureparaffin~R
Column4 notes on spreading
Column5 Workofadhesion,W

Columna is expressedas a percentageand representsthe loweringof
surfacetensionof water'inthe présenceof solid. Column3 showsthe per-
centageloweringof the contactangleof pure paraSinagainstwaterin the
présenceof the solidin question.

Thedataonspreadingareonlyroughlyquantitativeandareexpressedas
V violent
M moderate
S slight
N none

It isat onceevidentfromTableIVthat in eaohchomicatctassthere isa
rather widerangeofvaluesfor the workof adhesion,W. Thereis alsono
tendencyforany ctaasto assumea particutarvalue. Thisindicatesofcourse
that other factorsthan the merepresenceof the better knownpolargroups
influencethe attractionforwater. It is unfortunatethat it is difficultto se-
curemorecomparisons,as canbe donefor liquids,betweenseriesof related
compounds.Manyof thé substancesneededare not solidat ordinarytem-
peratures,anda greatmanyareverydifficultto prepareinanystateofpurity.
Consequently,it willrequiretimeto secureevena moderateamountofdata.
Nevertheless,the nguresofTable IV affordsomeinterestinginformation.

Discussionfor thepresentwillbeconfinedto workofadhesiononly. Fol-
lowingaresomeof thecomparisonswhichmaybefoundin the table.

Benzene ~3.g5
BenzoicAcid 03.66

The carboxylgroupcausesa great increasein the workof adhesion,as ex-
pëcted. Themeasurementsforbenzeneweremadein the solidstate,inwater
at 1°..

Naphthalene 106.33
~Naphthol 1:8.5
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Theinoreasehereisappreoiable,thoughnot large. Asinglephenoliohydroxyl
groupon the large naphthalenemoteoutealready oontainingpolar double
bondswouldprobaMynot beableto exett muoheffect.

Two phenolicgroups in the benzèner:ng, however,producea very
greatchange.

Benzene 5
ResorchMtt

(':30H) ~.8
AsinglephenoUcgroupwithanadditionalmethylgroupin thymolproduces 6onlya moderateinorease.

Benzene e

CH,

Thymol

t ]

65.s

CH(CH,)~

Thé C!radioleisehownaspolarfromthe valuesfor trichlorobemsene.

Benzene g
1~2-4trichlorobenzene 62.6

Thealooholiohydroxylappearsto havegreaterattractionfor waterthan
thecarboxytgroup. This is at least the case for twoof thehigherhydm-
carbona,aashownby

Myristylalcohol ~4='a Cetylatcoho! 6133
Mynahcacid 32.0o Pahnittcaoid ~.8g

Thèsevaluesareput forwardwithreserve,sincethey seeminconsiatent
andthesehighersolidaleohobarepurifiedwith diSculty.

Theeffectofadditionalpolargroupsis againseeninvaluesfortwoethers.

Glycerotphenylether CH~OH.CHOH.CHjjOC~. o-, 6
Diphenylether CJï.OC.H. y g;y
Someinterestingresultsare affordedby the followingmeasurementson sub-
stituted methanes. The valuefor tolueneis taken from Harkins' results
forliquidabut isinsertedforcomparison.

Benzene(solid) s
Toluene(liquid-Harkins)66.6G

Diphenylmethane 103.6
Triphenyl t~
Tetraphenyt 1~0.0

Thelastvaluefortetraphenylmethaneisnotexact,the resultlyingbetween
!o and 145.6. Thetetraphenylmethanewasverykindtyfurniehedby Dr.
EdwardMack,Jr.



MOMiCULAB ORIENTATION AT 8UM'ACE8 OP 80MDS 20$

Thedifférencesbetweeneaohmomberandthe nextof thisseriesare

Benzene

23.1
Toluene*

370

Diphenylmethane*
ïo.8

Triphenyl
16.6

Tetraphenyl
Theseindicateroughlya steadyconstantincreasefor eachphenylgroup

added,thé increasebecominglessas the moleculebecomesiarger. Theyalso
showagainthe effeotofthe doublebondsofthe benzenering.

Thedi-andtri-phenylmethanesshowa result on coolingin contact with
waterwhichisnotunderstoodat present,it beingmentionedonlyas a matter
of record.Thispeculiareffectis illustratedby the foMowinj;:

Thesubstitutedméthanesgiveresultsintheopp<~itesenséfrommostsub-
stancescooledincontactwith water,as, forexample,stearicacid. That is,
insteadofthewaterproducingincreasedworkofadhesionthroughorientation
ofpolargroups,it haa producedless. In the caseof triphenylmethanees-

peoiaHythe changeis tremendous,workof adhesionbeingreducedto ap-
proximatelyone-fifteenthby coolingon water. Conditionscausingresults
in this directionmight be the leaching-outof a very highlypolar impurity,
whichwebelleveimprobable,or an adsorptioneCfect.At any rate wehave
notyet beenableto investigatethe matter further.

Otherresultswitharomatichydrocarbonsare thefollowing:
Benzene ~.gS
Naphthalene 106.3
Anthracene 68.6

The increasefrombenzeneto naphthaleneisseemingiyaccountedfor by the
additionof the secondnucleusand the doublebondsit contains. The de-
creaseshownbyanthraceneovernaphtbalenemightbe explainedby assum-
ingsomesortof foldedconfigurationfor the naphthalenemolecule,but this
isnot borneout by the findingsof Bragg'as to the x-raycrystalstructure.

~ThevaluefortolueneisoutofCne,sinee,asprovioualyatated,a liquidmveaaHjther
remttthMthesMaeaabstMceinfmMfonn.

Ptoc.Phye.Soc.,M,33(t<~t);3S,tûy(t93g).

CootedinAir CootedinContact
w!thWater

Diphenyl methane 62" <)3"

W 104 6?

Triphenyl methane

46"

tS3*

W 1:3.4 79
Steancaoid 106'* 96"
(8eeTaNeVa!so) (W 52.88 6$.!a
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Consequentlyweare againcoafrostedbyfaotadiSeutt to oxplain.ït seems
possiMethat in someof these casesconsiderationshouldbe given to the
structure of the orystalaggregaterather than to the individualmoleoule
alone.

AnothercaseinwMchconËguMtionmayplaya part is

Diphenyl çç.6
Naphthalene tig.yf

Mack~basshownthat diphenylbas a "coHapsed"or foldedstructure. The
moleculeconsistaof two benzenenuctetfaceto face. Consequentlythe re-
sidualvalencesare probablyquite completelyBatMedwithinthe molecule
itself. Naphthalenehas a moreextendedcon6gnrat:on,and four of the
doublebondsare effectivein inoreasingtheworkofadhesion.

Fto.<tq

A comparisonOfferingfurtherdifficultiesis the following:

Diphenyl pp.6
ether ys-7y

Benzophenone 100.0
ThèserésultehavebeenrepeatedandvenËed,though&bsolutevaluescannot
beduplicatedas a ruie. The decreaaefromdiphenylto theethermustbedue
to a changeinconfigurationofthemoleculecaasedbythe introductionofthe
oxygenatom. If thisis theexp!atMttton,wearenotableto describethe nature
of the changeas yet. The increasefromthe ether to the ketoneis rather
marked,but furtherdata are requiredbeforeanyconclusionscanbe drawn.
Thiainoreaseis probablyanalogousto the increasein solubilityin waterof
acétoneover ether.

Acomparisonwhichat presentseemsto oSersomedifficultiesin the way
of satisfactoryexplanationia

Triphenylmethane(C~ït), CH 1~
carbinol(C~),COH II 1.7

It wouldseemvery difficultto explainthe highervalue.forthehydrocarbon,
mueœweshouldgo so far as to assumethat by meansof starieMndrance

J.Am.Chem.Soc.,47,~68(ï~g).
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the hydroxylof the carbinotis preventedfrom exeroisingany effect. This
wouldbe the caseif wchada configurationsuch as shownin Fig. 4. Any
suchexplanationmuâtof coursebe put forwardwithréserve,and requires
additionalevidence.

Someinformationcoccemingthe eSeotof doublebondsisavailablefrom
TableIV. Beloware tabulatedthe valuesfor six pairs,the double-bonded
compoundbeingthesecondineachcase.

Undeoyiicacid 50.88 Behenioacid 47.9g
Undecylenioacid 70.0 Erucicacid 46.2a

Hydmcinnamioacid 87.2:2 Hydtazobenzene 118.7p
CinDamio 127.7y Azobenzene 104.s

Stearicaeid $6.8 Dibenzyl n8.88
0!eicaoid(Har!dns) 89.62 Stitbene 94.?y

In thefirstthreecasesthe increasedueto the doublebondisconsidérable.
In the taatthreethereis&decrease.Thiswouldseemtofitinvith the theory
proposeda short timeago by T. M. Lowïy' that doublebondsare of two
kinds. Thenrathecatts thenon-polar,andthe secondthesemi.po!ar.The
non-polarbond consistaof two co-valencesand the semi-polarof one co-
valenceand oneelectro-vatence.At any rate we shouldfeelquite safe in
sayingthat there is a widedistinctionbetweenthe doublebondsof the first
threeandofthe last threepairs. Just whyanysuchbondshouldshowwhat
is apparentlya deoreaseover the saturated compoundis not clear. It is
hopedthat laterevidencewillthrowlightonthe matter.

Spreading
Thespreadingof substances,partioularlysotidson Houids,as shownby

the well-knowncaseofcamphorparticlesplacedon water,bas longbeenthe
subjectofspeculation.A complèteand satisfactoryexplanationis however
taoking. Varioustheorieshavebeenproposed,most ofwhiohhavebeenas-
sociatedwiththeeffectofsubstancesthat spreadon thesurfacetensionof the
liquid. It seemslikelythat this explanationis not suScientfor in certain
casesofvicientspreadingthe reductionof surfacetensionis veryslightand
otherfactorssuchas solubintyand volatilityaffectthe spreading.Trichloro
tertiarybutylalcoholservesasa goodexampleofsomeoftheseeffects.When
a smaUamountis nrataddedto waterthe surfacetensionseemsunaifected.
Aftera fewminutesthesurfacetensionisgraduallylowereduntilafterabout
a halfhourthedecreasemayamountto asmuchas 13%,dependingon condi-
tions. If the experimentiaconductedin a smallvesselwhichmaybe ciosed
air tight,it willbe foundthat as longas relativelysmaUamountsare used
andthevessellcftopen,violentmotionwillcontinue. Ifmuchlargeramounts
of solidare used,motionwillceaseas the water becomessaturated,or it
willalsostopifthecoveris putonandtheair becomessaturated(apparently)
withthe vaporof the substance. In the latter caseslightmotionisKsumed

Lowry:J.Chem.800.,t23,8M(t~s); Buit.,M,203(t9:6).
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if the coveriaagainremoved,thoughthedegreeofmotionisverymuchkss
than before.Consequently,it seemscertainthat solubility,andtoa muohtess
extent,volatility,are faotorsinspreading.

TableÏVdoesnot containMfBoientdatato wMrantanyoonclusions,since
it showsonlythat inmostcasesofspreadingthe surfacetensionis lowered.
Substanceswhichshownospreadingdonot teducethe surfacetension. The
violenceofapreadingdoesnot seemtobeproportionalto the surfacetension
lowering.

Eilecton OrientationofCondittonsdariagCtystat!izat!on
Whilea substanceis crystaMiziag,heat and humidityhavea large in-

fluencein determiningthe natureoftheexteriorfaceofthé solid;in fact it is
forthisonereason,iffornoother,thatdiNerentsamplesofthe samesubstance
givedifferentvalues. Toinauîereproducibi!itywouldrequireoarefulcontrol
of conditionsduringerystaHization.It is rathersurprising,in a way,that
evenin the solidphasesomemoléculesareableto tum withsuoheaaeand
to presentan orientedarrangement.Thèsefacteare illustratedrathernieely
byTable Vwhichia praoticatlyself-explanatory,repKsentinga seriesof ex-
périmentain whichthe humiditywasvariedconsiderably.Theworkof ad-
hésionfor stearicacidvanesfrom39.7wherecrystaHizationtookptacein per"
feettydry air at lowpressure,to 131,0whenerystaUMationoccorredin air
saturated withsteamat about35". ExperimontsG, H, J and Kshowthat

TABLEV
Effeetof ConditionsduringCrystatlizationon Orientation_Q

St~MioAcid CaprieAmd
A. Cooled in vacuumdeeiceator W= 39.77 W° 58.44

at ï 5-~0mm. over P~Oe 54.00 58.4
B. Cryat, in Lab. air at 23"

Ordinary httmidity 65.2z 52.:a
C. Cryat. 2 ft. from esca.pingsteam 80. z
D. Cryst. i ft. from escaping steam 104.55
E. Crayt. in cloud of steam and read

immediately 131.o yt. 2
F. Crayt. in ctoud of stem, Value 2

min. Apparently steady. ïn.a a 7 I. a
G. Saimpleacooledmdesiccator.then

incontactwithwater.afterz~hts. 74.2a ~o.88
H. Samp!e8coo!edmdes!ccator,then 75.3

in contact with water, after 24 hM. 70.3
J. Sample cooled in deaiccator left in

Lab. air at 23''– lus. 67.7y

~his. 88.0o
K. Sample cooledin destcc&torand o minutes 58.44

read at intervals after minutes 6 I. 6
immersion in water 3 hoam 61.0

L. Cryst. in contact with water 4/2/27 70.3

tt/io/26- 65.2 77.4
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s&mptesorystaUizedas in A,after immersionin waterat ordinaryroomtem-
peraturefor aometime,evenaftercomparativelyshorttimes(15min.in K)
showincreasedworkof adhesion,i.e., increasedorientationof polargroups
towardthe water. Thisprocès thereforeseemsto occurwithcomparative
esse. ExperimentsB, C, D and E showthe eneotof increasinghumidity
whileerystaMizationis takingplace.

Weareas yet at a tossto explainthe gréâtdifferencebetweenexperiments
Eand LforstearicacidwherecrygtaHizationoccurredinsteamandon water.

Conclusions
i. Apreliminarystudyhas beenmadeoftwoprincipalmethodsofmeas-

uringcontactangle. Theseare

(a) the Ablettcylinder
(b) the platemethod

Thefirstof these isconsideredmoreorlésauncertainat present,sinceit shows
mystenous,unexp!ainaHe,and inconsistantresultscomparedwith the plate
method.

2. About 70organicsubstanceshavebeenstudiedfor contactangle,ef-
fectonsurfacetensionofwater,spread'ng,andworkof adhesion.Theresults,
in all cases,appear ~) be in accordwith other resultson liquidsand soMds
andwiththeoriesproposedby Harkinsand Langmuir.

3. Someévidenceonspreadingisgiven. It isshownthat aomesubstances
whichspreadviolentlydo not affectthe surfacetensionverygreatly. Sub-
stanceswhichdonot spreaddonot lowerthesurfacetension.

4. The effectof humidityduringcrystaUizationis very marked. In-
creaaedhumiditywhilesolidificationtakesplacecausesgreatIncreasein work
ofadhesion. Increasein numberofpolargroupsexposedto wateralsooccum
if theso!idis immersedinwater.

~!Mte«e<N. Y.,
~tf!y ~.M'.



THEPHOTOCHEMICALDECOMPOSITION0F HYDROGEN
IODIDE;THE MODE0F OPTICALDISSOCIATION'

BYBERNARDM~tS'

Introduction
Part1. Kindic

Theproblemof determiningbydirect experimentthe true mechanismof
the photochemicaldecompositionof hydrogen-bromideor hydrogen-iodide
studiedby Warburg~isofno!itt!einterestand importancesincesuohknow-
ledgewouldaffordinformationeoBcemingthe conditionsunderwhichamole-
culedécomposesafterit basbeoomeactivatedasa resultofabsorptionofradi-
ation.

It willbereoalledthat WarburgsuggestedtheMowing stepsin the de.
compositionaftera thermodynamicconsiderationof thepossibleoccurrence
ofsecondary"dark" reactions:

(ï) HX + h!.= H + X
(2)H + HX H, + X
(3)X+ X=X~

whereX denotesthe halogenatom* Thisaccountsexaotlyfor the experi-
mentallydeterminedquantumefficiencyof two Moleculesdecomposedfor
eachquantumofenergyabsorbed. Stem and Vounet*hâvepresentedanen-
tirelydifferentpoint of viewwhichdoesnot violatetheobservedquantum
efficiency.Theyarguethat in thistype ofreactiona collisionisnecessarybe-
tweenthe activemoiecu!eand someother moléculeduringthe meanMeof
the activeatatebeforedecompositioncan take placeandthey concèdethat
the hypothesisthat moleculardissociationor decompositionis the primary
lightprocess,cannotbe entertained. Someof the basesof their argumentshavesincebeenfoundto be untenable. For instance,assumingthe heat of
dissociationof CI,as 106,000caloriesthey pointedout the impossibiHtyof a
directsplittingof the chlorinemoleculeintoatomsas a resultofabsorptionof radiationsincethe energyavailablein the spectralregionin whichthe
comhmationofhydrogen~Mondeoccurs.namelyaboutX= 4oooA,(Nhv=
7t,3oocalories)is considerablylessthan the heatof dissociationof chlorine.
AcolMonthereforeseemednecessaryto meettheaddedenergyrequirement.ThMmustnowbe ruledout sineethe heat of dissociationofC~ as morere-
centlydeterminedkinetMa!Iy"and spectn)seopioa!Iy''is 54,000 58,000cal-
ories. Thusthere is auiEoientenergyavailablein the quantum. That Cl2
doesdissociatein a singleand elementaryaot by absorptionof radiationin
this regionwillbe evident fromspectroscopieconsiderationspresentedin
Part II of this introduction.

It is true,however,that experimentson gasnuorescenee'andon the ex-
citationofmolecularspectraby electronimpactsshowthat at lowpressurea
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moleculemayabsorbmanytimesits dissociationenergywithoutdissooiating.
For example,iodine,whoseheat ofdissociationis 34,500catories'canabsorb
and émit as a résonancespectrum,an amount of energyfivetimes the
work of dissociation,when illuminatedby the line = i84oA. Againa
hydrogenmoleculeexcitedby electroncollisioncanemit as molectdarspeo-
trum severaltimesthe amountof thedissociationenergy. From the excita-
tion ofx-rayspectra,valuesofthe excitationenergycanbe evaluatedwhich
may exceedthe workof dissociationa thousandtimes without leadingto
dissociationby a primaryprocess. Theexplanationof this effectseemsto
be foundin the primaryempioymentof the excitationenotgyin raisingthe
electronsystemto a higherquantumstate,whilethe oscillationand rotation
energiesare onlyaltoredby the coupMagof their periodswith those of the
electronSystem." Anotherplausibleexplanation,moreapplicableto complex
moteoules,is that, under certain conditions,there may be a finite interval
betweenthe absorptionofenergyandthedecompositionofthemolécule,since
the formermaynotbe distributedat onceinthe particularmannernecessaryfor dissociation. During this intervala collisionor someother disturbing
factormaycausethe emissionoftheenergyasradiation.

Conceivingthe primaryUghtprocessas resultingin an energy-riohmodi-
ficationof thé molécule,whioh,on the Bohrconceptionwouldbe a molecule
withan electroninan orbitfarther removedfromthe nucleus,Sternand Vot.
mer prefer to write

HX + hv = [HX]b

where[HX]bindicatesthe active state. In orderto suit its conditionto its
surplusenergythe activemoleculerequiresa collisionwithanothermolecule
beforeit oandecompose,

[HX]b+ HX = H2+ X,

the steps of whichmaybe severalandof the type proposedby Warburgin
Mathermodynamictreatment.12Accordingto thèseauthorsthis willoecur
providedthe activemoleculesuffersa collisionduringits termof life,viz.,ca.
10-~sec.whichbas a!waysbeen the casein the concentrationshitherto in-
vestigated. (Warburgworkedat pressuresof HI rangingfrom80mjn. to
350m.m.).Otherwisethe energywillberadiatedor dissipatedas kinetioen-
ergy. With inert gasesor hydrogenpresenta smallportionof the energy
may be transferredto the foreigngasat eachcoUision,the excitedHI mole-
culetakingup newand successiverotationalquantumstates,which,accordingto Sternand Volmer,seemspossiblewithhalogen-hydridesjudgingfromtheir
rather complicatedinfra-redspectrum. A sufficientnumber of successive
collisionswitha foreigngasmayfinallyresultinthedeactivationof the [HX]b
molécule.This wouldofcoursepresupposea relativelylonglifefor théactive
state whichis not inconceivaMefor rotationalquantumjumpsas the calcula-
tions of Tohnan" show. The decompositionofHBr and HI wasstudiedby
Warburgin the présenceof N2andH:. NeitherherenorwhenHI wasmixed
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witho, i or atmosphèresof N~ wasthe decompositionaffeotedin the
least,the quant<uneaSeienoystill remainingtwo. Thisdoesnot exoludothe
possibilityofthereactiontakingthecourse

[HIjb+ H! H, + Il
since[HI]bevidentlymaykeepits energyaftera collisionwithcertainmolé-
cules. It is a tact nowcomingto light that activemoleculesshowvarying
susceptibaittestochangeoncollisionwithdifferentforeigngasea."

Bodenatein"concludedthat the photoohemicaldeeompositionof HI is
UNimoleouIarandTrautz and ScheifeleMteachthe sameconolusionfor the
eartystagsaoftheM&ctton.TMadoesnotagaifythatcoUisioMareannec-
esaMysincethedecompositionmaystiHbeunimolecularwithrespectto the
activemoteo~desas presentedm a mechanismabove."

Froma Hneticpointof viewprobablythemostdirectmethodwhichwitt
enableoneto detenninewhetherthe excitedmoleculemaydecomposewithout
the stimulusofa collision,is to study the quantumefficiencyat aufficiently
lowpressuresofpure gasso that a moleouleof HI, aetivatedby absorbed l'radiation,is unableto makea collisionwithan ordinaryHI moléculebefore
its meanfreeMe,viz., 10-' sec." has tenninatedor beforeit decomposes
of its ownaccord. In the formercaseif revetsiontakesplacei.e. if a mole-
oularencounterisa conditionwhichmust befuISUedfordecomposition,one
wouldexpeotthequantumemciencytobesmaU. Inthelatteroaseifthe
moleculedécomposesin a singleact, the quantumoffioieneyshouldremain
twoasat highpressures. Theresultsarem&rkedtydiNerentamditahould 'v

notbedifficult to distinguishbetweenthèsetwoalternatives. Accotdingty,
theprésentpapercontainsanaccountoftheseexpenmentsinfull.

PartIf. tSpeetfOMOptc
Sincethe writerpurposedatudyingthis reaction,speotroscopiodata" of

considérableimportancehavebeenpublishedon whichthe resultsof these
experimentshavedirect bearing.

Framck"pointedout that moléculeswhiehareboundtogetherbyvan der
Waals'forcessuchas the halogenscan be separatedintoatomsby an adi-
abatieprocessandthat illuminationwithradiationof theproperwave-length
maycausedissociationinto normalandexcitedatomain a singleact. Thecon-
siderationsdue to Franck leadingto this conclusionwillbe givenin brief.
Whethera photochemiealdissociationis possiblein an elementaryaat is
dependenton themagnitudeof the changesinoscillationandrotationener-
gieswhichare coupledwithchangesin the electronsystemonabsorptionof
light. Dissociationcan take placewhenthis changeequalsthe energyof
dissociationfor thestate considered. In the absorptionspectruma band
convergencelimitappeaïawheneverthebindingenergyoftheunexcitedmole-
culem the lowestoscillationquantumstate ischangedby a suitableamount
bytransitionoftheelectronsystemto anewquantumatateduetoabsorption
of light. Sincethe electronjumpoceurBsoquioMythat the heavyatoms
maintaintheir relativepositionto eachotherduringthe transitionperiod,
potentialenergyisconveyedto the nucleusdueto the electronjump. This `
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potentialenergyisdependentonthechangein binding. Withstrongchanges
in binding,the potentialenergyis groaterthan the workof dissociationfor
theexcitedstateand the moleculedissociâtes.By exchangeofpotentialto
kinetioenergythe moleculesbreakup with kinetioenergyand insteadof a
bandspectruma continuousspeotrumappearswhosemaximumis oftendis-
p!aoedawayfromthe convergencelimittowardshorterwave-lengtba.With
iodine"théchangeinbindingissogréâtthat themaximumabsorptionisfound
in theneighborhoodof the convergencelimitwhereaNwithoMorine'it i8dis-
ptaeedconsiderablyin the continuumtoward shorterwave*!engths.It is
concludedthat theabsorptionof lightofwave-lengthequalto orshorterthan
this limit(X= 499SAfor 1~; X 4~$A for Ct,) wi!!!eadto dissociationof
non-potarmoleoulesin an elementaryact.

ThéearMerviewsof Franckhavebeenamplifiedandclarifiedteeent!y.
F. Hund"hasshownthat the processeainvolvedin the transitionofan élec-
tronfromthesystemoftheanionto that ofthe cationare indicatedfromthe
prinoiptesof quantummeehamcs. The processof décompositionin an ete-
mentaryact by absorptionof radiationeannowbe extendedto polarmole-
cules. Kondratjew"haspresentedwhatseemsto beconclusiveexperimental
evidencethat sodmm-iodidemaysodecomposeintoa normal1atomandan
exoitedNa atom~ Hofindsthat at 10~ m.m.Hg the sodiumD linesare
emittedin a sharplydefinedbeamwhosedimensionsaregivenbythe boun-
daryof the excitingcôneof light. If a collisionwerenecessaryto disrupt
theNaI moleculethe excitedmoleculecouldhavemovedseveralcentimeters
(meanfreepath ça. s cms.) outsidethe zonebeforesuSeringa collisionand
the nuoresoencewouldhavebeen locatedfar removedfromthe coneof ex-
citingradiation. FurthennoM,Kondratjewfoundthat the fluorescenceis
proportionalto the firstpowerof the pressure~whichseemsunequivocaUy
to signifythat Nal decomposesin an etementaryact byabsorptionof radia-
tion. TereninMshowedthatatlwave-IengthsbelowX= ~scoAgiveriseto the
émissionof the sodiumD Unesin NaI vaporindioatingthat NaI shouldab-
sorbcontinuoustyin this region,whichFranck, Kuhnand Rollefsonhave
shownto bethecase."

It wouldappearfurtherfromthe workofFranck,KuhnandBoUefsonand
Franckand Kunn"that althoughHI, possessinginfra-redrotation-osoiHation
absorptionspectraand a smalldipoleeleotriomoment,isconsideredpolarin
character,itaatomsarenot boundby the sametypeofforcesasexistin the
alkali-halide8.The latter are characteriisedas "ion-linkages"wherethe
forcesexistbetweenionsandthé HI moleculeaaan "atom-linkage"wherethe
forcesexistbetweenthe nuolei,the criterionbeingtheconstituentpartsinto
whichthe moleoutedecomposes.The viewthat the halogen-hydridespossess
a differenttype ofbindingthan the alkali-halidesis strengthenednot only
by the criterionsetup by theseauthorsfor their distinctionbut atsoby the
workofBe!t." Froma determinationofthe constantsofthe equationofthe
infra-redabsorptionbandsofthe hatogen-hydrides,BeUwasableto evaluate
the variationwithdistanceof the forceactingonthe hydrogenneclousas it
vibratesalongthe line joiningthe two Buclei. The resultsshowthat the
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hydrogennucleusis witlùnthe halogenelectronshelland is burled to the
samedepthin all. If this is the case,thenthe unionofa hydrogenatomwith
an iodineatomconsisteofa transferof the hydrogenelectronto completethe
iodinesheUand the pénétrationof the hydrogenneoleuswithin the iodine
électronshel! une wouldhardlyexpactthe bindingforce to be ionioin
oharacterbut rather as onebetweenthe nucloi. In faot it has beenahown"
that the lattice stmotureofHCt isatomioand not ionio. Indeedfromthèse
facteas we!lasboththe characterofthecontinuouaabsorptionapectrumand
its modeof décompositionone mightconsiderHI as morenearly approxi-
matingto a non-polarthan to a polarmoleculedespiteits displayofinfra.red
spectraanda smalldipoleeiectriomoment.

Both Tingeyand Gerke"and Bonhoefferand Steiner"believethe con-
t;nuousabsorptionof hydrogen-iodideto be sufBoientevidenceto eutnimate
Stemand Vohner'smechanismandto beconsistentwithWarburg'smeohan-
ism. However,directexperimentalproofthat a pnmarydecompositioncan
occurwithouta collisionis desirable,espeoiallysincethe eharaoterof the
absorptionspectrumof HI is differentfromthat of non-potarand striotty
polarmoleculessuchas NaI, no bandconvergencenorm&xima.in the con-
tinuum beingobserved.

DeterminationoftheE.erïmM!<a/Prea~MMofM <o6eemployedin thep!'esett<
Mfe8<!e<!<t<M!andtheprobabilityofcollisionofanactivemolecule

Assumingin agreementwithknowndata, that themeanMeofa mo!eou!e
in itselectronicexcitedstate isof theorder10-' aec.;onemaycalculatethe gas
pressureat whiehon the averagea collisionwillnot oceurduring this time
interval. From the kinetictheorythe numberof couisonaper secondbe-
tweenan activeHI moleculeandanyotherHI molécule"'isgivenby

Z = 2<~nt-~kT a/m (t)
wherent is the numberofmoleculesofHI per c.c.

m is the massofan HI molecule.
T absolutetemperature.

sumof the radiiof the participatingmoleculesor the mean dis-
tanceofapproachoftheircenters.

k is the Boitzmanncoastant.

nt = p N/RT 1333.3 (a)
wherep is the partialpressureofHI inm.m.Hg.

N is the no.of molculesper grammol.
Fromthis it Mlowsthat

Z==<~pS3~~
Z = cr2p5333.2 kTM

wherek = R/N
TheexpressionT = 1 u =' i/Z, where1 is themeanfreepath andu the

rootmeansquarevelocity,gives the meantime betweencollisionsor the
durationofa meanfreepath.
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ï/Z T = t/~pA (4)

wheteA=.S333.~)/~

A.2 3.(4J6X6.06Xro~ 0= .21X (021
~)/7-

_1_ 3t.2Xto-~
sec. (5)

~Xio-pX3.atXio"" ~p
sec.

AsfirstapproximationwewillallowT ==T==!o~sec.the meanlifeof the
activestate.

thenp = 3t. (6)
where<ris in angstromunits.

ThevalueaÂforthe diameteroftheHImo!ecutegivenbyW.C.MoLewi~"

appearsto be too smaH.Fromconsiderationsabove,name!ythat thehydro-
gennucleusis buriedwithinthe iodineshell,the diameterof the normalHt
moteoukshouldbe comparablewith that of an 1- ion which,having the
stableconfigurationof Xe shouldapproximatethe diameterof the latter.
Aoomparisonofthediametersmaybemadebyoa!ou!atingthediameterofHI
fmmvanderWaab'b. UnfortunatelyonlythecriticaldataforHCtandHBr
areavailable,but by plottingb oalculatedfromthe criticaldata in the Lan-
dott-Bomsteintables,againstatomicnumberwearriveat avalueb = 2162X
ïo-'for HI, whenceor= 3.3?Â.This compareswellwith3.4:~ forXe. In a
similarwaytheva!uesforHBrandKrare3.Âand3.i4ÂrB8pecttveIy. Since
weareconcemedwitha collisionbetweenanexcitedand a normalmolecule
ofHI someknowledgeof the excitedstate iadesirable.Cario"foundin the
caseof Hg, that the diameterincreasedfrom 2.8Âfor the normalstate to
Q.iÂforthe excitedstate. Assumingin theextremethat thediameterof the
excitedHI moleculeincreasedto icÂ and substitutingin (6)weobtainas a
lowerpressurelimit

3I·a

~"(5~69)~°'

In orderto be weUwithinthe eriticalpressureit wasdecidedto workwith
pressuresof HI ofabout 0.1m.m.Hg. At pressureslowerthan this it be-
comesvery difficultto measurethe absorbedradiation.

SinceT is merelythe timebetweencollisionsit isnot strictlytrue that a
collisionwillneveroccurwithin10~ sec.afterabsorptionof radiation. One
has tocalculatetheprobabilitythat a moleculewillcollidewhilestill in the
excitedatate. A methodfor this catculationhas beenworkedout by L. A.
Tumer~andis appliedto the presentcase.

If Tis the averagelifeof the excitedstate, thenassumingrandomdis-
tributionof Ëvesofexoitedmolécules,

e is the chancethat a moleculewillremainexcitedin timet.
If T is the averagetime betweensuccessivecollisionsof an excitedHI

moleculeand ordinaryHI molecules,
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<~T~chancethata moleculewillnotcollidein timet
e"~ Mthe chancethat a moleculewillnot collidein time t + dt

The probabilitythat the moleculewill collidoin the time betweent and
t + dt is the dinerencebetweenthe last two probabilities. Expandingand
keepingonlythé termwithdt to the nrst power,~es:

e-~(e~i)=e-~dt/T
The probabilitythat the moleculewill collidein the time betweent and
t + dt whilestmin the excitedstate is the produetof the probabilitiesfor
collisionand durationofthe excitedstate.

e-~e-~dt/T = e -~+~~dt/T
Thé probabilitythat a moleculewHIcollidewhilein the excitedstate for &H
valuesoft is

_(T+T)t
(1)> ('l'+T)t + r)

[e[]
1» + -r)~"7o dt/T--T/(T+r)~e-) -T/(T+T)

Thus the probabilityofa collimonwhilethe exoitedstate existais the ratio
of the MeofexoitedatateandtheBumof the timebetweencollisionsand the
Meof the exeitedatate. Wemay now deto-minewhat percentageof the
activemoleculescollidewhilestillexcited. Employingequation(<) and the
experimentalpressuMof0.1mm.Hg.ofHI,

31.2X10'~
T –-–––– T 6.93X to-'seo.

(6.60)'X o.ii

10-~

p = ––––––

?.93 + 1) to"
Thuschoosingthe mostunfavotableconditionsonly19.6%of the excited

moléculescollidewhilestillexcitedwhileassumingnochangein the diameter
this reducesto oaly3.5%.

Fa'peMMMn~j'
ThemethodeonsiBtsinilluminatingHI gasat about0.1m.m.Hgpressure,

measuringthé radiationabsorbedandtheextentofdecompositionby freezingout the I, andHI and determiningthe reaidualH,. Onlythe earlystageof
decompositionwasstudiedto avoidsecondaryabsorptionby the iodinelib-
erated.

a. ~ppon~M. The expérimentalarrangementis shownin Fig. i. L,the sourceof radiation,consisteofa condensedanc spark,equippedwith a
nMcrometerfor fineadjustment,connectedin paraltelwitha largeplate glaes
condenserimmenedin transfonneroil. Thisin tum wasin parallelwiththe
secondaryof a largetransformercoilwhoseprimarytook 65amps, at nov.
A. C. Thelattersteppeduptoabout 4o,ooov.Theeleetrodeawerevertical
and werecooledby a blastof nitrogento preventoxidationof the Zn and
consequentabsorptionof the ultraviolet bandebythe fogof ZnO. In this
waya steadysparkwasmaintained.
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The optical system0, consistingof a largequart:!prism and suitable

tensea,servedto soptutttathe twostrongZnultra-violetb&ndsat zo8oÂ
tmd X= as~oA~whichwerealsoemployedby Warburg. The parallelbeam
wasMJM~edto just illuminatethe entire rear windowof the quartz cell.

Bymeansof an openingin a zincsulphidefluorescentsoreen S, on which
the Haesweresharplyand brilliantlydefined,eitherof the bande coutd be
utHizedat will.

The clearquartz réactioncell,C, go.t oms.longand a.? cm. in diameter
wasprovidedwithopticallyplaneand parallelendsand twoquartz-to-pyrex
gradedjoints, conneotedon the oneaideto a liquid-airtrap, F, and a mag-
netichammerdevice,A, (shownenlarged)for fracturinga amaticaptUary,G,
filledwith HI, and on the other to a MBlarquartz fibremanometer,M,
(ahownenlarged)for measuringamatipressuresofH), a cajefultycalibrated
McLeodgaugeandmerouryvaporhighvacuumpumps. A cadmiNm-Hqoid-
air trap wasusedto protectthe apparatus,mercurypumpsand MoLeod.The
twoquartzfibresin the manometerwereseatedtogetherat oneendto a emall
glassindic&tor"to preventellipticatmotionas suggestedby CooUdge."The
radiationwaameasuredwith a sensitivegalvanometerprotectedfromstray
magnetiofields,and a Mollthermopile,T, equippedwitha fluoritewindow
andreceivingfunnet9.60oms.in diameter.

b. Calibrationof AfcB rtenMOp~. The thermopilewas calibrated
againsta standard radiation lamp furnishedby the Bureauof Standards.
Accompanyingdirectionakindlyprovidedby Dr. Coblentzwere rigidlyad-
heredto. Thetableaccompanyingthe lampis reproducedin TableI.
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TABLE 1

TableII showsthe calibrationresults,the secondcolumngivingthe total
radiationreceivedbythe thermopile(theMeaof the funnelbeingMo.).Expetimentsindicatedthat ah the radiationenteringthe funnel~hed the
thermo-couple.Thefourthcolumnallowsforabsorptionof &Suontewindow
indicatedin the directions.

TABMII

C~MK <~w~QMa~ ~ceM thermopileper secondper m.
«ej(ecttOM.

I. ForX=2o8oA.
E = h" = hc/XwheMhisP!fmck'scoDBt&nt

c is velocityof lightin cm/sec.
Xis wave-leagth in cm.

3 X ïo'" X 6.ss X 10-~
E =

=*9.4SX
to- erg (vatueofonequantum)

2080X io""

6.87

––––– =7.? X io"quanta/8ec./m.m.
9.48 X ïo-"

11. ForX=~oA.

3 X jo'" X 6.55 X io~
E = ––––––––––– = y erg.

asso X 10"'

6.87
–––––- = 8.84 X 1011quanta/sec./m.m.
7.77 X io-"

Mec~.f S~-S~
Amps TotalRadiation Dellectionof flectionallowing valueofWatt/eec. G~o.mtn.m. 9t.6%auotite° Ftux-em,/

traMnuMioo;watt sec./m.m.
/Mo./m.tn.

o.:so 2~.6tXïo-' ~oo.o 6.9tXio-'
0300 33.27Xio-' ~.t 6.88X10-' 68?
0350 46.0l Xio-s 618.3 6.89Xto~

Radiationictenaity

Diatancetwotnet~Nfromtamp
79.9 4a.6Xio-'watts

°-3°° 94.8 6a~Xio-'
° 350 109.8 86.? X to-<
°' '25.0 ti4.~Xïo-<

»
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c. Calibration(~theQ«<t!e Manometer.Sincehydrogenwas to be

measured,themanometerwascalibratedat lowpressuresagainstthe McLeod

usingpuredryhydrogen,thetimeofdecayofthe amplitudeofvibrationofthe

indicatorbetweenthe glasspointsp; and p: beingnoted for diSerentpres-
sures. Carewasexercisedto excludeall Hg vapor. The imageofp$and p<
wasobservedwitha travelingmicro-tetescopewithcross-hair. Caremuetbe

taken to preservethé distancebetweenthé positionof the swingingfibres
whenat restandthepointspaandp:. By plottingthé pressureofH2against
the reciprocalofthedeoaytimepracticallya straight linewasobtainedat low

pressures. Allconditionsweremaintainedthé sameas existedin the actual

experiments.

d. Preparationofcop~M-MsacoM<(tî~~ {r<M.The volumeof the re-
actionSystemwhichinctudedthe quartzce! manometer,liquid-airtrap and

magnetiohammer,was:32.5c.c. AseriesofsmallcapiUarieaabout i m.m.
in diameterand4 to 6 oms.longwereconstrictcdat the proper!engthsuch
that theirvolumeswereapproximately1/7600of the reactionsystem. Such
a capillaryfilledwithHI at standardconditionswouldwhenfracturedgivea

pressureofabouto.i m.m.HI. Theexactpressurecouldbedeterminedbycali-
brationof thecapiHary.HI wasdrawnfroma speciallypreparedstrongsolu-
tion for the useofwhich1wishto thank ProfessorS. C. Lind. TheHI gas
wasfrozenoutina liquidair trap, watervapourbeingremovedbyaCaC!! –
P~Ottubeandmostofthe12bya freezingbath. Anof the 1;!wasremovedby
3 or 4 towtemperaturedistillations.Further purificationwaseffectedjust
before fillingthe capillariesby 3 lowtemperaturedistillationsunder high
vacuum. Thecapillarieswerethoroughlyevacuatedand HI aUowedto ex-

pand into them. The pressurewasrelievedto tbat of the atmosphèreby
gentlyheatingtheendofa smallpièceof constnctedg!ass andthenquickly
seaung. Eachcapitiarywasremovedin tum at the finerestrictionswithar
minutejet name.In this waya vorypureHI gaswasobtained.

e. F:<!pe)tNteK<ft<procedMre.Theexperimentalprocédurewasasfollows:
Afterthereactionsystemwasthoroughlyand completelyevacuated,the tip
of a capillarywasbrokenandthe HI frozenout in the liquidair trap. The

pumpswereagainconnectedto removetheslightesttrace ofH2that mayhave
beenpresentinseaMngoffthecapillary. Theamplitudedecaytimefor high
vacuumandthegalvanometerreadingfor incidentradiationat a givenset-
ting of the eleotrodesweretaken beforeand after eachnm and werefound
to checkwell. TheHI wasallowedto expandinto the reactionsystemand
exposedto the desiredultravioletband,galvanometerreadingsbeingtaken
every 10 seconds,and after a giventime of irradiation it was frozenout
togetherwiththe1: formed. The decaytimefor the residualH2wasnoted
and the pressurereadfromthe caHbrationchart. Fromthis wascalculated
the numberofmoleculesof HI decomposed.Theenergyabsorbedwas the
différencebetweenthe galvanometerreadingsfor incidentradiationand the
averagereadingwhilethe decompositionwasin progress. The variousparts
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l~ Source ~~y reaotion
~hMa~paper. Th.~nm~w~<~ductedh~roomf~e fromdiaughts,the températurebeingabout sy'C.

ResMita

Beforepresentingthe results certaincorfeoUonamust be made. The
~~n of ~t;.n of onequ~z platemu~ be determined.Thisw~foundto amountto

8.8s%for the line
~h~' Thereforethe total absorptionof the linesmuetbemultipliedbythe factorsi~and r..97K8peotivety.AconeotionfordMe~cemM~betweenthat windowand the thermopilen~
multiplicationof the absorptionmeasurementsby .08 (Theareaofthe win-°' S30.7forthe thermopile). TableIII pre~tstheresultsofa seriesofruMcarriedout witheachUrne.

Absorptioninm.m.
7 83Timeofexposureinseconda

5163/5No.ofquantaabsorbed/sec./m.m.(\ = 9080)
Correctionforquartzwmdowabsorption

MeaofceU
~T~o~~

5i6 3/5 X 7.83X 1.18X1.08= 3.76X 101&
Pressureof H, inm.m.Hg

0.0007Volumeofcell
"?33~.sc.c.

TotalmolecuteaofHI decomposed=

'(~x.~
760 300.2 22400

10-SX 10" =
3.76.X~ =='-79~~ule8/~

ThediNcultyof measuringthe absorptionof radiation increasM<M&t~at lowpr~u~ It is thereforedeai~ to determine~he~e~urementsare of the correctorderof magnitude. This can be done~~culatingthe <~a.ient of absorptionfromthe abovedata usingBeer's law
~~X" W801'b" at higherpressures.Theaveragevaluefor ~the absorptioncoefficient,wasfound to beoo~0.0251forX = and X = .~cÂ respectivelywhe~~bS found
0.0~0

and.30.
Warbur~.Ta!~van~fordMeren?~upB~he~

~Sagreementsatisfactory.
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It isobservedthat theaumberofmoléculesdecomposedforeaohquantumabsorbed? abouttwoas Warburgalsofoundat higherpressura (80m.m.to
3Som.m.). This indioatesthat anaotivatedhydrogen-iodidemoleouledoes
not requirea collisiontosuit its conditionfordecomposition.

Aquestionof interestis thefate of the surplusenergynamelythe differ-
encebetweenthe absorbed~37,000calories(X MSoÂ)and68,000calories
theheatofdecompositionofHI fromthcrmochemicaldata,or69,000calories
Thefirstelectronlevelforthe hydrogenatomis to.: voltsor~6,000calories
Thusexcitationofthe hydrogenatomisoutofthequestion. Ftomtheoreticat
considerationsand speotroscopicdata Franckand Kuhn~havepointedout
that HI hke Agi ia a non-ionlinkage,the first stage in ita dissociationas
shownby the longwave-lengthlimitof its continuousabsorptionspectrum
takingplacenot into twonormalatomsbut intoa normalandexoitedatom.
Nomaximawereobservedin the continuumdownto X= zoooÂand thus no
transitionoccursin the modeofdecompositionand thereforein the type of
binding. Fromtbe longwave-lengthlimitofthecontinuousabsorptionband,aboutÀ 32ooA,weobtain89,000calories.Thisvalue,lessthe heat ofdis-
sociationof HI givea~,000 calorieswhichis just theenergyrequiredto ex-
cite the iodineatom fromthe stable :P: state to the metastable:?. state
It i8noteworthythat absorptiondoesnot beginat apointwherethe energyisjust equalto the heat ofdissociationof HI; thereforethe latter cannotdis-
sociateinto two normalatoma. Similarlyin the caseof I, the energycor-
respondingto the band convergencelimitwheMthe moleculebeginsto dis.
sociate,exceedsthe dissociationenergyby about o.ov.or 21,000calorieswhichrepresentsdissociationinto a normaland an excitedatomin the sP,state. There remains48,000caloriesto beaccountedfor. Anattempt was
madeto observea visiblefluorescencein the iodineliberatedbut withoutsuc-cess. That the iodineatom is not excitedfurther than that representedbythe aP, state is evident fromthe presentresults for otherwisea quantum
efficiencyof 4 wouldbe expectedpartioularlyat lowpressureswherecom-
plicatingsecondaryeffectsprevalentat higherpressures,areabsent. By acollisionof the secondkindthe endothermicreaction (about-28.000 cal-
ories)

couldproceedand then

Thequantumeniciencyat lowpressuresbeingslightiyin excèsof s maybe
explainedonthe baa.softhe occasionaloccurrenceof the aboveprocesswithan iodineatom in the .h state possessmgan exceptionalvelocitydictated
by Maxwelliandistribution. It must be concludedthat the 48,000calories
are dissipatedaaMneticenergy~ In the divisionof this energybetweenthe
hydrogenand:odmeatoms,nearlyailofit isassumedbythehydrogenonthe
principleof conservationof momentum. This accountsfor the tact that

DiscussionofRésulta

I(Mtiv.)+ HI(~j~y) H +1;

H+HI=H,+I(~~)
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everyimpactbetweenH and HI (a reactionwhiehis ordinarilyexothormic
but whiohneverthetesspossessesa criticalenergyincrementfor reactionby
collision)resultsin the decompositionof the tatter.

It is of interestto note that Binéecollisionsare uonecessaryfor the dis-
sociationofHI, the timebetweenabsorptionof radiationanddecomposition
maybetesstban 2 X !o" sec.,the averagetime between collisionsas cal-
culatedfromWarburg'shighestpressure.

Fromthe spectroscopieside it may be concludedthat the sameiater-
pretationof the continuousspectrumexhibitedby hydrogen-iodidemaybe
adoptedas was proposedfor non-polarmolecules;that gaseoushydrogen-
iodidedissociâtesin a singleand elementaryact after absorptionof radiation
intoa normalhydrogenatomandanexcitediodineatom.

8u~mmary
The photochemicatdissociationof hydrogen-iodidewaastudiedat low

gaspressurewherethe collisionfrequenoyiscomparablewith the meanlife
ofthe excitedstate. Quantumeffioiencyof theprocesswasfoundto beabout
2whiohagréeswithWarburg'svalueforhighgaspK~~sures.Thisindicates
that hydrogen-iodidedissociatesinanelementaryact as a resultofabsorption
of radiationwithoutthe mecessityof a collision.From the continuousab-
sorptionspectrumit is shownthat dissociationtakes placeinto a normal
hydrogenatomand anexcitediodineatominthe metastablezPtstate,the ex-
cess energyif any, .beingdissipatedas Hneticenergy. It is pointedout that
the timebetweenabsorptionand dissociationisshorter than s X ïo" sec.

It isa pleasureto acknowledgethe kind interestshownbyProfesserS.C.
Lindduringthe progressof this work.
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M.Bodenetein:Trane.FaradaySoe.,2t, 525(t9a6).M.Bodemtetn:Z.physik.Chem.,22,a3(t897).
"'Z.wiM.Phot.,24,!77(t996).
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quM& of~h~tne~tM~quantumetate,thelifeof theactiveetatefar amieetonieofthesamepnera1ordarofmagnitudeae the meanlifeoi other8)'I!temsinrrolvingroughlvaimitareleetronjumpe,namelyabout10-1IlOO.(ForIiteratUleeeehlranokandJordan:"ÁD1'eg\1DgvonQuantlUn8plOn(¡enduroh8tüese,"(lga6)..
"ThMeyandGer~: J. Am.Chem.800.,4e, .838(!M6)8t.iMr. Z. Phyatk.C~m, ~(;M6).

~S~
~poner:Pliys.Rev.,28,aS9(tga6);LeifllOn:Astrophye..r.,03,73(1926);E. E. Witmer:Ptoe.Nat.Aoad.3oi.,12,a 8(rgt6).

Z. PhyMk,40,y4t (!<)27).
~K<dNtMw:Z. Ph~k.M, tjt ~<~6).

~I~~Sœ
the ap-pearanceof Il tbtrd maximumin the aontinuousaheorptionof NaI (Franck,KuhnandRoUef80n:loa oit).

PM~~
"b~tioa ofMdi. and then.~bw ofc.UM.Marepropo~ to thépressure.

'*A.Temma:Z.Physik,3y,oS(tM6).
FMnckandKuhn:Z.Ph)~43,i64 (~7)M:

PM. M~,4?, S49~~11It mayba e3~Hcanttilat theelectronaftInityofI- oaloulatedf1'(¡mBorn'emethodofgratinaenargyoi crystaJsBI8t,aoocalories(FootsaudMoàler:41Orï.pnof ~1'a") laquiteome to that eValuatedfromthe Ion¡wave-lengthlimitoftheaontinuoueabsorptianofHI. It iathareforaPOSSiblethatHI willontydiaeooiatewhenBUfBoientone basbeauabeorbadto cause1 to part withits eatxaeleotron.In the Hns1adjutsment,theonorgy

~~së~a~SMss:
18F.EümoaandC.8imon:2. PhY8ik:,21,168(1924)..19Theconcentrationof activeHI moleculesât~an4ÿtimeie118IdiaIblyBmaIlaompared

-~S~sas~ss~10
J. Chem.800.,U3, 4y (tgt8).

w~
< G~W GtooMerfor bd~ng thi.workto my notice.

~~W~hted
m~n-Edw: Z. wh.. Phot., M,38 (,9,3); pa~ A~. Phy~k, M,

(1~~ fibresare easilyjoinedto Idaaaby inaeetingthemin a capillaryopeningin tho

'S~SMS?~M~'–––ISJ. Am.Chem.8oa.,45, 1637(1923).leThieconclusionieinagreementwiththe thooryofFranck. AllrivatecommunicationfromT. R. Hogneneworkingin ffilttingenl.O~, etateathat whengBIfeOU8NaImole-culesare excitedbya frequenoygreaterWU1that I18Ce88al'yfor
dJasoiiiatiODl.theexaeae8!UUVla diaaipatedin the formofkinetiaen81'RYofthe diBsOo1atingatome TIl8greatertheexcessenetgythegreater

the
kinetioenergyofthedieeooiatingatoms,hen the greaterthe Doppioretieatof the D emitted.

'Sctoo!<~CAeM~,
y'~eM«y<%fAftMM«~,
~ep<em6er~y.



THE VOLUMECHANGESATTENDANTON MÏXING PAIRS

0F LIQUIDS

BY JOHN BUTTNRY PEB~, WAt/FER MATTHEW MAOG!N, AND

HENRY VINCENT AIRD BM8COE

It bas been he!d~that the changesin volumeand temperatureoccurring
whenliquidaare mixedare oloselyrelated. It basbeenshown,however,(:)
thata decreaseinvolumemayaccompanyafallintemperature,andthat even
whena deoreaseinvolumeisassociatedwitha faUin temperaturethe maxima
of theseeSects mayoceur withmixturesof differentcompositions2and (2)
the diminutionin volumein a givencase (obloroform:ether)wasmuohless
than the heat of mixint wouldsuggest. Froma considérationof several
cases,Young*concludedthat "thethermaland volumeeffectsdonot, inmany
cases,run pari p<MSM,though wherea rise of temperatureaecompaniesan
inoreasein volume,orviceversa,botheffectsarerelativelyamaU."

Though two investigations~bave dealt with the îetationshipbetween

changesin volumeand in otherphysioatproperties,nonebas yet dealt sys-
tematieaHywith the possiNeeonnectionbetweenvolumechangeandthermal
effeotin binary mixtures. It was, indeed,a prierconditionof suchan in-

vestigationthat a broad surveyshouldbe madeof the signandmagnitude
of the thermal effectsin a largenumberof cases,and thisbas but recently
beendone."

It bas now beenpossibleto sélecta numerof pairsof liquidecoveringa
widerange of thermal effects,and for these to déterminein a systematic
fashionthe variationof changeofvolumeonmixing. Theresultsofthis work
aregivenhere.

Experimental
The volumechangesfor eachliquidpair werefoundby determiningthe

densitiesof the pure liquidsand severalmixturesof knowncomposition,
using30ce.silicaSprengelpyknometershavinga bulbonthe shortlimband
groundsiUcacaps on both limbsto preventevaporation. Irregularresults
obtainedat first withbothglassand silicapyknometersweretracedto chanKes
in the compositionof liquid mixturesby fractionalevaporationduringfilling
bysuction. PossiblyauchevaporationeSectsaccountforthe veryirregular
resultspreviouslyobtainedforsomeliquidpairs (e.g.,BussyandBuignetfor
ethylalcohol carbondisutphide). Therefore,in thedeterminationsrecorded,
thepyknometorwasfilledby forcingthe liquidintoit froma closedvesselin a

SeeE.G.GtttMe:Phil.Mag.,(5)18,495(t884);PattersdnandMontgomehe:J.
Chem.Soc.,M,tt~ (!909).

BaasyandBuignet.Ann.Chim.Phys.,(4)4,5(t86g).
CtMke:PhyBik.Z.,6,!S4(ïgos).

<"DiatMJ&tionPnnmpfesMdPrece6M&"(t9:~).
BMwn:J. Che~Soc.,39,Ma(!88t);Bmmtey:tM,494(t9!6).
BnscoeandMadgin:J. Soc.Chem.Ind.,46,toy(t~y).
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mannersimilarto that describedby Bnsooe,Robinsonand Stephenson,the vesselB beingMptacedbya largetest-tubefittedwitha rubberstopper
carryingthe tubes P and H. Ameroury-filledHempelburette wasusedto
applyair-pressurothroughH.

In preparingthé hquidmixtures(approximatety50 ce.for each experi-
ment) the properquantity of the morevolatileliquidwas weighedinto a
weU~topperedconcialflask,anda measuredvolumeof the secondliquidwas
runin whilethe flaskwaakeptcooledinrunningwater. Thereafterthe Sask

J. (&em.8oe.,l2C,731(t~~)Fig.3.
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wasimmediate!ydosed,and reweighed,the weighingsbeingmade against
a tare andwith all usualprecautions. Fromthe weight-compositionof the
mixturethus determined,the volume-compositionwas oatoulated,using
theasoertaineddensitiesofthe pure liquida.

Thépyknometer,afterfilling,wasbroughtexactlyto 25° ± .01ina ther-
mostat,the levelof the liquidwasadjustedin the usualway,the capswere
fitted,and then the pyknometerwas transforredto the batancocaseandd
weighedaccuratelyagainstits tare. NesM~s.Theresultsareshowngraphi-
callymFigs.i and2,wherethe volumechanges,(positiveaboveand negative
belowtheOXaxis)ince.per tooce.of totalconstituentliquida,derivedinan
obviousway'fromtheexperimentaldata, areplottedas ordinatesagainstthe
mixture-compositionsasabscissae. Thefiguresdifferin that thecomposition
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'ft ,I!- 'E" .1_ _1 -1O~-is expressedin Fig.i asvotumeperceotagoandin Fig. a augMm-mo!eou!ar
poreentage.It isnotiaeable,andmaybesignifioant,that the ourvesinFig. t
tendtobemoresymmetrioalthanthoseinFig.3.

TABLE1
T TT t~v

Référencesinni.
A–Boa~yandBoitmet:Ann.Chim.Phys.,(4),4, s (tMs).
B-M.t&ewa~d~tM.J. Phys.CheMs~ M~.
C–Mernman:J. Chem.Soc.,tM, tyS?(tQtgJ)
D–ïeung andFo)'tey:J. Chem.Soe.,M.45 (toM).
D-YOUDgand Forte:y:

J.Chem. 83j 45 (ile)â).E–Yomtg:"DiatithMonMncip!esandPtoceMM,34(tMa).
F–BMwn:J.Chem.Soe.,39,aM(tMt).
G–DobMseKhtN!J.Rum.Phya.Chem.Soc., 44,679(t9M).
H–Hohnes:J.Chem.8ee.,tM,2t63(MtA
J–Bi-Mntey:J. Chem.SM., tM,434(t9)[6).
K-HMtang: Ttma.FaradaySoc.,M, 66 (tw).
'rncotumBsnrmdVofthetaNe, theMaittWBign(+)mdi<:a~9anmeKaMinvotumeorriseintemperature,andthenegativesign( )thereverse.

1 n m IV v
No. MNofMquMamhMd VolumeTemperature

(A+B) charne. changeon
PMceattormMngMccA
so%(vtame)+!o<MB*A B mixtuM*

i Acetone oarbondiselphide E +t.4 -9.75
Ethyl acetate :carbondiatdpMde +ï.3Sg -7.255

3 Hexane :acetooe +0.9g -7ï5 5
7 Ethylalcohol methylacetate B +o.a$ -7.05

ii Ethylalcohol :ethy!oxahte o -6.85
25 Hexane :ethytenedibMnude o -6.7y
24 ADi!ine :carbontetraoMonde -0.3 -5.85
8 Ethylalcohol ethylacetate C +o.to -5.3
4 Ethylalcohol oarbondiaulphide A +0.75 -5~a
5 AnUme :o-dicMotobenzene +0.4 -505
6 Hexane icarbondisttIpMdto +o.~ -3.35

n Methyliodide :ethytenedibromide -0.15 1.t
26 Ethylalcohol :oarboQtetraoMonde -0.1T -0.4
9 Benzène toluene D +o.tx -0.35

2tx Ethyl acetate methylacétate +.0255 05
13 CMorofonn :ethylenedibromide G -0.3 +0.35
10 Cbloroform :methyliodide + .0255 +1.45
14 Ether :carbontetrMMonde -0.75 +2.75
18 Ether :anHme K -2.55 +3.1x
27 Ethylalcohol chloroform F -0.25 +3.95
23 Methylalcohol :cMo)-ofonn -0.225 +5.5
166 Acetone aniline B –1.5 5 +6.33
i9 Methylacetate :cMotofonn +0.2a +8.45
20 Ethylacetate :chlomfomn + .05 +9.8g
28 iso-Amylacétate :cMoroform -0.1x +10.5
32 Acetone :cMo)'oform E,H –0.1I +12.65
15 o-chlorophenol aniline J –1.0o +13.85
17 Ethylalcohol o-chlorophenol -2.2a +14.25
RAfAM~n~nainTTT
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Table1 abordaa key to Figs. i and a, givingthe numbers(Col.I), cor-

respondingwith the 28pairsof liquida(Col.II), beingusedto indicatetheir

volume-ourvesin the Figures;thé Tablealsoshowsfor eachliquid-pairthe

percentagevolume-change(Col. IV) and the temperaturechangeat ao"

(Col.V)for the Sopercentvolumemixture. Certainpriorresultsin isolated

casesare indicatedby the référencesin Col. III. Sometimesthe earlierre-

sultadifferfrom thosenow reported. Brown in the caseof ethyl alcohoi:

chloroformreporteda contractionforail compositions,but his curve,being
basedon three determinationsonly,happenednot to showthe smatiex-

pansionwhichoccurswith high proportionsof chlorofonn. Holmes(loc.
oit.p. 2162)concludesthat methyliodideand cbloroformgive"a smallbut

appréciableexpansion"on mixingand this is in agreementwith curve 10

nowreported.Aniline:oarbontetrachloride(24) givea contractionwith a

fallin temperatureonmixingand Hartung'bas foundthat thesetwoliquida
react slowlyto forma compound.Curve 15consistaof twoalmoststraight
Unesand this is in agreementwithwhat Branuey~has foundfor the same
mixture.

A carefulsorutinyofColumnsIVand Vbringsout withgreatctaritythe
ohiefresultof this investigation:the volumeand temperaturechangesevi-

dentlybearno relationto eachother. A glanceat cases22and 18showsat
oncethat there is notendencyevento a constancyof ratiobetweenvolume

changeand thermaleffect.

This conclusionis supportedbyanotherconsidération.In Table II are

givenfor20ce.of50%vol.mixtureofselectedliquidpairs,theheat ofmixing
(Col.IV) and theexternalwork(aisoincalories)attributableto the observed
volumechange(Col.VI) thesearederivedina mannerwhichisevidentfrom
the columnsof the Table. Hereagainit isevidentthat, ineverycase,the ex-

temal workdoneby oron the mixture,accountsforbut an insigninoantfrac-
tionof the energychangeinvolved. It is true that the methodusedin cal-

culatingColumnIV (followingpreciselythat of Kremann8,is likelytogivea
resultin somecasesin errorby severaltens per cent,but this is not ofmuch
momentwhenthe differencebetweenColumnsIVand VIis manyhundreds

percent.

Thus the resultsherepresentedaffordevidencethat practicallythe whole
ofthe observedthermaleffectofmixingliquidamustbeattributedto internai
workdone thereby. It is commonlybelievedthat relativelygreat interna)

pressuresexist in liquidsand vary widelyfrom oneliquidto another:and it
is conceivablethat the observedthermaleffectmaybe strictlyequivalentto
the workdone in the volumechangewithor against thèsepressures. This
view couldbe veriftedexperimentallyby determiningthe compressibility
ofmixturesformedwithincreaseofvolume,but theexistenceofcasessuchas
Nos.10,i2,19,20, 24, 26,wherean increasein volumeaccompaniesa riseof

J.Chem.Soc.,n3, 163(t9!8).
J.Chem.Soc.,109,444(t9t6).
"D!eEigensehaftenderMn6tenPtasNg~MtBtfemMche,"65(!9t6).
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temperatureon mixing,and vice versa, renders it almostcertainthat this

hypothesisis inadéquate,andthat a aubstantialpart ofthe thermaleffeet,at
teastinmanycases,isdueto chemicalchangesonadmixture.

In brief,the atudyof volumechangesleads,as doesthat of temperature
changes,to the conclusionthat the observedeffectsare not propertiesof

liquidain generalbut spécifiepropertiesof chemicalreagents. This idea is

supportedbya considérationof cases19, 20and 28, whereit is evidentthat
both thermal and volumechangesvary regularly with progressionup an

homologousséries.

It is perhapssignificant,in this connection,that whilegasesat loweon-
centrationsare amenableto the gas laws,they exhibitin highconcentrations

highlyspeoificdéviationsfromthèsegenerallaws. At the muchhighercon-
centrationsexistingin liquide,it wouldappear that the specifieproperties
of themoleculesareofprimaryimportance.

Thisviewreceivessomesupportfroma study of the ourves. It isevident
that a numberof these,e.g.Nos. 19,zo, 22, 23,ag, :6, a~,38,are sinuous.
SuchsinuouBourvesbavebeenobtainedbyseveralworkersforseveralproper-
ties of liquid mixtures,(see, e.g., viacosityof phenol-pyridinemixtures,'
vapourpressureofpyridineandwater,'densityofn-amylalcoholandacétone,
admixedwith chtoroform'),andBramieybas advancedthe explanationthat

theyaredueto chemicalchangesin the liquidsconcerned.

Asa furthercheck,the thermaleffect.8ofaddingto the go%volumemixture
furtherquantitiesofeachofthe constituentliquidshavebeenexamined:the
resultsare giveninTableIII, as the temperaturechangein degreesproduced
onmakingthemixturesindicatedat the topof the column.

TABLE III

In the Srst twocases,wherethe densitycompositioncurvesare sinuous,the
thermaleffectsof addingthe constituentliquidato the mixturesareopposite
in aign:in the last twocasestheseeffeetsare similar. Thusit seemsat least
probable that, with an alcohol-chtorofonnmixture, addition of alcohol

Bramley:J.Chem.Soe.,1M,39, (19r6).
BrOMted:Z.physik.Chem.,M,693(t9!o).
Hohnea:J.Ch~m.Soe.,M9,~163(t~).

ConstituentLiquide TetnpeMtureChangeonMixing:
A B 5A+5B (sA+sB) (sA+gB)

+5A +5B

Ethylalcohol :cMoroform +~.y +2.66 –1.33
–do– carbon

tetrachlotide –0.4 +0.7 –o.S

Ether :eMorofonn +14 +33. +2.1
–do– :carbon

tetrachloride +2.8 +o.? +0.6
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favoursfofm&ttonofthe alcohol-ohloroformcomplex,additionof oMoroform
leadsto dissociationeither of the complexor of the associatedmoleculesof
oneofthe constituents,presumablyaleohol..

Aoknowledgmentt8madeof a grant fromthe Departmentof SeientMc
&IndustrialResearch,enablingoneofus (J.B.P.)to takepart in thiswork.

{/tt<t~)'a«tf<~Durham,
~nH~roM~College,
WetMaat&<DOK7'MM.
Oe~r tNi9/.



ACONCEPTIONOFPOLARITYDERIVEDFROMPHYSICAL

MEA8UREMENT8ANDITS RELATIONSTOTHE ELECTRONIC

CONFIGURATIONOFAROMATICORGANICCOMPOUNDS

BYJ. F.T.BBBMNBB

Introductionand Discussion

Ina récentseriesofstudiesonthevaporpressuresofa numberofhighiy

purifiedorganiccompoundsseveralrelationswereobservedthat appcar to

meritfurther consideration. The compoundsstudied were the isomeric

nitroanilines,mononitrotoluenes,toluidinesand naphthols.In thisdiscussion
thélattergroupwillbeomitted.

Manydeterminations,directandindirect,havebeenmadeoftheheatsof

vaporizationand to the present time but two generauzationshave been

evoivedthat can be relatedto chemioalphenomena.The nrst is, that in

générâtthe latent heat per gramis less for substancesof highermolecular

weight,and the secondthat a relationexistsbetweenthe entropyand the

latentheat ofvaporizationthat involvesa considerationofthe associationof

molecules.
Asthe kineticenergyassociatedwitheachmoleculeat the sametempera-

tureis the same,it followsthat, as thereare lessmoleculesin one gramof

substanceof highmolecularweight,there is alsolesstotal kineticenergy.
1he latentheatis, therefore,alsoless. The latentheatsof vaporizationare
not simplyinverselyproportionalto the molecularweight;severalfactors
areinvolved,the principalonesbeingthe meansquarevelocityofthe mole-

culesescapingfromthesurfaceofthe liquidand theamountofheatnecessary
to overcomethe intramo!eou!arattraction. Thevelocitymaybecalculated

froma considerationof thé assumptionthat the ratio of the densityof the

vaporto the densityof the liquidis theratio of themoleculeswithsufficient

speedto escapefromthe surfaceof the liquidto thenumberwithinsufficient

speed. Thisassumptionis justifiedin that manyphysicalfactsmaybe ex-

plainedthroughit and it doesnotseemto beopposedto anyofourpresent.
conceptionsof vaporization,or its coUigativeproperties. This ideais also

applicableto solutions:Thus the loweringof the vaporpressureofa solvent,

by theintroductionof a non-volatilesolute,is explainedbyconsidenngthat
the numberof moleculeswith sumcientspeedto escapeis therebyreduced

relativelyto thenumberwithinsufBcientspeed. Onaccountoftheirelectrical

BerlinerandM&y:StudiesinVaporPressure.I. TheNitManitinoa,J.Am.Chcm.
!oc.,47,:3so('9'5).

'BertinerandMay:StudiesinVaporPremuM.H. TheMoninitrotoluenes,J. Am.
Chem.Soc.,48,2630(t926).

BerlinerandMay:Studiesin VaporPremure.III. TheTotuidinea,J. Am.Chem.
800.,49,!ooy(t9~7).

<MayandBerlinerandLyneh:Studiesin VaporPreMUM.IV.TheNaphthob,
J.Am.Chem.Soc.,49,tût2(~ay).
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nature,ionshaveto overcomea greatercohesiveforceinorderto esoapeand
consequent!yneeda muohgreaterkJnetioem~y than molecules.Theyare,therefore,!argo!ynon-volatile.In a similarwaythe forcesof attractionbe-
tweenwater moleculesandothernon-volatilemoleculesis probablygreater
than that betweenthe watermoleoulesthemselves.

Recent!yMaoI~od'baspub!isheda comprehensivetreatiseonthisphaseof the subjectand haspointedte a possibleanalogybetweenthé meoh~~of evaporationbasedon difforentialsurfacevdocit~ of mo!e.ule8<mdo~motiepressurephenomena.(Seep. 542).
Thenitroanilinesandthe nitrotolueneshavehoweverahnosttheidentical

37.o6, respectively. considerationthé sameheat ofvapor.~tionforeachcompoundmightbeexpected. How-
ever, it was

vaporisationof the isomersof thenitroanilinesdiffer and thoseof the nitrotoluenes,besidesboingverymuchlowerthan theheatsofvaponmtionofthe nitroanilines,alsodiffer
fromeachother tox smallextent. Aswasindicatedin thepapersreferredtoabovethenitroanilinesappearto formhighlya~oci~ molecules,whilethenitrotoluenesarepraeticallynon-polarsubstances.Whenthe heatofv.p.Xzationof an assoct&tedsubstanceis arrivedat throughvapor Dressurede.
terminations,a factoris involvedthat maybe <~ed the heat of "de~soci~
tion," thatis, the amountofheat energynecessaryto decomposean J~ciated moleculeinto normalnon-associatedmolecules. This heat may be
quite high andin the caseofparanitroanilineis c~on~uearrivedat fromconsiderationofobservedand catcubtedtheoreticalheat of
vaporisation)permole. Thereforetheabnonnailyhighhe~ ofv~poriz~tionof thenitroanilinesmaybereadilyexplainedandit is evidentthat oneof the
fundamentalpropertieathatmustbetakenintocogni~ce, in~ving at anyconclusionsfromthe expérimentâtand deriveddata, is that of polarityorassociation.

Thehe.tsofvaponz.tion,whHemthe~!vesimpor~~dependenton the degreeofmolecularaction and can not be correctlyinterpretedunlesstheextentofthe latterconditionisknown.
~y

Therelationsbetweentheentropyofa liquidandits latentheat ofvapon-zationweresoonrecognized;thoughat n~t the functionnowdenotedas en-
tropywasnotrecognized.In :884TTOuton"announcedtheruie that ianow

~ionper~dividedbythe point, approximatelythesameforall sub-stances Thislawbas,in fact,beenuntilfairlyrecentlyassumedto beat loast
approximatelycorrect. Thevalueof the quotientis about20ta 22. The
rule as it wouldnowt~ is, that theentropyincrcaseper moleis thesamefor liquidsat their boilingpoint. It may besaid that the validityofthis rulewouldfollowfromthe workofG.tdberg'whopointedout that the
boilingpointontheabsolute~e isnearlyalwaysabout twothirds t~abso!

6
~~<'= Trans.Fm&day80. zo,~~543(tg~).'Teuton:Phit.Mag.,(5)18,54(,~)

'Guldberg,Z.phyaik.Chem.,5,374(t~).
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luteoritioaltemperature. AmorerigidexaminationofTrouton'srule,shows,
however,that the ratiois by nomeansconstant,but inoreasesregularlywith
the temperature,as was pointedout by Nemst' and also by Bingham°
Trouton'srule holdaverywellfor non-polarliquidaboilingin the neighbor-
hoodof too*to 3oo"C. It bas beenderivedthcoretioallytromthe theorem
ofcorrespondingstatesby Iterson;"however,accordingto Bingham,it must
holdmoreoloselythan this theorem.

Forpolaror assooiatedliquide,suehas wateroralcohol,the Troutonratio

is larger. This ia explained,as waspreviouslyindicated,by assumingthat
whena liquidis associated,and its vapornot assoeiaited,a certainamount
ofheat ia requiredto d!ssociatethe moteculeaof the liquid,hencethe normal
heatofvaporizationiainoreased. Theeffectontheboilingpointisdoubtless
notverylarge,so that whenabnormallyhighvaluesof the ratioareobtained
thé evidenceof dissociationseomsverysatisfactory. The quotientfromthe
heatofvaporizationdividedby the absoluteboilingpoint representsthé in-
creasein entropyof thesubstanceduringvaporization.Am!eessentiaUythe
sameasTrouton'sbasbeengivenby LeCbatelierandFororand"whereinthe

entropyconstantof certainsolidcompoundsat a pressureofoneatmosphère
is approximately33 caloriesper degree. Variousmodificationshave been

suggestedforTrouton'arule. Twoof thèsehâvebeenproposedby Nemst."
It is dimcultto determinefromwhat Nernstsays, whetherthey have any
otherthan an empiricalfoundation. Theyseemchienyintendedto take into
accountthe low-boilinggases. Anotherformulabasbeenproposedby Bing-
ham" whicbis a!soempiricaland bas beenconstructedwithoutmuchrefer-
enceto liquidboilingat veryhighor very lowtemperatures. Morerecently
Forerand'4baspubMsheda formula,alsoempirica!,but whichbasattempted
to includenquidswithveryhigh,asweUasthosewithverylowboilingpoints.
Thé courseof this equationat high températureswasdeterminedby using
data for the boilingpointsof silverand copper. However,Forcrand'sfor-
mulaisnot consideredverysignificant.

The most important generalizationhas been given by Hudebrand,"
derivedfromthe Clapeyron-Clausiusequationof state. The Clapeyron-
Clausiusequationmaybeput in thefonn

d log p L

dIogT RT

NowL/T is the entropy,sothat if logp beplottedagainstlogT, the tangent
to the ourveat any pointis equalto the entropydividedby R, the gas con-
stant. By plottinga numberof curves,it wasfoundthat the points,where

'Nernst:0<Mt.Nach)-.Heft t9o6.
'BtBtjham:J.Am.ChjNn.Soc.,M,?!7(!9<)6).

Itetson:Z.physik.Chem.,53,633(!9«5).
"LeChatelierandFoKtMd:Ann.CMm.Phys.,M,384,sgt(t~os).
Nenmt:toc.oit. Seeatso"TheofettoatChemist~y,"p.274(t9n).

"BinghMn:bc.dt.A)MMe,Sonag!m:NuovoCimento,7,3:ï(t?!~).
"FoMmnd:Compt.rend.,1M,1439,x648,!8o9(~tg).
"HNdebmnd:J. Am.Chem.Soc.,37,<~o(tpïs);40;45('9!8)
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their tangentshad the sameslope,wereon a straight line whichcouldbe
representedby logp = logT constant. If the vaporobeysthe gas laws
then p oRTwheredenotes the concentration. Thismaybe converted
iritothé logarithmieequation,p = logT logRc; thereforelogRcis thé
constantof the aboveequation. Alongsuch a lineas representedby this
equation,the concentrationmust be constant,Hildebrandthereforestates
that: "Theentropyofvaporizationfornormalliquidsisthe samewhenevap-oratedto thesameconcentration,i.e., whenthe finalmeandistancebetween
the moleculesof vaporis thé same." It must beemphastzedthat Trouton's
rulemakesa comparisonat constantpressure(oneattnospheM)andnot at
constantconcentration,andunderconstantpressureconditionsthé entropiesarenot thésame. Anyconcentrationmaybe chosen. Hildebrandarbitrarilychosetheconcentrationof0.00507molesofvaporperliter,thisconcentration
havingthe"desirabilityofavoidinganyextrapolation"ofhismeaaureddata.
Thevalueforthe constantisapproximatelyt~.ycaloriesperdegree.

ApplyingTrouton'sRule,the increaseof entropyconstantvariesgreatlywithsubstancesof widelydifferentboilingpoints;as, for instance,nitrogenand bromonaphthalenegivevaluesof 11.0and !4.t caloriesper degree,re-
spectivety,whilewithHildebrand'sexpressionthe valuesfor thesetwosub-
stancesare the same–8 caloriesperdegree. Hildebrandfoundthat as-
sociatedsubstancesgaveabnormalvalues,forinstance,ammonia,waterand
ethylalcoholgave16.2,i6.o and tô.y caloriesperdegree,respectivety. He
alsofounda smallthoughsignificantdifferencefor the metalswhichwereoo
the averageabout0.6 cabriesper degreelowerthan the normalliquida. It
is suggestedthat thisdeviationis dueto a differenceinmolecularcomplexity.Whena moleculeescapesfromthe liquidto the vapor it is re!ievedofa very
highintemalpressurewhichexistsin the liquid,and may, conceivaMy,ex-
pandwithanabsorptionofenergy. Theamountofenergysoabsorbedwould
be expectedto be greaterin the caseof moleculescontainingmanyatoms
thanwiththosecontainingbuta few.

Theexpressionfor the entropyof vaporizationmay thereforebe written
(L e)/RT,where"e" denotestheenergyabsorbedwithinthemoleculeson
expansionfromthe highpressuresexistingwithinthe liquidto the lowpres-suresexistingin the vapor. Thequantityof "e" isdoubtlesssmallcomparedto "L", that ismostof thé energyis requiredto overcomethe attractionbe-
tweenthe molecules,and but little in the expansionof the moleculeitself.
It maybestated that, in a!! probability,in so far as it concernsthe over-
comingof the attractionbetweenmoiecutes,the entropyof vaporizationat
the sameconcentrationis the samefor aUnormalliquids. If a liquidis as-
aoctated,a third, andmuchlargerquantity of energyts involvedin the dis-
sociationofthe complexmoleculesintosimpleroncs. Insuohcasesthe total
entropyof vaporizationia diatinct!ygreater than the normalvaluesfor a
givenconcentration.Hildebrandconsidersthat the lowvaluesofmetab and
alsoofgasesboilingin the regionofabsolutezeroaredueto effectsofthe ab.
normallyrapidchangesofthéspecifieheats.
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It willbe noticedthat the toluidinesandnitroanilinesgivevaluesfor the

entropyof vaporizationwhicharemuchhigherthan 13.8,whichHildebrand
consideredthenormalvalue. Therefore,in aUprobabilitythese compounds
formassooiateor polar liquids. This isnot the casewith the nitrotoluenes
whiohmaybe consideredto bepracticallynon-polarliquids.

ît maynot be too muchto assumethat therecouldbe a relationshipbe-
tweenthe entropiesof substancesand their electricalstructure, since,as is

known,the heatofvaporiza.tionandassociation,dependentupon thepolarity
of the molecule,are relatedto its electronicstructure. From a thermo-

dynamicconsidérationit is evidentthat theentropy,associationandheat of

vaporizationarevery ctosetyrelated. Therefore,a considerationof the elec-
tronicstructureshould,qualitatively,at teast, interpret the relationshipof
theentropiesofpolarandnon-polarcompounds.

At the presenttime thereexistanoabsolutemeans,or even quantitative
relativemeansofexpressingassociation.The orderofassociationofvarious

compoundscan be arrivedat througha considerationof their entropiesof

vaporization(alsofrom the dieteotricproperties),but a compoundmay be
twiceas muchassociatedas anotherandyet onlybe a fewcatoryper degree
higherinentropy. Yet, whilenot ameasureofthe association,the entropyof

vaporizationdoesoffer a valuablemeansfor comparingthe associationof
variouscompounds. Hildebrandbas shownthat aU non-associatedcom-

poundsexhibit the same entropyof vaporizationwhenthe concentration
of theirvaporsare the same. This ruteisvalidevento the critical temperar
ture,forat this temperaturethe heatofvaporizationiszeroand the entropy
ofvaporizationfor a!t substancesis zeroandtheentropyof vaporizationfor
aUsubstancesiszeroat theircriticaltemperature.If theentropiesofa series
of compoundsbe comparedat the samevapor phase concentrationtheir
relativeassociationwillbe apparent. Thisis shownin Table 1 for the nine

compoundsunderdiscussion.

The entropiesof vaporimtionof the nitroanilines,toluidinesand nitro-
toluenesat temperatuMsat whichthe concentrationof the vapor ia .00507
molesper literare giveninTableI.

TABLE1

Substance TemMî)tttt)r&–absouteatwhieh Entropyof Vaporization
C = .00507ntotea/!iterC m.00507molea/liter

Calories/degrce

Ortho nitroaniline 480.9g i6.oo

Meta nitroaniline 500.4 15.77
Para nitroaniline 530.44 y.s
Ortho toluidine 401.66 16.4
Meta toluidine 405.1 15.66

Para toluidine 402.44 15.88

Ortho nitrotoluene 416.3 13.6
Metanitrotoluene 4~7 t4.o
Para nitrotoluene 431.55 !3 9
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TheMMecuteand ita NectronicStructure
Thereareseveraleleotrioconceptionsof thestructureofmoléculesmanyofwh~chhâvehadto beradioallymodifiedorentirelyd~carded. Thetheoryof chemicalunionas nowgenerallyacqeptedis buedon the Bohrcon~S~

r~The~
cal aspectof the atomhas beenamplifiedbyKosael, L~~ir, Stieg.Lowry,

applied,there is the polarconcep.tion andthe partialpolarconception. In thepolarconception,whiehis now
ratherlimitedto the field of inorganioohemiatry,thebondingpairofelectrons

t~fT~hiBtheS partialpolar conceptionthe .to~ comprit the molecule
~~o~~V in the case ofunsaturatedcompounds)of

botweenthem,the positionof theaharedelectronsshiftingtowardoneade or theotherdependentto the relativenegativityorpositivityof theatomsor groupa. Thusit may be seenthat thereis reallyno fundamentaldifferencebetweenthe polar, non.po~ and partial polar bond,but merelyoneof degree.If the bondingpairof electronsbe heldmidwaybetweentwo
or non-polartype; if the bondingpairis shiftedso that oneatom obtins exclusivepossessionof the electron

p~thev~ oftheelectrovalentorpolartype; whileifthe electronpair~X~ or the other atomand notexactlymidwaybetween,thevalenceispartiallypolarincharacter. Accordingto Dr. Ridealthegradationbetweenpolarand non-polarlinkagedue to ,Mftin the orbiteof bondingorshftFedélectronpairstakesplacein quantumizedstages.
DouXe~~ doublebondingpairofelectronsin theunsaturatedcom-poundsthere is quitea distinctionbetweenthe two pairsofelectrons. Oneofthesepairsofelectronsis assumedof the non-polartype, that i~apositionmidwaybetweentwo atoms, whilethe other pair of electronsis a

X~w~its positionwillbe determinedby the relativenegativityof the two atoms.Thisconceptionwasdevelopedby Lowry,"andLapworthandRobinson."
If oneshouldconsidera saturated hydrocarbon,for instance,ethane;¡beinganon-polarcompoundthe bondingpair ofelectronswouldbemidwaybetweenthe carbonatoma. Nowif oneshouldintroducea negativegrouplike cSor ~T~' bondingpair of o~<Sonand chlorinewouldbe towardsthe chlorineatom; andthe electronpair betweenthe r~ wouldbeshiftedawayfromthe carbon

atomattached to the halogen. the directionin whiehthe dis-placement °'~ evident byconsideringethylene;in S
compoundthe electrons formingthe two mid-way betweenthe twocarbonatoms. If the chlorinederivativeof thiscom-
pound-vinylchloride-be considered,thepositionof theextrabondingpair"onabetween the twocarbonatomacanbeeasilya~ertained~~

"Lowty:J.Chem.Soc.,ÏM,Sa:(19~).
17LapworthandRob~o.:TMa.F.Md.ySoc.,t9,5.5(!923).
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ingthis compoundwith a halogenacid. Upontreating vinytchtoridewith

hydrochlorioaoid, ethytidenechloride (unsymmetricaïdichloroethane)is

fonned, showingthat the bondingelectronsshiftedaway from the carbon
atom to whichthe ohlorineis attaohed,and causedthe other carbonatom
to assumea relativelye!eetro.negativeconditonsincethe positivehydrogen
of thé hydrocMoncacid becameattached to this oarbonatom. This con-

ceptionbas beenused by Kharasoh,Stieglitzand others to explainmany
organioreactioDS.

A aurveyof the existingliteratureon electronicstructure revealedbut
littleontheelectronicconfigurationofthebenzenemolecule.TheMhâve been
severalpresentationson the electricalstructure of benzeneconsideringit
froman etectrostatioconception. Lowry," HoMeman,"Vorl&nder,"Ker-
ntack and Robinson,"Lapworth~'and others, howevermay bave had an
electronicconceptionin mind,but didnot publishanythingthat couldbe so
considered.

However,there a few investigatorswho considerbenzeneand its de-
rivativesfromthe electronicconceptionof valence. Notableamongstthese
are Huggins~and Crocker.~

Hugginsconsidersthe benzenegroupingin the lightofKomer's~controid
structureandbrieflyreviewsthepresentevidenceforandagainstthiBstructure
whichis baaed,to a largeextent,on theeonjugationhypothesisintroducedby
Erlenmeyer,Jr.~ Thisstructureagreeswe!lwithmanyproperties ofbenzene

especiallyits X-raycrystalstructure. The principalobjectionto this struc-
tureis that it necessantypostulatesthat orthoandmetadisubstitutedbenzène
derivativesshoutdbeopticallyactiveandasyet noindicationofthis basbeen
notedthoughmuchinvestigationhasbeeninstitutedonthis problem. Several
investigatorsattempteda separationof the opticallyactive formsby means
of bacteriologicalmeans,but aUtheir results werenegative. Someof the
workerson this phasewereLeBet,~Lewkowitz, Meyerand Luhn.~ How-

ever,Hugginsdoesnot considerthis sufficientproofagainstthis conception
andmakesthe rather interestingstatementthat "The objectionsraisedto it
are invalidor inconclusive,"basingthis on the considerationthat thé opti-
catlyactiveisomerscouldbeseparatedif the properconditionswereknown
and on tho assumptionthat if they wereseparatedthey wouldrotate the
planeof poiarizedlight very little or not at all. Neverthelessthe Komer
centroidstructure,"whichconsistaessentiallyofsixcarbontetrahedrahaving

18HolJeman:"DiedirekteEinfUhrungvonSubstituenteoin der Benzolkern"(t9to).
Voriander:Ber.,52,263-283(m~).
KarmMkandRobiMon,J.Chem.Soc-,t2t,~7 (t9~).

Lapworth:MemoiMManch.Phil.Soc.,M,t (f~ao);J.Chem.Soc.,121,4t6(t9M).
Hu~ina:Science,S5,6~ (!9M)J.Am.Chem.Soc.,44,tCoy(t~~).
Crocker:J.Am.Chem.Soc.,44,t6t8(tOM).
Komer:GM)!4,444(t874).

"Ertenmeyer:J. Ann.316,71(t~ot).
LeBe!:Bt)M.,(~)38,98(t9M).

"Lewkowitz:J. Chem.Soc.,S3,78!(t888).
taMeyerandLuhn:Ber.,88,2795(tSgs).
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theirbasesait inoneplaneandtheirapexesattematetyaboveandbelowthii-
plane,doesgivequitea clearinterpretationof the structureandit basbeen
shownthat the dimensionsarealmostexactlythose correspondingto graph-
ite. Hugginsdevotesvery littleofhisdMcussionto the considerationof the
electronicstructure,whichhoconsidersto consistof sixeloctronsaroundthe
centerofeaohtetrahedronandtwoat eachcornerof thé sixhexagonfonned
by thé sixtetrahedronsmakingup the benzenenucleus. However,no evi-
denceisgivenfor thise!eetronicstructureand it is not disoussedor applied..

Crocker's~conceptiondeats with the benzene configurationfrom a
strictlyelectronicviewpoint. His viewsagree extremelywellwith those
ofKharaschandStieglitzand bringsthe viewsof Lewis,Langmuir,Conant,
andPanonintocloseagreement.Bisviewmaybebrienysutnmaniiedin this
manner-thereisa ringofsixcarbonatoms,eachsinglybonded,by meansof
pairsof electrons,to its neighboron eitherside, and to hydrogen.Thé re-
mainingsixélectronsareplaoedbetweenthe carbonsin theplaneof the ring
thusformingan octet for eachcarbonatom. Subatitutentsofthe hydrogon
wouldcausea shiftingin the positionofthèselatter six"aMmatic"electrons.
Thédirectionanddegreeof thisshift,dependson the electricalnatureof thé
substituentand Crockerconsidérathis shiftof the aromaticelectronsto be
mechanicauythe sameasthe shiftofthe electronsin the unsaturatedhydro-
carbonsas in the illustrativeexampie(ethylene)in the preliminarycon-
sideration;i.e., if any oneof the aromaticelectronsmovesfromits position
midwaybetweenthe carbonatoma,the electrlcalequilibriumof the system
isdisturbedandthe othersmustmoveinsucha mannerastorestoreit. Thus
ifa positivegroup,suchas the aminogmup,whichrepelsthepairedelectrons,
to be introducedinto the nucleusto formaniline, the aromaticelectrons
wouldbeattractedtowardsthe3and s positionsand repelledat the 2and 4
positions.If a negativegroupauchas thenitrogroup,that stmngtyattracts
the electronpair be introducedinto the nucleusto formnitrobenzenethé
electronswillbe attractedtowardspositions2, and 6 andrepelledat the 3
andsportions. Crockerconsidersthat substitutionis possibleonlyat those
positionswherethe hydrogensare lightlyheld, that is, thé positionwhere
the electronsare repelled. It is seenhowwellthis conceptionexplainsthé
reasonwhybenzenederivativescontainingnegative group-whichcauses
repuMonof electronsat the meta positionsare readily substituted in
this positionwhilein the caseofcompoundslike aniline,substitutiontakes
placeat the orth and para positions,since it is at thesepositionsthat
the positiveaminogroupcausesthe électronsto be ahiftedawayfromthe
nucteus. HoUeman~bas very ably discussedthé relationof the various
groupsto theirdirectivepowersin the benzènederivativesand Schwatbe~
basmadequitea completecompilationofthedata pertainmgtothis.

Thisconceptionseemsto givethe clearestviewof thé operationof the
forcesaboutthe moleculeandis inveryfineagreementwiththeknownfacts.

HoMemM:"SubatituentenindenBenimtkem",(<9to).30Sehwatbe:"BenzolTabeUen"(t~).
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If thesedeductionsare nowexpand~duponand thé conceptionof a typeof

eo-valenceintroducedthis viewofthe moleculeofbenzeneandits denvatives

maybeappliedto theinterpretationof factswithwhichit appears,at nrst,to 0
havenoconnections.

Aswaspreviousiymentioned,it seemsquitereasonableto postulatethat

entropy,moleoularassociationand electronlcstructuremaybeinterrelated.
Theassociationofmoleculestakesplaceonlyin the caseofpolarmolecules, j

that is in thosemoleculesin whiehthe electricalchargesare not balanced {
or théelectrlcmomentisnot zero. It is seenthat this isalsooneof the con-
ditionsunderwhichcompoundsoxhibitco-ordinationvalues. Thus,it bas
beensuggestedbyHugginsandby Lewis"that thé reasonforthe association
of water,ammonia,hydronuoricacids and similarcompoundscan be at- f

tributedto hydrogenexhibitinga secondaryvalenceor co-va!enceunderthe
conditionsof the greatelectrieor magneticmomentsthat existin the mole-
calesof thesesubstances. This suggestionof bivalenthydrogenbas been

appliedby LatimerandRodobuah~in the interpretationof the association

andstructureofammoniumhydroxide. Aswillbe indicatedin thesucceed-

ing treatmenton this subject, the co-valencyof the hydrogenmay be the
factorcaus~ngthe associationof the organiomolecules,althoughit is not

necessaryto postulatethat this bivalentformof hydrogen,if it doesreally
exist,isessentialto theexplanationoftheobservedphenomena.It ismerely
notedasa possiblefactorin thefuturedevelopment.

ElectronicStutctureofthe Compoundsstudied

In the substancesconsideredin this discussionthereare threegroupsof

atoms,thé nitro,the methyl,and the aminogroup,that enter into ail the
isomericrelationsto eachothorthat are possiblein their disubstitutedben-
zenederivatives.Thesemaybeconsideredin termsofrelativebasicity. In
thefollowingtreatment,a groupwillbeconsideredasnegativeif, whenjoined
to théhydroxylgroup,it allowsthe hydrogenof thehydroxylto be reactive,
suohas the nitroor sulphonicacid group,NOx.OH,SOsH.OH.Converse!y,
positivegroupasuchasaminowhenjoinedto the hydroxylallowthéwholehy-
droxylgroupto react.It isapparentthat fromthisconsiderationthe methyl
groupisveryweaklynegative,since,althoughin methyla!coho!the hydroxyl
maybereadilyaplitoff,asbytheactionofhydriodicacid,yetit canin addition
have the hydrogenof the hydroxylreplacedby muchmore positivesub-
stancessuchas sodiumand potassium.

Fromthe presentknowledgeof thé electronicstructureofbenzeneit may
be representedas in.A,Fig. i. This iseasentiallythat proposedbyCrocker". i

HèrethesmaUdotsrepresentthenormalbondingpairofelectronsbetween
the carbonatomsand are consideredto be stationary the largedota the
aromaticor polarelectrons,whichare the onesthat shiftunderthe influence
of variousaubstituents;and the smallcirclesrepresentthe bondingpair of
electronsbetweenthe hydrogenand carbonatoms. Theselatter electrons

LewM:"VatenceandtheStruotareofAtomeandMolécules,"too.(t<)~).
LtttimerandRodebush:J.Am.Chem.Soc.,42,t~to(tnao).
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shift in their positionsrelativeto the oharaoterof thé substituentand the
positionof the aromatioelectrons. For oonvenienceof iUustrationthe ben-
zenenucleuswillbe employedM shownby (B) in Fig. i, wherethe large
blackdots representthe aromatioelectronsandthe positionof thehydrogen-

carbonbondingdeotronsarerepresentedby thesmallbaMat the cornersof the
hexagonby whichisto becomprehendedthe carbonnucleusandthe normal
bondingelectronpairs. Thehydrogensymbotwillbeomitted.

The efîectof the type of substituentgrouponthe aromaticelectronsof
the benzèneconËgurationhas beenconsideredin theoa.rKerpart of this dis.
cussion. Thesestructuresmay be Htustratedas in Fig.2. It will be ap-
parentfnHnthèsefiguresthat thénitrogroupbeinga stronglynégativegroupattracts the hydrogenbondingpair of electrons(representedby the bars)
towardaitself, thus causingthe aboveconfiguration;converselythe amino
groupbeingstronglypositiverepelsits bondingpairofelectronscausingthe
aromaticelectronsofthe z and 6 positionto approachthé ï positionand in-
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ducingthe electronicarrangementpresentedabove. In toluenethemethyl
groupispracticallyneutralor slightlynegativeandthe dinereneeabetweenit
andtheotherconfigurationsarebut ofdegree.

In the cotnpoundschosenfor this investigation,aHthe combinationsof
the abovestructuresare involved. Besideshavinga deaniteeffecton the
aromatioelectrons,eachgroupbas a profoundinfluenceon the effectsof the
othergroupprésent,whiohdependsbothon thetypeofgroupandilsposition
in thebenzenenucleus. The ninecompoundsstudiedare representedin Fig.
3 on the basisof the interpolatedconceptionof the electroniostructure
introducedin this treatmont. An attempt bas beenmade to illustratethe
degreeof repulsionand attraction of thebondingpairsof electronsbymeans
of the variationsin the distancesfromthe nucteiof the bars employedto
representthe relativepositionsof the hydrogen-oarbonbonds,and of the
aromaticelectrons. Theseare tobeconsideredstrictiyofa qualitativenature
andare to somedegreeexaggerated,forpurposesof illustrationtherelative
effectsonthe electronicconfigurationcausedby the complexinter-enectsof
thétwo substituentgroups.

In the nitroanilinesthere iaa stronglypositivegroupanda stronglynega-
tivegrouppresent. Aswillbeevidentfromthe Illustrationsin Figs.aand3,
the aminogroupin theorthoandparapositionto thenitrogroupwouldact in
suchamodeas to greatlyexaggeratetheconditionsalreadyprésent,that isthe
electronswouldbe attraoted very powerfullyto the 2, 4 and 6 positionand
verystronglyrepelledat the 3 and 5 positions. However,in the caseof the
metaisomer,it willbe apparentthat theeffectof theaminogroupisopposed
to that of the nitro group becausethe nitro gmupis attractingthe paired
electronsawayfrom the nuc!euswhilethe aminogroupis forcingthem to-
wardsthe nucelus. Sincethis conditionexists,the effectsof the nitrogroup
willbe materiallydiminishedandthe configurationalteredto onethat more
nearlyapproachesthat ofbenzenethan that ofnitro-benzeneoraniline.

Therearesomedifférencesbetweenthe orthoandpara configurationthat
areofimportanceto note. Whilethe aminogroupineithertheorthoor para
positionto the nitrogrouptends to greatlyincreasethe effectscausedby the
aminogroupthereare dmerencesin degreeof this enect betweenthem. The
aminogroupin the para positionhas,a moreprofoundinfluencein exagger-
atingthe nitrobenzenestructurethan théorthoaminogroup. Thisdifference
maybe acoountedfor by two considérations.The first, is that the ortho
aminogroup,due to its stereochemicalpositionbas a greatereffecton the
reactiverepelledelectronsin the 3 positionthan it basonthoseinthe 5posi-
tionand in its effecton the 5 positionit is to someextenthinderedthrough
havingthenitrogroupin an intermediateposition,on oneside,betweenthe
aminogroupandthe 5position. Thesecondconsiderationisa purelychemical
one. It bas been shownby several investigators,notably Baly,Edwards,
and Stewart," Baly, Tuck and Matsden,~ Hantzch"'and Kharasch,I~m.

"My, EdwardsandStewart:J. Chem.Soe.,99,5:7(~06).
"My, TuckandMarsden:J. Chem.Soc.,97,gSt (tgto).
"Hantzsoh:Ber.,43,1668(t9to).
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men,and Jacobsohn,~that thereismarkedtendencyforthé nitro groupand
aminogroup, whenin the orthoor parapositionsto eaehother or to other
reactivegroupa,to teact to formquinonederivativesofthe nitronicacidand

quinone-dioximetypes. Thiaeffectwillbe subsequentiydiscussed. Nowit
is apparentthat ina réactionofthisnature,whichcanbeconaideredasforms
ofneutralisation,the effeotsofthesubstituentsontheelectronioconfiguration
wouldbe suchas to causeachangeoftheelectronicarrangementin thedirec-
tion of the non-polartype of compound;alsoit is apparentthat in an intra-
molecularrearrangementorréaction,(mayalsobeconsideredasan intennole-
cular reaction),the reactinggroupswouldhavea muchgreatertendenoyto
react if they are adjacent to eachotheras in the orthonitroaniMne,than if

they wererelativelygreatlydisplacedas in the para derivative. Thèsetwo
considérationsare believedto be sunicientto accountfor thé différencein
electronicconfigurationand thereforethe relativeassociationbetweenthe
orthoandpara nitroaniline. Infact it iseasilyconceivedthat the rearrange-
mentproducinga partial electricalneutralisationin theorthoderivative,may
be 80great as to cause thiscompoundto,electronically,approaohquiteclose
to the tneta arrangement.

EtectronicStructureandMolecularAssociation

Fromthé considerationofthe previouslydiscussedhypothesisofHuggins
and Lewis,it isconceivablethat thé greatertheelectronicmomentofa mole-

cule,that is, the morelabileitselectroniecharges,themorepolarit becomes
and thereforethé more assooiated.In the nitroanilines,as ? evidentfrom
thie postulate,the para isomeris very muchmorepolarthan the ortho or

meta, and the ortho nitroanilineis morepolar than thé meta. Sincethe

polarityis the causeof associationof molecules,the higherthe polaritythe

greaterthe association. Aswasexplainedin thé precedingsection,the asso-
ciationof a moleculeis relatedto the entropyof vaporizationof that sub-
stance. Therefore,it may bestated,that thepolarityandentropyofa mole-
euleare directlyrelated.

Referenceto Table1 indicatesthat theentropyofvaporisationofthe iso-
mericnitroanitinesare in fineagreementwiththe conclusionsofthe preceding
discussionof theirrelativepolarities.Aaisrequiredbythe electronicconcep-
tion that isadvancedin thistreatment,theparanitroanilineahouldhavea far

greater entropy of vaporisationthan the ortho and meta isomerssinceits

polarityissomuchgreater;likewisesincethe polaritiesof the orthoandmeta
nitroanilinesare not greatlydissimuarthevaluesfor théentropiesofvapori-
zationare relativelyclosetogetherforthesetwocompounds.Thisagreement
givesverysubstantialindicationthat thepremisesassumedforthe structure
of thèsecompoundsare correct.

In the toluidines,therearepresenta stronglybasicor positivegroupand
a veryweaknegativegxoup.Aswouldbesupposedthe methylgroupbasa

relativelysmaUthoughappréciableeffect. Conaideringthe electronicstruc-
ture as that ofaniline,it is readilynotedthat a négativegroupwouldtend to

"Kharasch,LommenandJaMbMhn:J. Am.Chem.Soc.,44,793('9M).
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intensifythe polarityof the initialotectronicconfigurationif it werein thé

orthoorpara position. Therefore,the ortho andpara toluidinesshouldbe

morepolar, heneemoreassociated,and shouldhâve a higherentropy of

vaporizationthan the meta.
Imthe ortho toluidinethé effectof the methylgroupon the electronsof

the6 position,is transmittedand increasedbythe aminogroupthus causing
theelectronsofthé 6positionto besomewhatmoredisp!acedthan thoseofthe

4 position. în the para toluidinethé twoélectronpairsortho to the amino

shouldbe equallyrepelledfromthé nucleus;thus it isevidentthat thé ortho

toluidineshouldhomorepolarthan the paracompoundandthereforehave a

higherentropyof vaporisation. Asmay beascertainedfromthe tableof the

entropiesofvaporization,the aboveconclusionsare justified.
The precepts,as presentedfor the toluidinesand nitroanilines,should

applyto thé nitrotoluenesas well. The validityofthis isobservablefromthe

followingconsiderationand from the representationof thèse compoundsin

Fig. 3. Sinceboth thé nitro and the methylgroupare negativeit willbe
at onceevidentthat whenthey are in a meta positionto eachotherthe elec-
tronicconfigurationoriginallypresent in the nitrobenzenewillbe somewhat
intensifiedand thoreforethe metanitrotoluenewillbe themostpolarmononi-
trotoluene. Sincethe effecton the electrondisplacementin thénitrotoluenes
isdue almostentirelyto the nitro groupthe methylgroupin the para posi-
tionwillhave little or noeffecton the electrondisplacementofthe positions
metato the nitrogroupandthereforethe paranitrotolueneis butslightlyless

polarthan thé meta isomer. In thé ortho nitrotoluenethe effeotofthe nitro

groupisdiminishedbyhavingto be exertedthroughthe methylgroupwhich
isin a positionsuchas to opposethe forcesofthenitrogroup,at least forone

position(orthoto the methyl). As in the caseof the orthonitroanilinethere

may be some intramolecularrearrangementor reaction. This will subse-

quentlybe referredto. Thenitrolueneswhich,it is to berecalled,are polar-
izedbut slightlyif at au, are neverthelcssin accordwiththe principlesthat
areapplicableto the othercompounds.

Thus it is evidentthat the electroniestructuresof thesecompoundsare

relatedto theirassociationand polarityandthesequenceand relativedegree
of this associationis in agreementwith the valuesderivedfromexperimental
evidence.

Effectof BitramolecMtarReactions
Froma considerationofthe electronicconfigurationalone,onewoulddeduot

that the ortho nitroanilineand the ortho nitrotoluenewouldbemorehighiy
associatedand have a higherentropy than they actuallyexhibit. As bas
beenindicatedthe lowerdegreeof polarityof thesecompoundsis thought to
be dueto somemtramo!ecu!arreaction. Thereis at the presenttimemuch

spéculationon this type of reactionand the constitutionof thèse intramole-

cularlycondensedcompoundsthat are knownas "meriquinoids. These
werefiratobservedby Wurster*~in iS~oand then studiedby Bcmthsen,~

"Wumter:Ber.,t2, t8o3,tSoy,ao/t (t879);13,3t9S,3Zt7(t8So).
"BemthMn:Ann.,230,t6: (t885);Mt.tt, 49,&,7!899).
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WiUstatter,andPfannenstie! and WiHst&tterandPiccard/"whoconoluded
that thosecompoundswerea ciassof quinonederivativesofa semiquinonei-
midetype. It hasbeensuggestedby Kehrmann/' Kaufmann,<'andMeyer"
that the tworéactivecomponentsexist ina conditionofdynamioequilibrium
withreferenceto eachotherwhiehthey caU"isotrop~is"or the m&ke.and-
break in the linkagesof the residualvalencies. Whilethis termis uauaUy
appliedto an intramoleoularcondition,it may be extendedto includean
intermolecularconditionsuchas is representedin the reourtentmakingand
breakingof tinkagesbetweendifferentmolecules.

It maythereforebeBafelyassumedthat in orthonitroanilineandprobably
ortho nitro-toluenethere is a gréât tendencyfor an isorropeaicconditionto
existand froma considerationof their eleotronioarrangementsand their
entropiesofvaporizationonemayreasonablypresupposethat suohcondition
doesexist.

Summaty
A relationshipbetweenthe eleotronioconngurationand.associationas

derivedfromvaporpressatemeaaurementsis shownto exist. Thishasbeen
appliedin the interpretationof the variationsin the entropiesof vaporiza-
tion of the isomericintroanilines,monoitrotoluenesand toluidines. The
significanceofthe relationshasbeenconsidered.

~'<M&MC<<M,D.C.
M~.

S'B~t~r andPfannenatiel:Ber.,M,9244(toos).<WiM&ttMMdKMmeMtiet:Ber.M ~44 t~Ketmmnm:Ber.,4L9340(t9<'8);seeahop.~458.
asS~g~ D'e VatetEtehM,"p.5:0;alsoBer.,42,4~~(Moo).<'Meyer:Ber.,<t,~568!9o8);42,..49 (1909);M,.ST~.o).



MUTAROTATIONIV. CONSECUTIVEREACTIONSIN THE

MUTAROTATIONOFGLUCOSEANDGALACTOSE

BYHtEOEtUCKFALLtSERWORLEYANDJOHNCLARKANDBEW8

Experimentalinvestigationof the mutarotationof glucosebas hitherto
faitedtoaffordanydefiniteindicationthat theprocesaisotherthan thédirect
attainmentof simpleequilibriumbetweena glucoseand <3glucose,repre-
sentedby the equation

Thereactionappearsto beatriottyunimotecu!arfromeachend, but since
the velocityis enormouslyaffectedby alkaliesand to a smatterextent by
acids,the catalyst shouldappearoneachsideof thé equation,the réversible
réactionboingprobablybimoleoular.In thepolarimetricmethodoffollowing
thecourseof the change,opticalrotationsofthesubstancespresentare taken
as proportionalto their concentrations.It is foundthat the rate of change
of rotationat a giventimeis proportionalto the differencebetweenthe rota-
tionat this timeand at equilibrium,this ratiobeingthe velocitycoe~cient.
It caneasilybeshownthat thisshouldbe thecaseif thereactionisa reversible
unimolecularchangeor a réversiblebimolecularchangein whiohthe second
reactanton each sideof the equationremainsconstant. Furthermore,the

velooitycoefficientofmutarotationofa glucoseandj9 glucosedeterminedin
thismannerundersimilarconditionsshouldbe the same,viz.KI + K: =*K.

If in the reversiblereaction

the initialconcentrationsof a and glucosebe a and o respeotively,and if
theamountsof a glucoseconvertedto glucoseat timet and at equilibrium
be x<andx~ respectivety,thenat timet

at equilibrium

at timet

« glucose~± glucose.

a glucose~± glucose

dx/dt = Kt (a-xj K~Xt

Kt(a-x.) = K:x~

(a-xj (a-xj x. xt

Kt

K,

Ka

K,a

K, + K.

dx/dt dx/dt
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K,(a-Xt) K~

K.+K,

Kt+K,

Hencein thepolarimetriomethodoffollowingthe mutarotation

K, + K, = ).<.
t~t,(~)-(~)

inwhichm,asandM.arethe rotationsat t~ t~andt~.
Thevelocityconstantas usuallydeterminedshouldthus be K. + K: in

the caseofboth« glucoseand glucose.
It bas beenamplyshownthat the reactionover the very largeportion

investigatedis strictty unimolecularand that the velocitycoeSicientsof
mutarotationof a glucoseand glucoseare identicalundersMar con-
ditions.'

It basalsobeenshownthat ifa and glucosebemixedmthe proportion
calculatedto be presentat equilibriumboth in the caseof waterand of
methylalcohol,ontheassumptionthat théreactionisexpressedbytheabove
simpleequilibrium,and dissolvedin the respectivesolvents,there is no de-
tectablechangeof rotationafterdissolution'indicatingthat thereisnothird
substancepresentat equilibriumcapableofdetectionbythephysicalmethods
employed.

Theseconsiderations,however,do not eliminatethe possibitityof muta-
rotationproceedingin two,or morestages,but showthat if an intermediate
substanceis formed,the rateof its transformationinto« and glucose must
be verymuchgreaterthan that of its formation. If the velocityof trans-
formationwerea largemultipleof thatof the reversechange,therewouldbe
onlya smallpercentageofthe sugarin the intermediateformat equilibrium,
and,sincethe physicalmethodsemployedin the mixtureexperimentsare
dependenton thé <~ereMebetweenthe physicalpropertiesof thé inter-
mediateformandthoseof the mixtureof a and glucosefromwhiohit is
formed,thissmaUamountofa thirdsubstancewouldnot bedetectedin the
experiments.Its formationshould,however,be indicatedby the courseof
thé reactionat thé beginningof mutarotation.

if weassumethat startingfroma glucose,the originalconcentrationisa
andthatat timet theamountleftisa y andtheamountofthe intermediate
substanceXfonnedis.):,theconcentrationof glucosewillbey xaccording
to theequation.

K<
a Glucose ~=± X ~Glucose

K, Ka
a-y x y-x x

t Roux:Ann.CMm.Hnra..30,422(igo3);RudeonandDale:J. Am.Chem.Soc.,M,3M(t9t7);AndrewMdWoney:J.Phya.Chen).,3t,8&:(t927).tRoux:Ann.Chim.Phys.,(7)30,422(igo3);Riiber:Ber.,56,ai85(1923);Andrews
..d&y'~P~

~S ~); And~.
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From the fact that thaïe ia no detectableamountof an intermediate

substancepresentat equilibrium,it followsthat K: + K<must be large in

comparisonwithKi andKa. LetKt + Ka+ k. Therate of formationofX
isgivenby

dx/dt = K,(a y) + Ka (y x) (Kt + K<)x

= Ka(a x) + k (a y) (K; + K<)x

If k *=o, dx/dt becomeszero,a? reachinga maximumwhen

Ka(a x) = (K, + K<)x

thereafterx remainsconstantduringthe remainderof mutarotationuntil

equilibriumis attained.

If k hasa positiveor negativevalue,dx/dt becomeszeroand x reachesa

maximumwhen
`

Ka (a x) + k (a y) = (K. + K<)x

If k is positivex willreacha maximumand thereafterdeoreaseas a – y
deoreasesuntil equilibriumis reached. If, however,k is negative will in-
creaeeas longas a y deoreases,that is,duringthé wholecourseof muta-
rotation.

Considerfirst the simplercasewhenKi = Ka. In the mutarotationof
either« glucoseor<3glucose,theconcentrationof the intermediatesubstance
willincreasefromzero to a maximumand thereafterbe constantduringthe
remainderofmutarotation,theconcentrationat maximumdependingonthe
ratioofKato K: + K~. Accompanyingthegraduâtincreasein theconcentra-
tion of the intermediatesubstance,whetherwe start froma glucoseor <3
glucose,therewill be a correspondinginoreasein thé rate of formationof
the other isomeruntil the maximumamount of the intermediateform is

présent. Thcrewill thus be initiallyan apparentretardationin the rate of
mutarotationwhichwillbe the samewhetherwestart with « glucoseor
glucose.

If Ki is not equal to Ka,therewillalsobe an initiai retardation,but the
elfectin the caseof a glucosewillbe somewhatdifferentfor that in the case
of j8glucose. If Kt > Ka,the retardationwith a glucoseshouldbe more

pronounced,but of shorterdurationthan with glucoseandviceversa.
In the polarimetricmethodof followingthe courseof mutarotation,an

additionalcomplicationis introducedby the opticalactivity of the inter-
mediatesubstance. Theretardationwillbemodifiedacoordingas the inter-
mediatesubstancehas a highor a lowrotation. If high,the retardationin
the caseof «tglucosewillappearmorepronounced,whilein the caseof
glucose,it may be diminished,obscured,or possiblyconvertedinto an ap-
parent accélération. In the light of the above analysisof the problem,
variousinitialeffectsmaybeexpectedaccordingasKt is greaterthan, equal
to, or less than Ka, and accordingas the intermediatesubstancehasa high
or lowrotation.

In the caseof galactose,Riiber*followedthe courseof mutarotationby
methodsdependenton (i) the changein volumeof the solutionand (2) the

Ber.,59,M66(!926).
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changein refraotivityas weUas by (3) thé po!anmetncmothod. By the
diiatometermethodhe foundthat in the initialstagesofmutarotationof a
galactosethe réactiondepartedconsiderablyfromthé unimoleoularnature
of the subséquentpart of the mutarotation. Therewas,however,no ob-
servabledeparturein thé caseof galactose. Heassumedthé formationof
a third or intennediateformof galactoseandby an e!abora.temathematical
investigation,arrivedat the four velocityconstantsand the proportionsof
the three formspresent at equilibrium. By thé refraotometriomethod, a
slightand doubtfuldivergencefromthe subséquentuniformunimolecular
natureof the reactionwasobservedin the initialstages. Bythepolarimetric
methodnodeparturewasindicated. In thecaseof theglucose,Riiberfound
noevidence(or the existenceofan intermediateform,thereactionappearing
regularfromthe beginningwhentreated as a simpleunimoteoutarbatanced
action.

Matarotatioaof Glucoseand Galactoseat o°C

It is possiblethat at ~5"any retardationin the mutarotationof gtuoose
may occuronly in thé short intervalafter dissolvingthé sugarwhenthe
polarimetricreadingsarenot takenor are discardedowingto the possibitity
of thé temperaturenot havingbecomeconstant. In ordorto examinethe
initialstagesmoreminutely,we hâve carriedout experimentsat o"C with
a and glucoseand a and gataotosein aqueoussolution,thé velocityof
mutarotationbeingverymuchlessat this temperaturethan at 95",and any
initialretardationcorrespondinglyprotraoted.

Thepolarimetrictube wasimbeddedin crushediceina boxconsiderably
longerthan thé tube. Extensiontubes attachedto thé polarimetrictube
passedthroughholesin thébox. Thesugarand théwaterweremixedat o"C
andquicklytransferredto thepolarimetrictube imbeddedin thecrushedice.
Readingswere taken at frequentintervalsafter mixingand afterwardsat
longerintervats. In TaNesI-IV aregiventhe resultsof fourtypicalexperi-
mentsmadewitha and glucoseand etandj3galactoserespeotively.Bach
rot&tionis the meanof fivereadingstaken at intervalsoften seconds.

The resultsof the abovefourexperimentsareshowngraphicaUyin Figs.
t to 3. In Figs. ï and a the observedrotationsareptottedas ordinatesand
the timesas abscissae,thé curvesthus representingthe courseof mutarota-
tionasindicatedby the changein opticalrotation. In thecaseofbotha and
~galactose (Fig. 1) there is an initialNatteningof the curveindioatingan
initial retardation whichis morepronouncedin the caseof thé j8sugar.
In thé caseofglucose(Fig.2) there is an initialBatteningor retardationin
the caseofa glucose,but an initialaccelerationin thé caseof Pglucose.

In Fig. 3 thé logarithmsof the différencesbetweenthe specifierotations
at the varioustimesand the specificrotationat equilibriumare plottedas
ordinalesagainstthé timesas abseissae. In orderto plot the curvesin one
diagram,the logarithmsof a gatactoseand a glucosehavebeendiminished
by o.ïo and 0.17respectivelyand those of j8galactoseincreasedby 0.03
throughout. If the velocityof mutarotationbe in accordancewith the re-
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0.~378 gms. m 25.100

Titaes ObaervcdRotation

5 min. 4736

100 4.426

4-3~2

Timea ObservedRotation

3min. 5.830

85 5.352
95 5304

'0$ 5.264
"5 5-224
125 5-i8o

3.310

TABLE1
otGlucose

0.4793 Kms.in 25.100
gms.water

~='1.00580

TABLElI

~Glucose

o.S77tgms.in zs.ïoo

gms. water

d, = 1.00819

TABLEIII

«Galactose

gms. water

d~ = ï.00534

TABLEIV

a Galactose

0.6251 gms. in as-ïoo

gms.water

d~ = 1.00870

t0 4.730
4.730

20 4.7!o
25 4.696
30 4.666
35 4-6so
40 4.636

50 4.S9aSo 4-S92
60 4.564

70 4.S30
8o 4.494

90 4.460

2.236

Times ObservedRotation
3mm. 1.136
5 t.ï5ï

M Ï.J~O
!$ 1.19~
20 .aï6
~5 .234
30 -aso
35 .26035 1.260
40 .zyo
45 ..28645 i.286
55 ,306
65 .338
75 .35S

io5 1.430
"35 1.490

2.834

5 5.830
10 5.808
i5 5.750
20 5.686
25 5.656
30 5632
35 5.604
45 5.550
55 5504
65 54~
75 5.398

Times ObservedRotation

3 min. 3.080

5 3076
10 3.o8o
15 3.080
20 3.082
25 3.082
30 3.o8o
35 3.092
40 3.114

45 3.136
55 3-i6o
65 3.192
75 3.220
85 3.244
95 3.304

"5 3358
135 3.398

I55 3 46o
4.726
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quirementsof a unimolecularbalancedaction,as bas alreadybeenfoundto

bethecaseduringthe greaterpart of themutarotation,a straightlineshould
beobtained,théslopeof the!ineaffordingthe valueofthevelocitycoemcient.
Thismethodofexpressingthe resultsclearlyshowsthé natureand duration
of the initialdivergencefromtheunimolecularcharacterof the changeob-

tainingduringthe subséquentmutarotation. In the caseof «galactosethe
initialretardationis seento be followedby an accélérationbeforethe muta-
rotationbecomesrégulai*as expressedby the straightpart of the ourve,the
initialdivergenceextendingfor about twenty minutes. In the caseof
galactose,there is an apparent completearrest of mutarotationfor about

thirtyminutes,afterwhichthé actionbecomesnormal. Theslopeof the two
curveswhenthey becomestraight linesis approximatelythe same,that for
a galactose,however,beingslightlythe greater. In the caseof a glucose,
theretardationextendsoverabout fifteenminutesbeforethécurvebecomesa

straightline. The initialdivergencein thecaseof glucoseis anaccélération

extendingforabout twenty-fiveminutes,the subséquentstraightpart of the
curvehavingthesameslopeas that of a glucose.

Thepossibilityof the initialdivergencebeingdue to the temperaturenot

havingbecomeconstant basbeenconsidered,but althougha portionof the

divergencemaybe due to a temperatureeSeot,it appearsthat suchportion
mustbe smallin comparisonwith thé total effectobserved. Four or five

experimentswerecarriedout in eachcaseand the generalformof the curves
foreachsugarfoundalwaysto be the same. Weconsiderthat the different
charactersof the initial divergencesare to be explainedprincipallyby the

magnitudeofthe rotation of thé intermediatesubstanceandby the relation
ofKt to Ka. Theserésultaweregardasdefiniteevidenceagainstmutarota-
tionbeinga simpleunimolecularbalancedactionbetweenthe a and the ~3
sugar. Theyappearto be in agreementwith the requirementsof an action
whichproceedsby the formationof an intermediatesubstanceand repre-
sentedby-

a sugar~=i: X~± sugar

in whiehthe rate of formationof X is veryslowin comparisonwith the re-
versechanges. Althoughthe possibilityis not exoludedof mutarotation

proceedingin more than two stages with thé formationof morethan one
intermediatesubstance,thereisno evidencethat morethanoneintermediate
substanceis formed,and it is reasonableto assumeprovisionallythat one

onlyispresent. In the caseofgalactose,themoreprolongedinitialdivergence
fromthe unifonnityof the subséquentcourseof mutarotationcompared
withthat of glucose,consideringalso the greater speedof mutarotationof

galactose,indicatesthat the differencebotweenthe rate of formationof the
intermediatesubstanceand the reversechangesis considerablygreater in
thecaseofglucosethan in that ofgalactose,withthe resultthat the amount
of thé intermediateform present duringmutarotationand at equilibrium
willbeconsiderablygreater forgalactosethan forglucose.
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Fromtheseresultsthe velocityofmutarotationfor a rise of !o"Cis in.
creaseda.8timesforglucoseand 2.9timesforgalactose. At.zg"the initial
divergencewouldbe completedwithinthe first two minutesafter mixing.
Thisaccountsforthedivergencenotbeingdetectedat 20or25°bythepolari-
metriomethod.

In the mutarotationofglucosein methylalcohol,sincethe rate is very
muchreduced,it shouldbe possibleto observean initialdivergenceat as"C
correspondingto the divergencein aqueoussolutionat o"C. Anexpemnent
carriedoutwitha glucosein methylalcoholat 25"Cbasshowna retardation
extendingoveraboutan hour. Weareinvestigatingthe initialmutarotation
of glucosein methylalcohol. It is possiblethat thé partial or complete
"arreat" of mutarotationwhichbas sometimesbeenobserved'is to be ex-
plainedin thé aamewayas the initialdivergencewe haveobservedin the
aboveexperiments.

Summary
x. The mutarotationof a and glucoseand « and /3 galactosein

aqueoussolutionbas beenexaminedby the polarimetricmethodat o"Cin
orderto investigatethe initialstagesofthe action.

2. It is foundthat in each casethere is an initialdivergencefromthe
subsequentuniformunimoteoularnatureof the change. In the case of a
galactose,there is an initialretardationfollowedby an accélération;in the
case of ~3galactosemutarotationappearscompletelyarrested for about
thirty minutes. In thecaseofa glucosean initialretardationisobservedand
in the caseof glucosean initialaceeleration.
3. It is claimedthat these divergencesshowthat mutarotationia not a

simpleunimolecularbalancedaction,butare in agreementwith therequire-
mentsofan actionproceedingin twostageswith theformationofan inter-
mediatesubstance,thedifferentcharactersofthe divergencebeingdueto the
magnitudeof the rotationof the intermediatesubstanceand the relative
valuesofthe velocityconstants.

~~LowryandRichards:J. Chem.Soc.,K7,tgSs(t~:); F.utkner.nd Lowry:tM6,1938.

TemperatureCoeNdentofVetociQro<Mutaretation

The vdocHycoeScientsat o°Cand as"C are given in TableV. Tne
valuesat o"Cbeingthe meansof fivedetennimatioBBin the caseofa glucose
and a galactoseand four determinationsin thé case of j8 glucoseand
galactose.

TABLE V
°°C :s'C K~

a glucose 0.00073 0.0096 K.
glucose 0.00073 o.oogô

mean 0.00073 0.0096 tg.a
a galactose 0.00092 o.oi34
j8 ga!actose o.ooogo o.ot34

me&n 0.0009! 0.0134 14.y
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4. Thé températurecoeScientsof the velooityof mutarotationof glu-
coseand galactosehave beendetermined.Thevelocityconstantforglucose
isincreaseda.Stimesandforgalactose2.9timesfora nseof io"C.

Wedesireto expressour indebtednesato theRoyalSocietyfora grant to
oneof us (F.P.W.)towardsthe coatof polarimetricapparatus,and to the
N. Z. Departmentof ScientificandIndustrialResearohfor a NationalRe-
searohScholarshipwhichenabledoneof us (J.C.A.)to take part inthé in-

vestigation.

~«eMtmdt/nfMt'a~CoNMe,
t/tt«wr<«yof~VeM'Zea<<KM,
A<~)M<~0,~ae7.
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Colloide&~N. R. Kruyt. Ï'KHMta<~6~JV. MMKtoe~w.? X 16cm;pp. +

We~rert: JohnH*~ and~MM,MF?', ~fce.' ?.?. ïn thegeneralintroduction
the ohaptersareentitled:preliminaryconsidérationofeo)M<Msystème;boundaryphe-
nomena;capillaryeleotricalphenomena.Part n deatswithsuapensoidsandthe headings
of chaptersare:stabitityof suspension;chargeand stabitity:constitutionof the double
layer;JkineticsofBoccutation;optieatpropertiesofeuspeneoide;propertiesofauspemoids
fromthe kinetiopoint of view;formationofsuspensoidsols;MstorieatoutUneof the
devolopmentof the theoryof suspensoids.Emulaoldsare takenup in Part III with
chaptementitled:generalpropertiesof emutsoids;stabMtyof emuisoith;proteinsols,
osmotiophenomena;gels. Thereia a BaatchapteronapeoiatMbwhiehcomtitutesPartIV.

In epiteof thefaotthat dyeiNg–atypicaladsorptionprocMa–maytakea verylong
timeat roomtemperaturesandsomeminutesevenat the boiling-point,KruytstatesdeC-
nitely,p. Mtthat adsorptionequilibriaarereaehedquiterapidly.

"RobertMarebasfoundthat the adsorptionofatarohbypowderederyBtatah 90per
centcompletewithina fewseconds.In goneral,adsorptionoquilibriaof thiskindarees-
tablishedina fowminutes.Wheneverwemeetwithan adsorptionréactionthat doesnot
reacha finalvaluewithinthieperiodof time,wecanbe reasonablymre that it ienota
simpleone. For instance,in tho adsorptionof oxatieaeidby eharcoa!,the condition
reaehedafter ten minutesapparentlydoesnot representcompleteequilibriumsincethe
concentrationofthe liquidcontinuesto dtMrease,althoughveryslowly,forsevem!houK.
Furtherinvestigationf)haveshownthat theadsorbedoxalioacidreactawithdissotwdoxy-
gen,and that thisprocessiscatatyticaUyaeceteratedinthéadsorptionlayer. Thiscom-
binationofadsorptionandchemicatreactionoeoursfrequently.Pureadsorptionptocesses
arecharacteriaedbyarapidattainmentofthéfinalstateofequilibrium."

"Thepheoomenaobservedwhena solisNocouiatedbymeansofaneleotrolytesuchas
AiCttagréeweUwiththe changesin boundarypotential. Whenincreasingamountsof
AIC),areaddedto a negativetychargedsolof mastic,wenoticethat smallconcentrations
causenoeoutatton,somewhathighereoMentrationsprodueeanotherstablesol ofopposite
sign,i.e.,positivelyoharged,whilestHthigherconcentrationsbringaboutanotherflocou-
lation. Wehave,therefore,Brsta non-Socouiationzone,nexta primarySoceuiation
zone,thenanothernon-flocculationzoneinwhichthesolbastheoppositeaignand,fmally,
a secondaryflocculationzone.

"Thisphenomenoniadesignatedas an irregulartern~. It willalwaysoccurwhenthe
potential-loweringeffeetof the cationis far in excessof thepotentiat-raisingeffectof thé
anion. Thisloweringeffectmaybedueeithorte a highvabnceoftheionor to a highde-
greeof adsorbabitity.Poiyvatentcationsgive,therefore,irregularserieswhentheyare
combinedwithmonovalentanions. Butmonovalentorganiccationsact inthe sameway.
Forinstance,strychninenitrate,aswe!tasnewfuchsin,yietdsan irreguiarsorieswithAs,8,
sol,andAgNO,withthe solofHgS,becausem eaohcasethecationisstrongtyadsorbed,"
P.Ss.

"In récenttimes,ehemicalargumentsbavebeenadvanoedwhiohseemtoindioatothat
thecellulosemotecuieisnotexceedinglylarge. It basbeenerroneouslyassumedin organic
ehemistrythatM,inthéformula(C,HtoO,)n,is large;inreality,thisquantityis completely
unknownsincewetackthemeansofdeterminingthé moleoularhMeofa non-volatileand
insoluble(i.e.,non-moleeularlydispersible)substance.Fromthe reseaMbesof Bergmann
andthoseof Pringeheim,onegainsthéimpremionthat thereis a possibitityof obtaining
ceUuiosetemporarity–aithoughonly under unstaMeconditions–aaa monomoie-
cularlydispersedsubstance,in whichCMOn== aceording to théebuMioecopiemethod.
Thesechemicalinvestigationsarethus a confirmationoftheconceptdevelopedhere,viz.,
that solsare polymoleculatydispersedpartMes. Otherexperimentsof Bergmannprove
that thedeveiopmentoftheorganicchenustryofproteinsisproceedingin thesamedirec-
tion,"p. ty6.
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"AnimportantdinerenoebotweenBuspensoidsand emutsoidsMes,aa wehaveseen,in

théfaotthat thelatter,whendeprivedof theiroleotriccharge,do aot noceutate.Thisis

exaotlythé pointwhichbasled to a separationof the staticeof emutsoidsfromthat of

suspensoids.
"In orderto explainthisdifference,wemust looketsewherefor a suitablehypothesis

whioheanbe testedexperunentatty.Evidently,emutsoidsbave a tecMMt<<<!MMp~or
whiohpreventstheftooculationoftheunobangedparticles.Rememberingthatthecondition
ofnon-noceutationsignifiesa probabilityofadhésionnot largelydeviatingtromMro,we
reaHsethat this secondfaotor,whiehkeepstheeoHoidingpartMesfrompennanenttyuniting,
mustbeofa differentnature. Sincethe ohafactenatiedifferencebetweeneuepeneoidsand
emulMidsMdueto thehydrationofthe partioles,weimmediatelyassumethat tt iathefilm
ofwaterwhiehfumishesa secondpMteetivefactor. In otherwonh, ematMidpatticles
maybeprotectedagainstNoceuJationbothby theiretectricchargeandby theirhydration.
Whenwehaveat ourdisposa)a meanaofeMminatinghydration,wecanreadilyvertfythis

amumption,p. t8o.
"Wehavealreadyseenthat theadditionofminutequantifiéeof an eleotrolyteto a

etarchoran agar-agarsolremovesthé chargebut not thestability. Onaddingalcoholto
BtmhadMchargedsol,oneobservesanimmediateOMcutation.Thisproves,therefore,that
weatBdealing,in everycase,withtwoataMJityfao~fabut that it iaimmaterMin which
ordertheyareremoved.Theremovalofoneoanbeacoomptishedwithoutevidenteffect,
but theremovalofbothinevitablycausesflocculation,"p. ï8t.

"It haftbeenahownthat thepowerofalting outdépendsonboththe natureof théca-
tionandthat of the anion. Thedioerentcationscanbearrangedin a seriesofdecreasing
preoipttatingpower,from!eftto right,whenusedin equatmolecularconcentration.A
simiiarsériesexistaforanions.ThèsesériesareoaUedlgotropicséries. Cationséries:Li-
Na–K-Rb-Cs and: Mt~-Ca-Sr-Ba. Anionseries: 80<-CI-Br–NOr-I-CNS
"Theselyotropiesénésarenotonlymetwhenemuisoidsaresattedout but area!sochar-

aeteristicof a numberofotherphysieo-ehemioatphenomena.Theeffectofneutratsatte
onthe raie< Mt~rtMt<~canesugarandonotherreactionveloeitiesis determinedby the
orderoftheIyotropicionicseries.Thésamesequenceif)notieedin thedisplacementofthe
m<œ&)t«Mt<etMt<~< <Mt<a'(at~); inthechangeinBolubility<~tt<Mt-e!«~!t)!~<M,forinstance,
that ofureainwater;andintheloweringofthé Mo~MetetMMttoftcatef. In thésubséquent
chapterswesbaMconsiderstittotherpropertiesthat arerelatedto thèselyotropioseries,"
P.tS~.

"Wesawproviouslythat thedehydrationeffectedby atcohotresuttsfromthemasa-taw

equilibriumbetweenalcoholandwater. Tannin,on the otherhand, isa substancewhich
iowetsthesurfaretensionconsiderably;inotherwords,it isatrongtyadsorbed.Hence,the

largeeffectin smallconcentrationsis presumabtydue to the adsorptionof tanninby the
colloidalpartieles.

"Thatthisisreallythécasecanbeprovedin thefollowingmanner:Whenanothercom-

poundthat is capableofexertinga disptacingactionis addedto an agar-agarsol treated
withtannin,thé colloidalparticlesare freed,at least partty, fromthé adsorbedtannin;
and,consequontty,theemuboidpropertiesmust retum. Curioustyenough,weoan use,
forinstance,alcoholforthispurpose.Investigationbasshownthat alcoholaddedinsmaM
amountato an agar-agarsol,that basbeendehydratedby tannin, increasesthé relative

visoosityand bringsbackthe propertyofgetatiniiMng,whereasthe additioninquantities
ofabout50percentagainprevontsthe settingofthesolas a reaultofthe dehydrationby
atcoho! p. !86.

"Letusdiscuss,ntstofatt.theviscosityof getatinsotutionasa functionofthehydrogen-
ionconcentration.LoebmadeanunusuattyextensiveBtudyofthisretationaMp.Itistohis
créditthat he paidparticularattentionto thé hydrogen-ionconcentrationof theintermi-
cettarliquidanddidnotconfinebisinvestigationsto the concentrationof theaddedacids
andbases. In theco'meofhisresearches,hegraduallydroppedhisearlyviewthat getatin
solutionsweretmeelectrolytesolutions;andthepresentwriteris convincedthat,hadhisun-

timetydeathnot interruptedhiswork,he woutdbeforelonghave arrivedat the theory
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that Mhèreptopounded.His last otperimentaon the eataphoretievehxityofge!atin
pointedoleartyinthisdiMetion.ProbablyhewouldbavebeenfoKedtoretraoterroneoue
statement.regMdiNgcottoidehemistrymadein previousyeare. Asa matteroffact,he
hadalreadydesertedhisoriginalviewpointaa numberof timesin the periodfrom!0!8
to !9?3,"p. t9!.

"Brie9yemmnarizingour ideaa regardingthé stabMityof euspeMotdaandemuboida,
wearriveat thefoûowingconclusion,wMchiabéatiMuatratedby meansoffoureharacter-
iaticMb:(t)goldsol.M tinoxidesol,(3)agar-agarsol,(4)gelatinsot.

"ThettabiiityoftheMMbNdependentonthéeleotriocharge,onhydration,oronboth.
in thécaseof thenrattwosobthere iepraotioaNynohydration;theyaMMapeMoidB,the
atabuityofwhiehtasololya funotionoftheireleetriochatge. The!aattwoeobeaaexiat
onthéetten~thoftheirconsiderablehydrationatone,althoughtheyaregeneraMyotabiuMd
bybothohargeandhydration.

"Betweensoland sola theroexistaa dMoKMealreadyMtemivetydtMumed.The
goldatomsin theperipheryof thé gotdpartiolearenotahteto forma doublelayeroftheir
ownaccord,but tequifeanouta.<<epeptisingeteettctyteinordertoobtainacharge.The
Hoccuiationofeuh a solisin perfeetaMordamewithFteondMch'stheory. Thétinoxide
so!,however,haaa doublelayer,the inné)-coatit~ofwhiehis fumMMdby thesolitmtf.
Sincethisumeifcoattaf!maybepositivelyor negativetyoharged,dependinginthestaMIX.
ingetectMtyte.twoMndBofaotarepoMiNe.

"Aboutthe samediTetenceexiatebetweenthe two emutsoidMb mentionedabove.
Theoarbohydrateagar-agarMin itsetfHttb suited to the formationof a doublelayer.
Tracesofaneteetrotyte(posaiMyderivedfromthéash content)buildupthédoublelayer,
andthephenomenaofdiMhafgearegovemedeMtaUvetybythe theoryoft~emtdtieh.The
gelatinsol,ontheotherhand,poMessingionogenmotecutea,canforma doublelayereither
inanacidotinanatkatinemedium,thuagreatlytMembUngthetin oxidesol.

"Hence,thereMthisdi~etencebetweensoleï and andNtewieebetweenaob3and4;
VM.,that solet and3 derivetheirdoublebyem fromabsolutelyextraneouseomUttmnts
whereasinthesecondandthe fourthcasesoneconstituentof the doublelayeroriginates
in the partialeiteeK,"p. 200.

"LoebmadenumerouaosmotiomeaMKntents,umngthegelatinsol,andwiththe aid
ofa lineofteaMnim:advaneedby ProoterandWBeon,heeomparedthe reMitaobtained
withthedata derivedfroman applicationof Donnan'stheory. Theagreementwasob-
viouslyverygoodainceMacase waa thé onejust mentioned. Loebinferred,quiteer-
roneously,that Masystembelongedto the typeexemplifiedbyCongored, i.e.,aneteetto.
)yteintruesolutiononeionof which–vii).,thégeiatinion–oannotpasethroughthémem-
brane. GénéralobiectmnatotMBviewh&wah-eadybeendevebped.HeM.too.weare
juatiSedinrejeotingthe ooncluetvenesaof the argumentsinthe fieldofomotiomeamre-
men<aforthesimplereaMnthat theagreementwithDonnantheoryho!dsjust aswettfor
a coBoidinadeorptionequilibriumwitha peptbittgetectMtyteas it doesforanelectrolyte
ofthéCongoredtype,"p.aoy.

"Gelatinizingia the agglomerationof hydratedpartideawhichtetain the remaining
waterinsidetheeapiUMyBpaoeebetweenthem. Thisagglomorationoccms,forMbofthe
typeofaluminumoxide,simplyby eteotMtyte~oecutation,and ia,eoMequentty,irrever-
aib!e;whereasm casesof temperatuM~etatinizing,the processtakeeplacerovoreiblyin
eomemanneras yetunexplained,"p. ajy.

"LyotropyMprobablynota hydrationpureandsimple,butonethatorientathedipoles
ofwater. Thisexplainsat once,why,in the caseof protéine,the lyotropicMrieaaMre-
vemedwhenthechargeof thé proteinchangesfrompositiveto negative.Here,too,thé
similarorduBimitarlocationof the hydratedwaterdetermineathe orderof thé iyotropic
phenomena."Therela norevematof thesorieswithfibrinorge!atine.

Onp. théauthorsayathat water-in~itemuMonBare,aaa rute,veryviacous,or,to
expKMitmorecorteotly,plaetic. Thisatatomontiatrue ontyfor water-richemuleionsof
this type.

~~MerD.BoMr~<
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TheChemicalCotodng;ofMetah. By~<tMt«<KeMan<<S. R. Bonney. X 14 <!M;
pp.M~+ ATem~or<0. VanAr<M<nttK<CoMpo~,MM.PWce.'$4.00. Thebookis
writtenavowedlyfortheoraftmaonandthe chemistryis,therefore,distinettyelementary.
It givesweatth of materialto the ohemistwhomay be interestedin workingout the
theoryofthepmeesses.Thequiekmethodaofproduoingpatinestendtogivea transparent
eotor!ikea waah. Thepatinesproducedin the courseofcenturiesareusuallymoresolid
incotor. ThisdifférencecannotbeneceasàryandohouMnotexiat.

IncidemtaUy,thete aresomepusslingohemioalproblems.Whyshouldcleancopper
tuma riohMttge-btowncolor,p. t48,whonboUedwith a cupricohloridesotution and
whyshouldsunlightgivethMa Muishahade,p. 134. Mdesoentcoloreonsineareobtained
byheatmt!withan atkatittecoppertartratesotution,p. 205. "Thbiaanotherofthe Mus
ot~no.metatliecompoundsofcopper. Thosotutionia usedat uo° F. andon ifinca suo.
ceNionofahadeeMproduced,vis.,copperyshade,yettow,Mehtbrown,critnMtt,blue,purpte,
palepurple,jightgreenandSnieMngwithlightcrimson.TheMsbadeeare beautifulbut
notuniform.Theygivean iridescenteffect. TheooMsolutionworksslowly,but Measily
contfoMed.Thé wanasotutionwork8morerapldly,but ismoreduBeuttto control."

"It ieabouteixteenyearseineeoneoftheauthomwasapproachedbya nnnof tetephone
mantifaotoreMto nickel-plateaIuminumtelephones.A refusaito undertakethe work
couldnet be takenas théorderforthe nieket-ptatedgoodshad beenaeoepted,someof
whichwererequiredforateatnBMpsandyachte. Theniokel-platingWMthereforeunder-
takenontheunderstandingthatnotmorethanoighteenmonths'servieecouldbeexpected
orguaranteed.Theworkwasdone,andin teMthan thisetpulatedtunethe SitingBbad
tobe rmovedandwerenotfephMedbyeimiiarwork. Seaair bas a most detrimental
etfeetonatumiaum. In thocawof themflttinga,the nickel-platebeganto blister,es-
peoiallywherehandied,andaoonpeeled.

"Theat nMtapparentauccemofthe platingbroughtforthmanyenquiriesand other
typesofaJuminumwareweretried. Thewriterbasbeforehima esndle-etiokstemwhich
wasnicket-ptatedsixteenyearsago. Theplatingi8not perfectnow,minorimperfections,
consiatingofpimptesofthe NMofa pin-head,beingobinoua.Theeostof the workwaa,
however,prohibitive,"p.e:6. tj~MefD.Bancroft

PMetttatPhysics.ByT. C.Bedford. X cm;pp.+ wdh%JM~M- J~.
(<M:ZoncaMW,Greenand CoMpeM~.Priee:10sMKttt~, pente. This taxt book of
LaboratoryPhymcabasbeeneompttedfromthe manuMnptnotesinusein the author's
classesat thé CavendishLaboratory,Cambridge,and takesehapeas a resuttof long ex.
peneneeof laboratorypraet!ce.Théstandardattainediswellinadvanceof intermediate
workthoughnoteovenngaMthegroundforthebachelorofsciencedegreein Physica. The
coursewouldbeadmirablysuitedto studentstakingphysicaas subsidiaryto an Honours
Chemietrydegree.

Thébookopenswitha shortintroductionon the useandeareofapparatus,methods
ofobservationandrecordingofresults. Thépart dea!ing;withtheexperimentsthemselves
is etaasedunderthe usualheadingsofmechanicsand propertiesof Matter,Heat, Light,
Sound,MagnetiamandEleotricity.Thegroupingofthé experimentaunderthèsesections
mightperhapsbeimprovedinoneor twoinstances.Forexample,théopticallevershould
naturaUyappearwithotherinstrumentefor measuringamandistancesinsteadof under
the lawsofreneotion,butwherea goodindexisprovidedthispointisMtativetyunimportant.

Anintroductionto eaehexperimentgivesa shortrésuméofthetheoryconoernedwith
it. Suchbriefdeductionsmustneeessaritybeginwiththe phrase"it maybeshownthat

.and thispointof departureis in everycasesuitaMychosen;the deductionsgiven
boingnamelythoseconnecteddirectlywiththepraotioalsideoftheproblem.

Deactiptionsofstandardapparatus,auehasepeotroseopes,typesofgalvanometers,etc
areconfinedtothegeneralprinciptesinvolved;thedetailsofconstruction,whichnecessantydtnerwidetyin differentpatterns,being!eft for explanationby the demonstrator. In
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manycaseshoweverwherespeeiattypesofapparatusaredesoribedwhiohoouldauitablybe
madein a laboratoryworkehop,the dimensionsandconstnMthtnMegivenMty. The
sectiononPtopwtiesofMatterMpartioularlyweUdealtwithin thisway.

In somecasesreprésentativereeultaofactualexperMaentsare giventhoughthèse are
reducedto a minimumto avoldaddingundulyto thesiseofthevolume.

Thepraetieatexperiencebehindthé book!s weUshownin the fulltreatmentgivento
bediffioultieslikelyto bemetwithendthe possiblecausesoffailureofanexperiment.

W.W.Bof~ot

Dieetektte!ytiMheWaMMÛbetfNNMngund IhreBedeatangfar dieTheorleder was-
seticenMsM~en. B~Ne<ttn<ABemy.Pp. 7~. Bo'«<t.'eett~a- Benxr< P~ee;
MOM<))-t<.Thismonographreviews!)tdotai!thetwomethodsbywhiehthe tMnafeMme
ofwaterduringeteottctysisbasbeenestimated,viz:– (t) thé Nernstmethod,dependint;
ontheintroductionofa référencesubstanceanddevelopedonthéexpérimentalaidenotably
byWaehburn,and(2)the aathor'Bownmethod,involvingtheuseofadiaphragmwheteby
ineffectthe middtepointof theetectKtyticcolumniameohanfoallyfixed.

ïn eonnexionwiththesecondmethod,whiehiadiKussedingreaterdétailthanthe firat,
it appearsthat, of thévariousdiaphfapnmaterialatested,patchmentwasby fa)'the most
MtMaetory. Theobjectionthat the eleotrolytiotranafereneeof waterwouldbe maaked
byeteetro-endosmoMismet bythe ptoofthat, howeveraignifioantthelatterphenomenon
maybeinverydilutesolutiom,it isne~giMeinelectrolytesolutionsofnormaletrength.

Aewillbe readilyundemtoed)thetwomethodsinquestionarebothliableto consider-
abteexperimentalerrer,and thefesaKaobtainedfortheelectMiytietraneportofwaterby
oneprocedureontymightbe aeceptedwithacertainreserve. Theauthor,however,ieaNe
torecords notableagMementbetweenthefiguresdedueedby thèseverydMfeMntmethoda,
and thorecan be littledoubtaa to thé approximatevaluesof the net watertransportin
solutionsof,say,theatkaUehtondes.

ForthéputpoMofcalculatingthe absolutequantityofwatera~oeiatedwitheaohion-
thé wateraheathor envetope–theauthorptooeedaonthe aesmnptionthat the anilinium
andtoluidiniumionaareanbydrous.Onthisbasishenndathat théenvetopeof theohlarine
ionis approximately3 moleculesof water,and coMequenttythé Mtowingvaluesare ae-
signedto the envetopesof the hydrogenandalkalimetations:H', t.o;Li', t~.6;Na', 84;
K', ~.o. The relationofthèseresultstothehydrationtheoryandto modemviewaon elec-
trotytiodiMoctationisbrieHydtseMNed. ~.C.PMtp.

KatatysentttkeMoidenMetaNea.B~tt~M-Mcte!X~CM;pp.t«t+&t. J'~p*
zig:AkademiBcA8Ve~~tMeSM~t, M~ Pt~: COMn-J~,«n&M«Mf.The ehaptersare
entitled:introduction;preparationofeolloidalmetaUiecatalyata;eoMoidcatalyata;kmetiea
ofoatatymswithcolloidalmetab;mechanimnof theeatatytiohydrogénationbymeanaof
colloidalmetala.

Thetitle ia muehbroaderthantheaetuatMopeofthé bookwhiohialimitedexpUcitty
to a dNMSSMMtoflaboratorymethods,and practica!Iyto the workofPaatandof 8)dta,
in otherwordeto laboratorymethodswithcolloidalmetalaofthe platinumgroup. The
reatobjeotofthebookB66msta beta advertize8kita..

Theohapteron the mechanismof thé catalytiehydrogénationby meansof ootMdat
metalsis obscureand unsatMfMtory.TheauthorcoMidersthat activationof hydrogen
maybedue: to monatomichydrogendissolvedeitheraaauchor asan ion;to anunatable
metaMichydridewhiehdecompoMS,givingoSatomehydrogen;to an instablemétaloxide
hydride;or to highlydeformedhydrogenmo!ec<ttes.He doeanot likeany of theee hy-
pothèsesand is apparentlyMeptieatofany activationof hydrogenbeingimportant. It
thereforebecomesnecessarytoconaiderthé othercomMtuentasactivatedand headopta,
apparentlywithoutproof,Skita'sviewthat activationisduetothéformationofa definite
ehemica!compoundbetweenthé metat catatystand the uasaturatedcompound. No
referenceia madetothe viewaofE. F. Armetrong,preaumblybecauseArmstrongdid not
workwithmetallicsots. Thisiaa bookofwhiehanybodycouldbeashamed.

WtMerD. Be<MT~<



VARIATIONSIN THE SURFACETENSIONSOF SOLUTIONS*

BYS.LAWRENCEBtGELOWANDE. BOOBBWA8HBURN**

Ofattmethodsformeasuringsurfacetension,theriseofliquidsincapillary
tubesisthe simplestin applicationand in theory. But frequentlyit appears
tobeimpossibleto reproduceresultswithreasonaMeacouraey,whilethecause
ofthe troubleisnotapparent. Onthisaccobntthemethodseemsto befalling
intodisfavor;whichis unfortunate.

Weundertookto discovor,if possible,whatsomeof thesehiddendiaïcut-
ticsmightbeandhowto guardagainstthem. Weweresuceessfulinbringing
to lightsomesourcesoferrorandinshowingthat theycanbe avoidedby the

applicationofsimpleprecautions.
ln this articlewedeal mainlywith variationsin the surfacetensionsof

solutionswithtime.

Histoticaï

Anumberof instancesofsuchvariationshavebeenrecordedin thelitera-
ture. Asearly as ï86o, A. Dupré,'whilestudying the surfacetensionsof

aqueoussolutionsofsoap, asshownbythe verticalheighttowhiohfinejets of
thesolutionroséundera definitepressure,concoivedthe ideathat thesurface
tensionof a fresblyformedsurfacewasgreater tban that of oldersurfaces.

Sometwentyyears later, Lord R&yteigh~without previousknowledge
ofDupré'swork,reachedthe same conclusion. Ho measuredthe surface
tensionsofsolutionsof sodiumoleateand ofsaponin,usingthevibratingjet
methodfor the freshlyformedsurfacesand the capillaryrisemethodfor the
oldersurfaces. He showedthat only in the oldersurfacesdid the soapor
saponinprodueemarkedlowering..Hebelievedthis loweringtobedueto the
formationof an insolublelayeror "petncte"of the organicmaterialon the
surface.

S. R. Mimer,'studied thé phenomenonwith sodiumoleatesolutionsin
greaterdetail. He observedthat the fall in surfacetensionwasmost rapid
at first,and then becamesloweruntil finallya constantvaluewasreached.
Thé more concentratedthe solutionthe quicker it reachedthis constant
value. Agitationreestablishedthe initial value and then thephenomenon
repeateditself,but didnot alwaysresultin the sameminimum.Heconcluded
that the deoreasein surfacetensionis causedby adsorptionofsodiumoleate
in the surfaceuntil a definiteconcentrationis reached. Thiswouldoccur
quickly.withconcentratedsotutionsbut mightrequirehourswhentheywere,
dilute.

ContributionfromtheChemica!LaboratoryoftheUnivemityofMiehigan.
**Theworkpresentedia thiepaperMtakenfroma diMertationpresentedbyE.RogerWaehbuminpartialfulfillmentofthérequirementaforthedegreeofDoctorofPhitosophy

in theUnivereityofMiohigan.
A.Dupre:TheonemécaniquedelaChaleur(1869).
PMC.Roy.Soo.,4T,e8t (tSoo).

Phil.Mag.,(6)13,96(1907).
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L. BerczeUer,'observeda similardecreasem the surfacetensionof soap
solutionswithtime.

P. Lecomtedu Nouy'is theauthorofseveralpapersand a bookdesoribing
instancesofsurfacetensionsfallingwithtime. Hedevelopedaninstrument
utillzingthe methodwhereinthe forceis measuredwhiohis requiredto pull
a wireringoffthe surfaceofa liquid. Hefound,forexample,that dogsérum
addedto wateror to a satinesolutionreducedthe surfacetensiongradually.
The maximumloweringwas reaohedin from twenty to thirty minutes.
Agitationproducedan increasein the surfacetensionbut not up to the
originalvalue. Asecondfall ensuedbut not to so lowa value. Repetition
gavevariationsbetweennarrowerandnarrowerlimitsuntil finallythe surface
activityof thé serum(its abilltyto lowersurfacetensionwith time)seemed
to be completelylost. This tesseningof rangeof variations,this damping
effeot,mustbedue to someohemieatreaction. DuNôuysaysthat aUof the
effectaheobaervedmaybe dueto oneormoreofthéfollowingcauses;chemi-
cal change,adsorptionin the surface,adsorptionby coUoidain the liquid,
modinoationofmoleculararrangementinthe surface.

Bis resu!tsare mostinteresting,but thé Systemswith whiehhe worksare
complexand oontaintoo manyvariables. Weneedoarefulstudioswith the
simplestpossibleSystemsto estab!iahfundamentalprinciplesbeforewecan
interpretsuohresultsashiswithconfidence.

He makesthefouowingremarkablestatement;"It isonlythroughthering
methodthat it is possibleto observeand study thisphenomenon(changing
surfacetension)as it is the onlyprocédurewhichpermits the measurement
of the surfacetensionof the samelayerof liquidat very short intervais."
Thisis manifestlyinerror. Asbasbeensaid,8. R.Milneratudiedthe change
in surfacetensionby the capillaryrisemethodwhichis obvioustysuperior
becausethesurfaceisnot disturbed. PuHingoffa ringand rop!aoingit must
seriouatyupsetany moleculararrangementin the surfaceor any concentra-
tiongradientestabHshedby adsorption.It is indeedsurprisingthat du Noüy
sueceededin obtainingthe resultshedid.

C. E. Davis,H. M. Salisburyand M.T. Harvey,'usingthé dropweight
method,observeda slightdeoreasein the surfacetensionof gelatinsolutions
withtime. Hereagainit is surprisingthat theeffeotwasobserved,forduring
the formationof dropsthe surfaceis constanttyagitated,and weand others
havealwaysobservedthat agitationtendsto restorethe initialvalues.

A study of the changeof surfacetensionof solutionsof gelatin,casein,
albuminandhaemoglobinbasbeenmadeby J. M. JoUin~applyingboththe
dropweightandthe capiUaryrisemethods.Hefoundthat the longerthe time
heallowedforeachdropto form,the greaterthe observedchangein surface
tension. This is quiteas it shouldbe, and is convînoingevidencethat the
methodisunsuitedforanythingbut qualitativepurposes.

Internet.Z.phyatc.Chem.Biol.t, M~(t~t~).
SSo''S39:"SurfaceEquilibriaofBMMjpca!andOfgmtcC!ouo!d~'(toa6).

J.&d. EM.Chem.,16,t6ï (t~~).
<J.Phys.Œem.,M,eyo,897,tM9(t~s).
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Hisresultswith the capillaryrise methodweresomewhatirregular,es-

peciallywhen wide capillarieswere used. Frequent "throbbing"of the
menisoushe asoribedto molecularrearrangementsin the surface. He ob-

servedthat oftena periodofinaotivityintervenedbeforethefallbegan. This

tastedbut a fowsecondswith moderatelyconcentratedsolutionsbut grew

longeras the dilutionwas increased. We shaUreferto thisagainin the de-

scriptionof our ownwork.

It is obviousfrom this brief reviewthat the phenomenonis of especial
interestto physiologiste,and with goodreason,as it doubtlessplays im-

portant rolesin !ifeprocesaes. Substancessuch as gelatin,albumin,serum
and the likeare too indenniteand solutionscontainingmorethan one solute

are toooomplexto servefor the establishmentof theunderlyingprinaipleson
asatisfactorilyconvincingbasis. Aatudyofthe phenomenonasshownby thé

simplesolutionsof well-definedchemicalcompoundsis needed,and this we

hopewehave, ina measure,supplied.

~N'&taa and Methods

Weadoptedas our modelthe apparatusand methodssoably developed
and deschbedby T. W. Richardsland Maco-workersand endeavoredto
maintaintheir standardsofaccuracyin our work.

Weemployedthe oustomarymethodaand had the oustomarydifficulty
inseleotinga fewshort lengthsof capillarytubing of satisfactorilyuniform
bore. Thérange,whiohcarefu!calibrationprovedto beuniforminbore,was

inctudedbetweentwo ringsetched in the g!aas. Thèsetubeswerefashioned
intocapiHarimetersof the typeshowninFige.ï, 2,3, and4.

In type i thewiderreferencetube isnot sowidethat the capillaryascen-
sionin it can be neglected. Thé correctionis easilyappliedin mostcases,
but with oonstantlychangingsurfacetensionsit introducesan inconvénient

complication.Thereforeweusedtheseonlyforpreliminarywork. AHofour
finalmeaaurementsweremadewith capiltarimetersof typesa, 3, and 4, the

referencetubes of whichwereat least 38 mm. in diameter. Richardsbas
foundthat in a tubeof thisdiameter,the centralportionofawatermeniscus
isessentiaUya Batsurface.

TheoapiHarimetera.wereusedin a thermostatwhichwasfittedwithplate
glasswindowsfront and baok. An opaqueshietdplacedbetweenthé capil-
lariméterand théelectriclightin the rearandjuat belowthelevelofthe large
menisous,as recommendedby Richards,aidedmateriallyingivingsharply
definedimages. The cathetometerwasgraduatedto read to 0.0$mm. Its

telescopewas equippedwith a yz mm. microscopeobjective,whichgave
a cieareut, magnifiedview.of the menisous.

Followingtheusualprécaution,themeniscuswasraisedandtoweredseveral
timesandthenallowedtofall to its equilibriumpositionbeforea firstreading
wastaken.This raiaingand loweringwas producedby blowingor drawing

1J.Amer.Chem.Soc.,37,t6yo(!9t5);43,834(t~t).



324 S. LAWRENCE BKtEMW AND E. ROGER WA8HBUKN

througha train of calciumchloride,soda limeandcottonconneetedto the
widearm of the capidarimeterso there wasno chanceofcontaminatittgthe
capillarymeniscus.

J.<UBt<

Wedcaignatedour capillariesbytetteraand determinedtheir'radiibytheusualmethodof measuringthe lengthsand weightsof threadsof mercury,too wellknownto requiredescription.We also determinedtheir radiiby
observingthé capillaryriseofwaterandaubstitutingin theequationrh =
wherer is the radiussought,h the true or correctedheightto whichwater
risesand&'is ita capillarycomtant. Richardsand Carverlobtainedfor this
constant,at 20"thevalue1~.877whichwe'used.

J.Am.Chem.Soc.,43,834(t9~).
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Our resultsby the twomethodschockedsatisfactorily.For example,we
foundthe radiusofcapillaryC by the mercurythreadmethodto be0.0169
cm.; by thé surfacetensionmethod we found0.0166as a minimumand
o.otô?cm. asa maximum.TheradiusofcapillaryiP wefoundby themer-
cury thread methodto be 0.0210cm. (minimum)0.02n cm. (maximum);
by thé surfacetensionmethodwefound0.0211cm. (minimum)and 0.02:2a
cm.(maximum).Agreementbeingsoclosewefeltthesurfacetensionmethod
wassunioienttyreliableand preferredit becauseofthe accuratetempérature
controlin the thermostatand becauseit is somuchmoreeasilyand rapidly
carriedout.

Theoleaningofthe tubesis important. Wetriedthé usualcleaningagents
suchas aquaregiaand chromioacidbut finallyconcludedthat the mostcon-
aistenttygoodresultscouldboobtainedby thefollowingprocedure. Hot a!<
katinepemanganate solutionis drawnthroughthe tube forseveralminutes,
followedby hothydrocMoncacid to dissolveanymanganesedioxideformed.
Hotwater is thendrawnthroughthe tubefor fifteenor twentyminutes. The
tube is dried in an electrieoven,the last tracesofmoisturebeingremoved
bydrawingdry,n!tered,air throughthé hottube.

Whetheror not a tube is cleancanbedeterminedby the behaviorof the
meniscusbeforestartingan experiment. Themenisousis Nownup, through
the train alreadydescribed,andthen fallsevenlywithnoindicationofstick-
ing,to its equilibriumpoint. The wallsdrainapparentlydry and no visible
droptetsremain. It is drawndownand allowedto rise to its equilibrium
point. This must coincideexactlywith that obtainedafter faUing. The
motionmust beperfeotlysmoothand theremustnotbe the sHghtestflatten-
ingor other distortionof the menisouswheninmotion. If theseconditions
are fulfilledthe tube isadequatelycîean.

Making ready for an experimentwepoured into the wideann of the
capillarimeterenoughof the solutionto causethe meniscusin the capillaryto stand at somepointbetweenthe etchedUneswhichmarkedthe uniform
sectionof the tube, and then fastenedit verticallyin the waterof the ther-
mostat. By blowingandsuctionthe menisuswascausedto riseand falland
its behaviorstudiedoritically. After enoughtimehadelapsedfor the tem-
peratureof theapparatustoreachthat ofthebath,thesolutionwasvigorously
agitatedand the first readingwasmadoof the menisusin the capiUaryand
tmmediate!ythereafterof the levelin the refereneearm. Otherreadingswere
takenas oftenasseemednecessaryto followthechangesbeingobserved.The
meniscuswasnot agitatedafter the firatreadingwasmadeunlessso stated
inthe reportsofthe results.

In order to abbreviateour reportand to facilitatecomparisonsof results
obtainedwithdifferenttubes,wehaveomittedthecathetometerreadingsand
capillaryheights,but have calculatedthe correspondingsurfacetensionsin
eachcaseaccordingto the formula,-y = ~ghr(D -d), wherein-yis the
surfacetension,g, the gravitationalconstant,h, the correctedrise, r, the
radiusof the tube, and (D -d), the differencebetweenthe densitiesof the
liquidand vaporphases. Withdiluteaqueoussolutionsthisvalue is almost
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exactlythe différencebetweenthe densityof waterand that ofair saturated
with water vapor.Andso we usedthie value; the error thus introducedis

negligibleas wiHbeshownlater.
SolutionsofSodium0!eo<e.Aliofour solutionsweremadeup byweight.

The sodiumoleatewas obtainedfrom Mat!inckrodt. It wasnot further

purifiedby us, but wasdriedat 90"to constantweight. Thé greaterpart of

~M
the workwhichwecarriedout with this substancewascompletedin 1924,
beforethe publicationof the experimentsby J. M. Johlin (toc.oit.). The
resultswhichweobtainedagréeessenti&Uywith his, espeoMlyas to maxi-
mum and minimumvalues,and we experiencedthe same dimcultyin re-

producingexactlyany particularexpenmentcamed out with very dilute
solutions. Therateoffallwhichweobservedwassomewhatslowerthan that
observedby Johlin,thoughthe differenceis not gréâtconsideringthe diffi-

cu!tyof workingwithdilutesolutionsof this materialin finecapillarytubes.

Followingare the detailsand resultsofone of thèse experimentsselectedas

typicalofthe manywhichwedid.

Timeetapsed Surfacetension Timeetapsed Surfacetension
o y i.o dynes 65 minutes 52.5 dynes
ïminute 63.7 go 51.7y

0

gminutes 61.9 M 50.8

5 61.o 110 50.2
10 59.66 ï7o 48.22

20 57.5 ~oo 47.3

30 56.0 zoo 46.0

40 54.9 350 44.7

50 53.77 570 42.4
Thèse results are plotted as Curve i.
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iSMMttMM<{fG~cero!. The glycerolwaapurifiedby repeatedfraotional
diatiUationunder reducedpressure;the fractionwhichweused distilledat
200"(uncorreotod)under3~"Ma.pressure. It is particuMy diSicuttto re-

producean experimentwith solutionsof glycerol. The reasonsfor this we
donotsurelyknowbut weshaUoffera posaibleexplanationofthe apparently
erraticbohaviorafterpresentingtheexperimentaldata.

Theserésultaare plottedas Curve2.

After the last readingthe solutionin the capillarimeterwasagitatedby
drawingit downand blowingit up in the capillary. This causedthe surface
tensionto rise to 62.2dynes,(pointA onthecurve). Thé solutionwasthen

oarefullywithdrawnfromthe instrumentandreplacedby an equal amount
ofwater. Underthesecircumstancesthe watershoweda surfacetensionof
only 58.5dynes,(pointB onthe curve),notmuehdifferentfromthat ofthe
solutionofglycerolwhichit replaced. Vigorousagitationincreasedthe value,

Timeelapsed Surfacetension 'Hmedapsed Surfacetension
o 7o.7dyae8 179minutes 63.5 dynes

ig minutes 70.7 n)g 62.77
34 70.7 Mi 6t.7
49 70.3 23! 6i.2
54 69.o z58 60.8

87 67.8 283 60.4

H9 67.4 S98 59.8
rr

130 66.3 368 58.3
ï43 65.5 438 57.7
159 63.8 528 56.0
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but onlyto 63.4dynes, (pointC). Thé oapillarimeterwas then carefully
cleanedand dried. After this, water in the oapillarimetergave its proper
surfacetension,72.6dynes,asshownbypointD onthe ourve.

Thisbehaviorwoutdleadone to believethat duringthe 8rst part of thé
experimentglycerolwasadsorbedon the g!asswallsof the capillaryandwas
nota!tremoved,eitherbyagitationorbytheremovalofthésolution.

Anothorexperimentof the same typeshowed,in addition,the foUowing
interestingfact. After the solutionhad atoodin the capillarimeterover
night,duringwhiohthe surfacetensionfollfrom70.6dynesto 56.9dynes,
thesolutionwasremovedand waterwassubstituted. Whenthe amountof
waterin the capillarimeterwassuchthat themenisousstoodin a part of the
tubebelowthat pointat whichthe solutionofglycerolmeniscushadstood,
thesurfacetensionobservedwas56.8dynes. Whonmorewaterwasadded,
sothat themeniscuscametorestat a pointabovethat at whichthe solution
meniscushad stood, the valueobservedfor the surfacetensionwas 72.2
dynes,verynearlythevalueto beexpectedforpurewater. Sinoethe water
wasaddedthroughthé widearm of the capillarimeterthe surfaceof the
meniscuswasnot changedby the addition,the meniscuswassimplyraised
toa higherlevel. Thistendsto confirmthe ideathat glycerolis adsorbedon
theg!asswallsin that portionof the tubein contactwiththe solutionand is
onlyremovedwithdifficultybyagitationorbywashingwithwater.

At leastthree laterexperimentsconnnnedtheseresultsas far as rate of
fallisconcemed.Thetime elapsingbeforethe fallstartedand the effeotof
agitation,however,werenot alwaysthe same. Severalexperimentswith
solutionsofglycerolof thesameconcentrationasthat usedabove,havefailed
toshowany changein morethan an hour. In suchcases,whenthefaUdid
start,the rate withwhiohit progressedwasoftenverymuohmorerapidthan
that shownin Curve Sometimeswhenthe fallhadfailedto start for an
unusuallylongtimeit wascausedto start bya gentleagitation. Thesefacts
leadoneto believethat the phenomenonwhichis responsiblefor thefaUhad
beenproceedingduringthe periodof inactivity,but that the menisousfor
somereasonor other was preventedfromresponding. Somethingin thé
natureofa metastablestate developed. In theseexperimentswehadevery
reasonto believethat the capillarywasclean,but the fact that no change
tookplacecouldbe interpretedas indicatingthat the tube wasnot entirely
freefromforeignmatter.

Evaporationof tF~. It seemedthat the decreasein surfacetension
mightpossiblybe due to evaporationof waterfromthe meniscus,leavinga moreconcentratedsolutionof glycerol,with a resultinglowersurface
tension. Vigorousagitationshouldcorrectthis condition,givinga higher
surfacetension.

In orderto déterminewhetheror not this isa probableexplanationofthe
phenomenonwecarriedout experimentsin a type of capillarimeterwhich
couldbe openedor closedat will, (Fig. 4). Whenthe oapillarimeteris
closedthe atmosphèrewithinit shouldbecomesaturatedwithwatervapor,
thereahouldbe no moreevaporationand no fall, fromthis causeat least.
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Thèseexperimentsworeoamedout at 40"insteadof ao" in order that the

atmosphereshouldbecomosaturatedwith water vapor in lesstime. The
t-esultsofsuohanexperimentareahownmCurvo3.

ThèseMauttsarenotinaccordwithwhatweshouldexpectif ourobserved
variationweredue to the evaporationof water. Closingthe systemwould

stopthefallof themenisous,if thévaporphaseissaturatedwithwatervapor,

but it doesnot. Afteragitationof thésolutionin the closedcapillarimeter
bytilting it to andfroandthe conséquentrestorationof the meniseusto its

originalcondition,the smaUgaseousvolumeis surely saturated and there
shoutdbenofaUataU. Butfalls occurrepeatedlyas shown.Notonlythis,
but the fall denotedbypart E of the curveis morerapid than that denoted
byA,althoughduringAthecapillarimeterwaaopento the air, while,whenE
wasstarted the instrumenthadbeenclosedfor fivehouraand forty-sixmin-
utesand the vaporphasewassurelysaturated.

Onthe otherhandtheresultsareinaccordwithwhat wewouldexpectif
the fall is due to an increasedconcentrationof the glycerolat the interface
betweenthe solutionandthe glasswalls,as wellas at the solution-vaporin-
terface.

Experimentssuchasresultedin Curvea indicatethat if sufficienttimebe
allowedsomeglycerolwillbecomesonnnty adsorbedon the gtasswa!!sthat
evenvigorousagitationof the solutiondoes not remove it. The agitation,
by tilting, whichweusedin our closedsystemexperiments,is of necessity
comparativelygentleandquiteinadequateto removethe adsorbedglycerol;

Wehavedrawnourourvestoacatewithca)-eandbelievewehave:ne!udedmthemall
informationofinteresttoa reader.Therefore,weomittheextensivetablulationsfrom
whmhtheywereconstructed.
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evenwhenpurewateris substitutedfor tho solutionthé lowsurfacetension
persiste,presumablydue to this adsorbedlayer. However,if time has not

been allowedfor thMfirmadsorptionof glycerola gentleagitationwillbringaboutuniformityin the concentrationof the solutionin thecapithMy.The
originalhigh surfacetension, oharaoteristioof the homogeneoussolution
againsta cleanglasssurface,willthenboobserved.Thetimerequiredfor the
glycerolto beeomethotougMyattachedto the waHsseemsto vary, in the
neighborhoodof twelvehoursbeingrequiredwhenworkingat 30",and a
)ongortHMwheawot!dngat4o".

jSM~tOMofResorcinol.TheresorcinolwMchweusedwasMauinokrodt'ss
U.S.P.grade. Solutionsof this materialshowa decreasingsurfacetension
withtime. In the resultsof the typicalexperimentwhiohwegivebelowwe
desireto caUattentionto theonect whichthedegreeof violeneeoftheamtationhaauponthenatureofthesurfacetensionchangewMohfollowsit.

The violenceof the agitationwhiohcausesthe surfacetensionto returato maximumvalueaftera fallbastakenplace,basa pronounoedeffecton
the lengthof tunewhichwillelapsebeforethefallwillstart again. Part A
ofCurve4 showsthat thesurfacetensionwasconstantformoretbanan hour
after the solutionwas pouredin the capillarimeter.A decideddrop took
place,however,duringthe nextelevenhours. Agentleagitationthen causedthe surfacetensionto return to its maximumvalue. Part B showsthat the
dropstartedat onceafter this gentleagitation. Afterreaehmga lowvaluethé solutionwas vigorouslyagitated,resultingagainthe maximumvalue.

F~~ whiehelapsed,after thismoreviolentagitation,before
thefall startedis showninpart C. TheeffectsoftwomoregentleagitationsandasecondviolentagitationareshowninpartsD,E, andF.

Periodsof inactivityof this sort have beennoticedby us in workwith
solutionsof otherorganicsubstances. J. M. Johlinobservedsimilarperiodsof inactivitywithdilutesolutionsofsodiumoleateandcasein,but makesno
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attemptto explainthem. Werecognizethat oursuggestionthat a metastable

stato is establishedis inadequateas an explanation,but feelthat it contains

a hintworthfollowing.
The suggestionswemade in conneetionwith our expérimentawith solu-

tionsofglycerol,areat leastplausibleherealso. Let usassumethat the lower

surfacetensionvaluesare due to the adsorptionof the soluteon the glass
wallsof thecapillaryandat the liquid-vaporinterfaceof themenisous.The

gentleagitationservesto remixthe solutionin the meniscusbut doesnot

removetheadsorbedlayerfromthe walls. The solution,nowuniform,shows

its appropriatesurfacetension,but adsorptionin the meniscusstarts at once

andthe surfacetensionsoonfalls. A vigorousagitation,on the otherhand,

not onlyremixesthesolutionin the meniscusbut alsoremovesthe adsorbed

layerfromthé waBs. Thefall is delayedby this treatment;perhapsa layer
of thé solutebas to be adsorbedon the waUsbeforethe increasein concen-

tration in the surfacelayer of the meniscusstarts, or becomeseffectivein

loweringthe surfacetension.

We observeda rather euïiousand interestingphenomenonwith these

solutionsnotshownin the curves. If, whenthe surfacetensionis at a mini-

mumvalue,the meniscusisdrawndownstillfartherin thé capillaryandthen

isallowedto ascendof its ownaccord,it rapidlycomesbackto the pointat

whichit stoodbeforeit wastowered. Nomatterhowfar it is lowered,orhow

manytimes,the meniscusfliesback to its originalpositionas thoughdrawn

by a rubberband. If, however,the meniscusis gentlyforceda fewmilli-

metersabove,not necessarilyto its maximumpoint, and then lowered,it

willflyupto the pointto whichit wasforced. It doesnothesitateas it passes
its old minimumvalue. If the meniseusis forcedaboveits maximum,or

originalvalue,it willfallto this point; if it is then drawnbelowit willriseto

the samepoint.
A plausibleexplanationforthis behavioris asfollows.Waterevaporating

fromthewaltsleftwetby thedescendingcotumnleavesa thin invisiblelayer
of the solute. Whenthe meniscusis drawndownandis allowedto flyback
it will stopwhenit reachesthé thin layerof the solute,becauseif it went

further,it woulddissolvethe solute,becomemoreconcentratedand havea

lowersurfacetension. Whenthe meniscusis forcedup a short distanceit

dissolvesthesolutefromthe wallsand thenwill,if lowered,comebackto the
newandhigherlevelwherethé wallsare still coatedwith the comparatively
drysolute.

Anotherof the puzzlingphenomenawhichwenotedin thèseexporirnents
with resorcinolis the fact that a slight rise oftentakes placeafter a.ra&er
rapidfall. Thérise,neveramountingto morethana fractionofa dyne,isnot

alwaysthesame,nordoesit alwaysoccurat the sarnepointofthecurve. After
this risebas takenplacethe surfacetensionproceedsto fallslowlyto some

pointbelowthat at whiehit started to rise. Irregularresultssimilarto these
werenotedby J. M. Johlininworkwithsolutionsofgelatin. In the lightof

recentworkof du Noüy,onemay be justifiedin ascribingthis Blightrise,
followedbya fall slowerthan the initialfall,to somesortofmolecularorienta-
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t.on or ~mngment takingplacein the surfacelayer. TheM?, however,no experimentalproofthat ~ch orientationwouldreault in ~F~'
~T~ other hand, phenomenonwhiohhappons
aaconstSMnMyasthMonehashappened

C. Thepyrogallol whichwcused wasstandardC.P.grade.

~P~'y- At Cslightlyagitated belowthe restingpoint. At D slightlyagitated througboutthecapillary. At Eslightlyagitatedbelowthe~~ At F vigorouslyagitated
~Spoint. At H slightlyagitated throughoutthe capillary. At vigorously

agitated belowthe resting point. At J slightlyagitated throughoutthe
capillary. AtK vigorouslyagitatedbelowtherestingpoint. At Lvigorously
S- vigorouslyagitatedbelowthe rest-

~M.S~agitatedbelowthe restingpoint.
TheseresultsareofthesamenatureMthosewhichweobtainedwithsolu-

S~~t"
~~r~ of inactivitybefore

BF~T~owi~thepo~~)~ N. The dumtionof this periodis notalwaysthe theï~ starts
proceedsslowlyas ia ahoXy

curves followingthe points AandL. Onere~onJthJBd~Jun!

doabtedtyheamthefMtthatthe~~nisnotaiw~ofthe~~f~t~ probablethat theadsorptionon thew~to agreaterextentin somecasesthan inothers. Accordingto ourhypothesis
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thevigorousagitationnot onlyremixesthe solutionin the capillarybut also
rMaovesthé adsorbodlayer fromthe walls. A gentleagitation,however,
servesonlyto mixthe liquidinthe surfacelayerwiththerest ofthe solution,
anddoesnot removethe layerfromthe walls. Suchgentieagitationis in-
variablyfollowedby a comparativelyrapidfallas iashownbythe steeppor-
tionsoftheourvefollowingD,H,and J.

Thetact that agitation,eithergentleor vigorous,belowthe restingpoint
ofthemeniscusin eachcasecausedthe liquidto cometo restat apoint lower
thanthat at whiohit had stoodbeforeis evident,(seepointaC, E, G, I, K,
M,and0). Thisindicatesthat herebas beenlagin thefall,thedecreasehad
notbeenquitekeepingup withthe adsorptionof the solute. The agitation
upseta metastablestateand thenthe systemmovedto the properpoint, as
determinedbytheamountofadsorptionwhichhadtakenplace.

Thèseexpérimenta,ahowingthe effectofagitationonthe surfacetension
changesof solutionsof glycerol,resorcinol,and pyrogaUoi,are, we feel, of
signiScance.They are the mostdirectexperimentalevidencewhichbas yet
beenofferedin supportof the theory that fallingsurfacetensionscan be
causedbytheadsorptionof theorganicsoluteat the liquid-glassinterfaceas
wellastheliquid-vaporinterface.

So~MmsofPhenol. Variationsin surfacetensionwhicharenot readily
accountedforonthe basisofthe theorywhichwehavejustoutlinedhavebeen
observedto takeplacewithsolutionsofphenol. Manyexperimentswerecar-
riedoutwiththissubstancein avainattempt to reproduceconditionsso that
thesametype of variationcouldbe consistentlyobtained. The following
curvesiHustratethe kindof irregularitieswhichoccur.
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The faUin surfacetenaonusuallystarted at once,eitherwitha newsolu-
tion or with a freshlyagitatedone, althoughthere wassometimesa short
periodof inactivity. The initialmaximumvalueswerereproduoiblewithout
difSeul~y.In mostoftheexperimentsit wasnoted that, aftera fallhad taken
place,the menisouswouldslowlynse again to some pointmidwaybetween
the minimumand maximumvalues. This reversai wouldsometimesoccur

withinan hourafter the start of an experiment,whileinothercasesseveral
hourswouldpasswithoutinterruptionof the steady downwardtrend. This
riseis probablycausedby thesamephenomenonas that whiehwaainvolved
inexperimentswithresorcinol,and isperhapsofthe samenatureas that which
causedthe irregularresultsnotedby J. M. Johlinwithsolutionsof gelatin,
and du Noûywithsolutionsofsodiumoleate. At presentwecannotaccount
fortbis rise,andareunableto regulatethe conditionswhichdetermineit.

5o!M<MMMofOtherjSMt~aMCM.Surfacetenaionadecteasiagwithtimehave
alsobeennotedand studiedwithsolutionsofoxalic,propionic,and succinic
acids. As thesestudiesdiscoverednothingbeyondwhatwehavedescribed,
detaih are omitted. Someothersubstances,whiohfromana!ogyonewould
expeotto formsolutionsshowingdeoreasingsurface tensionswith time, as
aceticacid,orsodiumacetate,haveverylittleeSect onthesurfacetensionof
water.

Sotetioasshowingan rncreasingSMfaceTensionwithTime
In preparingcapiUanmetersfor experiments,after thecleaningand wash-

ing, they weredriedby drawingdry air throughthem. In the preliminary
stagesofour workweemployedan ordinarydryingtrain, containingoaioium
chloride,sodalime,andcotton,and afterpassingthroughthis,the air passed
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througha rubber tube beforeenteringthe oapillarimeter.Webeoamesus-

pioiousof this tube and felt that it waaat loastpossiblethat minutesolid

partioles,or gaseousemanationsfromthé rubber,mightcontaminatethe walls
of ourinstrument. In orderto déterminewhateffectssuohcontaminations

mighthave,weattacheda rubbertubewhichhad beenin usefor sometime
ona Bunsenbumer. Thiswasexceedinglyeffectiveandsurfacetensionvalues
obtainedafter this treatmentweremosterratio. Wesubatitutedglasstubes
andground-glassjoints insuoha mannerthat theair cameincontactwith no
rubberbeforeentering the instrument,thus effeotuallyeliminatingtrouble
fromthissource.

But evidentlysomethingfiom the rubberwasoneof the hitherto over-.
lookedsourcesof error forwhichweweresearohing.Wedecidedto investi-

gate this. Accordinglywepasseditiuminatinggas througha oleanoapiUari.
meterfor two or three minutes,waahedthe capiuarimetertwioewithwater,
and thendeterminedthe surfacetensionofwater. Weweresurpnsedto ob-
servean increasewith the passageoftime. In onehundredand fifteenmin.
utesthesurfacetensionincreasedfrom70.7dynesto 72.2dynes.

Illuminatinggasis ofindeSnitecomposition,acoordiogtywetumedto pure
gases. Wepassedhydrogen,nitrogen,oxygen,carbondioxide,su!furdioxide,
andméthanethrough cleancapittanmeters,determiningthe surfacetension
ofwaterin themafter eachtreatment. Thevaluesobtaineddifferedbut little
fromthesurfacetensionofpurewater. In nocasecouldwedeteotan indica-
tionofan inoreaseinsurfacetensionwiththe passageof time.

But thesegasesby nomeansexhauetthe list of substancespresent in il.

luminatinggas. Somethingfromthe gasmuethavectungto the walls. It
mightaot in eitherof twoways. First,soilingthe wallsit wouldcauseus to
gettoolowa result,then, dissolvinginthewaterthe wallswouldbeomectean,
andweshouldget the higher,correotvalue. Or,second,this foreignmaterial
mightdissolvein the waterat onceandprodueea loweringofits surfaceten-
sion,andthen it mightevaporatefromthemenisousuntilpurewaterwasleft,
withitscorrespondingvalue.

So!M(MKs<~~Mt~~lee<a<e.Followingthis ideawetumed to voiatuesub-
stanceswhiohmight be expectedto evaporatefromthe surfaceof a water
solution.Naturauywese!eotedde6mteohemicaloompounds.Ourfirstquali-
tativeexperimentsweremadewithsolutionsofamylacetate. Weaddedone
drop ofamyl acetate to 100ce. of waterand put the solutionin a capillar-
meter,and weregratifiedto observean increasein surfacetensionfrom62.6
dynesto 60.6dynesin haKanhour.In observingthe ohangingsurfacetension
wewereguidedbyour previousexperiencewithfallingsurfacetensionsandso
refrainedfromagitatingthe solutionbeforeeachreading;wemerelywatched
it cumb.

Thisdecidedinoreaseledus to studyin a semi-quantitativemannerthe
solutionsofseveraldifferentsubstancesofthesametype. Theorganicliquids
usedwerepurohasedfrom EastmanKodakCo.,and unlessso stated were
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motpurifiédfurtherby us. Conductivitywaterwasused in maldagup tho
solutions. Thesestudieswere only preliminaryin nature, and the teaalts
shouldbeconsideredas relativeonly.

Solutionsof ethyl acetate, propylbutyrate,and butylacétateshowthe
phenomenon.AsmaUinoreaseinsurfacetensionwithtimewaanotedwitha
dilutesolution(about2%)ofethyl alcohol.Aqueoussolutionsofamylalco-

hol, propyla!eoho!,and iso-propylalcohol,dispiayedmorepronouncedin-
creaseswithtime. Ethylenedichlorideandacetonewhendissolvedin water
alsogavedefiniteincreaseBinsurfacetemonas timeelapsed.

In general,thégrea.terthe initial loweringofsurfacetensionotHMedbythe
solutethe greaterand morerapid is the inoreasefollowing.Withthé sub-
stancesweused,the higherthemolecularweightsthe greatertheeffeotsonthe
surfacetensionof water. The sohbi!ityin water,however,deœeaseswith
increaaingmotecuiarweightand this fact limitethe numberof substances
whiehwecanuseadvantageousty.

Solutions<~Pr~ FonKC<e.A fifth molarsolutionof propylformate
showedan increasein surfacetensionfrom47.8dynesto 6:.8 dynesin two
hours. Agitationcausedthe surfacetensionto return to its minimumvalue
fromwhiohftsecondincreasetookplace.

<SoMoM<~M~ce<o<e. Amolarsolutionof methylacetatewasused
inseveralexperimentsintendedasa morecarefu!studyoftherateofinorease,
and a!soofthe effectof agitationin causingthe dropfroma maximumto a
minimumsurfacetension. Theresultsofa typicalexperimentwiththissolu-
tionareshowninCurvoo.

Duringthe firsttwohundredandseventy-sixminutestherewasnoagita-
tion,andthesurfacetensionincreasedfrom47.5dynesto 60.6dynes. Then
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the surfacewasagitated,by drawingit slowlyup and downthe tube once,.
afterwhicha readingwastaken. Thenthé liquidwaaagaindrawnup and
downonce,anda secondreadingwastaken. Thiswaarepeatedsixtimes.

Manifestlythe effectof a~tatton is cumulativeand wouldfinallyrssutt
ina valuepraotioallythesame.as théinitialreading.

So~tMtsof Propy!~c~a~ and Temperaturei~ec<a. Numerousexperi-
mentswerecarriedoutwithsolutionsofthismaterialinanattemptto findout
théeffectofdifferenttempératuresontherate of thésurfacetensionchange.

Theinitialrcadingsshow,aswastobeexpected,the lowestsurfacetension
at thehighesttemperatureandthe highestsurfacetensionat the lowesttem-
perature. Whateverthe changewhichproducesthe increasingsurfaceten-
sion,it proceedsfasterthehigherthe température. It looksas thoughwehad
reachedthe equilibriumconditionat 40"after about 140minutes. But the
surfacetensionsat thelowertemperaturesare atiUascending.The30"curve
crossesthe 40° emveafter 185minutesand the 20°curveis graduallyap-
proachingthat for30". Webelieveit willultimatelycrossit. In short we
feeljustifiedby experimentsin believingthat the finalequilibriumsurface
tensionwillbehigher,thelowerthetemperature.

QMaK<tMwStudy. Wefelt that thisphenomenonofrisingsurfacetension
wasworthinvestigatingquantitatively.It wasnecessaryto chooseonesub-
stancewithwhichto work. It seemeddesirablethat the substanceshould
showthe phenomenoninasmarkeda degreeas possible,that is,its solutions
shouldhavea surfacetensionmuchdifférentfromthat of the solvent,water.
It shouldbesolubleenoughto permitthestudy of a widerangeofconcentra-
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tiens; it shouldhâve a muchhighervaporpressurethan water,and not be
readilyhydrolyzed. Ethyl acetate waschosenas the solutebest fulfilling
thesespeoincations.

P~t~tattM. OurstockethylacetatefromtheU. 8. IndustrialChemical
Co.,wasfractionatedand thatportiondistlllingoverbetween76.9°and77.2°
wasreservedfor further fractionation.After dryingoverphosphorouspon-
toxidefor severalhoursthis fractionwaspouredoffandredistilled. Alarge
amountwhichcameover at nearlyconstanttemperaturewaaeolleotedand
preservedina glass-stopperedbottle. Theboilingpointcorrectedto 760mm.
pressurevariedfrom77."° to77.20".Forthiscorrectionusewaamadeof thé
dt/dp valuesobtainedby J. Wadeand R. W. Metrimaa.' Theboilingpoint
whichtheyobservedforpureethylacetateat 760mm.was77.15". Wefound
the densityofouresterto be .9003at ao",whichcomparesfavorablywiththe
densityof .000$recordedby Wadeand Merrimanfor thesametemperature.

A contractionin volumeocourswhenethylacétatedissolvesin waterand
thiscontractionmustbe takeninto accountin makingupsolutionsofdefinite
concentration.We spentmoretime than weshouldhaveoverthis, actually
determiningexperimentallythiscontraction. Thedetailswouldnot beofany
generalinterest. Wesatisfiedoursetvesthat makingup solutionsby diluting
measuredvolumesofester to catcutatedvolumesofsolutiondidnot introduce
aperceptibleerrorinourrésulta.

If the densityof thevaporphase,air saturatedwithwaterandethylace-
tate, is muchdifferentfrom airsaturatedwithwateronly,an error isintro-
duced.(See formula(Y-~hrg (D-d) ). The densityof airat M"saturated
withwatervapor ia 0.00:2. Wemadenumerousdeterminationsexperimen-
tallyof the denaityof the vaporphase,air saturatedwithwater andethyl
acetateoveran M/a ethyl acetatesolution. The averageofourresultswas,
0.001256.Error resultingfromnegleotofthiscorrectionwasclearlynegligible
andsoweused,d =*0.0012throughout.

E(A~{Acetate. Thefollowingourvesobtainedwithhan molarethylace-
tate to showthe typeofriseweobtainedandthe limitswithinwhiohonemay
expectto reproducerésulta.

Agitation,by meansof blowingand drawing,aftereachmaximumvalue,
causedthesurfacetensionto returnnearlyto itsoriginalminimumvaluefrom
whichtheusualriseagaintookplace.

Curves13and 14wereobtainedwithbotharmsofthecapillarimeteropen
to thé air, whilefor curve15loosecapswerehungovertheopenends. The
fact that thèse three curvesarenearlyidenticalis explainedby the factthat
the capsfitted loosely,allowingvapor to diffuseoutas rapidlyas it dMfused
upthroughthe capillary.

Wenext joinedthe two armsof the capillarimeterwitha pieceof tightly-
fitting,blackgum,rubbertubing,andcaniedout the experimentresultingin
ourveï6. We thought that under theseconditionsthe vaporphasewould
soonbecomesaturated with the vaporsof waterand of ethyl acétate. An

J.Chem.Soc.,Mt.~38(tQM).
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equilibriumwouldthus be reaohedat the menisous,and there wouldbe no
furtherconcentrationchangein this and consequentlya constantsurface
tensionwouldbeobtained. The curvesshowthat the prosenceofthe rubber

tubingmadenonotiooableditterence. Theriseproceededat the samerateas
before. Theexperimentwasrepeatedmanytimesbut alwayswiththesame
resu!t. Evenafterboingthus closedin thecapillarimeterfor severaldaysthe

solutionwouldshowtheusualrisefromtheminimum,obtainedafteranagita-
tion,toamaximumvalue. Thisalmostcausedus toabandonthe theorythat
the risewasdueto evaporationof theethylacetatefromthé meniscusfaster
than it wasreplacedby diffusionfromthe interior.

Fortunatelyit ocourredto us that perhapsthe ethylacetatewasdissolving
in therubber,thus preventingthe establishmentofequilibriumat themenis-
eus.

Twopiècesof black gum rubber tubing about three centimeterslong,
equippedwith platinumhooks,were carefullydriedand weighed. Oneof
themwaathenauapendedfroma g!assrodina fiaskabovedistilledwater,as
shownin Fig.5. Thesecondpiecewassuspendedabovea halfmolarsolution
ofethylacetatein a similarnask. Afterbeingin contactwith thevaporsin
the flasksforsomehours,the rubber tubeswereagainweighed. Théoriginal
weightof therubbertubewhichwassuspendedabovewaterwas1.5420gms.
After eight hoursand Sfty-three minutesof contact with water vaporit
weighedt.gsoogma. Theoriginalweightofthe rubbertube whichwassus-
pendedaboveM/z ethylacetatewas t.5950gms. Aftereighthoursandnfty-
threeminutesofcontactwith the vaporabovethesolutionit weighedt.~oo
gms.,a gainof 1550gms.
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After twenty-threehours and thirty minutesthe tube above the water
showeda gainof .ot6sgms.,whilethé tubeabovethe solutionofesterfor the
satnelengthof time,showeda gainof .1850gms.

A similarexperimentoarriedout with waterandan aqueoussolutinonof

propylacetategaveverysimilarresults. Evidentlyrubberwilltake up large
amountsofestervapors. Afterbeingexposedto thé air forseveralhoursthé

tubes againshowedtheir originalweights. Thisexplainsthe fact that the

closingof the capularuneterwitha rubber tube inexperimentï6, causedno

changein the rate of increaseofsurfacetension. The tube did not closethe

systemandpreventevaporation. It mightaswellnot havebeenthere.

Vapor D~MtOM. In orderto findout whetheror not the amount
ofvaporabsorbedby the rubbertube waecomparablewithtbe amountwhich
wouldordinarilyevapomteanddiffuseout of thecapillarytube ofa capillari-
meter,the followingexperimentwascarriedout. Acapillarytubewitha bulb
at oneend,asshownin Fig.6,wasfilledwithhalfmolarethylacetatesolution
to withinabout3.3cm.of the top. Sixteenhourswereallowedfor the drain-

ageanddryingofthécapillarywallsabovothemeniscus.Owingto the short

lengthof the tube abovethe meniscusJmoreethylacétate shouldevaporate
anddiffusefromthis tube than fromthe capillaryofany capiUarimeterused.
Afterthe sixteenhourperiodthe menisouswas3.50cm. fromthe top. The
instrumentwasthenweighedafterdifferenttimeintervaiswith the following
results.

Lossafter to hours .0002gma.
ïs .0005
48

yp
.oojs

72 .0027
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The fact, that the surface tension
stoppedinoreasingand started to de-
creaseas soonas the systemwas closed
witha glassstopper,must be due to the

graduallyincreasingconcentrationof the
esterin the vapor phase. It wasoften
observedthat the valueobtainedfor the
surfacetension of a solution,after the
capillarimeterhad been otosedfor some
time,waslowerthan the valueshownby
the solution immediately after being
pouredinto the oapillarimeter. This is
probablydue to the difficultyof obtain-
inga readingofthe positionof themenis-
ous,beforeaslightrisebas takenplace.

Afterseventy-twohoursthe menisouswas4.06cm.fromthetop,a fallofabout
.56 cm.

Thisexperimentprovesthat tho amountofethylacetateand waterwhich
will evaporateanddiffusefroma capillary,of the oizeusedin our capillari-
meters,ismuohlessthan the amountwMohthé rubbertubeis capableofab''1. '1
sormngin thésametime.

Cj'o~ Co~MM<!rMMe<er.In order to
closecompletelythe capiflarimeterand
obtainsaturationof the vaporand equi-
tibriumat the menisous,wemade use of
an instrumentconstruotedas shown in
Fig.4. With the stopperout thesystem
wasopen;with it in,it wastrulyclosed.

Thefollowingourveia représentative
of the many whioh we obtained with
solutionsof differentesteMand atcohob
incapillarimetersofthis type.

ïn another experimentcarriedout in
thesamecapillarimeterat 20°with half C
molarethyl acetate, the initial surface
tensionwas 42.3dynes. Afterone and
a half hours with the system open the
valueincreasedto 54.0dynes,the system
was then closedand after another hour
and a half the surface tensionhad de-
creasedto 42.4 dynes. The systemwas
againleft openfor one and ahalfhours,
andthesurfacetensioninoreaaedto 54.4
dynes.Theglassstopperwas thentnsert-
ed, and twelve hours tater the surface
tensionwas40.2dynes.
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JBzpBr!M<Kt8in SideArmC'<t~HoWwe<o'.Cocvinoingevidencethat thé

extremelysmallamount ofethylacetatewMchdoesevaporateand diffuse

throughthe capillaryin oneofour instrumentsis suffioientto causethé ob-

servedchangein surfacetensionis givenby the foUowingexperiment. A

capU!anmeterwaaoonstruotedwitha sidearmattachedabovethe oapiHary

tube, as ~townin Fig.3. Purewaterwaaplacedin the mainpart of the in-

strument and its capillaryrisenoted. Ha!f molarethyl acetatewas then

ptaoedin theaideann andthefollowingourvewasobtained.

The fallis obviouslydueto the evaporationof the ethylacetatefromthe

aidearm,diffusionthroughthecapillaryandits solutionin the surface.After

30minutes,whenthe value$6.6dyneshad beenreached,the eolutionin the

capillarywasviolentlyagitatedwiththé resoltthat the surfacetenmonrosé

to 70.8dynes. This wu evidentlybecausethe comparativelyconcentrated

layerin themeniacusgotstinedinto the bodyof the liquid. At ?ominutes

we removedthe ethyl acetatesolutionfromthe aideann and agitatedthe

solutionas before,weimmediatelygotavàtaeof?~ dyneswhichroséto 72.6

in 24hours.
We have shownthat theactualamount of ethyl acetate whichwould

evaporateanddiffusethroughourcapitlarytubesisverystnaU,ieaethan .000:

(~na.in tenhoursor about.00001gm.in thirty minutesin a tube the length

of this one. Yet this extremelysmallamountwassuScient to causea drop

in surfacetensionofsixteendynes. Thisis a convenientand strikingwayto

demonstratethe knownfactthat minutetfacesofsomesubstancesproduce

markedeffectson surfacetension.
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Rise< MinimumValue. In manyofthe experimentscarriedoutas
describedfor Curve18,it wasobservedthat afterthe minimumvalue was
reacheda slightincreasewouldtakeplace. Morecarefulinvestigationshowed
that this increaseatwayatook place if the experimentwascontinuedlong
enough,providingthat the liquidin the aidearmwasa solutionof the ester
andnot the pureester. Themagnitudeof thechangesinvolvedis shownin
the followingoharactenstiocurve.
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Thisbehavioris i~adityexplained. Themeniscusis gainingethylacetate

dueto evaporationfromthe aidearmand islosingit as it diffusesdownward

into the liquid. Simultanoouslythéevaporationin the aidearmis diminish-

ingdue to the the diminishingconcentrationin that surface. Thèseaffects

aUbalanceat the minimumapparenton the ourveat 60minutes. Afterthis

the menisouslosesby diSasio~faster than it gainsfromthe aidearm. But

whenwerenewedthesurfacein the sideann by aptation, the ourvetooka

downwardtrendagain.
D~~MStOKthroughCase:. Measurementssuchas thèsecouldreadilybe

developedintoa convenientmethodofstudyingtheratesofdiffusionthrough

gasesin capillarytubes. They oou!dataobe used to measurethé ratesof

diffusionfromthesurfaceintothebodyofthe liquid.

Dt~MStM~throughM~d. In an ordinaryopenoapiUanmeter(Fig.2)
weplacedsomehalf-molarethyl acetate. Wethen CM'efuUyinsertedsome

purewaterin thécapiuarytube,enoughto coverthe solutionmeniaouswitha

waterlayeraboutonecentimeterthick. Theonlywayin whiohthe estercan

affectthe surfacetensionofsucha systemiabydiffusionupthroughthewater

to themeniscus.Ofcoursea littleofthe solutionisiikelyto stickto thewalls

of thetube and thuscontaminatethe wateras it iapouredin. Withcareful

manipulation,however,sucheffectsare verysmau. Severalexperimentsof

thissort,at 20*,didnot showanychangeinseveralhours. In orderto haaten

diffusionwethencarriedout experimentsat 40". The followingresuttsare

typical.

The surfacetensionremainsnearly that forpurewater, notenoughester

molecu!eadiffuaingthroughthe water in overeighteenhours to causeany

lowering. Afterthis intervalthe solutionwaaagitatedby drawingit down

out of the oapiNaryseveraltimes. Enou~i esterwas thus mixedwith the

waterto causea largeloweringin the surfacetension. Evidentlydiffusion

throughthe liquidphasemuetbe very slow. Thismethodis capableofde-

velopmentandmaybeofsomepraoticalvalue.

IncldentalObservations

It was ouroriginalpurposeto discover,investigateand reportas many
sourcesoferrorMposstNeconnectedwiththemeasurementofsurfacetension

by the capillarytubemethod. We shaU,therefore,nowpresenta fewiaci-

dentalobservationswhichweremade.

Drops. It oftenhappeasthat a drop (ringof liquid)formsat somedia-

tanceabovethemenisous.Followingis a descriptionof oneinstance. Itoc-

ourredwhenworkingwith halfmolarpropylacetate. In the initialreading
the topof the meniseus,A (Fig.7) stoodat 13.000,whilethe bottomof the

Timeelapsed. Surfacetension
o minutes 68.8 dynes

47 68.4
~S 68.5

io8o 68.7
solutionagitated 52.3
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drop,B, stoodat 13.300on ourcathetometerscate. Tweiveminuteslaterthe

menisousA had asoendedto A', ïg.tSo,whilethe drophad remainedsta-

tionary. Immediatelyafter takingthis readingthe dropB suddenlydiBap-
peModand at oncethemenisousroseto A",~.260,slightlyabovethe place
wherethe top of the drophadbeen. Thodropi8formedby drainageof the
solutionleft on the wallsafter wetting,and just as in thé well-knownphe-

nomenonof"tearsonstrongwine,"it rapidlybecomes

morenearlypurewaterbytheevaporationoftheester.

Evaporationis goingonat the surfaceof the meniscus

a!so, and, as a result, thé menisousrises until it

approachesnearenoughto the drop to draw it to it-

self, or to be drawnup by the drop, resultingin a

sudden increasein surfacetensiondue to thé more

nearlypurewaterofwhiehthedropis composed.
The samephenomenonbas often been noted in a

sUghttydifferentform. Thewholelengthof capillary

havingbeenwetbythésolution,adropwasseentoform

as atA inFig.8. Thetubebeinga ratherwideonethe

dropbegantofallslowly.Thefallwasfollowedby the

teleseopeandit wasnotedthatwhenitwaswithina few

millimetersof the meniscusit suddenlydisappeared
downwardinto themeniscus,whiohintum, ascendedquicMyto a newheight.
NotnearlyenoughUquiddescendedin thedropto accountfor therise noted.

Duringits gradualfallthe drophadbecomemorenearlypurewater,dueto
tho evaporationof thé ester, and whennear enoughto the menisousto be

puUedintoit, it simplyexerteditspropersurfacetension.

It is probablethat smalldropsareformedonthe wallsof the tubeabove

themenisousfairly often. Theymaybotoo8mautoboseen,but!argeenouga
to bethe causeoftherapidincreasessomotimesnoted,andunaccoumtedfor in

anyother way.
TAM&MMC.Manyof our experimentshave failedto giveus a smooth,

uniformrise. Duringitaascent~the meniscuswouldoftenpause,fallrapidly
andthenrisestowlyasbefore. Whenapoint,slightlyhigherthantheonefrom

whichthé fallhad takenplacebefore,wasattained,anotherdropfollowedby
anotherrise,took place. Thisphenomenonwasoftenrepeatedmanytimes
in the courseofan experiment.Therangeof thesepulsationsvaried,froma

smaUfractionofa dynein someinstancesto fouror fivedynesin other. Wo
foundit convenientto referto thisbehaviorasa "throbbing."

Thefrequencyofthis throbbing,aswellas the range,varieda gooddeal.

Sometimesseveralminuteswouldelapsebetweenthrobs,whileat othertimes

theywouldfoUoweaohotherinrapidsuccession.Constantvigilancewaathe

priéeof a numerioalrecordof this phenomenon.Severalexperimentswere

carriedout, duringwhich,carefulwatchwaskept onthe meniscus,a reading

beingtakeneverytimethat it changedthedirectionofits motion. Severalof

thèserecordswillbegivento showtheextremelackofregularityin thesevari-

ations.
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Thisthrobbingwasevidentin probablythirtypercentof theexperiments

whiohinvolvedan inereasingsurfacetension. It seemsmuchmoreapt to

occurifthe inoroasestartaout rapidlythan ifit starts slowly. It veryseldom

oocursin an experimentinvolvinga deoreaaingsurfacetension,althoughwe

havenotedit inafewsuohexpérimenta.

Asa possiMeexplanationwe oner the followingsuggestion.We have

learnedby expériencethat it isexeeedinglydinicu!tto màkethe surfaceofa

eapillarytube (oranyothersurface)striotlyo)ean,and yet moredimeuttto

keepit so,evenfora short time. It is perfecttypossiblethat, in spiteofaU

ourprecautionsourtubeswerenotentirelyetean. Thenas the menisousrises

it wiUdissolvecontaminationuntil the surfaceacquiresa lowersurfaceten-

sion,oompeUinga fatt. Its subséquentascensionis not hinderedin thé in-

tervalthroughwhichit droppedfor the wallswerecleanedby themotionof

thé liquid. Thereforethe meniscusrisesrapidly anduniformlythroughthe

distanceit fell, and riseshigheruntil it gathersup morecontamination;

enoughto producethe nextfaU.

Againthe phenomenonmay be due to molecularrearrangementsin the

surfacefilm. This ideaofdefinitemoleoularorientationsis trulyfasoinating.

If wegivefree rein tp ourimagination,as seemsto be thé fashionjust now,

wemayooneeivethat themoleculesofethylacetatein a dilutesolutiontravet

aroundin schoois,or molecularswarms,and whenauoha swarmarrivesat

themeniscusthereisa correspondingdrop in the surfacetension. This idea

is not without support. For instance,J. M. JoMin*makesthé statement:

"Evidenceof rearrangementsat thé surfaceisindicatedbythefréquentthrob-

bingor pubating of the menisous,withoutnecessaruyresultingin any im-

mediatechangein surfacetension-a tact invariablyobservedin atlexperi-
mentswith a widercapiUary."

Weare inotinedto be eoneervativeand, whileadmittingthe possibitityof

suchanexplanation,prefernot to commitourselvesat present.

JS~etofSieeandShapeof CoptHo~MM<erN.It becameevidentto us that,

althoughthe initial,minimumvalueswereeasilyreproducible,therate of in-

creaseofsurfacetensionvariedwithdifférenteapuiarimeters.Withinstru-

mentsofnearlythesameshapeanddimensionsthedifférencesinratewerenot

great. But withoapiUanmetersofradicallydifférenttypegreatervariationis

evident. For example,the risenotedin capillaryD whenusedin theformil-

lustratedin Fig. wae morerapidand a highermaximumwasreachedthan

whenthetube wasusedin theformillustratedby Fig.4.

Thisvariation is adequatelyexplainedon the basis of the evaporation

theory. The airandvaporin the tubeabovethemeni8ousisstagnant,that is,

it isnotreadilyremovedbyexternalair currents. It is naturaltosupposethat

it is morestagnant inan instrumentof the typeshownby Fig.4 than in the

kindillustratedbyFig.a, forin theformercasethereisonlyoneopeningto the

atmospherewhileinthelatter casetherearetwo.

J. Phys.Chem.,29,aSa(19~8).



348 B.LAWRENCEBIGEM)WANDE.ROGERWA&HMRN

It ?moredimoutt,however,to accountforthé tact that in capillarimeters
whiohare alikeexceptfor the diameterof theoaputary,thephenomenonpro-
ceedsmorerapidlyin thecapillaryofthésmallerdiameter. If simplediffusion
ofgaseswas the oontrolfingfactorin the velooityof thechangewewouldex-
pectit to be greaterin the largertube. At presentwehaveno plausibleex-
planationto offer.

C<meeM<)'a~<win theSurface. We oarriedout experimentain whiohwe
determinedthe truesurfacetensionofethylacetatesolutionsofdifferentcon-
centrationa. In obtainingthe true surfacetensionsof thèsesolutionstwo
methodsare available. Experiencehaaahownus that the bestmethodis to
usea dosodcapiHamaeterandto auowsufSoieattimefor the atmosphèreto
becomesaturatedwith thevaporof thesolution. Thesecondmethodissim-
plyto notethe initialminimumvaluebeforeanychangewithtime bastaken
place. ThismethodusuaUygivesvaluessUghHyhigherthan the first,due to
the dMncultyof detorminingthe initialpointof a slowlymovingmeniscus.
Withcarefulbut rapidmanipulation,however,it is possibleto cheok,very
olosely,results by the two methods. In the followingtable the methodor
methodsused,arestatedin eaohcase. SeveraldifferentcapiHanmeterswere
usedia thèse experiments,no dimcuttybeingexperiencedin oheokingmini-
mumvalueswith the différentinstruments. Température90.0"± o.i".

PlottingtheseresultsweobtainCurve25. WecanreadofffromtMsourve
directlythe concentrationof the solutionwhichmustcorrespondto anypar-
tioularsurfacetension. It wouldbegoingtoofar to makethesimpleassump-
tionthat the concentrationat themeniscoaisthe sameas inthe intenorofthé

Concentration Surfacetemion Method Loweringfrom
Molar wtttN'vtJue

M/i.s 5 .6666 37.6 dynes open tube 35.1
M/s .5000 42.2 both methods 30.$
M/3 .3333 47.9 bothmetheds 24.8
M/4 .9500 51.5

'r
both methods 21.2

M/6 .1666 55.6 closedtube iy.ti

M/y .1428 57.4 opentube 15.3
M/8 .1250 58. ï both methods 14.6
M/9 .mi i 59.3 olosed tube 13.44
M/M .1000 59.9 opentube 12.8

M/i2 .0833 6i.9 open tube ïo.8

M/i4 .0~3 63.5 open tube 9.2
M/i5 .0666 63.5 open tube 9.2
M/i6 .0625 64.0 both methods 8.y
M/i8 .0555 64.7 both methods 8.0

M/22 .0454 66.1 open tube 6.6

M/24 .o4ï6 65.9 olosedtube 6.8

M/33 .0333 67.3 opentube 5.4
M/36 .02777 66.9 olosed tube 5-88

M/40 .0250 67.5 both methods 5.2
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liquid underthese conditions.But it may be. Whateverthe conditions

aetuaUyare wehavehèrean interestingrelationshipwhichwillbeofhetpin

elucidatingthem.

H. I~uodHeh'givesanequationeonneotingsurfacetensionloweringwith
concentration.

= T!"L~! = Kc""

WhereA is the loweringofsurfacetensionto beexpectedforany concentra- <
tionc; 'ymis the surfacetensionofthepuresoldent;y, the surfacetensionof
the solution;K and !/n are constants. That ourexperimentsagréeessen-

tiallywiththe fonnulaMshownbythénearlystraightlineobtainedwhenthe e
logarithmof thé concentrationisplottedagainstthe logarithmofthé lower-

ing. Curve zsa.

RateofJtterease. Wehâveadvancedthe theorythat increaseof surface
tensionwith timeis duoto evaporationofsolutéfromthe surfacefasterthan
it is replacedby diffusionfromthébodyof the solution.Certaindeductions
fromthis theoryare possible.Whenan apparentmaximumsurfacetension
is reachedthe rateat whiohthesurfaceislosingsolutebyevaporationisequal
to the rate at whichit isgainingsolutéby diffusion.But thismustbe only
an apparentmaximumfor,giventimeenough,practica!tyai! solutewillreaoh
the surfaceandwillevaporate.Thetruemaximummustatwaysbe thesur-
facetensionof purewater. Rep!enishmentof thé surfacemuâtbe directty
proportionalto the concentrationfromwhichdiffusioùtakes place. Con-

sequentlythe inoreaseinsurfacetensionshouldbe most rapidat thé begin-
ningand shou!dfalloffwithtime. Thisdeductionbasbeenabundantlyveri-
ned.

It foHowsthat whena solutionof greaterconcentration,say M/s, bas
reacheda pointwhereit showsa surfacetensioncorrespondingto a lowercon-

centration,sayM/g, théadjacentlayerahavebeenimpoverishedanddiffusion
muâtproceedthrougha greaterdistance.Thereforetherateat whichthésur-
facetensionof this solutionincreasesshouldbe!essthan the initialincrease
shownbyan M/5solution. Weput thisdeductionto the test ofexperiment.

Ourdeductionis weujustified. At the expirationof60minutesthe M/2
curveshowedthe surfacetensioncorrespondingto an M/~ solution. Its

slopeat this timeis obvioualylessthanthe initiât stopeofthe M/s curve. At
the expirationof 60 minutesthe M/s curveshoweda surfacetensioncor-

respondingto an M/ Msolutionanditsslopeis tesstlianthe initialslopeofthe

M/io curve,andso on.

j!?y<o!yst<.Thesubstanceswithwhichwehaveworkedhydrolyze,and
if thisoccurswithsumcientrapidityourresultsgivethe surfacetensions,not
ofsolutionsofourinitialsubstances,butofthe productsofthehydrolysis.

Weinvestigatcdthismatterandfoundthat theratesofhydrolysisvaried

greatly withdifferentesters. In general,estersof lowermolecularweight

l "Kapillarohemie,"90(t<):2).
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hydrolyzefaster than thoseof higher. For example,a solutionof methyl
Metatehydrolyzesmorerapidlythan a solutionofethylacétateof thesame
moteou!arcoBcentratMm.

Weprovedby experimentthat a solut!onofethylacetatein waterhydro-

lyzesveryslowly,tooslowlyto invalidateanyoftheresultswebavereported.

Twoha1fmolarsolutionaofethylacetateweremadeup andkept inglass
atoppered8ft8ks.ThèseSaakeweresuspendedina constanttemperaturebath
at 20.0" .s". Sampleswereremovedfromtimeto timeand titratedwith
standardbariumhydroxide,usingphenolphthaleinas theindioator.

Duringthe !ast fivemonthssolution2 waskeptat roomtemperature,sov-
eraldegreesabovethe temperatureofthefirstpartoftheexperiment.

Solution i Solution 2

Timedapsed Percent Timeetspsed Percent
hydrolyzed hydrolyzed

o Hours .026 0 Hoars .026

ï2 .026 23 S .033

48 .040 ?! .13

136 .i6 126 .i6

i8t .23 t795 .:6

2~ .43 314 .83

496.5 1.36 483 ï.Ss

665 2.43 657 3.33

827 4.oo 4689 86.o
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M~~ ~t ~~nt.mt!~vto t~<oBAC~~~f~p~vo!~a~tWeran surfacetensiondeterminationson this 86%hydrolyzedsolution

andfoundaninitialvalueof $$.$dyneswhichinoreasedto 58. dynesin t~

hours. Thus,whenthe sotutionis hydrolyzed,the minimumvalueis higher
andthémaximumvalueislowerthan whcnit isfreshandnot hydrolyzed.

Thisexperiment,and severalothers, showedus that surfacetensionof

solutionsofestersinoreasesas hydrolysisprogresses. It is thereforepossible
to plota ourve,surfacetoasionagainstdegreeof hydrolysis,fromwhichit

wiUbepossibleto readdirectlythe degreeof hydrolysiscorrespondingto any

particularsurfacetension. Ofcourseit willbe necessaryin makingor using

sucha curveto dealonlywiththe minimumor true surfacetensionof any

particularsolution. Asbasbeenexplained,this is best obtainedby the use

ofa c!osedeapiuanmeter.
Weobtaineddataforsucha curvebymakingmeasurementsuponan M/2

ethylacetatesolutionwhichwecausedto hydrolyzeat a convenientrate by

warming. Carewastakento aUowno changein concentrationdue to evap-
oration. Thedegreeof hydrolysiswasdeterminedby the usual bariumhy-

droxidetitration,carriedoutmmuttaneoustywiththe measurementofsurface

tension. Thevaluecorrespondingto a completelyhydrolyzedsotutionwas

obtainedbymaHngupa sotutionofethylalcoholandaceticacidin théproper

proportionto forma 100%hydrolyzedsolution. Titration showedthat this

solutioncorrespondedto 90. hydrolysis.
Thisiscapableofbeingdevelopedintoa methodfor measuringthe degree

ofhydrolysisofsolutionsofesters. Ëxpenmenthasahownus that thesurface

tensionof solutionsofsubstancessuch as ethyl acetate may be readiiyde-

terminedto within0.4%,withordinaryinstrumentsand technique. Weob-
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servedthat asa halfmolarsolutionofethylacetateohangedinhydrolysisfrom
o% to too%the surfacetensionunderwenta total inoreaseof 16. dynes.
Our measureof the hydrolysisby thesurfacetensionmethodwasthon ac-
ourateto withinapproximately± 2.4%. (.4/to.s X 100= !4%)

Therateofany ohemicalreaction,resultingin a suSicientlylargechange
in thé surfacetension,canbefollowedbythismothod.

Summary
(t) The decreaseof surfacetensionwith time, of solutionsof sodium

oleate,sodiumglycocholate,and glycerol,asobservedbyearlierworkers,bas
beenconSnned. Wehâvedemonstmtedthat the samephenomenonoccurs
withsolutionsof othersubstancessuchas,phenol,resorcinol,pyrogallol,pro-
pionioaoid,valerieacidandsueeinioacid.

(e) Wehave obtainedexpérimenta!evidencein support of thé theory
that thisphenomenonMcausedbytheadsorptionofthe organiosolutéat the
gtasMotutioninterfaceas wellas at thevapor'solutioninterface.

(3) Contraryto the opinionof du Nouywehaveshownthat the phe-
nomenonmay be observedand adequatelystudiedby the eapiUaryrise
method. Severalof the tactswhiohwehavefoundcouldhardly beobserved
inanydynamiomethodofmeasuringsurfacetension.

(4) Wëhaveobserved,perhapsforthefirsttime,that solutionsofcertain
estersandaicohoisshowan increaseinsurfacetensionwithtime. Withthèse
solutions,aftera rise to a maximum,thefreshsurfaceformedby agitation
displaysthe originalminimumvalue, fromwhichanother rise wiUstart at
once. A carefulstudy ofsuchchangesas they occurwithsolutionsofethyl
acetatebasbeenmade.

(5) Wehaveoffereda plausibleexplanationofthephenomenon,andhave
obtainedmuchexperimentalevidencein its support.

(6) Wehavedemonstratedthénecessityofusinga closedcapiUarimeter
in measuringthe surfacetensionsofnumeroussolutionsand haveshownthat
mbberconnectionscannotbeused.

(7) Wehavemeasuredthesurprisingtysmallquantityofsoluténecessary
toproduceextenaiveloweringofthésurfacetensionina newway,oneofwhich
may havesomeapplications.

(8) Wehavesuggesteda methodforestimatingthé rates ofdiffusionto
and fromsurfaces,and forestimatingthe concentrationat the surfaceof a
meniscus.

(9) Wehave deviseda methodforestimatingthe degreeofhydrolysis
ofa solutionofan ester.

(10) Inconclusion;webe!ievewehavecontributedinsomeslightmeasure,
at least, toour knowledgeofthe possibilitiesand limitationsof thé capillary
risemethodofmeasuringsurfacetension.
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Amongthe largenumberofsubstanceswhiohhaveat onetimeoranother
beenX-rayed,the recordforpotassiumis,ina way,a singularone. According
to the recordno regulardufraotionof X-rays,but only a so-calledgênera!
scatteringis obtainedat room temperatureby the usual powdermethod.
Thefirstto investigatethe crystal structureof the alkalimetalswasA. W.
Hull.' Hereportsencounteringconsidérabledimcultiesin obtainingX-ray
diSraotionsfromsodiumand lithium and the failure to obtain any from

potassium.Theobservationthat no diffractionwasobtainedfromsamples
madefromfreshlymeltedsodiumand lithiumand that evensamplesmade
fromoldstockproduceda largeamountof continuousscatteringledhimto
believethat sodiumand lithium wereonlypartly crystallineand that the

potassiummustbe completelyamorphous. LaterMcKeehan*reinvestigated
potassium.Hefoundthat if the potassiumis oooledto –150",weakroBec-
tionsas fromlargecrystalsare obtained;however,he saysthat this Ilorystal-
linestructuredoesnot persistwhenthe temperatureis allowedto riseagain
to about :o°."

TheconclusionderivedfromX-rayexponments,that potassiummustbe

amorphousat roomtemperature,is verysurprising,as the fracturedsurface
ofpotassiumshowsbriUiantfacetsandwell-definedcrystalshavebeengrown
evenfromthemoltenmetaP;and further,ofcourse,becausepotassiumbasa
definiteand sharpmeltingand freezingpoint. It is not quite conceivaMe
that an amorphoussubstancecouldpossesssuchproperties,and R. W. G.

Wyckon*in discussingthiscase in bis bookon "The Structureof Crystals"
triesto explaintheseconflictingfactsbythe assumption,not that potassium
isan amorphoussubstance,but that theamplitudesof the thermalvibrations
of potassiumatomsat roomtemperatureare so great as to "obliteratethé

crystallinediffractionmaxima." We do not need,however,to go into the
detailsof this discussion,as it willbe shownbelowthat thé assumptionis

unnecessary.The reasonfor mentioningit is chienyto caUattentionto the

dangerofdrawingdefiniteeonctusionsand ofputting toomuchrelianceona
fewnegativeresultsof X-rayexperimentation.

The presentinvestigationgrew out of experimentson non-crysta!Mne
substances,of whichpotassiumwas supposedto be one. Contraryto such

statements,everysampleofpotassiumthat wasX-rayedin this investigation

Phya.Rev.,tO,66t(t~t?).
Proc.Nat.Acad.8ci.,8,2~ ('9~~).

'C. E.Long:J. Chem.Soc.,H, 122(tMo);F.Sehroedler:Ann.,20,a (t836);A.
Pleiachl:J. prakt.Chem.,31,45(1844).

4Wyckoff:"TheStructuMofCrystala,"37~-373(t9~4).
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showednormaldiffractionaffeots.In viewof this, andforcomparisonresults,
a fewpreparationBof sodiumand oneof lithiumweremadeand X-rayed.
Thesesubstancesa!soin each casegave definitediffractioneffects,which
wereingoodagreementwithpreviousdeterminationsof their crystalstruc-

ture, andonlya short statementconcerningtheseexperimentswilltherefore

begivenbolow.

ExperimentalPart

Mo<e~<~and preparaMoKof samples. MetaUicpotassium from two

differentsourceswasused in this work. The stock of onehad beenin this

Laboratoryfor morethan ten or fifteenyears and had been originaUyob-
tainedfromthe armofEitnerandAmend. The otherwasspeciaUyobtained
for the présentexperimentsfromthé J. T. Baker Chemioa!Company(lot
NS 52827). Their meltingand their freezingpoints weredeterminedap-

proximatelyandfoundto lie closeto 6a",which is very near the accepted
valueforpotassium.

Owingto the originalinterestinpotassiumas a supposedlynon-crystalline
substance,Hull's observation,that the freshly melted or distilledalkali
metalsappearedto be in an amorphouscondition,servedto indicate the

wayof preparingsuehsamples. After sometrials, it wasfoundthat a thin

capillarytubecouldreadilybe filledwith potassiumwhenthe metal was in

the moltencondition. ThefoUowingsimpleprocédurewasused. A Pyrex
tubeabout30cmlongandabout2cmin diameterwassealedoffat oneend,
anda sidetubewitha goodstopoockwassealedon near the openendof the
tube. Drawingout a pieceof "Jena Ger&teGlas" tubingpartly into a thin

capillary,and insertingthe sea!ed-oSend of this tube intoa rubber stopper,
the lengthof the capillarywas adjustedso that whenthe rubber stopper
with the drawn-outcapillarywasinserted into the openend of the Pyrex

tube,the endof the capillarywasabout 2 or 3mm abovethe bottomof the

Pyrextube. Piecesofpotassiumwereout freefromorustsand werequickly
placedin thetubeby takingout therubberstopperwiththe capillaryprojec-
ting into the tube, whichwas then immediatelyput back and the whole

cvaouatedby attaching the side tube with the glassstopcockto a pump.
Afterthe tubeand the-capillaryinsideof it werewellevaeuated,the piecesof

potassium,whiohwereatl placedalong the side of the tube, weregently
heated to causethe metal to melt and to flowto the bottom of the tube.
The capillarywas then dippingdirectlyinto the moltenmetal. The oxide,
whichcouldnot be preventedfromformingduring the euttingof the pieces
of potassiumand their insertioninto the tube, usuallystuck to the wallsof

thetubeorfloatedonthésurfaceofthemetal. Bysuddentylettinga sdBcient

amountofnitrogenintothe tube throughthe gtasastopcookconnection,some
of the potassiumwhichwasabout 15to 20"above its meltingpoint was
forcedinto the capillaryand almost immediatelysotidiSedthere. After

allowingthetube to cooloff,the stopcockwasopenedto relievethe vacuum,
and the rubberstopperwiththe capillarywas taken out. A suitablelength
of the capiUaryfilledwithpotassium,whichwas approximately0.5 mm in
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diameter,was then sealedoffat both ends. Thiswasdoncby veryquick
heatingand drawingout of thé glass,andrequiredforitasuccessfuiaccom-
plisbmenta littlepraotice,as overheatingoausedthemetalto reaotwiththe
glass. Thismther detaileddescriptionof thé préparationof the samplesis
givenonaccountof the disagreementofthe presentfindingswiththeformer
investigations,and beoauseit is thoughtthat the reasonfor the ditierent
findingsmustlie in thé preparationof thesampleofpotassium.

The samplespreparedin this way,onexposureto X-raysby the powder
method,werefoundto givediffractionspots,someonlya fewwhileothers
produceda considerablenumberofspots. It wasquiteobviousthat thiswas
due to thé sizeand numberof crystalspresentin thé sample. To increase
the numberand reducethe sizeof the crystallineparticles,heat treatment
wasresortedto. The sampleswereheatedin waterabout ao° abovethe
meltingpointof potassiumand then quioMyquenohedby placingthemin a
sait solutionat about -i8". A pictureof a sampletreated in this way
showeda large increasein thé numberof diffractionspots. However,it
seemedprobablethat the rate at whichcrystalsof potassiumgrewwould
makeit verydiSicuttto obtainby quenohinga suffieientlynne-gminedpré-
parationand no specialattempt in this directionwasthereforemade. In-
stead, the well-knownmothodof rotatingthe Mmplewasused and heat-
treatedpreparationswereattached to a motor, whichrotatedthemaround
theiraxisat the rateofa revolutionperminuteduringtheexposureto X-rays.
In this waysatisfactorydiffractionpiotureswereobtained.

y~d~~t<M<&!<o/t'<wtpo<<MMMmottd~ers~s(fMe<we.The diffrac-
tion apparatus used was one made by the GeneralEleotricCompanylin
whiohthéKa radiationof molybdenumisusedandin whichthé distancebe-
tweensampleand photographiefilmis eightinches. The timeof exposure
wasnormal,approximatelyago m.a.h. Sodiumchloridewasusedas usual
forthe standardizationof the spacinga.

Spacingmeasurementaof the diffractionlinesrecordedona photographie
filmare givenin the Sratcolumnof TableI. Theestimatedrelativeinten-
sifiesof theselinesand the squaresof the sinesoftheiranglesof refleotion
aregivenin columnstwoand three of the table. It is wellknownthat the
ratiosof the sin'Cshouldgivefor a cubiocrystalvaluesof wholenumbers,
whichareusuallysmall. Aswillbeseeninoolumnfourthis isthécasewithin
the limitsof the experimentalerrors. Thèsewholenumbersrepresentthe
sumof(&'+~+P) andserveto assigntheindicesoftheplanesproducingthe
dinractionlines (columnsfiveand six). In the last columnof TableI, the
resultingvalueof the lengthof the edgeof the unit cubeis givenfor each
observedduTrac~online.

Photographswereobtainedfromseveralotherpreparationsandail gave
practicallyidentiealresults. The averagevaluesof the lengthof the edge
of the unit cubeforeachpreparationaregivenin TableII.

W.P.Davey:Geo.Etect.Rev.,2S,565(t~M).
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TABLE1

Powderphotographiedata frompotassium.

TABLEII

Averagevalueofa. fromdMferentsamptes.

Whilenotdefinitelyestablished,it Mprobablethat potassiumorystallizes
in the oubicsystem. A carefuldeterminationof the densityof the alkali
metalsbasbeenmadebyT. W. RichardsandT. N. Brink',givingforpotas-
siumat 20"the valueof0.862. Introducingthisvaluein the usualequation
«.*=' mM/p,wherea.' is the volumeof the cube,mthe numberof atomaof
potassiumwithinthe unit, M thé mass of the potassiumatom and p the
densityof potassium,wefindthat m = 2.02. This is withinexperimental
error a wholenumber,as it shouldbe. Accepting,conversely,that two
atomsareassociatedwiththeunit cellofpotassium,thédensityof potassium
calculatedby the aboveformulaassumesthe value0.85:, whichis in good
agreementwiththe directdetermination.

TheonlypossiMecubioarrangementfor twolikeatomsin the unit cellis
the body-centeredone,with the coordinates:ooo; The characteristic
structurefactorofthe body-centeredcubic lattice requiresthat the sumof
the indicesmustbean even numberfor retlection. As may be seen from
Table1 this requirementis fulfilledandno otherreflectionsoocur.

Wemayfurtherusethe semi-empirica.1formula'

7<. (A2+ B*)X Wn)~ X j9

J.Am.Chem.Soc.,29,ny (t907).
'Wyetme:"TheStructureofCrystah,"M!(t~.

Eetimated Ratioaof
Spaeinf; intemity ein't Mn'C ~+&*+f Indices o.
3.770 10 o.oo886 2.07 2 no(t) 5.332
s 67° 4 .01768 4.05 4 !oo(2) 5.340
2.ï7o 6 .0~675 6.o6 6 m(i) 5-3~0
!-S89 4 .03530 8.oo 8 iïo(z) s-336
'-677 3 .0448 10.15 !o !3o(i) 5.3to
'-537 1 .0533 ~.07 tz m(2) s.3~S
i.4a8 2 .o6t7 13.98 14 t23(t) 5.343

Average==s.3~9

Filmnumber a.

ï35 5.335 À

i4S 5.334
~c 5-3~9
~S s.333

Averagea. 5.333d: 0.005À.
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JExpertMeK<s<M<&sodiumandlithium. Asmentionedabove,a fewsamples
ofsodiumand oneof lithiumweremadeandX-rayedmthé samemanneras
were those of potassium. No difficultieswereexperiencedin preparing

samplesof sodium,but lithiumreactedveryreadilywith the gtass,probably
owingprimarilyto its highermelting-point.Afterseveratattemptsa sample
of lithiumwasprepared,which,althoughit waanot so goodas thoseused
withtheothermetalsand althoughit producedcorisidemblegeneralblacken-

ing of the 6!m,gave,however,fourdiffractionlines. In the formerinvesti-

gationof the structureof lithiumby J. M.BijvoetandA. Karssen'aIsoonly
fourdiffractionlineswereobtainedand in viewofthe identiealresultsit was
not consideredworthwhileto attemptpreparingothersamples. In complète
agreementwithearlierdéterminations,the lengthoftheaideofthe unitcube
forsodiumwasfoundto be 4.30À,and for lithium3.5: À.

Concerna generalMa~ertt!~~r<wtthe alkaliMe<<!h.Considérablestress
basbeenlaidonthe generalscatteringobtainedfromthe alkalimotats,whieh
wasusuallyascribedto the amorphousconditionofthesubstanceto astnaUer
or largerextent. The presentexperiments,whilenot carriedfar enoughto
findthe directcauseofsuchscattering,stronglyindicatethat suchan amor-

phousportion in aUprobabilitydoesnot existin the metal. Little if any
generalscatteringwasobtainedfromcarefullypreparedsamp!csofpotassium,
and a comparisonexperimentshowedthat the amountwas approximately
the same as that producedby sodiumchhmdeexposedin a simitarg!ass
capillaryfor the samelengthoftime.Theobservationsmadeseemto indicate
that thegeneralscatteringis duerather to theformationof filmsproduced
by oxidation,moistureor the interactionofthealkalimetalswith the gtas-).
Somesamplesof sodiumwhichwereprobablyoverheatedshoweda stight

Proc.Roy.Acad.Sci.Amsterdam,M,1365(t<); Rec.Trav.chim.,42,8;)~(t9~).

to calculatefor the differentplanesthe intensityofreflectionexpectedfortho

body-centeredarrangementand comparethèsevalues,reducedto thé same

basis,with the estimatesof the relativeintensitymadedirectly. Theresults
inbothcasesarealwaysonlya.roughapproximationbut a generalagreement
betweentho observedand calculatedvalueswillbereadilysoonfromTable

111,confirmingfurther the coneetnessof thebody-centeredcubicstructure.

TABLNÏIÏ

Comparisonbetweenthe observedand calculatedintensitiesfromthe
differentroneotingplanesofpotassium.

Indieea Int~nsities
obecrved ca!cutated

uo(t) 10 to.o

100(2) 4 2

'~(i) 6 s.s
tio(z) 4 ï.o

'30(1) 3 3.0
Hl(2) 1 0.8

t~(ï) 2 4.!
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diacobrationand producedmoreof thé generalscatteringthan others,and

thé sampleof lithium, wh!chof course had to be heatedoonsiderably

higher,producedaocordinglya large amountof Mackeningon the filmfor

approximatelythe sameexposure.
McKeehandid not giveany experimentaldata and it is thereforeim-

possibleto forma definiteopinionin regardto the diffractionsobtainedby

himfroma sampleof potassiumkept at -1~0°duringtheexposure.How-

ever,the fact that nothingbut generalscatteringwasproducedwhenthe

samesamplewasexposedat roomtemperaturewould,asaresultofthepresent

work,auggeatthat the weakdiffractionobtainedat 50° maypogsiMyhave

resultedfrom thé freezingout of some crystals of potassiumhydroxide,
whichdisappearedwhenthe exposurewasmadeat roomtemperature,owing

to the meltingofthé crystalsandfonnationofa liquidfilm.

Summary

Contraryto formerétalements,normaldiffractioneffeotsare obtained

frompotassiumat roomtemperatureby the powdermethod.

Thereasonforobtainingonlya generalscatteringandnodefinitediffrac-

tion in formerexperiments? thought to be the formationof filmson the

sampleof potassiumby moisture,by oxidation,or by interactionof the

potassiumwiththé gtass.
Themethodusedfor the preparationofsamplesofpotassiumisdescribed.

The availabledata indicate that potassiumcrystaUiiiesin the body.
centeredoubiclattice. The lengthof the edgeof the unit cubecontaining

twoatomsofpotassiumiss.333 ±o.oosÂ. Theca!cu!ateddonsityiso.8s!.
Thelengthsof the edgesof the unit cubesofsodiumandlithiumwerere-

determinedand,in agreementwithearlierdeterminations,thevalueobtained

fortheformerwas4.30Àandfor the latter 3.51À.

Oeopttft~otLo&oMtofW.
Cont~J~MM~tOtt<~~<MA(Mt<'Mt,

Wo)~N)t<f,M~.
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Whilethe adsorptivepowerofsolidporousbodiesforgasesisa phenome-
nonthat bas challengedthe attentionofmanyinvestigatorsduringthe last
century, thé amountof quantitativedata whiehbas acoumuiateddealing
with the heat effectaccompanyingadsorptionis rather tuaitedand is con-
fined,forthe mostpart, to theresultsofcomparativelyrecentinvestigations. (
Althoughthe thermaleffectofadsorptionhad beenobservedby Mitscher-
lichlin 1843,Favre,~usinga mercurycalorimeter,~msthe first to makea
quantitativemeasurementof the heatsof adsorptionof a numberof gases
on charcoaland of hydrogenon platinum. By the useof an ice-calorimeter
Chappuia*measuredtheheataofadsorptionofsulphurdioxide,ammoniaand
carbon dioxideon charcoat,meerachaum,platinum b!aok andasbestos.
Dewar*,withthe aidofa liquid-aircalorimeter,measuredthe heatsofadsorp-
tion of the permanentgaseson charcoalat the temperatureof liquid.air.
Homfray*bas shownthat a certainthermodynamioalformulais applicable
forcaloulatingthemolecularheatofadsorptionofcarbondioxideonoharcoa!.
Usingan ice~orimeter, Titon' obtainedcoMiatentvaluesfor the thermal
affectof adsorptionof nitrogen,ammoniaand carbondioxideon charcoa!.
The heatsof adsorptionof sulphurdioxideand ammoniaon silicagelhâve
beenmeasuredbyPatrickandGreider/ Lamband Coolidge!hâveobtained
valuesfor thé heats of adsorptionof elevenorganiovapors on charooal.
Whitehouse*basmeasuredthe heateffectproducedin the adsorptionof car-
bon dioxide,methaneand nitrogenon coa!sand oharcoa!. AUof thèse in-
vestigatora,with the exceptionof Favre,Homfrayand Dewar,hâve made
useof the ice-oaiorimeter.BeebeandTaylor, andDewand Taylor,"have t
recentlymeasuredthe heats of adsorptionof hydrogenand ammonia,re-
apeotivety,oncopperandnickelbya rapidmethodinwhiehthe catalysttube,
it~K, servesas the catonmeter. Theydonot, however,claiman acouracy
better than 10percent.

Ascanbe notedfromthe abovereviewof the literature,the majorityof
the measurementsof the heatsofadsorption,thus far, havebeenmadeat o". c

MitscherMeh:Ann.Chim.Phys.,(3),7,t8 (t8~). L
Favre:Ann.Chim.Phys.,(5)1,209(t874). <

*Chappuia:Ann.CMm.Phys.,(a)t9,2t(t883).<Dewar:Proe.Roy.Soc.,M,tM(t904).
HcmfMy:Z.phyak.Chem.,?4,09 (t~M).

TttoC:Z.physttt.Chem.,74,641():9to).
PatrickandGreidN-:J. Phya.Chem.,29,tog!(t~s).
IjambandCooHdge:J.Am.Chem.Soc.,42,n~ (t92o).
WMtehouse:J. Soc.Chem.ïnd.,45,tg (t9~6).
BeebeandTaybf:J.Am.Chem.Sec.,26, ('9~4).
DewaNdTaylor:J. Phys.Chem.,31,977(t9t7).
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Popularas the ice-oalorimeteris, it doesnot permitan investigationat other

temperattu-ea.Except for the moredimcuMyliquefiablegasesand vapors,
mostvaporscondenseto the liquidstate at 0°. TMs,andthefaetthat inad-

sorptiontheremaybea "forced"condensation,doesnotpermitustoseparate
the thermaleffectsof thé twokindsofcondensation.Furthermore,untilwe
are in possessionof meansof measuringthe heat of adsorptionat different

temperatures,weshallnot be able to determineexperimentattythe effeetof

temperatureuponthé heatof adsorption. v
Thepurposeof this investigationwas to deviseandapplya calorimetrie

methodfor measuringthe heats of adsorptionat any desiredtemperature.
By using bighertemperatureswe hopelater to overcomecertaindiffloulties
whicharisewhenworkingat the temperatureofmeltingice. Objectionable
condensationeSects willbe avoided,and higherequilibriumpressurescan
beattained. Althoughwehavenot avoidedcondensationeffectsby working
at as",we have, nevertheless,chosenit as our worldngtemperaturein this

preliminarywork. Measureraentshavebeenmadepurposelyonsomeofthe

vaporsstudiedby Lamband Coolidgeat o*. In this waywehoped,by com-

parison,to showthé acouracyattainaMeby the mothod.

MaterMs
The charcoalused in this investigationwas takenfroma large supply

whichbasservedas the basisofan extensivestudyofadsorptioninthis labora-

tory. It waspreparedforusby the CarbideandCarbonChemica!sCorpora-
tionunderthe directionofDr. N. K. Chaney. It isa cocoanutshelloharcoal
whichbasbeenactivatedbysteam,treated withaeidto removemineralmat-

ter,andthen waaheduntil aoid-free. Thesizeofthegranulesusedrangefrom
I2to 20mesh. Previousdeterminationsshowedthe ash-oontentto be o.a8
percentby weight.

Thetossin weightonoutgassingandthe densityofthecharcoalhavebeen
determinedin an earlierwork.12For the former,a weighedsampleof the
charcoalwas evacuatedunder identicalconditionsemployedin the regular
adsorptionexperiments. Whenthe pressurehadremainedconstantat about
o.oootmm.for severalhoursthe tubewassealedoffandweighed.Themean
ofthreevery concordantdetenninationsshoweda 2.50percenttossinweight
onoutgassing;this correctionwas appuedin calculatingthe actualweight
ofthe adsorbentused. The densityof the charcoatwasdeterminedby the
methodof Cude and Hulett,13usingwater as thé immersionliquidand dis-
regardingthe drift after theSratfewhours. Themeanoffourdéterminations,
T.800,was taken as the density and was usedin correctingfor the "dead

space."
n

The liquids, whosevaporswerestudied, werepurifiedcarefullyby ae-

ceptedmethods,"and then fraotionated. Onlythe middleportionof each
fractionationwascoHected.Theseliquidswerepreparedimmediatelybefore
using.

PeMMandKnudson:Proc.IowaAe~d.Sciences,(1927).
CadeandHulett:J.Am.Chem.Soc.,42,got (KM).
Mathews:J. Am.Chem.Soc.,48,562(t~. ).
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AppaMtas
The apparatuais showninFtgs.i and ta: It oombineathe advantagesof

recentlyimprovedadsorptionapparatuawith those of a calorimeterwhich
maybeusedat anytemperature.Thenet resuttis anapparatusmorepoten-
tial in possibilitiesthan any, hitherto used in measuringthé heats of ad-
sorption.

~<<<orp<MMAppars~–The adsorptionapparatusoonaiB~tofoneeontinu-
ous lineof Pyrextubingandfhaks,with nostopoooksor rubbereoïmectmna
abovethe mercurylevels;it is,essentiaUy,in designandprinciple,the Mme
as that usedby Coo!idge. For the sakéof brevity,a detailedexplanation

1$Coolidge:J.Am.Chem.Soc.,46,596(!9:4).
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of the variousparts isomitted. AdetaileddescHptionof the apparatusand

its operationis givenin theongin&!paper.

C<~oMMe<ef.–Theeatonmeter,R,isawide-mouthDewarfiask,fittedwith

a corkstopperwithopeningsforthe ehareotttbulb,G,the spiralrotarystirrer,

P, onearmofthe thermocouple,Q,anda speciallow!f~;heatingcoil,N.

Thé charcoalbulbof "702P" Pyrexglass,Fig. la, G, containea spiral
and a straightpieceoftunga<enwire,bothsealedinto the bottomof the bulb

8pthat aboutaems.protrude. Thewireswithinthe bulbaresoarrangedthat

the distancebetweenthe adjacentwireadoeanot exceed3 mm. In thisway
the heat liberatedin the adsorptionprocessis quicklyconductedfromthe

charcoalsurfaceto thé catorimeterliquid.'
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C'OM<a~ï'emp<M<MMBath.-The eompiote.apparatuswiththéexception
of thebulb,A, is inolosedin a double-walled,electricallyheatedandelectri-
caityoontrolledair-bathmountedon a heavytable. Efficientstirringisob-
tainedby asystemofhigh-speedfanswhichmaintaina continuousandrapid
circulationofairthroughthe bath,overthecoolingcoiisat thetop,thendown
betweenthewallsat the sides,and finallypast the low!agheatingcoi!sinto
thebottomof thé bath. Thisemcientcirculationof the air,togetherwitha
5-footuprightmultiple-tubemerouryregulatorinserieswitha Bunnelrelay,
enabledusto controlthé temperatureof thebath to within~0.05*.At the
frontand backare largedoubledoorswhiehprcvide,not onlya non-con-
ductingair space,buta!soa readymea!tsof accessibHityto the apparatus
whenin needofalterationor repairs. Thegtassdoorsat thefrontpermitted
readingsof the bath temperatureand of the vaporpressuresbymeansofa
cathetometerplacedoutaide. Ideal workingconditionswererealisedby
meaMof a specialprecisionsystemof merourycontrollingdéviéesopemted
fmma panelofoonvenientswitchesonthe frontofthe table.

Thevolumeof thereservoir,B,togetherwiththe oonnectingtube to the
markbetweenvalves4and g, andthenceto the markon C, wasdetermined
fromitawatercapacitybeforethe apparatuswasassembled.Thevolumeof
thécharcoatbulb,P. plusthe capillarytube to the markon E, waslikewise
calibratedwithmercurybeforeaasembMng.

TAoTMo-~emeK<.–Theas-junctioncopper-oonstantanthenno-etementwas
madeinstrictaccordwiththe speoi6oationagivenby WMte." Theelement
wasacouratetystandardizedagainsta certinedthermo-elementat threepoints,
namety,the transition pointa of Na~SO~oHiOand MnC!~H,0, and
liquidair. The salta werecarefullypurifiedaccordingto themethodsof
RichardsandWrede,"andofRichardsandWeUs, reapeetively.Therefer-
enceicebath eoneistedof a largeDewaraaakcontainingpureicemoistened
withconductivitywater. Sincethe thermalmeasurementamadeinthiswork
wereat 25°,wehâvecalculatedthe potentialscorrespondingto ts" and :6".
Theywerefoundto be 22856~ and s~So~v, respectively;the difference
correspondsto o.ooïosso"per r ~tv.

ThermalC&pac~~ofthe C'a/onMe~.–Thccalibrationof thécalorimeter
systemwithwateras the calorimeterliquidwasmadeelectricallybypassing
an accuratelyknownquantityofelectrioitythrougha heatingcoilofknown
résistance.Thiscoilconaiatedofabout 100cms.ofNo. 36constantanwire
woundarounda thin micastrip. It wasinsulatedby twosimilarstripsof
micaandinclosedina closefittingcoppercase. Twoheavyinsubtedcopper
leadspassfromthe case,proper,througha shortmetaltubethat iscemented
toa gbastube,whichaervesasahandleandasa heatinsulator. Themetallic
partsofthereceptacte,whichismadeair tightbysoldering,isheavilyplated
withsilverandpoHshed.The résistanceiss~ohms,andin opérationdelivere
about3watts.

"WMte,J.Am.Chem.Soc.,36. MM(totd).
"Rt'Aar~andWrede,Z.phyaik.(&em.,Ct,3~ (t~oy).RiehardaMdWells,Z.~yNJc.Chem.,43,~s(t903).
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MethodcjfC'<~t!M'o<MM.–Theh- .ting coilwasconnectedin serieswith a
standardi-ohmrésistance,a laboratorysliderheostatanda verysensitive

Bradleystat. A batteryof sevenlargo storagecellesupp!iedthe ourrent.
Aorossthé standardohmand thé heatingelementwereconnecteda Leeds
andNorthrup,"TypeK,"potentiometeranda volt-box,respeotively.With
thisarrangement,the potentiometerreadsdireotlyin amperes,wher'easthe
volt-boxinconjunetionwitha studentpotentiometerpermitsthe readingof
thevolts. Withthepotentiometerset to readthe amountof ourrentohosen
toflowthroughthesystem,thérheostatwasadjustedso thata sHghtmanipu-
lationof the Bradieystatenablesthe operatorto maintaina currentwhose
variationsat anyinstantneverexceedi part in 1000. A sensitivegalvano.
meterindicatedthe deviationswhiohoanbeinstantlyeorrected. Thevoltage
dropacrosatheheatingcoiiwasreadat intervalsofoneminute,andwasfound
to bepracticaHyconstant. Whenthe voltagedidactuaUyvary,theaverage
valueduringthe intervalwascaieaktedandused. The timeofpaasa~eofthe
currentwasmeasuredbymeansofa stopwatoh,readingto o.! sec.

The inoreasein temperatureduringa calibration,althougham&n,corre~

spondedto an incrémentofapproximately2000juv. Sincethe gatvanometer
wasresponsiveto deviationsof i ~v.,the possibleerrorin thismeasurement
wasnot greaterthan 0.1percent. Radiation,thoughperceptible,wasmeas-
urable. Thémagnitudeofthe radiationwasgreatlyreducedby startingthe
calibrationat a calorimetertemperaturethat wasas far below,as the final

températurewasabove,that of the constanttemperaturebath.

The resultsof twodéterminationsof the thermalcapacityof the caton*
meterand ita fixtureswere51.26cala.and 51.42cals.,witha deviationfrom
the mean,51.34cab.,ofless than0.2percent. The valueof51.34cals.was

acoordmgtyacceptedasthe thermalcapacityof the ca!onmeterandwasused
inaUsubséquentcatcutations.

<Spec~cHeatof"Finol.Following the sameprocédureas outlinedfor

water,weobtainedthé thermalcapacityof the calorimetereystemandliquid
whenchargedwithan acourate!yknownweightof a lightoil,wMchis sold
underthe tradenameof"Pino! With300ce.ofthis bit inthé calorimeter,
the total heat capacityisonlyabout 165cals.,an amountwhiehislessthan
one-halfthat withan equalvolumeof wateras the Hquid. Threedifferent
déterminationsof thespécifieheatof the oil, in calories,overthe rangefrom

25°to 28*,gavethé values0.4500,0.4492and0.45~, respectively,or a mean

specifieheat of 0.4501cals.

Sensitivityof Calorimeter

Thethermalcapacityofthecalorimeterandliquidiaequalto théthermal

oapacityof thecalorimeter,(51.34),plus the productof the weightof the oil
timesits apeoincheat, 0.4501ca!s. For the averageweightof oilused,this
amountato 165ca!s. Sincethe thermo-coupleusedwassensitiveto o.ooi",
thecalorimetersystemrespondsto a heattransferof0.17cal. In usingthe ice
calorimeterfor theirmeasurements,Lamband Coolidgestate that on their
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soatoa muïimetermovementof the mercurythïead, during thé changeof

state fromiee to water,correspondsto 0.589cal. Roncethe teaultingsen-

sitivityof the ioecalorimeteris three timesthat of our calorimeter,if the

displacementof the mercurythreadcanberead to o. mm. The resultaof

our workshow,however,that thisdifférenceinsenaitivityia not appreoiaNe.

E~etimentatMethod

Theoharcoatbulb,firstweighedemptyandthenfullofcharcoa!,is sealed

into position,inoloaedin an eteotnofumaceat sgo",andevacuateduntil the

McLeodgage,(notshownmF!g.),indicateaa pressureofo.oootnun.,or less.

Ai!of themercurylevelsare loweredsothat thewholesystemisevacuatedat

the sametime. MetouryweU,L, isnowraised,cloaiBgvalvei, the pumping

is discontinuedandthefumaceisallowedto cool. Theprocédureinvolved

in chargingA withliquidand B withvapor,aswellasthat involvedtn trans-

ferringthe vapor to the charcoal,if notevidentto the reader,canbe found

in the paperby Coolidge,"whoworkedwitha similarapparatua. An addi-

tional featureis a réservoirusedwhenthe transferoflargevolumesof vapor

is requiredto producehighequilibriumpressures.Thisconsistsofa mercury

weMandbulb(notshown),butattachedtothe<!apiUary,H.
The calorimeteriechargedwitha weighedamountof oil, initially at or

verynearthe temperatureof the bath,and isallowedto stand with intermit-

tent stirringuntila constantreadingofthé thermo-e!mentisobtained.When

thermalequilibriwnisattainedandthecathetometerpressurereadingsbecome

constant,asampleofthevaporistransferredto the charcoalby meansof the

pump,D. After the admissionof the vaporto the charcoal,the liquid ia

stirred intermittentlyforperiodeofoneto threeminutes. Duringthis time

the thenno-eletnentpotentiataare readat oneminuteintervalsuntil the po-

tential attains a constantvalue,or untila constantrateof radiation is indi-

cated. Pressurereadingsare thentakenof thevaporremainingin the reser-

voir,andofthe vaporinequilibriumwiththe charcoal.Oncethe equilibrium

isestablishedandthedata recorded,a newaampieofvaporis admitted. With

eachadmissionof vapor,there are recordedthe potentialincrementsin mi-

crovolts,the oorrespondingdropin the presenceof the vapor in B, and the

successivetyineîeasingequilibriumpressuresover the oharcoal. When the

equilibriumpressurehas attained a value just short of that at saturation

a seriesofadsorptionexperiments,or "run," isassumedto be completed.

CatcuJaHoaofResults

Therésultaareexpressedinsmallcaloriesandce.ofgas(N.T.P.)per gram

of gas-freecharcoat. The vaporpressureswereconeotedfor altitude and

temperature,and the gas lawswereappliedin calculatingthe volumeof

the vapor. The complètecatcutationsofanexperimentaregivenbelow.

Weightofcharcoalandg!as8bulb. 28.6705 g.

Weightof bulb. 25.5844 K.

Weightofoharec~ 3.o86t g.
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Correotedweightofchareoai" 3.0089 g.

Votumeoftotatre8ervoir8y8tem(N.T.P.). 2303.6 ce.

Pressurein B before adaorption. 9-77Scm.

Pressure mBafter adsorption. 8.755cm.

Dropin pressure. 1.020cm.

Correctionfortemperatureand altitude. 0.00$cm.

CorreotedpressuredropinB. -otscm.

Gasremoved(perg.ofchar.)for cm. dropinpressure

3203.6X 2~3
––––––––– = 8.828 cc.

76X!!o8X3.oo89

For i.otS cm.dropthé ce./g.removed?. 8.96 ce.

Pressurein oharooalbulbat equilibrium. o.oo cm.

Volumeofbulbandtubingto calibrationmarks. 14.900 ce.

Volttmeofcharcoal:3.0089+1.800. t.oyt ce.

Votumeof'deadspace" n.M9 ec.

13.229X 3?3
––––––––––0.053cc./g.

76X 298X3.0089
Gasremovedbut not adsorbed. o.oo cc./g.
Gasadsorbed"x" 8.96 oc./g.

Initialreadingofthermocoupteat 7.46P.M. 22874~v.

Timerequiredto introduoevapor:7.46107.52. 6 min.

Stirrerstartedat 7.52 (6oR.P.M.)

Time Thennocouplereading

7.54 ~~94i~v.

7.55 ~958 jMV.
7.56 !!2965jttV.

Rateof stirringdecreaaed(30R.P.M.)

7.57 22970jttv.

7.58 ~97S ~v.
Stirreratopped.

8.00 22979~v.

(At this timepressurereadingsweretaken)

8.!3 22996~tv.
Stirreroperatedï min.

8.]$ 22990jttv.
8.t6 22990~v.

8.19 22990~tv.

Fmatreadingofthethermocoupb. 22990~v.
Increase mmiorovotta. 116~v.

WeightofoiHncalorimeter. 252.66 g.

Cal./g.evolvedcorrespondingto inoreaseof i ~v:
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(3$3.66 X 0.450') 5'-34

–––––––––––––=o.os?9~7cal./g./t ~nv.

947X.0089

Total heatevolvedpergramofcharcoat,"h": n6 X o.o$y9:y=6.y2cal./g.
Theresultsofeachexperiment,namely,thé dropin pressureandthe hoat

evolvedare added to thoseof thé precedingexperimentsof the samerun,
thus givingthé total heat evolved,h, and the total drop in pressurein B,

duringthe adsorptionof thé vapor. Tbis changein pressureenablesus to

oalcuhttethe total gMvolume,x,adsorbedbythe oharcoal.

ResuKs

Theresultsof thestudyofthéheataofadsorptionof aine vaporaon ehar-

coalare recordedin the followingTables. Thefirstcolumnin eaohgivesthe

equilibriumpressureobservedat the timewhenthe 8nat oalonmeterreading

TABLE1

TABLEII

Thé Heat of Adsorptionof AcetoneVapor at Charcoal at as"

P X a Ah sh Bh A
cm. co./f[ <tV. M!g. cat./g. cal./g. eat./)j[.

––– 6.44 yy 4.59 4.M 4.55 -o.o4
––– 15-90 Y!i 6.62 n.aï 10.78 –0.63
––– a9.4S t37 8.15 19.36 19.40 +0.04
o.no 47.93 194 ïï.S3 30.89 30.87 –o.oa
0.245 64.76 2oa i2.oi 42.90 4ï. !3 "o'77
4.085 99-8? 330 19.6: 62.59 62.21 –0.30

Ï3.024 109.38 go 5.35 67.87 67.72 –0.15
Freshsample. h = o. 77ï3x"

The Heat of Adsorptionof Ether Vapor at Charcoal at 25"

p X dE Ah xho Zbo d
cm. cc./g. ~v. cat./g. eat./);. caL/g. caL/g.

––– n.ys i~s 9.14 9'ï4 9.25 +o.n
––– a!8.39 197 n.6t ao.ys 30.67 –o.o8
––– 4S.89 909 iz.32 33.07 32.40 -0.6?

1.365 65.83 zto 12.34 45'4ï 45.4ï ooo

35.020 70.72 ïo8 6.35 5t.76 53.68 (+!.9~)
––– 8.39 ïo8 6.36 6.36 6.6i +0~5
––– 24.a6 193 11.49 ~.85 17.85 0.00
––– 39.8t 186 10.96 28.81 28.37 –0.44
––– 55.36 i6t 9.48 38.29 38.62 +0.33

4.185 66.99 ï43 ~.42 46.71 47.44 +0.73

36.718 78.00 6i 3.59 50.30 53.22 (+2.92)

Used previously on acetoBB.h = o.<)o44x"
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The Heat of Adsorptionof CarbonDisulphideVaporby Chareoalat 25'
p X AE Ah Bho she &

cm. co./g. <tV. cat/g. Mt./e. cat./t{. cal./g.
––– 3.73 50 z.98 z.94 z.6i -0.33
––– i8.8ï 150 8.93 11.78 11.38 -0.40
––– 32.84 i3ï ?-8o 19.49 ~8.92 -0.57
––– 46.43 ~7 6.97 ~6.33 ~5 94 -0.39
0.475 59.S7 ïM 6.0? 32.39 32.55 +o.!6
0.860 77-5~ '47 8.73 4~.04 41.35 +0.31
5.95~ 11483 3~4 19-~9 60.13 S9t8 -0.95

––– 7.50 Sz 4.82 4.82 4.93 +o.n
––– 20.56 !28 7.S3 ïS!'3S ï~-35 0.00
––– 31-78 99 5.82 i8.t7 18.36 +o.t9
––– 42.27 84 4.94 23.11 ~3-81 +0.70
––– 62.70 !79 ~o-53 33-64 34-!0 +0.46
0.630 84.29 t83 10.77 44.41 44.65 +0.24
ï.742 to6.o8 181 10.65 55.06 55.06 0.00

ai.i45 130.45 184 10.82 65.88 66.47 +0.59
––– n.6? 123 7.24 7.24 7.37 +0.13
––– 30.56 ï87 11.ot 18.25 17-72 -0.53
––– 55 90 ~21 13-02 31.27 30.7~ -0.56
––– St.28 204 12.02 43-39 43.19 –0.20

i.t35 io2.7g 174 10.25 S3-54 53-48 -o.o6
20.006 128.27 189 iï.13 64.67 65.46 –0.79

Usepreviously in Expts. 1and II. h = 0.786: x'

The Heat of Adsorptionof BenzeneVaporby Charcoalat 25'
P X dE Ah Sh. Sh. &

cm. cc./g. ~v. c&t./g. ca!e. ca[./f;. oaL/K.
––– 14.00 i8i 10.67 10.67 ïo.34 "0.33
––– ay.go 152 8.96 19-63 t9.6o –0.03
––– 46.5~ 2I5 !2.67 3~-30 3~64 +0.34
––– 66.39 ~i7 12-79 4S.09 45 8? +0.78
––– 79.22 134 7.90 5~.99 54.32 +1.38
6.065 87.29 85 s.oï 58.00 59.61 +ï.6i

–– 12.39 '53 900 g.oo 9~3 +0.23
––– 20.55 109 6.4' 15-41 14.93 -0.48
––– 47-72 3io 18.24 33.65 33.44 -o.ai
––– 5943 138 S.ta 41.77 4t~6 -0.51
––– 7~.54 127 7.47 49.24 49.!8 +0.04
2.000 8o.y3 ioo 5.88 55.12 55 30 +o.t8
5.798 85.39 62 3.65 58.77

h=o.8s8x"~

Used previously in exp~. I, II and III.

TABUSIV
Tr_.

TABLE IÏI
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wasmade. The secondcolumngivesthe volumeofgas in ce. (N.T.P.)ad-

soïbedby i g.ofgas-freecharcoaLIn the third areplacedthe increasein thé

thermocouplereading,in ftv,accompanyingthé transferof the vapor. These

readings,convertedto calories,dh, are listed in thofourth cotunm. The

nfth contamathe summation,Eh, of the heat effeoteo<the previouaaddi-

tionsof thesameseries. In thé sixthare placedthe valuesof Sh calculated

by meansoftheexponentialformula,placedat the bottomof the table. The

previoushistoryof the8Mnp!eisatsogivenbelowthe resultsforeachliquid.

TABLEV

The HeatofAdsorptionof Ethyl ChlorideVaporby Charcoalat 25*

P X dE dh 2h. Sh. &
cm. cc.f[. ~v. cal./g. cat./e. oaL/g. ca!g.

––– 7.00 65 3.82 .}.8a 3.6t –o.tt
––– 23.37 i~ 8.65 T3.47 ia.~6 –o.ot
–––

40.39 '4~ 8.35 20.52 91.68 +o.68

i 4SS 63.78 187 n.oo 31.82 33-oo +t.!8

4.300 8!.8o iso 8.8e 40.64 4a.oi +ï 33

22.345 99 49 172 io.t2 50.76 50.80 +0.04
–––

8.13 70 4.13 4.13 475 +0.62
––– t8.o9 100 5-90 lo.og 9-72 +0.31
––– 27.12 70 4.13 14 i6 1440 +o.:4
––– 43.97 175 10.33 ~4 49 23.00 -ï.49

1.820 62.67 138 8.14 32-63 32.59 -o.o4

5.569 82.09 164 9.68 42.31 42.15 –o.!6

h=o.586!!X"~
Used pMvioutsyin expte. I, II, III and IV.

TABUSY!

The Heat of Adsorption cf Methyl Alcohoï Vapor by Chtu'coat at 3$~*

P X AE Ah Sb. Bh. A
cm. cc./g. ~v. eat./g. eat./g. oaL/g. cal./g.

––– 15.32 ï8o ïo.43 ïo.43 10.49 +o.o6
–––

29.74 1$$ 8.98 19.4l ï9~o –0.21
––– 44f i39 8.05 27.4~ ~7~0 +0.04
––– 63.7S 191 !o6 38 5~ 38.46 -o.o6

0.840 85.50 i9S ïi.47 49-99 5~~ +0.27
––– 8.96 no 6.72 6.72 6.44 –0.98
–––

23 4ï 150 S-~9 ïS-4t '5-4S +0.04
––– 33 ï3 Sg 4.9~ 20.39 21.19 +o.8o
––– 48.41 144 8.34 a8.73 29.93 +t.ao

0.485 74.65 254 !4-7i 43-44 44.42 +0.98

0.725 9~8<' 217 Ï2.S7 56.01 57-33 +~.32

1.430 t26.4! 302 !7-46 73-47 71.77 -1.70

4.13$ '58.03 2S3 14.62 88.09 87.96 -0.13

Fresh aampte. h ==0.873 x'
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TABLE VII

The Heat of Adsorption of CMorofonn by Charcoal at 25°

TABLE IX

The He&tof Adsorptionof PropylChlorideVaporby Charcoalat 25"

TABLEVIII

The Heat of AdsorptionofCarbonTetrachlorideVaporby Charcoalat 2$'

p X ~E 4h Sh. Shc A
em. oc./fc. fV. <~)./«. cal./g. cal./g. ceiL/g.

––– 9.40 M? 6.76 6.~6 6.74 -o.oz
––– M.83 133 7.69 I4.4S ~4-i8 –o.a?
––– 34 84 15~ 8.79 :3 ~4 22.94 -0.30
––– 564' 2ï8 J2.6o 3584 36.00 +o.16

0.465 74.8o !86 to.75 46.59 46.87 +0.28

ia.38z 9445 '75 $6 71 58.30 +I.59
––– 12.40 15~ 8.73 8.73 8.73 0.00
––– 31.63 2t9 J2.66 2t.39 20.96 –0.43
––– 47.63 i6i 9.3! 30.70 30.73 +0.03
––– 67.30 193 !i6 4t.86 42.37 +05'

2.7oa 8t.23 t4t 8.15 50.ot 50 63 +0.62
t3.t88 90.82 4t 497 54.98 56.20 +1.23

PKvioudy usedwith methylatcohoLh = o. 8:95x"

p X AE Ah Eho 2:h. &
em. oo./g. ~v. ea)./g. oat./g. cat./g. cal./g.

––– 9.44 ~6 7.88 7.88 7.76 -o.t2
––– 91.S8 148 8.57 16.45 ï6.4i -0.04
––– 3~.95 "S 7-41 ~3 86 23.80 -0.06
––– 42-35 *°4 6.0: ao.88 20.67 –o.2t

5.982 53.23 H7 6.78 36.66 36 27 -0.39
9496 57.67 41 2.37 39.03 38.9ï +o.!2

––– 3.44 55 3.'8 3.18 3-27 +0.09
––– tt.07 100 5-79 8.97 9-" +o.t4
––– ï8.63 89 5.'5 i4-i2 14.43 +o.3ï
0.215 28.n 99 5-73 19.85 20.70 +0.85
0.285 36. !8 98 5.67 25.52 ~5.84 +0.32
5425 47-59 "5 6.65 3~7 32.87 +0.70

Usedin expts.VI andVII. h = t. 107x

P X &E Ah Sh. Sh. &

em. co./g. «v. caL/g. cat./g. caL/g. ea!g.
––– 8.39 na 6.48 6.48 6.56 +o.o8
––– 34.65 188 !0.88 ~.36 17. S~ +o.t6

0.190 37-99 15' 8.74 26.10 ~5-99 –o.tt

0.590 54.S4 i8o 10.4! 36. SI 36.15 -0.36

5.S09 66.10 !ï55 6.65 43-i6 43.06 -o.to

34.954 77.98 98 5 6? 48.83 50 07 +t.24

Usedmexpts. VI, VII and VIII. h = 0.944' x
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If the observedvaluesof X and h are plotted, woobtain ourveswhieh
are sMghttyconcavetowardthe X-axis. Fig. a showsthe ourvesforatt of
thévaporsdrawnfroma commonorigin. ïn orderto preventpvertapping,a

plot ismadein whichthe originis displacedonesquarewith respectto the

nextoneto it, givingthe systemof cnrvesin Kg. 3. Thedata obtainedby
LambandCoolidgeat o"areabo indicatedby thepoints,x. Whenthevalues
of logn are plottedagainstthe correspondingvaluesof log x, Dfeget the
curvesin Fig. 4, fromwMchthe experimentalvaluesshowaMght,if any,
deviations.Fromthe positionand elopesof theselines,(Fig. s), weobtain
the constantsof the equation:

togh =' !og m n log X, or h= mX".

Theconstantsobtainedin thiswayhavebeenusedto calculatethevalues
ofwhich aregivenin the sixthcolumnofeachTable. In the seventhcot-
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man are placedthe diSerenees,A, betweenthe observedand calculated
values. In casethat morethanoneseriesofexperimentswaamadewiththe
samevapor,thésamesampleofcharcoalwasused. Thefact that aUof the

pointsfall almostexacttyuponthe ourveshowsthat the vapor is without
influenceuponthe adsorptionpowerof thé charcoal.

RepMdudMNtyaad ReHabiM~ofResults

Theresultspresentedin Tables1 to IX, andh Figs.2 to 5,havebeenob-
tainedwithvariousweightsof charcoal,somefresh,otherspreviouslyused,
and withvariationsmtimeandquantityofvaporadmittedto the charcoal.
The agreementbetweendata ona freshsampleand on one whichbas been
usedMexcellent.Theagreementbetweenduplicaterunsfora givenliquidia
asgoodas that betweenthe individualexperiments.Thisis shownby Figs.
3to6. At most,the deviationsareveryslight. In générât,thedataofLamb
andCoolidge,indicatedbypoints,x, areseento be in closeagreement.

Thèseobservationsindicatethat thetotal quantityofheatevolvedduring
adsorptionby gas-freecharcoatis definiteand reproducible. It is not af-
fectedby the mannerin whiohthevaporisadded,whetherit isaddedslowly
or rapidly,all at once,or insmallportions.It isindependentof the previous
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historyofthé charcoal,providedthécharcoalispreviouslycvMuatedat $50°.

The calorimeterreading usually indioatedadsorptionequilibriumwithin

eightto twentyminutes,and no appreciable"creeping"wasoverobserved.

Vapors,suchas carbontetrachlorideand oMoroform,whiehare knownto

poisoncharcoal,do not appearto reduceappreciablythe quantityof heat

evolvedwhena givenvolumeofvaporisadsorbedina subséquentrun onthe

samesample. TMsiacontraryto the observationofLambandCoolidge,who

reportthat vaporsstudiedwithpoisonedsamplesofcharcoalgivevaluesfor

the heat evolvedwhtchareabout io percentlowerthan withfreshsamptes.
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Discussionof Results

In attemptingto calculatethemolecularheatofadsorption,hm,fromtho

data,wemightsimplysolveforh in the equations,

h=.mX".

aftersubstitutingforX, the volumeof a grammoteouteofthe vapor,xz~to

co.,and makinguseof the charactensUcconstants, mand n, obtainedfrom

the logarithmicplot. The resultingvaluefor h, whiohwouldbe the mole-

cularheatofadsorptionperonegram of chareoal,is impossiblefroma prac-
tioalstandpoint. I&anivingat their valuesforhm,LambandCoolidgechose

toexpressit as the heatevolvedwhenone molof vapor is adsorbedby 500

g. of charcoal. Thischoicefollowsdirectlyand convenientlyfromthe fact

that 1/500molofvaporisequivalent,in ce.,to the averagemid-pointofthe

rangeofvolumeofvaporadsorbedby onogramof theircharcoal. Thismid-

pointthey designateas44.6ce. In order the better to comparethe results

obtainedbythetwomethods,wehavemadeourcalculationsonthe samebasis

as ihat usedby LambandCoolidge. The resultsobtainedby both methods

aregiveninTableX. In makingthis comparisonwemustbear inmindthat

wehavenoknowledgeofthomineralcontentof the charcoalwhichtheyhave

used.
TABLE X

Summaryof CalorimotrieResuttson "AcidWashed,""AshFree" Charcoal

at 95°

Mol.Vol. n m hn.

Vapor Liq.25" 25° o" 25° o° ~S°
0 o°

M. Expt. L-C Expt. L-C Expt. t~C
K-ett. K-c<tt.

C:HtCt 7!.i* 0.9700 0.9150 0.5862 0.7385 n.5 tz.o

CS. 60.7 0.9110 0.9205 0.786: 0.75:5 12.5 12.5

CHtOH 40.7 0.9HI 0.9380 0.8730 0.74M 13.9 t3.t

(CH,):CO 73.9 0.9534 ––– 0.7713
––– 14.4

CHC!} 80.7 0.9350 0.9350 0.8295 0.8295 14.5 14.5

OtH~Ct 89.0 0.9115
––– 0.9441 ––– 15.4

CCt< 97.ï 0.8780 0.9300 ):070 0.8930 15.4 15.3

CJIe 89.4 0.9569 0.9590 0.8:8 0.774 15.7 '47

(CtH~O 104.7 0.9353 0.9215 0.9044 0.9170 15.8 15.55

*Est}nmted.

Sincethe groundcoveredinthis work iapracticallythe sameas that cov-

eredby LambandCoolidge,wecan,in the discussionof theseresults,as well

asof thosethat fotlow,dolittlemorethan makea comparisonof the results

obtainedat the twotemperaturesby two entirelyditierentmethods. Per-

hapsthe moststrikingrelationto beobservedin TableX is that for theca!-

ou!atedvaluesof the molecularheats of adsorption,hm.Except for ethyl

chloride,methylalcoholand benzene,the valuesare almost,if not identical.

Themolecularvolumeofethylchlorideat 5" hadto beestimated,and,hence,
calculationsdependinguponit should have little weight. Omittingethyl
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chlorideand carbonbisulphide,the valuesof hn,oaloulatedfor 35" do in.
creasewith increasein the moleoularvolumeof the liquid. It willbe ob-
servedaisothat the valueofn isalwayslessthanunity. Eveninoludingthe

valueof n forbenzene,the maximumdeviationfromthemeanvalue,o.otS,
isonly$.6percent. Thevaluesof mvarymuohmorewidelythandothoseof

n, and, furthermore,there is a decidedtendenoyformto beanal! whenn is

large. Exceptfor cMoroform,the valuesof theseconstantsseemto be de-

pendentuponthe temperature. In general,as the valueofmincreaseswith
the temperaturethat of n decreases. The reverserelationis equaHytrue.
Lamband Coolidge*have shownby a graphthat thereisa deoidedrelation

betweenthe valuesof !-n and the boilingpointsof the liquids. Theystate
that this paralleliamindicatesthat the higherthe boilingpointof the liquid,
the lessmarkedis the "fatigue." No para!le!iambetweenn or m and any

physicalpropertyof the liquidsis directlyapparentfromourdata.

No Snat conclusionas to the etiectof temperatureuponthe moleoular

heatof adsorptioncan be drawnfromthe comparisonof thedata obtained

at o"and a; It sumcesto say that the eSectof temperàture,ingeneral,is
E

not marked.
Froma theoreticalstandpoint,thé viewsregardingtheeffectof tempera-

ture uponthé heatofadsorptionare conmictmg.In thefirstplace,acoording
to Lorentzand Lande,"but in oppositionto the viewsofEucken, the ad-

sorptionpotential,whichis reallythe heat ofadsorption,should,in gênerai,

varywith thé temperature. Secondly,it canbeshownthat thé isosteres,ob-
tainedby plottingthe valuesofthe logpagainsttheredproca!of theabsolute

temperature,are in generalforany onevaporlinearandparallel,and, there-

fore,areof thesameslope. If the valueofRd Inp/d(ï/T) doesnot varywith
the temperature,weshouldexpectthe heat ofadsorptionto be independent

,j

of the temperatureand concentration. Oneobjectionto theuseof the isos-

teres as a meansof calculatingthe heat of adsorptionis the fact that the

valuesthus calculatedare oftentoo lowand theydonotincludethat appre-
oiablepart of thé rangeofadsorptionwherep istoosmalltobemeasuredac-

curately.
Lamband Coolidge~maintainthat the pïooessofadsorptionmaybe con-

sideredas takingplacein two steps: first,a compressionofthevapor to sueh

a pointthat liquefactionenaues,andsecond,a furthercompressionof thisliquid
by the attractive forcesof the adsorbent. Theobservedheatof adsorption
willthenbemadeupof twoquantities,theheatofvaporizationofthe liquid,
and that whichmaybe designatedas the netheatofadsorption.The latter

quantity they showedto be proportionalto the heat ofcompressionof the

liquidunder high pressure. In accordancewith this theory,the effectof

temperatureupbnthe heat ofadsorptionwillbethe resultoftwoeaeots:one

uponthe heat ofvaporization,and the otheruponthe heatof compression.
The molecularbéats of adsorptionof eachofthe ninovaporshave been

calculatedfor 25". Theyare inoludedwithrelateddata inTableXI. The

19LorentzandlAnde:Z.anorg.Chem.,12S, (t~~).
*'Eueken;Be)-12,345(i~t~).
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secondoolumncontainsthe valuesfor themoleoularheatsofadsorptionwhen

i co.of liquidia<tdsorbedby ïo g. of obarooal;column3 cootaicathe mole

cularheataofvaporisation,and column4 thenet heataofadsorption.

TABLEXI

RelationbetweenHeats of Adsorptionand Heats of CompreMtonat 2$°

33456 6 789 9
h Q h-Q h-Q dQ eot.5 dg cot.5

'd? cot.66 '< eoL88
t M.

Vapor K. oat. K. cat. K. eat. K. cal.
ce. x

x
at. t

eo.
x at.xML toooat. M), tooat.

C:HtCt 11.85 s-9~* 5.88 o.o8a8 o.oïtto 6.8 o.00351 23.6

CS~ ïz.y? 6.45 6.~9 0.1041 0.00865 M.o 0.00343 30.8

CH~OH ï3.69 8.95 4.74 o.tiës 0.00893 13.0 0.00351 35.0

(CHt)<CO ï4.y4 7.66 7.o8 0.0958 0.01050 9.1 0.00383 ~.i

CHCt. ï4.97 7.73 7.25 o.o8o6 0.00914 98 ––– ––

CiHtCl ï5.90 6.9of 9.00 o.tou 0.00837 i!i ––– ––

CCt< 16.90 y.72 9.ï8 0.0945 0.01260 7.5
-––– ––

CtH< 16.14 8.03 S.iî 0.0907 0.00872 M.4 ––– –-

(C;Hf);0 16.62 6.44 ïo. t8 0.0973 o.ot!86 8.: 0:00316 30.4

Average
––– ––– –– ––– ––

0.0969 o.otoï 10.3 0.00350 :9.o

'Mo!,vol.eetimated.
tCatcubtedfromvaporptessuredata.

TABUSXH
RelationbetweenHeats of Adsorptionand HeatsofCompressionat o"

i a345 s 6 7 89 9
dQ coLs (M]} co!.s

h. Q. h-Q h-Q 3F cd.66 dP coL8

Vapor K.ot!. K.ea!.K.oat. K.cat. !cc. x x
at.

teo. x x
at.toooat. oooat.

CaHtCl ïz.33 6.22* 6.ii 0.0864 0.0101 8.5 o.oo3t4 27.5
CSs 12.63 6.~3 5.8o o.o99T 0.0073 13.5 0.00326 30.a
CHtOH 12.95 9.33 3.6~ 0.0908 0.0076 n.o 0.00312 28.9
CtHfBr 14.33 6.85' 7.48 0.1020 o.oo86 11.9 0.00349 ~9-~
CJïtI 14.25 7.8i* 6.44 o.o8tg 0.0074 n o 0.0031226.t1
CHCI. ï4-93 S.oo 6.93 o.o8ys 0.0071 12.3 –––- ––

HCOOCtHtis-42 8.38 7.04 o.oool 0.0087 10.3. ––– ––

CtHe t$.ty y.8t 7.36 o.o8go 0.0074 ït.s ––– ––

C~HtOH 14.98 10.65 4.33 0.0768 0.0066 n.6 0.00269 28.2
CCI. 16.09 8.00 8.09 o.o8g6 0.0076 n.3 ––– ––

(CJï~O 16.09 6.90 9.19 0.0803 0.0097 8.3 0.00298 26.9
_))!

Average 0.0877 0.00801 11.1 o.oo3n 28.1
Metmdevi&tion +7-4% A!o% ±4%
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In gênera,the net heatsofadsorptionare,forthe mostpart, of thesamo
magnitudeas the heats ofvaporization.Theyvary fromhalf as muchfor
methylalcoholto a halfmoreforetherand propyloMoride.Whiletheheats
ofvaporizationof aUliquidsarelessat o" than at as"!the net heatsof ad-
sorptionaregreaterat 25"thanat o". Theoneexceptionto this ruleisethyl 1
chloride. Thisexceptionmaybe apparent,rather than real, sinoothe cal.
culationofh involvedtheoalculationofthemolecularvolumeofethylohtoride
asa liquidat 25°.The valueofQ,the heatofvaporization,of ethylchloride,
maya!sobeinerror,sinceitsvaluewasobtainedfromexistingvaporpressure
data. Lamband Coolidgereportthe heat of vaporizationof benzeneat o°
tobey.Si K oats. Thi8vatueistnueh8matIerthanthevatuea",8.28and8.St,
asgivenby Regnaultand Young,respectivety.The data obtainedby thèse
twoinvestigatorsis giveninTableXII forcomparison.

Thenet heatsof adsorptionper 1 ce.of liquidon to g. ofcharcoatat 2$°,
(Col.5), wereobtainedby dividingthe net molecularheatof adsorptionby
the molecularvolumeof the liquidat 25°. It is evidentthat thesenetheats

1

ofadsorptionper i ce. ofliquidareaHverynearlythé same,the averagede-
viationfromthe mean, 0.0960K. cals.,beingonlyy.t percent. Exceptfor
ethylchloride,thèse net heatsperce.are aUhigherthan the corresponding
valuesat o"by about10percent.ThemeandeviationispracticaUythesame
at both températures. Suoha smalldeviationled Lamband Coolidgeto
betievethat the net heatsofadsorptionmuâtbedue to the attractive forces
ofthecharooal,and that fora givenamountofcapillaryapacethe heatliber-
atedis identical,or nearlyso,forall liquids.

Followingthé methodaofourpredecessors,wehavecalculatedthe heatof
compression,insmallcalories,peratmosphèreperoc.of liquidat atmospheric
pressure. Thiscalculationwasmadebytheuseofthe relation:

dQ
/dv\

T

dv
dT \dP/ 4!?

The valuesof wereobtainedby substitutingthe valuesof the tempéra-

ture andthe constantsin theexpressionobtainedbydinerentiatingseriesfor'
mulaeof the type: v<==v.(i + cxt+ + -yt'),as givenin the Landolt-
B&msteinTables. In everycasethevaluesaresomewhathigherthan thécor-

respondingvaluesat o". Thisseemshighlysignificant,sinceit may afford
an explanationwhy the heatofadsorptionmightnot changewith tempera-
ture. That is, the changein the heatof vaporizationmay be compensated [
bya correapondingchangeofoppositesignm theheatofcompression, t

Thequotientsof the net heatsofadsorptiondividedbythé heatsofcom- c
pressiongiveus the attractiveforcesof the charcoatactingon the various
liquida. Thesequotientsaregivenin oolumn7of Table XI. The average
valueof the attractive forcesisabout 10000atmospheres.The comparison
of thesevalueswith thoseobtainedfor0° showclearlythat theseforcesare t
diminishedwithrisein temperature,andinsomecasesmarkedlyso. Because <

t~ndottandBarnstetn"Tabellen." .)
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of thishighpressure,Lamband Coolidgestate that weare not justined in

usingheatsof compressionat i atmosphèreinmakingthèsecomputationf);

that insteadwoshoulduse the meanheatsof compressionobtained by in-

tegmtionoverthe wholepressurerangecovered.Theyhavecalculatedthe

attractiveforcesofsomeof theirvaporsat o"fromtheheataof compression

eomputedby Bridgman"at pressuresupto 12000atmosphères.Five ofour

vaporswerestudiedby Bridgmanat M",40', 60'Md8o". Thevaluesofthe

heatsofcompressionat :s° havebeeninterpolatedandaregivenincolumn8.

Theaveragevalueisabout t2 percenthigherthanat o";the individualvalues

showan evengreater constancy.
Ifwenowdividethe net heataof adsorptionbythesebottervaluesofthe

heatsofcompression,weobtainthé attractiveforcesgivenin columno. The

averagevalueof théattractiveforceof carbonforthesefivevaporsis sooco

atmosphères,or about3.1percenthigherthan fortheaverageof the seven

studiedat o". The ratherconsidérableinoreaseintheattractiveforceofcar-

bonformethylalcoholandether is significant.

Whetheror not thé attractiveforceexertedby charcoalon ail liquidais

thesameandindependentofthe temperatureisstillaquestion. Weknowrel-

ativelylittle regardingthe conditionsprevailing.inliquidsunderhigh pres-

sures. Furthermore,weknowstill lessof the conditionsexistingwhonthege

liquidaareunderhighpressuresand at the sametimein contactwith the at-

tractiveforcesof a powerfuladsorbent. Forexample,Bridgmanstates that

pureacétonesolidifiesat 20"whenundera pressureof 8000atmosphères.

At whattempératurewouldit solidifyunderthissamepressurewhenin con-

tactwithporouscharcoal?Thiswecannotanswer.

Summary

i. Anewcalorimetriomethodbasbeendevisedbywhichit ispossibleto

measureheatsof adsorptionat anytemperature. It permitsthe use of tem-

peraturesat whichthe liquidphaseioabsent,andthuspreventsthe introduc-

tionof the thermaleffeotdueto ordinarycondensa~on.

2. Themethodpossessesthree importantfeatures. (a) Objectionable

condensationeffectsare eliminatedby havingthe calorimeterat the same

temperatureas that of the vaporto beadsorbed. (b)The charcoalbulbis

ofsucha designthat the heatevolvedis quicklyconductedoutward to thé

calorimeterliquid. (c) The rise in temperatureofa knownweightof oil is

readby a sensitivethermoetement.

3. Theheats ofadsorptionof aine vaporsoncharcoalhavebeen meas-

uredat 2: Theheat effoctswerefoundto beeasilyreproducible,and they

areindependentof the rate of adsorptionof the vaporand of the previous

historyofthé charcoal.

4. Theheatsof adsorptionof thesevaporsare in closeagreementwith

thoseobtainedby LambandCoolidgeforthesamevaporsat o".

PA~ca!CAentM-yLat'eM~,
!*AeiS<a<e!7M<fe~~<)ca.

Bndgman:Prcc.Am.Acad.,49,t (!9'3)
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THE ROLE 0F PHOSPHATESON THE TAKINGUP OF DYESBY
MORDANTS

BY CHARLES E. WNtTB AND NEH. B. GORDON

Manyattempts bavebeenmadeto advancea satidactorytheoryto ex-
plaintheeffectofsaltauponthédyeingprocess,butnoneofthesehâveproved
entirelysatisfactory.Onereasonforthisseemsto be the!aokofquantitative
data basedon investigationsinwhichsumdentattentionbasbeengivonto a
controlof the variaNes.Theobjeotofthis investigationwastoobtainquan-titativedata undersuchcareMiycontwUedconditionsthat it mightbepos-sibleto déterminedennitdytheeneotofphosphateson the takingupofdyes
by mordants.

MaietMs used
The hydfousoxidegelsof iron, aluminumand chtomiamwereused

throughoutthe experiment.Thèsewerepreparedby dissotvingseventy-Sve
gram of thé respectivechloridesin five litersofwater at a temperatureof
fiftydegreescentigradeandthenverydiluteammoniumhydroxidewasadded
untilaUofthe metalhadpïeeipitated.Thegelwaswaahedfreefromchlorides
by decantation. ThisusuaByrequiredsixor sevendays. In mostofthéex-
penmentsthé gelwasueedmixedwithsucha quantityofwaterthat it could
be readilydtainedfreefroma fiftycubiccentimeterpipettefromwhichthe
tip had beeneut offinorderto auowpassageof the largeparticlesofgela-
tmousmaterial. Whoreit wasobjeotionableto bavesuoha largequantityof
waterprésentthegelwasfilteredby suotionuntil a!lthe waterpossiblehad
beenremoved. Thegelintheresultingconditionwaaweigheduponthebal-
anceina atopperedweighingbottle. Thesilicagel waafumishedbythéDavi-
son ChemioatCompanyBeforeusing,it wasgroundsma!!enoughto passa onehundredmeshsieve,washedbydécantationandallowedtodryat room
temperature.

The water contentof thé gel wasdeterminedby heatinga samplefor
twenty-fourhoursat 105°C. The iron, aluminumand chromumgelsthat
werein a conditionto bemeasuredin a pipettecontainedabout98per cent
water.

Thedyesweredonatedby E. I. duPontdeNemoursandCompany.The
acid dye, OrangeII, is a sodiumsait and the basicdye CrystalVioletis a
chloride,potassiumdi-hydrogenphosphate,the salt,was J. T. Baker'sC.P.
material.

ExperimentalPtocedMe
In the adsorptionofdyesby geb Gordonand Marker*haveahownthat

equilibriumisreachedifthedyeandthegelareheatedto 100"Cfortwohours
with fréquentshaking.Gordonand Starkey have shownthat in ordorto

tnd.Eng.Chem.,M,tt86(t~s).
SoUSefenoe,14,p.449(t~a).
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obtain maximumadsorptionof potassiumdi-hydrogenphosphateby inor-

ganiogelsthé mixturemustbe shakena!mostcontinuouslyforseventy-two
hours. Thus whenit wasdesiredto havecomparableresultswithboth the

dyeandphosphate,thesolutionsweroput into250ce.ground-glassstoppered
bottles,heatedat 100"fortwohours,thenshakencontinuousiyforthreedays
ina mechanicatshaker.

Afterthis the solutionwas analyzedformaterialsunadsorbed. The so-
lution.wasseparatedfromthegelbyanultrafilter. Thiswasmadebypouring
the mixtureofgeland solutionovera filterpaperuntil the paperhadbecome

thicMycoatedwith gel. The wholesolutionwasthen filteredthroughthis.

DeterminationofAdsorbedMaterials

Theadsorptionwasdeterminedby analyzingthe solutionbeforemixing
withthe gelandthen againafter adsorptionhadtakenplace. Thedifférence
betweenthesedéterminationswascalledthe amountof materialabsorbed.
Thedyewasdetermnedby titration withtitaniumtn-ohtorideaccordingto
the generaldirectionsin Knecht andHibbert's"Manualof VolumetrieDye
Anatysis." SpeciSodirectionswerefurnishedby E. I. du Pontde Nemours

and Company.Theirdirectionsareas follows:
"D~Po!~Orangeff.' Dissolve.2 gms.dye in 100o.c.waterandgsc.cof

sodiumtartrate (25%). Boilgentlythreeminutesandtitrate hotunderCO2

with.oSNTiCttsolution. Theaaat<x)!orchangeis fromredto grayor brown
and is sharp. The titrationshouldbecarriedout slowlyas the endpoint is

approached."
In detenniningpotassium,and the phosphateradicalin OrangeII solu-

tions,it wasnecessarySïstto removethedyebyprecipitationwithHCtor to

décomposeit by boilingwithaqua~regia.Bothmethodswereusedand the
latter foundto be the mostsatisfactory. The potassiumwasdeterminedby
precipitationwithplatinioohlorideaccordingto the Lindo-Gladdenmethod.
The phosphatewas determinedby thé ammoniummolybdatemethod. In
the caseof CrystalVioletthe dyewasremovedby precipitationwithsodium

hydroxide.
The hydrogenion concentrationofaUclearsolutionswasdeterminedby

meansof the BaileyElectrode. A normalcalomelelectrodewasused with
this andthe readingstakenon a LeedsandNorthrup"StudentType"poten-
tiometer.

In order to obtain thepH of thé dyesolutionsandofsolutionscontaining
any colloidalmateriala modifiedformof the Hildebrandtype electrodewas
used. Theélectrodewasa singleplatinumwirecoatedwithplatinumblack.
Beforeusingthis it wassaturatedwithhydrogenby etectrolysisin a sodium

hydroxidesolution. It wasfoundthat thistreatmentinsuredmuchsteadier

readingsin dyesolutions. In makinga determinationthe solutionwassat-

urated.withhydrogenbeforethe électrodewas immersedin it. For Crystal
Violetsolutionsand clearsolutionsthe readingsof this électrodecould be
checkedwiththoseof theBaileyélectrode.ButwithOrangeII solutionsthis
isnot true. WithOrangeII ail readingsweredeterminedin duplicateon the
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électrodedescribedaboveas soonasa steadyreadingcouldbeobtainedafter

théelectrodewasijmmersedmthesolution. Whileit isnotclaimedthat thèse

valuesare absolute,they are the best it is posaiMeto obtainunderthese

conditionsandtheyallowexcellentcomparisonforthiswork.

The AdsoïpiionofCrystalVioletby SUica,Iron aad AluminumGels ln the

PreseaceofPhosphates

Tables1-VIshowa comparisonof the CrystalVioletdyeadsorbedwith

KHtPO<présentandwhennosaltwasused. In thèseexperimentsthepHwas

variedby uaingsulphuricaoidand sodiumhydroxide. Thesolutionsused

were.ospercentdyoando.5NKH~PO~.

TABMlI

TheEffeotofPhosphatesontheAdsorptionofCrystalViolet(abasiodye}by
SitioaGel

TABLE III

TheEffectofPhoaph&tesontheAdaotptionof CrystalViolet(abasicdye)by
It~Get

TABLEII

TheEffectofPhosphatesonthé Adsotptionof CrystalViolet(abMiodye)by
AhnminumGel

t

pH of stttt pH of bath M~n.ofdyeada.pergm.fhyget
solution afterfub. wtthKHtPO~ présent nosattpMa.

t.ï'
·

1.0$ I.t ï!

1.4: t.52 a.3 2.4

9.74 3.7S ~-S 3-'

4.6ï 3.14 3.a 4!

4.6;f 3.t6 3.5 4 a

6.68 4.43 7.3 46

6.9S 4.70 90 47

pHofealt pHofbath Mgm.dyeade.pergm.drygel
solution <tfte)'ade. KH~PO~pMMntwtthoutMtt

i.S: i:.9ï –– 3.0
:.8! 5.36 49.' 40
4.63 5.98 173.4 70
6.n 6.12 st6.5 130
6.49 6.30 4393 '6.o
6.85' 6.54 449.1 ~.o

pHofmtt pHofbath Mftm.dyeade.pergm.drygel
solution aftermh. KHtFOpKMBt withoutsalt

~.59 $.37 378 28.0
4.4S 6.04 460.9 40.0
6.~ 6.ï4 886.8 46.9
6.49 6.42 1041.4 47.5
6.85 6.8i in8.3 48.0
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It is seenfromthe abovedatathat theoffectof the phosphatesait added

isto inereasethe adsorptionofthebasicdye. ThepH couldnotbecarriedany

Mgherdue to thé dyeprecipitatingout ofsolution. Irongelseemsto be the

bestadsorbentfor the basicdyeandaawillbenoted in the followingtables

it isa!sothebestadsorbentforphosphates.Boththe potassiumandthéphos-

phateadsorbedin the aboveexperimentweredetermined. Thedata arefor

ail three gels.

TABLEIV

TheEfîectofCrystalVioletDyeontheAdsorptionofPotassiumAcidPhos-

phateby SiticaGel

TABLE V

TheEffectofCrystalVioletDyeon theAdsorptionofPota~um AoidPhos-

phatebyAluminumGel

TAM.EVI

TheEffectofCryatd VioletDyeonthé AdsorptionofPotassiumAcidPhos.

phateby IroaGel

pHofbath Mgm. adaofbedpergramofdryeet_
afterada. PO<Mb.dyePO~de.Kada.dyeÏtaE

pKMnt nedye pKMnt nodye

5~7 272.5 –– t7.9 ––

6.04 ~54.2 –– xô.t 9!.o

6.14 258.6 –– 28.7 90.0

6.42 947.3 339.0 30.2 St.o
6.8ï 255.6 !7<*o ~8.1 76.0

pHof bath Mgm.MborbedpN'gmmefdtyget.
aftera<h. PO.ads.dyeP0<ads.Kads.dyeKfMb.noatterade.

present
yo

nodye pMsent
e

dye
no

2.91 127.8 318.5 4.4 4.7
5.36 ta4.9 ~49.0 y.i 9.4
5.98 iM.9 :33o n.4 ïo6
6.12 101.2 227.5 9.4 io.8
6.30 104.3 :23.3 9.5 n i
654 98.8 :i8.o 9.9 i'S

pHofbftth Mgm. adsorbedpergram cfdrygel.
after P0<ade.dyeP0<ads.K<Mts.dye Kada.no

présent no dyo preeeat dye

i.oS "0.8 a.7 –0.9 –2.7

I.S3 -0.6 O.S –0.2 –3.4

2.75 *'o.$ -0.3 –o.i6 –t.6

3.14 -o.t –0.1 –o.t3 –ï-4

3.16 o.i –2.0 o.oi –$

4.43 0~ "~3 0.5 -0.2
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In everycase it iBahownthat eventhoughthe dyoia very muchmore

higMyadsorbedwith thephosphatepresent,the P0<adsorptionisnotgreat
enoughto account for thé highadsot-ptionof thédye. It isbelievedthat thé
sait increasesthé siseofthe dyeparticleto colloidaldimensionsandthen it
ismerelyfilteredout ofsolutionbythege~thtouapartMesofmetaUicoxides.

It wiUbenotedin subséquentdata that théactionofphosphateswithacid
dyesisdirectlyoppositeto that withbasicdyes.

Adsorptionof Orangen (anaciddye)bySi!i<a,Iron,Aluminum.andCbrom-

iumGels

Withsilicagel therewasno adsorptionof the aciddyeOrangeII either
withorwithouta sait présent.

TableVII showsthat withaluminumgeltheadsorptionofOrangeII was
greatlydeereasedby the presenceofthe phosphate. In this experimentthe
pHwaavariedwithsulphurioaoidandsodiumhydroxide.Thesolutionused
waso.5 percentdye and0.05NKHtPOt.

TABLEVII
The Effectof PotassiumAoidPhosphateonthe Adsorptionof OrangeII by

AluminumGel

pHof original Final pH Mgm.dyoads.pergm.dtyset.
Mttsolution ofbath Phosphateprésentnosatt present

~.68 s.og 38 ~9
3t8 5.51 ~6 186
3-38 5.43 ~7 185
4.48 5-?3 15 i7?
6.49 6.02 14 170
7-02 6.56 i t66

Thisdata are illustratedmorevividlyin Fig.i.
It is remarkablethat the amsUamountof s&ttaddedto the dyebath

shouldmakesucha markeddecïeaaein the adsorptivepowerof the gel. It

mightbe expectedthat the gel bas preferentiaUyadsorbedthe phosphate,
but the foUowingdata showthat thereis aboa greatdecreaaoin the phos-
phate adsorption.

TABLE VIII

TheAdsorptionof PotassiumAcidPhosphateby AluminumGel in thePrés-
enceof OrangeII Dye

pHofbath Mgm. adsorbedpergm.ofdrygel
afte)-a<b. POt~dB.dyo F0<'t3a[K a<h.dyeKada.no

preaent no dye présent dye

5-05 i43.o 258.s oo g.o
5-5i ny-6 244.0 00 9.8
5.43 105.8 Z47.5 oo 9-7
5.73 96.7 238.0 4.67 io. r.6.02 757 23:.5 6.T2 10.66
6.56 46.3 ~'7-5 –– ––
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Acomparisonofthe phosphateadsorptions's givenin Fig.2.
The greatdeereasein the adsorptionof thephosphatecannotbebataaced

bythé verys!tghtadsorptionof the dye. Thesamephenomenaldeoreasein
adsorptionisnotedinthefollowingdataonirongel.

TABLEIX

TheEffectofPot&ssiumAoidPhosphateon the Adsorptionof OrangeIl by
IronGet

The phosphateand potassiumadsorptionwasa!sodecrcasedbelownormat
eventhoughnodyewasadsorbed.

TABLEX

TheAdsorptionofPotassiumAcidPhosphateby IronGelin the Presenceof

OrangeII Dye

pHofonfpnat pHcfbath Mgm.dyeads.pergm.dryget
adtMtution afterads. phosphatepM8entNoMJtpmsent

Z.7S 6.09 M sas
3.16 6.25 oo 80
4.66 6.4~ M yo
6.54 6.60 M 63
7.05 6.70 M 62

pHofbath Mgm.ads.pergramof drygel.
~ter< PO<Mb.dyePO<tMis.KtMb.dyeK ade.no

present no dye present dye
6.09 ~tï.ï 21.4 91.0
6.2S :oo.5 88.0
6.42 t88.6 340 as.t 83.0
6.6o 160.3 330 23.6 80.0
6.79 130.6 319 '9.' 740
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Inorderto detenninewhetherthisdeoreasein adsorptionwasdue to thé P0<

iona!oaeor to other ionspresent,an experimentwasrun wherephosphoric
aoidwasaddedto the dyesolution. Y~ryitigamountaof the aoidwereused

inorderto vary the pH. Ofcoursetheremightbeexpeoteda changein ad-

sorptiondueto the varyingconcentrationofthe negativeradical. In the fol-

lowingexperimentone graïnof OrangeII dye wasdissolvedin aoo eo. of

phosphorioaoidsolutionsandaddedto t .oagramsofgel.

FM.Za
AdsorptionofPhosphatebyAluminumGel

TABMXI

The Effeetof PhosphoricAcidon the Adaorptionof OrangeII by Iron Gel

Table XI showsconclusivelythat the eliminationof the adsorptionof the

dyeisduetothe phosphatéandnot tothepresenceofotherions.

Havingestablishedthe tact that the phosphatewaathe effectiveagentin

decreaeingthe adsorptionof the dye it becameour pToblemto determineif

possiblejustwhythephosphateehoulddothis.

GordonandMarker*haveshownthat thetakingupofOrangeII byalumi-

numandirongelsis a chemicalteaotionandnot merelya eaaeof surfacead-

sorption. Accordingto thisthenthe observedtacts shottld oSerexplanation
eitheronthe basis that the phosphateis actingon the geland preventing
its reactionwith the dye, or it is actinguponthe dye in solutionin sucha

mannerthat it preventsthereaetiontakingplace.

1Ind.Eng.Chem.,16,t!86(t~s).

FinalpH Mgm. pergramofdryge!
ofbath P0<onpnaUyF0<ada.Dyeads.

pMSMtt

4.30 z63.s !:33.s oo

~.8s at7.8 202.9 (M

5.16 104.0 ~3.9 oo

5.29 iot.9 97.9 oo

5.36 9~3 86.6 oo

5.44 61.9 S8.7 oo
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Takingthe latter ideanrst, it was thoughtpossiMethat the phosphate
mighthaveaneSeotofinoreasingthesotubUityofthedyeinsolutionandthua

makingits takingup by the gelmorediffioult.Soan experimentwasrun to
detenninethis. It wasfoundthat at the concentrationsofphosphatesused
in theexperimenttherewasno detectableinfluenceuponthésotubility.But
ifa targequantityofphosphateisadded,the solubilityof the dye decreases
andthedyemaybeprecipitatedout ofsolution. Thiswouldhavethe effeet
of inareasingthé adsorptionby geb rather than deoreasingit. Another

thoughtwas,that owingto a changein the thermodynamieenvironmentof
thesolutionon theadditionofphosphate,it mighttakea longertimefor the

dyeandgelto reachequilibrium.Soan experitnentwasruninwhichthe dye
wasallowedto remainin contactwith thé gelfor a periodof six months.

Sampleswereremoveda.tintervalsforanalysis.
Solutionsof0.5percentOrangeII dyeand .05normalpotassiumdihydro-

genphosphateweremixedwithT.08gratasofgel. Thismixturewasheated
toboilingforfourhoursandplacedina mechanicatshakerandagitated. This
treatemntwasrepeatedat fréquentintervalsovera periodof six months.
ThepHwasvariedwithphosphoricacidandpotftssiumhydroxide.

TABMXII

ThéResultofallowingOrangeII and PhosphateSolutionto acton IronGel

fora periodofsixmonths
pHofdye pHofdye Mgmads.pargm.drygel.
bathJan. i bath July 3 Dyeads.Dveads.P(')<ads.P0<ada.

Jan. 1 Ju!y33 Jan.J Juty33

S.O!! 5.46 00 oo a.g 219.6
S.a? 5.69 00 oo !t9.4 ~3~.7
5.66 5-~7 oo M zo:.7 206.8
5.86 5.95 00 oo 191.0 207.3
5.9!! 6.07 oo M 187.1 ï7i-7
5.71 6.07 oo oo i4<3 x64.0

Thedatashowthat there wasno adsorptionof dyeundertheseconditions
evenafterbeingin the presenceof the gelfor a periodofsixmonths. The

phosphateadsorptionchangedonly very elightlyand the pH showsa cor-

respondinglys1ightchange. It wasconcludedthen that thereasonfor phos-
phatecuttingeut the adsorptionwasnot to befoundmits effectuponthe

dyeinthesolution.
Onthe basisof the other ideamentionedabovethat the phosphatede-

oreasedthe adsorptionof add dyesbecauseof its effectuponthe gel,it was

thoughtpossiblethat the phosphatemightbeadsorbedonthe surfaceof the

gelandthuapreventthe gelreaotingwiththe dye.
Inordertodeterminethisit wasdecidedtorunanexperimentinwhichthe

gelwouldbeaUowedto adsorbthe phosphatefromthesotutionbeforeadding
the dye. If no adsorptiontookplaceit wasthoughtit mightbe concluded
that théphosphatecoatedthegelinsuoha wayasto preventits reactingwith
thédye.
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.5 gramofgeland 100ee.ofpotassiumdihydrogenphosphatewasboiled

fortwo hours,thenahakenforthreedaysin a mechanicalshaker, as ce. of
thesolution.wasthonremovedandtestedfor phosphates. Then ïoo ce. of

a one per cent dyesoMon wereaddedand the mixtureagainboiledand

shakenthesameasbefore. ThefoUowingresultswereobtained:

Fto.33
TheRelationbetweentheAmountofPO.adsorbedandtheAmountpresent

in a BathofOrangeII Dye.

TABLEXIII

TheEffectofIronGeladeorbinga thePhosph&tefromtheSolutionfirat,then

addingOrangeII

It willbe noted that therewasno dye adsorbedeven whenthere wasno

phosphatein -thesupematamtliquidwhenthe dye wasadded. The data

show,though,that someof the adsorbedphosphatewasreleasedto the so-

lutionafter the dyewasadded. TMsmight have beenexpected,aineein

TableXI it waashownthat in thepresenceofOrangeII theamountofphos-

phateadsorbedis proportionalto the concentrationof thesolution. Hence

whenthe solutionwaadilutedwiththedyewewouldexpectsomeofthé phos-

phateto berekased. ThispointiaillustratedinFig.3.

Fioa!pH Orig.FO~ogm P0<ineupef- Dye MgmPO.ade.
of bath pe)'tttn<hyget natantliquid sds pergtn.dry

beforedyeadded gelin finalbath

5.53 63.y nene M 59.4
S.73 1:7.4 trace M 105.4
5.75 i<)o.i quanMty M 126.8
5.86 954.8 quantity M 154.7y
5.~7 63.9 none oo 59.7
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Sincesomephosphatewasreieasedto thé solutionthis experimentdoes

not proveconciusivetyits originalpurpose. It doesshow,however,that the

dye willnot replacetheadsorbedphosphateontheget. It then becameim-

portant to knowwhether,if the dyewasadsorbedfirst,the phosphatewould

displaceit. In orderto determinethis the followingexperimentwas per-
fonned.

15000.of a0.75percentsolutionofOrangeH wasboiledwiththe gelfor

twohoursandsampleswereremovedforanatyais. toocetof0.0$N KH~PO~
werethenaddedto eachsolution. Thiswasshakenforthreedays to attain

equilibrium.The pHof the originaldyesolutionswasvariedby addingsul-

phunc aeidandsodiumhydroxide. Theresultsofthisexperimontare given
in TablesXIVand XV.

TABLEXIV

The Effectof allowingAluminumGelto adsorbOrangeII first then adding
PotassiumAcidPhosphateto the Solution

TABUSXV

The Effectof a!!ow!ngIron Gelto fMÏsorbOmageII Stat thenaddingPotas-

siumAcidFhosph&teto thé Solution

Thedatashowthat a veryhighpereentageofthedyeisdiapiaeedby the phos-
phate. At firstthoughtit wouldseemthat if thiswerechemicalreplacement
one equivalentof dyeshouldbe replacedby oneequivalentof phosphate.
Thesevalueswerecalculatedandnot foundto agteeinanycase. Thisiaas it

ehouldbefor undoubtedlysomeof the dyewasreleasedondilutionof the

solution. Orinotherwordssomeof thedyecompoundalreadyfonnedis dis-

solvedonthe additionofthe phosphatesolution.
The data presentedthus far seemto showthat the effectivenessof the

phosphateinreducingthe adsorptionof the dyeis dueto its effectuponthe

gel. Thethoughtwasthen advancedthat the phosphatecoveredtheexterior

pHafter pHof _Mf~N.adaorbedpergm.drygel
dyettd~. finalbath dyeada.dyeftda3ye

before after reteaaed P0<a<b.
st~tadded Mttadded

5.2 4.8 439.4 'i9.5 373-9 ïSo.?
5.3 4.9 3ii-i 1 ~4.3 ~86.8 119-~i
$.56 5~ ~.o ï$.o S2.0 86.9

Mgmadeorbedpergm.drygel.
pHafter pHof dyettds.(tycads.3yeP0<ads
dyettds. Suatbath before after feteased

saltadded salt added

5.05 4.56 4oy.6 24.4 383.2 i66.o

S.11 5.42 ~45.7 2i.6 224.7 141.0

S.48 5.69 9.7 s.o 7-7 "4.4

5.49 S.65 9.7 2.0 77 ~o-o
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surfacewith an insolublephosphateand did not leave anyferriehydroxide

exposedto reaotwiththe aoidof the dye. It is wettknownthat iron and

aluminumgelsareprecipitatedinvery largepartides, and just as thereaction
ofsulphuricacidon leadisstoppedby leadsulfate,herethe reactionmay be

preventedbytheformationofironphosphateonthe surfaceofthe geL If this

conceptis true weshouldbe ableto increasethe adsorptionof a Baltby tak-

ing these!atgerpartic!esofgetand breakingthem apart 80as to exposenew

surfaces.
In orderto provethispointsamplesof ironand aluminumgelswereal-

lowedto reacha maximumadsorptionwith potassiumaoidphosphate. The

gelwasthenremovedand groundthoroughlyin a mortar forten minutes;it

wasthenretumedto the solutionand placedin the mechanicalehakeragain.
Sampleswereremoved,beforeand after grindingthe gel,foranalysis. The

pH of thesolutionswasvariedby addingpotassiumhydroxide. 1.05grams
of gel(90percentFe~Otand 74.3percentAI)0~respectivety)wereusedwith
200ce.of0.05N KH:PO<.

TABLEXVI
TheEffectofFurtherSubdivisionof théParticleofAluminumGel

TABLE XVII

TheEffectofFurtherSubdivisionof the Particleof Iron Gel

The différencein pH betweenthe nrat and secondcolumndoesnot give the

pH changecorrespondingto thé phosphateadsorbedbecausequitea bit of
waterwasaddedwiththegel. In a total of 48.3gramsofgelpluswaterthere
waa47.3gtamsof water. With the iron gel in the aboveexperimenteven
after filteringtherewu considerablecolloidalferriephosphatein thesolution.

For thephosphatedeterminationthis wasremovedby aaturatingthesolution
withammoniumnitratewhichprecipitatedthecolloid. Onfiltering,thesolu-
tion wasperfecttyclear.

pHofongiMt pHofbath pHafter Mgm.P0<adspergmdryte!
saltsolutions before grinding Before After
fmttaotuttOM

befoM
Rnnd!nK MotoÀftef Inoreaeepinding cindiog t~inding iNcreaae

4.683 7.i68 7.405 ~8.4 147.7 9.3
5.799 7.3ï8 7.422 135.6 143.3 7.6
6.:87 7.532 7.64t ï!7.6 !3!.5 4.9
7.084 8.o8t 8.t8z 94.4 97.1 2.7

io.7t8 9.4!7 9-55" 4i.i 46.4 5-4

pHoforiginat pHofbath pHafter Mgm.PO.ads.per gmdrygel
sattmtutioM before grinding Before After

grinding grinding grinding înerease

4.683 y.ïSt 7.3S4 166.2 tyt.s s.3
5.799 7-303 7439 163.4 t66.i1 z.y
6.289 7.S57 7 624 154.3 160.7 5.5
7.084 8.098 8.149 t2i.22 126.o 4.8

To.?!8 8.706 9.028 58.7 68.8 io.i
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Thédata givenin thetwoprecedingtablesarepresentedin Fig.4.

Ffomthèseourvesit isseenreadUyth&ttherewaaquitea definiteincrease

in the adsorptionof phosphatesby bothh'omand aluminumgels whennew

surfaceswereexposedbyorusMagthé gelpartiole. Thisseemsto ehowthat

thesurfaceof thegel,.whenmaximumadsorptionis reached,ts coatedwitha

definitefilmofphosphatewhichM{mpervioustomorephosphateordyeunder

the existingconditions.But whenoneof thesephosphate-coatedpartioles
is brokenand a newsurfaceexposed,moreof the phosphateoan betakenup

FM.44
TheEtfectofFurtherSubdivisionofthePsrtieleaofGelonAdsorptionofPhosphates

fromthe solution. Thismightappeartobe then the explanationof the fact

that phosphateseutout theadsorptionofan aciddyebyirongel. If the layer
of phosphateformedcannotbe penetratedby additionalphosphatefrom

phosphoricacid,then it is reasonableto supposethat the dyecannotpene-
trate the f~m. But in expenmentsfollowingthia wherelessphosphatewas

usedand was still effectivein preventingthe adsorptionof the dye, it is

hardlyconceivablethat thereis a suiRctentamountof the phosphateradical

présentto coverthe wholesurfaceofthegel. Thesedata, however,certainly

seemto explainthealwaystroublingassertionthat there is apparentlynever

a definitechemicalequivalentrelationshipbetweenthe amount of matena!

adsorbedand the amountof gelprésent. AUof the precedingdata werere-

calculatedon thebasisthat the drygel waN74.5per cent A~O~and90 per
centFetOapespectwetyandno definitechemicalcombiningratioswerefound

betweenthe dyeor satt adaorbsdand the ironor aluminumpresentas gels.
Noneshouldbe expectedaccordingto thedata presentedin TablesXVand

XVI becauseatiaHtimestheremight-bequitea targescoreofaluminumhy-

droxideor ironhydroxidewithinthe gelparticlethat nevercomesin contact

with'thesolutionand hencecannotbeactedupon.
In au of the data presented,the adsorptionofthe dyein phosphoricacid

bas beencomparedto the adsorptionin sulphuricacid. In order to have a

comparisonof the effectsof the ionsCl-, SOr and P0<- uponthe ad-
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sorptionof OrangeII, an expenmentwasrun usinghydrocMonc,sulphuric
and phoaphoncaoidsof thé samepH valuesto dissolvethe dye,and iron,
aluminumand chromiumgelsas adsorbingmediams. Thesameamounta
ofgelandthe sameprecentagedyesoltuion(0.5per cent)wereusedin each
case. The fesultsare givenin grantsof dye adsorbed.pergramof dry gel.
Thegelin tMsstatem thecaseofironis90per centFet0<,that ofaluminum

74.SpercentA~O}andchromium70.4percant Cr:0}.

AdsorptionofOrangeHbyIronCetinthepresenceofHCI,H,80<andH,PO,.

TABLEXVIII
The AdsorptionofOrangeII by Iron Gelm the Presenceof threedifferent

acidsunderthesame pH

It isshownhere that in their adsorptioneSeetswithirongel,HCtand
HtSOtare verymuchalikeand H~PO~bas cut out the adsorptionentirely
exceptat a very lowpH. Fig. 5showsthesedata plotted. Theresultswith
chromiumgelare verysimilar;theseare shownin the Mowingtableand in

Fig.6.
It is apparentthat hydmcMoncandsulphuricacidehavealmostthesame

effectagainexceptat a very lowpH, and phosphoricacidbasverygreatly
reducedthe adsorption. The adsorptionin the présenceofphosphoricacid

passesthrougha minimum. This result ia explainedin the theoryof this
reactionwhiehia developedin the latter part of this paper. Withaluminum

geltheresultsaresimilar.

pH of acidMt. Mgm.of dye adsorbed per gmof dry gel
befotedyettdded HCtBBS,]EK~

2.95 8 8 00

2.66 28 is 00

2.33 ï43 ï38 00

2.01 440 4I? 30

t.94 540 soo M2
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TABMiXIX

TheAdsorptionofOrange11byChromtumGelin thePtesenceof threediffer*

ent acideunderthe samepH

J'tO.o6
AdsorptionofOrangeII byChromiumGelinthepresenceofHC!,H~SOt,andHaPO..

TABÏ.EXX
TheAdsorptionof OrangeII by AluminumGelin thePresenceof threedif-

fetentacidsunderthe samepH

TheseKsultsarebroughtoutmoreclearlyin Fig.y. Hereagainhydtochîonc
acidseemsto offerthe best adsorptionmediumwithsulphurioacid very

nearlyequalte it andwithphosphorioacid thereis verylittleadsorptionat atl.

Ata verylowpHthe amountofdyeadsorbedwithphosphoricacidpresent
increasesveryrapidty.

Sincethe controlofthépH hasbeenehownto bea veryimportantfactor
it wascmefullyfoUowedin aUthe stagesof the aboveexperiment. The te*

sultsaregivenseparatelyforeachacid.

pH of ac!<bsol. Mgm of dye ada. per gm. ofdry gel.

before dye added "33ESO<H,FO<

a.M 90 95 i!

2.66 gs 96 i

2.33 ~22 2IS 2$

a.ot 560 S40 160

i.94 650 620 3~3

pHoftMidao!. _Mgm. o{ dyeads.pergm.of dry
befotedyeadded '~3!––––––B,~<H,PO,

2.95 ~4 24 $
9.66 41 35 4
s.33 i5S iso oo
a.oï 475 346 is
1.94 Soc' 39° 88
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Whenthe gelwaaaddedto thédyo solutionsit wasmixedwitha consider-
ablequantityofwater,(47gms.waterp!u81gram gel). Thedilutionandthe

pH of this waterhadan effeotupon the finalpHof the bath, but smcethis
wasconstantineverycaseit doesnot enterintothe comparisonof théeffeets
ofthe acids. Thewaterwith irongel had a pHofy.s, that with attUninum

8.36and with ohromium8.3$.

Ad80)r})ttonof OrangeIl by AluminumGel in the Présenceof HCI,Ht80<and H,PO<.

TABLE XXI

The pH Changes during the Adsorption of Orange II in the Presence of HCI

pHcf o)'i(jitmt pH
of sotutton pH of bath after eqmUbnmn

,.“< -~t..n~– ~!t– -– – –- –-t.j

In the solutionsmarkedx the pHcouldnotbe takendueto the dye precipi-
tatingout ontheelectrode.

TABM!XXI
ThépH Changesduringthe Adsorptionof OrangeII in thePresenceofSul-

phuricAcid. _o.
pHofanimât pHofsolution pHofbathafterequil!-
acidsolution &fte)'addingt gn) _bnnm wasfeached_

beforedyeadded~fdyeto900ceftot. AlgetCfgetFeget

2.98 6.4 y.ta 7.14 6.30
2.69 6.3 6.71 7.13 s-~5
~.38 x 6.o8 6.40 s-48
~01 x –– s-5~ 4.94
1.79 x 3-8z 4.~ ––

acidsolution afteraddingï gm _WMMached_
beforedyeadded ofdyeto Mocesol AtgetCrgetFege!

2.95 6.4 6.63 6.9: 6.74
2.66 6.o 5.85 6.93 6.34

2.33 x 5.48 6.3? 6.12

r.96 x 5.~4 5.85 5~o

1.65 x 3.82 2.47 ––
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TABUS XXII

ThepH ChangeaduringtheAdsorptionofOrangeII in the PreseneeofPhos-

phoricAcid

pHofoftatn&tpHf~tef&ddioe pHot&dMfptionbathaf~r
aoidsolution 1gmdyeto _equihbrium wasMMhed

betemdyeadded 200cesolution At~etOrge!Feget

3.29 6.66 7.40 y.20 6.47

3.01 6.59 7" 7!0 6.32

z.74 4.9 7-0$ 7°~

2.42 X 7.46 6.!0 6.:o

2.18 x 5.10 5.88 48t

1.94 x 3-M ~57 ~~S

Theinereasein pH of the solutionon mixingthe dyewith the acidiadueto

theformationof the acid dye. It wasthe formationof this aciddye that

madeit impossibleto determinethe pHof the solutionsmarkedx,forwhen

thismaterialispresentin largequantitiesit précipitâtesontheelectrode.

It wiUbenoticedin theabovedata that whenthéfinalpHofthebathwas

in généralbelow6.5 with hydrochlorioand sulphmicacids quite a large

amountofdyewasadsorbed. TMapointvaries,ofcourse,withthédifferent

gels. But with phosphorlcacid beforeany quantityof adsorptioncouldbe

obtainedthe finalpH of the bath wasloweredto 3. for aluminumgel,2.57

forchromitungeland 2.07for irongel.
A fewdropsof chromium,aluminum,and ferriechloridesworeaddedto

therespectivephosphoricacid dyebathswhichhadgivenlittleornoadsorp-
tion. A precipitate of the metal dye compoundimmediatelyresulted.

This seemedto indicate that one of the conditionsnecessaryto get

the dyeremovedor adsorbedwasto have the métalpresentinan ionizable

compound. Had the ions been presentbefore,adsorptionwouldhavere-

sulted. Atalmostany pHvaluewhensulphuricorhydrochloricacidisin the

presenceofaluminum,iron, or chromiumgel,metallicions wiUbeliberated

beeauseof the formationof a solublesulfateor chloride. Withphosphoric
acidreactingwiththe gel,aluminum,ironorchromiumphosphatewouldform,
all ofwhicharerelativelyinsolubleexeeptinmoreconcentratedacidsolutions.

If this theoryis true, that the liberationof the metallicion is necessaryin

orderfor it to reactwith the dyeand formthemetal-dyecompound,thenwe

shouldfind,at the pH values whereadsorptionwasobtainedwith phos-

phorieacid,that ironphosphateissolubleandwiUyieldferrieionsinsolution.

Inordertodetemine this the followingexperimentwasperformed.
Ferriephosphatewas preparedby treatingpotassiumdihydrogenphoa-

phatewithferriechloride. A whiteflocoulentprecipitatewas.obtainedwhich

becamecurdy on boiling. To equal amountsof this wereaddedvarying
amountsof .~Nphosphoricacid. Thiswas boiledand let standfor a few

hours. In someofthe tubesit couldbe seenthat someofthe ferriephosphate
haddissolved,but somewhitepreeipitatestillremainedin ailofthem. The

pH valuesof the solutionsweredeterminedand they weretestedfor ferrie
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ionswithpotassiumsulfo-oyanate.Ata pHof6.88no ferrieionswereppea'
ent. At 2.40therewasa fainttest forferrieiona,lowerthan thisat pH a.o~
and 2.0~9thé numberof ions in solutioninoreasedgreatly. This can bo
tested qualitativelyby addingKCN8 to ferrieohlorideand then adding
Na:HPO<.Underthoseconditionsthe oolorwilldisappear. If phosphoric
acid is added,the oharacteristicredcolorofferrieionswiUreappeardue to
theferriephosphatewhiohwasfirstformeddissolvingagain.

In orderto confimtMsandhaveconditionsexaotlythesameas in thedye
adsorptionexperiment,iron gelwasnuxedwithphosphorioaoidsolutionsof
variousconcentrationsand subjectedto thé sameconditionsunder whioh
thé adsorptionof the dye wasoarriedout. Resultswereobtainedconfirming
thosegivenabove. WithsolutionsofpHabove4.00noferrieionswerefound
insolution. Belowthis the lowerthépHthemoreionstherewereprésent.

Aluminumphosphatewaspreparedby treatinga solutionof potassium
monohydïogenphosphatewithaluminumehlorlde.Thiswas treated in the c
samemanneras the iron. Atotaiofsevensotutionswereused.In thesethe
numberofaluminumionspresentseemedto passtbrougha minimumat pH
of 5.6abovethis numberof ionspresentinereasedand belowthis the lower
thepHthegreaterwasthe numberof ionspresent. It is believedthat thisis
dueto theamphoterionatureofthe aluminum.Refernngbackto TaMe XX
and TableXXIII wefind that the amountof OrangeII adsorbedpasses
througha minimumwhenthe finalpH of thébath correspondsvery elosely e
tothis. <

Chromiumphosphatewaapreparedin exactlythe samemanneras iron

phosphateanda similarexperimenttried. Ata pH of 6.0therewasa trace
ofchromiumionsiusolutionbut theydidnotappearinanappreoiableamount
until a pHof a.8 wasrea<!hed,lowerthan thistheamountpresentinoreased

rapidly. Refemngbackto TablesXIX andXXIII, it willbe noticedthat
withchromiumgels amaHamountofdyewasadsorbedin thé presenceof

phosphorieaoidat a pH of 5.6but thefirstadsorptionofa largeamountof

dyewasat a pHof 2.6.
In every case the adaorptionof the dye ehecksvery c!ose!ywith the

amountofmetal paasinginto solutionin the formof ions. Hèrewebelieve
is the explanationof theeNectof thé phosphateradicalonthé adsorptionof
an acid dye. The amountof dye removeddependsupon the numberof
metal-ionsthereare in solutionto reactandfonn thémetal-dyecompound.
HydrocMoricand sulphurioacidaïeaet withthegels,formsolublesalts and
fumishthe metal ions to the solution. Themoreacid there is presentthe
moremetalionstherewillbe insolution,henoewefindthegreateradsorption
of the dyeat the lowerpH. Withphosphoricacid,bowever,reactingwith
the gelrelativelyinsolublesaltsare formedandno ionsare furnishedto the
solutionuntil the aoidity is of such concentrationthat it dissolvesthese
salts. Aswas shownthe solabilityofthese phosphatesvary, iron beingthe
most insoluble, f

Theseriesofréactionsthroughwhichthisprocessof dyeingthe mordant, <

goesarethoughtto beasfollows:ForsimpMtyletx representthedyeradical.
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Gordonand Markorhaveshownthat the compoundformedbythe dyewith

themetalsisA!Xa,FeX~andCrX~ Aluminumgelandhydrochloricacidare

usedasan illustration.

NaX+ HC~=±NaC!+ HX (t)

That this reactiontakesplaceandfonnsthe weakeracidHXis shownby

the great incteasein pH whenOrangeIï is addedto anacidsolution. Data

illustratingthis aregiveninTablesXXI-XXIII.

3HC! + At(OH)~±AlCt, + H,0 (~

Thisreactionwa8provenbytakingvariousmixturesof theaotdand gelaod

testingfor the ionsfonned.

AlCla+ 3NaX~=±A!X,+ ~NaCt (3)

Thesalt AIX~is relativelyinsotuNeand is thus removedfromthe fieldof

action. This reactionbas been iNustîatedby addingcrystalsof aluminum,

ironand chi~miumchlotideSto a watersolutionofOrangeII. In everycase

an immediateprecipitaterésulta. It igbel~vedthat mostof thé metal.dye

compoundiafonnedbythis reaction. Ama fractionmaybefonnedby the

reactionof the dye acidandthe gelbut thia is highlyimprobablesincethe

baseisextremelyweakandthe aoidis relativelyweak.

Ai(OH)3+3BX:<=±AlX,+3H,0 (4)

If this ia the essentialreactionthen phosphorioaoidshouldasNstthe dyeing

just as effectivelyas euiphuricorhydrochloricacids,becausewithphosphoric

acidthe dyeaeid,HX, is formedjust as in the other twocasesas the data in

Table XXIIIshow.
If no aoid is present somesmaUamountof thé metaldye salt may be

formeddueto the slightionizationofaluminumhydroxide.

Al(OH),+3NaX~<=±AlX,+NaOH (5)

Thereisalsothe possibititythat someof the dyeacidformedreaetswiththe

AlÇlaformedbyréaction(~).

A1C1,+3HX~±A1X,+3HC1

Howeverthe evidenceseemsto indicatethat the essentialreactionfor the

formationof the metal-dyeeompoundis réaction(3). Onthe basisof this

wecanexplainthe veryauddenincreasesin adsorptionofOrangeII at a low

pHwhichwerenoted by CordonamdMarker. Theyfoundthat the adsorp-

tion of OrangeII inereasedsteadilyuntil a certain relativelylow pH was

reaohed;at thispointfurtheradditionofaoidcausedveryrapidincreasein the

adsorption. WeexplainthispointbycMmingthat it oecursat the hydrogen

ionconcentrationwhereenoughacidbas beenaddedto shift reaotion(t) as

faras possibleto the right. Anymoreacidaddedwouldreactdirecttywith

thegeland proceedthroughreactions(2)and(3).
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Withsulphurioacidthe reactionsgivenabovewouldbeofthésamenature
as withhydrochloricacid.

c
Withphosphorioacid,réaction(t) is the sameaswith hydrochloric.But

in reaction (a) there wouldbe formedeither AKHtPO~).,AIt(HPO<),or
A!PO<.Sincethereisa largeamountof gelprésentand onlyaamanamount
of add it is believedthat themajorcompoundwouldbe AIPO<.Thiscom-
poundwasshowntoberelativelyinsolubleand correspondingsaltsofohrom-
iumandironetillmoreinsoluble.Theformationofthis insolubleproduotia
reaction(a) wouldpreventreaction(3) fromtakmg placeand hencewould
preventadso~ption,by this traction takingplace. This is bomeout by the
experimentaldata given above. Aluminumphosphate was found to be
slightlysolubleunderaUthe conditionsusedand someadsorptionof the dye
wasfoundm aUcases. ThépH valuesat whiehchromiumgelgaveadsorp-
tionofdyein the presenceofphosphatewerefoundto eorrespondwith those iat whichohromiumphosphateyieldedchromiumionsto the solution. And

ifinally,it wasfoundthat iron.gelin the presenceofphosphatesadsorbeddye
at onlya very lowpH value. Thisoorrespondedto the pointat whichiron
phosphateyieldedferrioionsto thésolution.

Thé expefiment&tfactsseemto indicatethat in orderto hâvean aeiddye
removedfromsolutionby a gel,inany largequantity,the metalionmustbe
free. This isaccomplishedbyaddingsulphurioor hydrochloricacidswhieh
reaetwith the gelsto formeolublesalts. Phosphatesdecreasetheadsorption
becauseofthe formationofdiScuItlysolublesaltswiththe gels.

SummaryofExpérimentalRésulta
I. The preseneeof .05 normal potassiumdihydrogenphosphate

ftp'eatiydecreasedtheadsorptionof an aciddyowithaluminumgelandiron
gel.

II. UsingHJ'04 solutionin the dye bath the adsorptionofOrange11
wasverymuchdecreasedwithaluminumgeland eut out entirelywithiron
gelexceptat a verylowpH.

III. Iron gelwasallowedto adsorbail of the phosphatefrom.oiNKH:
P04and .01 zNH:PO<,thenOrangeII dyewasadded. Nodyewasadsorbed.

Iv. Iron and aluminumgelswereailowedto adsorbdyefroma .5 per
centsolutionof OrangeII at pHvaluesvariedwithKOHand H:SO<.Potas-
siumacidphosphatewasthenadded. Most of the dyewasreleasedandthe
phosphateadsorbed.

V. Iron gelwasallowedto romainwithdye solutionsin .ogNpotassium
acidphosphatefor a periodofax months. Even at the end of this period
nodyewasadaorbed.

VI. Ironand aimninomgebwerealbwedtoteaehadsorptiohequiHbnum
with .ogNEHaPO<.The gelswereremoved,and groundin a mortar then
put backinto the solutions.Therewasan inoreasem adsorptioninailsola- <
tiensused.

VII. The adsorptionof OrangeII by iron, aluminum,and chromium
gelswastriedwiththéfollowingresults.
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Aluminumgel: HighadsorptionofdyewithHC1andHj)S04.

LowadsorptionofdyewithH,P04.

Chromiumgel: HighadsorptionofdyewithHC1andH~SOt.

VerylowadsorptionofdyewithHJ'0<.

Irongel: HighadsorptionofdyewithHCIandHoSO~.

No adsorptionofdyewithHxPOtexceptat a very lowpH
value.

Theorderof increasingadaorptivepowerforOrangeII is: iron,chromium,

atunnnuBo.
VIII. lu caseswherephosphateisadsorbedfromsolutionshavingvary-

ingphosphateconcentrationsthe amountadsorbedin thé presenceofOragne

Iï dyeis a straightlinefunotionoftheamountpresent.
IX. Chromium,iron,and aluminumaschlorideswhenmixedwith sol-

lutionsof the sodiumsalt of OrangeII givean immediateprecipitateof the

respectivemetal-dyecompound.
X. Chromium,iron, and aluminumchloridesdroppedinto the H9PO<

wtutionfromwhiehno dyewasadsorbedgaveimmediatepreoipitatesof the

metal-dyecompound.
XI. The so!ubiËtyof aluminumphosphatem phosphatesolutionsof

varioushydrogenion concentrationswasfoundto coincidewiththe adsorp-

tionourveofOrangeII by aluminumgelin phosphatesolutions.

Iron phosphatewasfoundto besolubleat thesamepH at whichthe iron

geladsorbedOrangeII.

Chmmiumphosphatewasalsofoundto besolublein phosphatesolutions

at thesamepHwhereadsorptionofOrangeII wasfound.

Conctusioas

The decreasein the adsorptionofanaciddye,OrangeII, by iron,atunu-

numand chromiumgels(mordants)inthe presenceofphosphatesisnot due

to any effectof the phosphateadicaluponthedyeor the solution. It isdue

to the phosphate forminga relativelyinsolublecompoundwith the gels,
hencenot furnishinganymetalionstoreaetwiththe dyeandformthemetal-

dye compoundwhich is the causeofadsorption.At highhydrogenioncon-

centrationadsorptiontakesplacebecausethemetalphosphatebecomessolu-

Me. The réactions supposedto takeplaceduringthe adsorptionof an acid

dye OrangeII by an inorganicgelarebestexpressedin the followingequa-

tions
Let x representthe dyeradicalandusingirongelwitha hydrochloricacid

solutionofthe dyeforan example:–

NaX + HC1 ~=± Nad + HX (t)

3HCI + Fe(OH), ~± FeCla + jH~O (a)

FeCla + 3NaX ~± FeXa + ~NaCl (3)

3HX + Fe(OH)a ~± FeXa + 3~0 (4)

3NaX + Fe(OH)a ~± FeXa + 3NaOH (s)
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It Mpostulatedthat mostof theadsorption!sdueto reaction(3).Some
little maybe dueto reactions(4) and (s).

Salphtuicacida<:tBverysimilarto hydmchtonointhesereactions.

Phosphorioaoidactsht Maetion(t) aha!!arto hydroohlorio.Imreaotion
(a) phosphorioacidformaau insolubleiron phosphatethua pM~entinf;re-
action(3)fromtakingptaceand no adsorptionreaultsunlessthe solution!8
madosu&c!enttyacidto dissolvethe ironphosphate

Aluminumandchromiumceh aet similarto iron.



BY C. CLEMENT FBBNCH

Muohexperimentalmaterialia availableon the velocityof Mactionof
compoundssubjeotto cata!yticdecompositionby the hydrogenionandon
theeffectofneutralsalts insuchréactions.Similarstudiosin caseswherethe
catalystis the hydroxylor otherionarenot sonumerous.With the ideaof
contributingmoreexperimentaldata of a comparativelyhighdegreeof ac-
curacyto the fieldof neutral saltactionin homogenoouseatatysia,thiswork
basbeenundertaken.

1\vo réactionswere investigated:i. The decompositionof hydrogen
peroxide,catalyzedbythe iodineion. 2. Thedeeompoeitionofnitroso-tnaee-
tone-amine,catalyzedby the hydroxylion, eachin the presenceof various
neutralaaits.

`

It isweUknownthat hydrogenperoxideis completelydeeomposedby so-
lutionsofsolubleacid-freeiodides,theconcentrationof theiodideor iodineion
remainingconstantduringthe reaction. Watton/froma carefutstudy ofthe
velocityofdecompositionof hydrogenperoxidewith sodium,potassiumand
ammoniumiodides,bas showntheréactionto beof the firstorderand com-
plete. Hefurther showedthat up to concentrationof the iodidesof about
0.04N, the reaotionappearedtobe proportionalto the concentrationof the
iodide ion, and is independentof the concentrationof the water. Conse-
quently,thisisa reactionwhichcarefulstudyhasshowntobeanioniooatalysis
and in whiohthéeffec<rofneutralsaltscouldbestudiedoncatatyaisbyanion
otherthan the hydrogonion.

Waltonbas reportedonlyoneresultonthe reactionvelocitywitheaohof
the followingsalts:potassiumchloride,sodiumeUoride,potassiumsulphate,
sodiumsulphate,potassiumnitrateand potassiumchlorate,in a 0.0313N
potassiumiodidesolution.Theeffectof thechloratewasnegligible,potassium
sulphate decreasedthe velocityslightlywhilethe other salts ino-easedthe
velocity.

Hamed'basstudiedthe effectuponthevelocityof thisreactionofthe ad-
ditionofpotassium,sodiumandlithiumoMorides,upto concentrationsof3N,
in solutionsof0.02N and0.03Npotassiumiodide.

Nitroso-triacetone-aminein thepresenceof the hydroxylionchangesinto
phorone,nitrogenand wateraccordingto thefollowingequation:

CJÏ~,Ot = C~î~) + N<+ H,0.

Contributionftomthe JohnHmnoonLaboMtoryofChemistryofthéUnivetatyof
PeonBytvania.

Walton:Z.phymk.Chem.,<y,t8s(t904).
'Hamed:J. Am.Chem.Soc.,40,t~t (~tB).

THE EFFECT OFNEUTRALSALTSONCERTAIN

CATALYTICDECOMPOSITIONS*
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Thisreactionwasdiscoveredby Heintz'andbasbeencarefullystudiedby

F.Francis~andhisco-workers,whoshowedit to bea simpleSrstorderreac-

tion,catalyzedby the hydroxylion. At hydroxylionconcentrationsabove

o.osN,the reactionmechanismappearsto changesincethé monomoleoular

lawwhiehholdaat lowerhydroxylion concentrationsfailsto holdat those

highercatalyst concentrations. Morerecently,this reactionbas been in-

vestigatedby Bronstedand King*in connectionwithsecondarykinetic salt

effect,andby Kilpatrick~in studyingcatalysisin buffersolutions. Bronsted

andKingreporttheeffectofsodiumcMondeinconcentrationsupto o.aN on

thévelocityat is"C,andKilpatrickthe effectofsodiumchlorideup to about

thésameconcentrationonthevelocityat varioustemperatures.

ExperiateatalMethods

Materials:–Theactionofthefollowingsaltswasinvestigated: j
t. Chloridesof potassium,sodium,lithium,barium,strontium,calcium

i

andmagnesium.
3. Sulphatesofpotassium,sodium,lithiumandmagnesium.

3. Bromidesofpotassiumand sodium.

4. Potassiumiodide.

AUsaMiswereof the best gradeof analyzedchemica!sobtainable.In aît

caseswheretherewas nodangerofdécompositiononheating,the saltswere

groundand driedby carefulheating. Afterdrying,atl saltswereteatedfor

neutrfdity.Asampleofthesaitwasdissotvedinsocc.ofdistiuedwateranda
4

fewdropsof indicatoradded.Theadditionofa dropofditutesodiumhydrox- f

idesolutionineverycasegaveasharpcolorchange, i

Thechtoridesof lithium,magnésiumand calciumwereusedin solution.

Thesolutionsof the first two weremadeby addingthé salts to redistilled

waterinquantitynearlysumeientto makea saturatedsolutionat roomtem-

perature.It wasfoundthat this methodcouldnot be employedwithcalcium

chloride.In thiscase,theanalyzedsaltwasaddedto redistilledwateralmost

to saturation. The solutionwasthen filteredand a slightexcessof hydro- j

chloricacidaddedto overcomethe originalalkalinereactionof the solution..]

Precipitatedcalciumcarbonatewasthenaddedin excessto the boilingsolu- [

tion,andthe solutionfilteredwhilewarm. Afterstandingover night, the

crystalsof calciumchloridewerefiltered,suckedfreeof motherliquor,and

dissolvedinredistilledwater,makingthe finalsolutionasused. Thesolutions

wereanalyzedbyprecipitatingthéchlorideionwithsilverioninacidsolution, j
and weighingthe silverchloride. As a check,the spéculegravityof each

solutionwasdeterminedwith the WestphalBalance,and the sait content

determinedfromtheTablesofLandolt-Bomstein.

A3percentsolutionofhydrogenperoxidewasused. It containeda trace

ofacid,but as the maximumconcentrationusedwas4 ce.of thissolutionin
f

Heinti!:Ann.M7,~50(1877).
'OibboMandFtanoM:J.Chem.Sec.,101,2358(t~); FrancisandGeake:103,t7:2

(t9t3);Francia,GeakeandRoche:to7,t6st (t~tS).
Bt6MtedandKing:J.Am.Chem.Soc.,47,2523(t9:5).
Kitpatrick:J.Am.Chem.Soc.,48,M9t(t096).

4
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!oooo.totalvolumeofsolution,thé amountofaoidpresentin théfinalsolution
wasnegligiblo.That thiswastrue wasshownby thefactthat neutralpotas-
siumiodideliberatedbuta traceofiodinewhenaddedto it.

Nitroso-triacetone-amineas purchasedwasrecrystallizedbydissolvingin
theminimumof alcoholat so°Candprecipitatingby the additionofa little
wannwater. Theproduotthusobtainedwaspresseddry. It wasa paleyellow
solid,meltingat ~"C.

Standard 0.1 N potassiumhydroxidesolutionwasmade by dilutinga

nearlysaturated solutionofpotassiumhydroxidefromwhichthe carbonate
hadbeenremovedbya.slightexcessofbariumhydroxide.Whilethestandard
potassiumhydroxidosolutioncontained traces of bariumhydroxide,the
amountpresentwasalmostbeyonddetection,asin theoriginalsolutiononlya
tracew&sprésent. Thestandardalkali solutionwasanalyzedby titration
with0.1 N hydrochloricacidsolutionwhichhad beenstandardizedgravi-
metrically. The alkalisolutionwaspreservedin a largebottle fittedwith
soda-limetubes.

Apparatus:–Attmeasurementsweremadeat 25 ± c'.ot°C. Thethormo.
stat wasrather large,containingover400litemofwater. The heatingwas
controlledby a largegrid-shapedthermo-regulator,nUedwith mercuryand
havinga surfaceofover2000sq. cm. Variationsinthé temperaturecouldnot
bodetectedon a Beckmannthermometerfor periodsofseveraldays,so the
deviationfrom25°duringa measurementwasprobably!essthano.ot"C.

Thédecompositionofhydrogenperoxideis accompaniedby thecvolution
ofoxygenand that ofnitroso-triacetone-aminebythe evolutionof nitrogen.
Hencethevelocityofeachofthese reactionscanbedetenninedbymeasuring
thevolumeofthe gasevolvedat varioustimeintervals. WaltonandFrancis'
both obtainedsufficientagitationby rapid shakingof the reactionvessel.
Br6nstedand King"atsousedthis method. Harned,and morerecentlyKil-

patrick,"usedthé stirringmethodfor the agitationof the solution. In either
case,theimportantpointis"toagitatethe solutionto suchanextentthat the
gasis registeredonthevolume-measuringapparatusas soonas it isproduced
in the solution."4 In this work,the solutionwasagitatedby a rapidlyre-
volvingglassstirrer,sealedofffromtheoutsidebya mercuryseal.

Thereactionvesselisshownin Fig. t. A isa sooce. PyrexErlenmeyer
ftaak,in the bottomofwhichthree openingshavebeenmade. The tube B,
sealedin throughthe firstopening,isa 2mm. capillarythroughwhichwater
orsalt solutionwas added. The upperendof thistube wasconnectedby a
groundglassslip-onjoint to the fillingcup C. The tube D, sealedinto the
Haakthroughthe trap E, led.tothe gasvolumeburette. Thelatterwassimi-
lar to that usedby Walton,'and containedwater. Thegasburettewassur-

i Wlton:Z.physik.Chem.,41,t8s (t90~);ClibbensandP~ocie:J.Chem.Soc.,101,
2358(r912)..

BrëMtedandKing:J.Am.Chem.Soc.,47,9593(t92S).
Hamed:J. Am.Chem.Soc.,40,t~ôt(!0!8). Kitpatnek:J.An\Chem.Soc.,48

ao9t(to<6).
Hamed:J. Am.Chem.Soe.,40,t~6!(t~tS).

'Watton:Z.phyaikChem.,47,tSs (ta<~).
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roundedby a water jacket,maintainedat a temperatureof 250by pumping
waterfromthe thermostatthroughit. Totheflaskat the third openingwas

sealedthé tube F, of a diameterauNctentto permitthe withdrawingof the
atirrer. The largercomcentnctubeG,forminga troughfor the merctMyseat,
wassealedto thé tube F. To the stirrershaftwassealedthe tube, H-H,ofa

properdiameterto dipdowninto themercuryréservoirasshown. Thestirrer

shaft J revolvedin twoclosefittingbrasatubes,K-K, whichin tum were

clampedanniy in position. Thé puMeyLwassecurelyfutened to the ghss

tubing M, whichin tum was seaJedto the

stirrerehaft. Bineethe stirrer was rotatedat

a highrateof speed,it wasneeesearythat the

shaftbecarefullycenteredtopreventsptashinf;
ofthémercutyMtdconsequentgasteakage.

The~otiowimgprocedurewas adopted in

makingthe measurementswith hydïogenper-
oxide. The reactionvesset wasCtst carefully
washedwithwaterand alcohol,and dried in a

currentof air. The SHingcup C was then

attached andseeuredby smaNrobber bands

fastenedover the glass hooks at the joint.
Then a weighedquantity of salt was added

throughthe tubeF, or if a salt solutionwas

beingused,throughthe fillingoup. Thento

this was added the caloulated quantity of

water,together.with 4 ce. of thé 3 per cent

hydrogenperoxidesolution. The apparatus
wu plaeedin the thermostat bath and the

contentsofthevease!stirreduntil the salt had

dissolvedand the solutionhad cometo the températureof the bath. The

stirrer wasthen removedand theproperquantityof solidpotassiumiodidc,

weighedout and wrappedina smattpieceof filterpaper,wu droppedin. The

stirrer wasrepiaced,the gas outlet tube D fastenedto thégasburettebya

pièceof tight-&ttin<!mbbertubingandmerouryaddedto makethe seat. The

stirrer was then rotated and whenthe potassiumiodidchad dissolvedand

a steadyevolutionof oxygenwassecured,readingeof thé gas burette were

begun. Readingswere taken at convenientintervatsuntil the decomposi-
tion wasover75per centcomplète.Afterthat thé reactionwasallowedto

proceedto completionandthe finalvolumerecorded.

In the workwithnitroso-triacetone-amine,essentiattythe sameprocedure
was followed,o.ts gramsof the nitrosamine,togetherwith the eaicutated

quantityofwaterandsaltorstandardsaltsolution,wereptacedin theréaction

vessel. The wholewaathenatirredin the thermostatuntil solutionwasob-

tained at the temperatureof the bath. Asthe nitrosaminedissolvesvery

slowlyin waterat 25",carehad to be takenthat suSoienttime wasallowed

for its comptetesolution. Whenthiswasaceomplished,the standard alkali

solutionwasadded throughthe fillingcup,thedeliverytube attached to the
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m*ntt& na nhnw< nn<t fotuttnmt hfttntn ~ohnn fthfMtt <m« nt mt.mm~n h<tfi ~<*ngasburetteMaboveandreadingsbegunwhonaboutace.ofnitrogenhadbeen

ovolved.WhonsuNcientreadingshad beenobtained,théstirrerwasstopped
becauseof the longtimenecessaryfor the eompletionof the reaotion.After

standingforover24houra,the solutionwasagainsMrredfor30minutesand

thefinalvolumeteadonthe gasburette. Readingsofthe volumeweremade

to0.05ce. In theworkwithhydrogenperoxide,a totalvolumeof100ce.was

UBedwiththenitroso-triaootone-arnine,aooce.

E~ect ofVariousSalta on the Décompositionof Hy<hogenPeroxides,

c~~ta~yze<~by the IodineIon

A numberofpreMmMMuyexperimentswerenecessary.Hydrogenperoxide
Miutionis slowlydecomposedby sharp glassedgesand bygroundglass. In

orderto determinethe extentof thie décomposition,as we!ias to makesure

TABMlI

Decompositionof HydrogenPeroxidein Absenceof Potassiumlodide

Km. Time. Ce.of0~
?). SubattmeeinReaeMooVeaee! houM evolved

t 4Cc.H~+o6oc.H<0 2.0 o.oo

4cc.H;Ot+Q6cc.H~)+Slterpa,per 2.0 o.oo

3.0 o.os

3 4M.H!!0~+6tterpaper+96cc.KBr3N. 1.00 3.38
2.0 s-3
3.0 8.45

4 4 ce.HtOa+ filter paper+ 96ce. NaBr3N 0.5g 5.44

i5 i39
2.0 17.4

5 4 ce.HtOj)+ filterpaper + 96ce. CaCt:i.gN .0.55 2.i

1.0 395
2.0 6.8

6 4Cc.H<0:+6tterpaper+96cc.BaC!ej.5N 0.5 0.45
i.o 0.85

2.5 t.?

7 4 ce.HtOt+ filterpaper + 96ce. StOt: i.~N .0.75 0.4

t.5 t.o

3.0 i.6

8 4Cc.HtOt+6tterpaper+96cc.MgC!ti.5N 1.0 0.45
2.0 0.45

9 4 ce.H~Ot+ filter paper+ 96ce. Na!SO<3N 3.0 o.oo

to 4CC.H<0~+aiterpaper+96cc.K:80<i.a5N 3.0 0.00

nz 4 oc.H<0t+ filterpaper + 96ce. Li~SO~3N 3.0 o.oo

12 4 ce.H<0:+ filterpaper + 96ec. MgSO~~N 3.0 0.00

A 5co.H<0:+aocc.KCl3N. 2.0 o.ïo

3.0 0.20
B 5ce.H~ -(-aoce.NaCl 3N+ filterpaper 2.0 o.as5

3.0 0.40
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that theapparatusunderthe conditionsof the experimontwasgas-tight,pré.
liminaryrunsweremadewith thohydrogenperoxidepresentin the vesse),
but withoutthecatalyst.It wasalsonecessaryto determinewhetherthéniter
paperinwhiehthe potassiumiodidewasadded,hadany effeotonthe rate of
decomposition.Finally,runs woremadein theabsenceofpotassiumiodide
witheaohof the saltswhoseeffectwas to be studied,in order to ascertain
whethertheyaloneproducedan appreoiableovolutionofoxygen;and to de-
terminethe rate of suchovolutionif sufficientto make a futurecorrection
necessary.ThèseresultsaresummarizedinTableI.

ExpérimentaAandBin theabovetablearetakenfromthedataofHarned'1

and are insertedhereto emphasizetherelationbetweenthevarioussaltsand
the magnitudeof the effectproduoedby them in the absenceofpotassium
iodide. Theaboveresultsshowwithoutquestionthat anydecompositiondue
to the apparatus,stirreror ntter paperis negUgiMe.The presenceof con-
centratedsolutionsofbromidesandchloridesdoescausea slowdeoomposition
of hydrogenperoxide. Englerand Nasseand ScMne*have reportedthat
concentratedchlorideand bromidesolutionsslowlydecomposehydrogen
peroxide,andthat of the twothe actionof the bromideis the morevigorous.
The resultsshownaboveconnnnthis. Themagnitudeof the correctionswill
beconsidoredlater.

Thevelocityconstantsarecalculatedaccordingto the equationof thenrst
order,

K = 2.303/t!og,.(V~ V.)/(V~ VJ

whereK is thevelocityconstant,<the timein minutes,V. the finalreading
of the gasburette,V. thé readingat timet = o, and Vt the readingat any
timet. In mostcases,the calculationofK in thismannergavevaluesofgood
constancy. In a fewcases,the firstoneor twovaluesof K showeda regular
change,and in thesecasesthe valueswerediscardedand the next reading
readingtakenas the startingpoint. This recalculationin mostcasesgavea
seriesofvaluesfor Kofa satisfactorydegreeofconstancy. If mot,the meas-
urementswererepeatedwithfreshlypreparedsolutions. In TableII, two
completeseriesof constantsare givento showthe degreeof constaneyob-
tainable.

The maximumvariationfromthe meanin the first seriesis t.s per cent,
and inthesecondi .3percent. Themaximumvariationfromthe meaninany
of therunsgivingacceptedresultswasnevergreaterthan 2.spercent. Dupli-
cationof the serieswithbarium,strontiumand calciumchlorides,as wellas
the repetitionofvariouscheckpointswith the othersalts showedthat the
meanvalueofKcouldbereproducedintwocompletelydifferentexperiments
to within t.s per.cent. Thiscomparesfavorablywiththe constanceandre-
producibilityreportedby Francis'and by Walton4on measurementsof this

Hamed:J.Am.Chem.Soc.,40,t~t (t~tS).
EnglerandName:Ann.,i54,~t (tSyo);Schône:M5,M8(t8?9).
'OibbensandFrancis:J.Chem.Soc.,101,~358(t9tz).
Walton:Z.phyeik.Chem.,47,185(t9<~).
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Catalyst o.o2NPotassium Iodide. Noneutral salt added.

Time Gasometer
Seconds Reading K

o 7.9S

igo tt.is 0.0273

555 16.55 0.0271

730. ï8.05 0.0274

9to. 21.05 0.0272

t~o. 24.40 0.0270

1545 27.25 0.0270

2475 33.70 0.0265

3085 36.85 0.0266

M 46.70

Mean K = 0.0270

2. Catalyst o.ozN Potassium lodide. Presenceof N Barium Chloride.

o ïo.35 –––

too. !3.!S 0.0532

27o. 17.45 0.0538

~70 19.50 0.0526

86o. Z7.85 0.0526

toos. 29.00 0.0535

1365 33.65 0.0537

1670. 36.00 0.0538

205o 38.00 0.0530
oe 43.40

MeanK== 0.0~32

kind. Afurthercheckonthe accuracyof thevaluesobtainedis foundin a

comparisonofthevaluesforKat a catalystconcentrationofo.ozNandin the

absenceofaddedsalt. WhileWaltondoesnotreporta resultfor this exact

concentration,the valuereadforit froma curvedrawnthroughK valuesfor

concentrationsonboth sidesofo.ozNis0.026~:Hamed*reports0.0275,while
the valueobtainedhere is 0.02yo. Thisliesmidwaybetwecnthe twoother

values,and differsfromthemby about t.8 percent,whichwasfoundto be

aboutthereproducibilityin independentexperiments.

Refemngnowto TableI, it is foundthat thevariousneutralsaltshave

very differenteffectsupon hydrogenperoxidein the absenceof potassium
iodide. The haMdeshave a rapidlydecreasingeffectin the order iodide,

bromide,chloride,while the sulphatesshowno action.In the case of the

1 Harned:J. Am.Chem.Soc.,40,t~t (t9t8).

TABU-!II

VelocityofDecompositionofHydrogenPeroxideSolution
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oMondes,it isinterestmgto notethat the magnitudeof the oNeotproducedin
équivaut BfdtooncentrationsiBquitedifforentwithdifferentcations.Since
at !s" thesedecomposittoaswerequite slow,the valueeobtamodfor iaMiy
readingofthegasburettewouldhavebeenofveryuBcertamquality. Hence

TABM!III
RateofDécompositionofHydrogeoPeroxideinAbsenceofPotassium

n_ lodide

TABLEIV
lodMeIon Catatyatsof HydrogenPeMxidem NeutralSatt Solutions

Catalysto.oaNPotassiumlodide. Temperatùîe3S"C.
V&hM9ofKXlO<

N NaBr KBr Mg80< Li~0< K,80. Na,SO< MgC),
o.o 270 270 270 270 270 270 270
0.35 –– –– –– –– –– ––
0.3 –– –– –– ––

267 –– ––

0.5 aoa ––
3o6 296 ––

277~ 348
o.o –– –– –– 262* ––

0.75 –– –– –– –– ––
0.9g –– –– –– –– –– ––

3~ ~93 357 3i3 ––
287 440*

I.25 –– –– –– ––
,~<. ––

-S5 356 30t.5* 4'S* 3S3 ––
202* 550

-75 ––– ––– ––– ––– ––– 620
.8 –– –– –– –– –– ––
2.0 404 314 401 384* –– ––

2.4 554 –– –– ––

~5g 4~* 33?a –– 4i8 –– –– ––

30 5i6 344 655 451 ––
308 ––

CaCt, CaCI, StCh SrCh BaCl, BaC!~H,0
°o ~70 270 270 270 270 270
0~5 333 333 3~ 346 347
~5 393 387 35ï 359 402 40t
~~5 455 450 4M 43~ 47~ 459
ï.o 5S9 516 48ï 401 533 5~5
'~5 57S 579 553 549 604 598
1-5 671 662 643 631 708

*Meanof twovalues.

AKcwGmm
Eqaiv~eatofSatt

NaBr 0.0016
KBr o.ooia
C~
B~Ct, 0.0003
SïCh 0.0003
MgCI,
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a numberof readingsweremadeovera periodof three hoursor more(onlya

fewofwhiehare listedin Table1)andfromthesereadings,takinga valuefor

the infinityreadingsuohas to givethe greatestconstanoyto the seriesof K

valuescateulated,the meanvalueof K for eaeh décompositionwasdeter.
mined. Asummaryofthèserésultaiscontainedin TableIII.

Thecorrectionsto theobservedvaluesofthé ratesof decompositionin the

presenceofpotassiumiodideandneutralsaltswouldbe less than t percent
in the casesof bariumoMoride,strontiumchlorideand magnesiumchloride,
heneeno correctionbas beenappliedH!thosecases. With sodiumand po-
tassiumbromidesandcaloiumohlorides,the correctionin Table III wasused.
Thiswastaken as proportionalto the salt concentration,sinceit wasfound
in thepuresalt solutionthat theratewasverynearlyproportionalto the con-

centrationof salt. TableIV containsthe meancorrectedvaluesof K. A!!
salt concentrationsarein weightnonnaKty.

Effecto<Vath~sSaïtsontheDecompositionofNitfogezt-'Maeetoae-Amice,
catalyzedby thé HydKnylIon

BroMtedandKing'havepointedoutthat cabondioxidemuetbeexotuded
fromthe apparatusand Eupatrick~workedin an atmosphèreofnitrogen,in
orderto exoludeoxygenasweUas carbondioxide,duringthe courseof this
reaction. The apparatusasprevious!ydescribedwasdesignedforthe hydro-
genperoxidereaction,anddidnot readilypermitofopérationin an inertgas
atmosphere. The purposeof this investigationwasnot so muchto obtain
absolutevaluesforthereactionvelooityconstantas to seourethe distribution
of thecurvescausedbythe additionofvariousneutralsatts. RocenttyÂker.
!oPbasmeasuredthevelooityofdécompositionofdiacetonealcoholto acétone
in alkaUhydroxide-alkalisalt solutions. This workaffords oneof the few
exactinvestigationsof a decompositioncatalyzedby the hydroxylion. ït
wasthought that it wouldbe of interestto comparethe distributionof the

velooityconstantcurvesfora fewsaltswitheaehof thèsereactions,sinoeeach
is a ftrstorderreactioncatalyzedby thehydroxylion. By workingat a tem-

peraturelowertban that usedby Francis,*andat amuchlowerconcentration
ofhydroxylion,the salt effectwouldbegreaterfor the samesalt concentra-
tionand consequenttythe curvesforvarioussalts wouldbe morewidelydis-
tributed.

Theorrordue to anycarbondioxidein thé réactionvesselshouldbefairty
constantinall experiments,sincethesameprocédurewasfollowedconsistentty.
The alkalisolutionwasneveraddeduntil just beforethe vesselwasctosed
offfromthe air, andthevolumeofair spaceabovethe liquidwasalwaysthe
same. Theresultaseemto indicatethat theseassumptionswerejustified,for

quiteunifonnresultawereobtained,and the curvesfor the varioussaltaare

reasonaMysmooth.

BtOnatedandKing:J.Am.Chem.Soc.,4?,9529(!9:5).
'Kapatriek:J.Am.Chem.Soc.,48,M9t(taa6).
AkettM:J.Am.Chem.Soe.,48,3046(t~aë).

<C!ibbemandFraMM:J. Chem.Soe.,101,2358(t9tz).
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Oaeotherpointregardingthe measurementsshouldbe mentioned.Duo
to the slownessof this decompositionin the presenceof salts at fairlyhigh
concentrations,the qu&ntityofnitrogenevolvedbetweentworeadingeof the

gasburetteat ten minute intervalaoftenwasnot morethan i ce. Anorror
of0.05ce.,thé limitofacouratereading,wouldmakea muehgreatervariation

probablein a seriesof readingathan in the case of the hydrogenperoxide
séries,wherefrom7 to 8 co. werecollectedduring the sametime. Conse-

quently,fora givenseriesvariationsof3 to 4percent fromthemeanvalueof
K werenotuncommon. This wasalsofoundby Francis,'whoreportedthe
variationMaboutpercent. TableVcontainsthe meanvaluesof K.

TABLEV

HydroxylIon Cata1ystsofNitroso-Triacetone-Aminein NeutralSatt
Solutions

Catalyst0.014NPotassiumHydroxide. Temperature2 5"C.
ValuesofK X io<

KCt NaC! LiCt KBr KI

oo i43 i43 t43 143 '43
0.5 iao ii6 to$ 107 83
!.o ]:ot) too 84 8y 57
i.S5 98 – – 80 46
2.0 93 80 S4 65 37
~5 85

–
54

3.0 80 57 33 47 23

ThevaluesforKhavebeenoaleulatedas inthe previousworkwithhydro-
genperoxide,usingthe minuteasthe unitof time. Whilenoverygoodagree-
mentwaaexpeoted,the value of K for o.oi4Npotassiumhydroxidein the
absenceofneutralsalt was comparedwiththe valueofFrancis. SinceFran-
cisworkedat 30",and did not recorda valuefor K at the concentrationof

catalyatusedbere,it waanecessaryto securea valuefromhisresultscompar-
ablewith the valuefound above. From a curve of his valuesat varying
potassiumhydroxideconcentrationsat 30*0,thevalueK = 0.02~0at o.oï4N
catalystconcentrationwasreadoff. Kilpatrick'has recentlydeterminedthe

temperaturecoemoientsofthis reactionbetween20"Cand3o"C,usingsodium

hydroxideas the catalyst. He reports K~/KM = 2.57. Assumingthat

Kw/Kit= K-jt/KM,KM/K~twouldequal 1.6. With this valueof the tem-

peraturecoefficient,the valueofFrancisat 30"becomesK=*0.0156at :5''C.
Thevalueobtainedherefor thesamecatalystconcentrationisK = 0.0143,a
differenceofabout8 per cent,whichwasratheran unexpectedlycloseagree-

1.

ment.
In additionto the experimentswith the saltslistedabove,a considérable

numberof runs weremade with sodium,potassiumand lithiumsulphates.
Theresultsobtainedweremostirregular,in spiteof repeatedeffortsto obtain

CMbbeBBandFtaneis:J. Chem.Soc.,101,~356(t~ta). t
Ki!patfic!c:J.Am.Chem.Sce.,48,MQt(t9:6). j
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valueswhiohwouldfallona amootheurve. In general,sodiumsutphateap*

pearedto causea aMghtinereasein velooity;potasmumsulphatea decreaae,

butnotapproaohingthemagnitudeofthe salts listedabove;andlithium sut-

phatea deoreaseinvelocityapproachingin magnitudethat causedbysodium

chloride.Thisirregularactionwith the alkali sulphatesagréeswith the ob-

servationsofFranoislon the samesatts. He alsowasunableto securecon-

sistentvalues.

Curvesforthéreaotionvelocityofthédécompositionofhydrogenperoxideinneutral
solutionsof0.02NpotmiumiodideandincreasingooncentttttiottofvMMMM~ta.

Dicussion

t. HydrogenPeroxideDecotKpo~Mm.
In Fig. 2,the reactionvelocityconstantK is plottedagainstthé nor mal

concentrationofaddedsait, the concentrationofpotassiumiodidebeingkept
constant. Theresultsof Harned'for the alkali chloridesare plotted with
dashedUnes. It willbenoticedthat an increaseinvelocityisobtainedwith

everysait butpotassiumsulphate,wherethere isa slightdecrease.Wallon,"
1CUbbeMandFnmcis:J.Chem.Soc.,101,2358(ton).
'HM-Md;J.Am.Chem.Soc.,40,t~6t(t9t8).
Walton:Z.physik.Chem.,<7,t9s (too~).
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in thesingleresultsreportedbyhimfora fewsalts,obtaineda vetooitychange
in the samedirectionas iaherefound. Further,the ourveaare of the same

tseneratformaathoseobtainedbyHarnedforthea1kalioMorides.Fora given
concentrationof salt, bis ourvefor sodiumchlorideis just belowthé ourve
forsodiumbromidefoundhère,andbisourveforpotassiumchloridejustbelow
thepotassiumbromidecurvefoundhere.

Hamed'pointedout that thé aa!teffeotonthereaotionvelocitywasin the
sameorderas the aotivitycoeBcientsof the addedsaltsand wasof the ex-

peotedorderofmagnitude. Recently,HamedandÂkerlôfand Hamod and

Doug!aa~have calculatedthe aotivitycoeSicientsof aUthesesalts by the

equation

f la uV SctZt'

~r+AV-~+~

wheref is the activityof théeleotrolytedividedbyitsmolfraction,C)the con-
centrationin molsper 1000co.ofsolvent,andZtthe valenceofan ionof thé
i"*kind. The firstnumberontheright isobtainedfromthé theoryof Debye
and Hocket. u is a universalconstantand Ais a constantoharaoteristioof

eachsalt but whichbasnearlythe samevaluefora giventype ofsait. The
constantB is eharacteristiofor eaohelectrolyteand is a meaaureof the dif-
férencesin magnitudeof theactivitycoefficientsof theeleotrolytesofa given
type. In TableIV aregiventhe valuesofBforthe differentsalts.

TABLEVI
The Constantsof the LinearSait Effect

The distributionof the résultaof velocitymeasurementaare in a general
wayin the order of the B values.Had SctZf*insteadof normalsalt concen-
trationbeenplottedagainstthe velocityconatants,the ourvesofbariumand
strontiumchlorideswouldfallin approximatelythe orderof theB constants.
It is interestingto note thatpotassiumsulphatewhichbasa négativeBvalue
decreasesthe velocityconstant.

Theunivalenthalidesconformwell,and theorderofthé sulphatesfoUows
that of the B values. That the situation iavery complicated,however,is

shownby the distributionofthe ourvesfor theaïkatineearth chlorides.The

HanMd:J. Ajn.Chem.Soc.,40,t4&t(t9t8).
HMoedandAtMtMt:PhyakZ.,27,4! t (t~C);HarnedandDougtM:J.Am.Chem.

Soc.,4S,3099(!936).
*HaeM:Phy~k.Z.,26,93(t9as).

Electrolyte KCI EBr N&C! NaBr LtCi
B o.oïy o.oaa 0.028 0.040 o.oyo

Eteetrotyte BaC!, StCt, C&C!!
B 0.0285 o.ogo 0.060

Electrolyte K~SO~ NatSO< Lit80<
B –0.014 –o.oos +o.oo8y
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Bvaluesare in the orderbarium,strontiumand caloiumoMondeB,whilethe

velooityourveaare in the order strontium,calcium,and bariumchlorides.

Wheathia resuttwasobtained,aUthesemeaaurementswererepeatedbut no

ovidencefor a ré-distributionof curvearesulted. Both seriesof r~utts are

ineludedinTableIVandthevaluesplottedare the meanofthe twomeasure-

mentsforeaehpoint.

Curveaforthereactionvelocityofthedecompontionofnitrosotriacetone-amineinalka-
Mnesolutionsofdifferentsa!taat constantpotassiumhydroxideconeenttatmnof0.0:4~
andincreasingeattconcentration.

Theneutralsalt cffectis shownto be very complicatedwhenthe above

résultaare contrastedwith the hydrogenion eat&lyaisof ethylacétate in

neutralsalt solution.In the lattercase,thealkalineearthohlorideaare inthe

orderbarium,strontium,calciumwhilethe alkalihalidesareintheorderbro-

mide,ohloride,the reverseof what is foundfor thé iodideioncatalysisof

hydrogenperoxide.

JV~rosc-tnocetcMe-aKMMeDecoMpos~MK.
In Fig.3, the reactionvelooityconstantof the decompositionof nitroso.

triacetone-aminebas beenplottedagainstthe normalconcentrationof salt

added. In an accuratestudy of the decompositionof diacetonealcoholin

alkalihydroxide-alkalisait solutions,Âkerloffoundthat theorderofresults

wasthesameas the activitycoefficientsofthehydro~ddeainthésaltsolutions

ÂkeTM:J.Am.Chem.Soc.,48,3046(t9~6).
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as determinedby Hamed, Hamed and Swindellsand Harnedand James1
ThMwasnearlyalwaysthe reverseofthe neutralsalt effectin hydrogenion
catalysis.Thus,thedecreaseinvelocityconstantwasgreatestintheorderpo-tassiumchloride,potassiumbromide,sodiumohloride, sodiumbromide ]
potassiumiodide,sodiumiodide,and lithiumchloride. Althoughwefindthe
orderpotassium,sodium,lithiumeMoride,and potassiumohloride,bromide
andiodidein agreementwith the resultsof Âker!8f,the generaldistribution
oftheresultsisconsiderablydifferent.

Tosumup,thedistributionofthe resultsisshownto bediSerentineachof
the four type roaotionsdisoussed. Thisshowsoondusivetythat no simple
explanationwillsuSceforall andthat twofaotorsormoreareoperative.

Theauthorwishesto expressbis appréciationto Dr. HerbertS. Harned,at whosesuggestionthisinvestigationwascarriedout, and to Dr.GostaÂker-
tof,forhishelpfuladviceduringthé courseofthé work. i

Stmanaty
i. Thevelocityofdecompositionofhydrogenperoxidebyneutralpotas-

`

siumiodide and of nitroso-triacetone-amineby potassiumhydroxidein a
numberofdifferentsalt solutionsbas beenmeasuredat 25°Cwithconstant
catalystandvaryingsaitconcentrations.

02. Thecomplicatednatureof the neutralsalt effectbas beendiscnssed.

H~M~- ~A~ <
1HarnedandJames:J. Phys.Chem.,3Õ,1060Il 192

t'
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Introduction

In this paperare presentedthe resultsof expérimentato déterminethe

natureand eSeotivenessofvariouscatalyticmaterialswhichwilldecompose

methanolintocarbonmonoxideandhydrogen. Thekineticviewofequilib-

riumin a chemicalreactionshowsthat a catalystwhichaccélérâtesthe rate

ofa réactionin onedirectionmust acceleratethé reversereactionrate tdso.

Weare thereforeassured that a catalystwhichdécomposesmethanolinto

carbonmonoxideand hydrogenwill, under thermodynamicallysuitable

conditions,fonn methanolfromthese gases. Ourexperimentsthus hâve a

praoticalinterestin that they representa verysimplemethodforthe testing

ofcatalystsfor the formationof methanolfromwatergas,withoutresorting

totheuseofcostlyandtroublesomehighpressureapparatus.

Approximatethermodynamiedata for this reactionhave alreadybeen

published.4Thesedata showthat at equilibriumaboveabout20o"C.,meth-

anolvaporat oneatmosphèreis appreciablydecomposedinto CO and sHx;

at 300"it is over 06% decomposed.Highpressure,of course,favors the

reactionin the directiontoformmethanol. At 3oo"C.andpressuresabove

100atmospheres,practicalyieldsof methanolmay be obtainedfromwater

gasin the presenceof suitablecatalysts.. In the absenceof catalysts,how-

ever, methanolvapor remainsundecomposedup to temperaturesaround

8oo"C.'

Althoughmethanolbas beenproducedfromwatergason a commercial

scaleforsome<time,little informationis availableon thenatureand action

of thecatalystsused. Briefstatementsregardingthe natureofthe catalysts

havebeenmadein two or three technicalpaperson themethanolprocess.

In the patentliteraturevariousmaterialsaresaidto beeffectiveas catalysts.

However,thereisnoinformationavailableonthe actionor relativeeffective-

nessofthesecatalyticmaterialsorontheirprepa-rationandtreatment. The

aimofthepresentworkis to makeavailablesomedenniteinformationonthe

relativeeSectivenessof catalystsfor this reactionandto déterminethe effect

ofpromotersandmethodofpreparationandtreatment.

1PuMiahedbyMnnimtonoftheDueetor,U.S.BmeauofMmes(notaubjecttocopy-
right).PMsentedbeforetheDivisionofPhyaicatandInorganioChemistryat the74th
MeetingoftheAmericanChemioatSociety,Detroit,Mich.,Sept.6to!0,tg~y.

PhysicatChemist,FithtbMtghExperimentStation.
JuniorChemist,FittaburghExperimentStation.

<KeNey:ïnd.EB~Chem.,t8,78(t9e6);ChmtiMMen:J.Chem.Sce.,t28,4i3(tot6)!
ataoeeeSmith:Ind.Eng.Chem.lo, 8o!(19~7)

Ipatiew:Bar.,95,toss(!90~).
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BxpMimenttdMetaod

Absolutemethylalcoholfroma burette at roomtemperaturewaspaesed
througha vaporiserconsistingof a coilof gtasatubing immersedin boiling <
amhne,and then diKctiy intoa glasscatalyst tube in an e!eotriofumace
Therate of flowof thé méthane!wasmguiatedby a capiitarystopeoekwith
a V~hapednotoheut in thekey. Thécatalystextendedoverbuta shortdis.
tance in the centerof thefumace. The temperaturewasM~dbymeanBofa
thermocoupîefastenedto the outsideof the catalyst tube. The vaporizerwasfitted tightlyagainst thé fumacetube in order to preventsubsequent i
condenaationof the methanolvapor.. The undecomposedmethanolwas ·
cautthtand weighedin a coilof tubingimmersedin a mixtureof carbon
dioxidesnowandacétone. The gaBeousproductspassedthroughgasem-
plingapparatusand a bubbler. Sineethe rate of gas evolutionie,overa
smanrange,approximatelyindependentof rate of pacageof methanolover a
thecatalyst,the rate ofbubblingofgasimmediatelyfumi~es a Mughmeas- )
ure of the aetivityof the catatyst. Fromthe tempérât~ andthe known
densityof the methanolin thé burette coutd be cateuiatedthe weightof
methanolused. This weightwascomparedwith thé weightof methanol
caught in the condenserand the fraction decomposedthus determined.
The compositionof the gaseousdecompositionproduotswu detennined
in mostof the experiments.

ThecatalyatinaucasesextendedoveraiengthofS.scm.inaghaatube
t.6fm.inintemaidiameter.

Thegrossvotumeofcatalystwaathus~.iccThé tube wassupportedhorizontatiy,the catalystbeingheld in position <
byplugsofg!asswool. In the earlierexperimentstheeatalystin theformofa
driedcakewasbrokenintouniformpiecesjustamaaenoughto passthrougha
gtaMtube 0.7 cm.in intentâtdiameter. In later experimentsthe catalystin the formof a moist pastewaspassedthrougha presswhichproduceda
cyhndr)calthreadofabouta.8mm.diameter. ThiathKad.afterdtying.waseut into piecesabout 7mm.in length. In the latter waycatalystawereob-
tainedof fairly uniformsurfaceandporosity. DNerentprepataNonsofthe
same catalyst by a uniformmethodcheckedfairly well in aotivity. AlI
catalystsweredriedin air at 80"to ioo"C.immediatelyafter theywererun
throughthe pressand wereusuatiysubjectedto a pretiminaTyreduotionat
300C. by hydrogenbeforeptacingthem in the catalyst tube, sinceappre.eiableshrinkagein volumesometimesoccurredin the process.

c

Pteparationof Cata1ysts 1
f

1. Pure commercialehromicanhydride(CrO,)witha smauamountof
waterwasaddedtohigh gradecommercialzincoxide. Thoatomicpropor-tions of Zn:Crvariedfrom io:i to 1:1as indicatedbelow. The resulting
paste, whiehwasgroundthoroughlytogetherm a mortar,waspn'saedinto
appropriatefom foruse,driedat 100"and reducedwithhydrogenor methyl
alcoholvapor et 300°.
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a. A solutionof sodiumchromatewasaddedto a solutionof pure zinc

nitrate. The precipitatewaswashedfreeofnitrate,driedand reducedas

above.

g. A solutionof sodiumcarbonatewasaddedto a hot solutionof zinc

nitrate. The preoipitatewaswashed,dried,placedin a tubeheatedto 350°,
andevaouateduntil no morecarbondioxidewaaevolved.

4. Asolutionofammoniumhydroxidewasaddedtoa solutioncontaining
zincand chromiumnitrates in the ratio 4 Znto i Ci. Th?preoipitatewas

washed,dried at 80"inairandthen ina ourrentofhydrogenat 300°.

S. NormalzincchromatewasmadeaccordingtoGrôger.' Thesaturated

solutionof chromicacidwasshakenfor severatdayswiththeproperamount

of zincoxide. The aolidwasground up severaltimesduringthé shaking.
Thechromatewasthen filteredfreeof the Bupemataatliquidand treatedaa

above.
6. Zinc chronutewas precipitatedby mixingsolutionsof zinc nitrate

andof chromiumcMoridedissotvedin an excessofsodiumhydroxide. The

precipitatewaawashedanddriedas above.

y. Copperhydroxideequalto g% of the weightof thé zincoxidewas

addedto thé preparation(i) befdreadditionofthechromioacid.Zn:Cr=4:1.
8. Dry zinc carbonate (prep. 3) was mixedwith moist, precipitated

chromiumhydroxidein the atomicproportionsZn:Cr =4:1. Thoproduct
waswashed,driedandheatedto 3 50°ina vacuumasabove.

9. A solutionof sodiumcarbonatewasaddedto a solutionof zincand

chromiumnitrates in the ratio 4 Zn:tCr. Theprecipitatewaswashedand

driedaa before,and then heated to 350°in a currentof methanolfor 45
minutes.

10. Cadmiumchromatewaspreparedasforzincchromateinprep.(2).
li. Cadmiumchromatewaspreparedasforzincchromateinprep.( i),the

proportionsbeing ïCd:iCr. This preparationwasreducedwith hydrogen
at zoo".

12. Cadmiumcarbonate,preparedby addinga solutionof sodiumcar-

bonateto a hot solutionof cadmiumnitrate andwashing,washeated in a

vacuumfor 15minutesat 400°. The surfaceofthé pfoductwasbrown,due
to formationofthe oxide,whilethe interiorwaslightyellow.

13. A hot solutionof cadmiumand manganèsechlorides,in the pro-
portionsof 4Cd:iMn,waspreoipitatedwitha solutionof potassiumhydrox-
ide. The precipitatewaswashedand driedin air at100°and theninhydrogen
at 300°.

t4. A solutionof uranyl nitrate wasboiledwithcadmiumhydroxide.
ThéproportionswereiCd:iU. The productwasdriedand reducedas u~ual

'5- 39 S- moist cadmiumhydroxidewasmixedwith 48 g. moist zinc

hydroxide. Theproduotwasdriedin air at 80°andtheninhydrogenat 350°.
i6. Zincuranatewaspreparedby boilingzinccarbonatewitha solution

of uranyï nitrate until no more 00: was evolved.The proportionswere
ïZn:iU. The productwasdriedand reducedas usual.

1Z.anorg.Chem.,70,t35(t9!t).
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t?. Anexcessof a solutionof zincnitrate wasadded to a solutionof
ammoniumvanadate. Ammoniawas added to the mixtureslowlywith

stirringuntilmost of thé vanadiumwaspreoipitated. Thepreoipitatewas
q

washed,driedandreducedwith hydrogenat 300' and later withmethanol.
t8. Vanadinacid wasmade by boilinga concentratedsolutionof am-

moniumvanadatewithnitricacid. The precipitate waswashedandboiled
with zinc hydroxide.The produot waereducedwithhydrogenandmethyt
alcoholat3oo"-3so' Theproportionswere(a) 4Zn:ïVand(b) ïoZn:tV.

19. Zincmdybdate wasmade by mixingsolutionsof zincnitrate and
sodiummolybdate. The produetwas washed,driedand reducedwithhy-
drogenat ~oo".

30. A hot solutionof zinc and aluminumsulfateswaspreoipitatedby
adding ammonia. The proportionswere 4Zn:tAt. The precipitatewas
washedfreeofsulfate,driedat ioo*andthenat 300"ina eurrentofhydrogen.

31. A hot solutionof zinc nitrate and ferriechloridewas preoipitated
1

withammonia. Theproportionswere4Zn:tFe. ThepreeitHtatewaswashed,
dried,and reducedat 300".

23. A hot solutionof zincnitrate and manganouseMoridewasprecipi-
tated firstwithammoniaand then with potassiumhydroxido.Thepropor-
tiens were4Zn:tMn. The precipitatewaswashed,dried,andreduoedwith

hydrogenat 300*.
a3. 6og. ofmoistammoniumuranate and 9g. moistcopperhydroxide

1

weremixedand driedat 85°. The mass waa then heated in hydrogenat

4oo'goo".
24. i4g.of themoistenedpreparation(93)weremixedwith3.6g.moist

zincoxide. Theproduotwasreducedinhydrogenat 400"for5hrs.
1

2$. A highgradecommercialzinc oxide (madeby burningpure zinc)
wasmoistenedwithwater,pressedand dried.

a6. A solutionof zinc nitrate was precipitatedwith ammonia. The

precipitatewaswashed,pressedand dried.

27. Aeid-waahedpumicewaasaturated with a solutionof zincnitrate.
Themasswasheatedforseveralhoumat 300"ina currentofhydrogen.

a8. Ammoniawu added to a hot solutionof zinc and berylliumni-
trates in theproportions4ZnaBe. The precipitatewaawashedanddriedas
usual.

29. Ammoniawasadded to a hot solutionof berylliumnitrate. The

precipitatewaswashedand driedas usual.

3o.Theberylliumoxidefrom prep. (29)was mixedwithchromicacid in
the ptoportiona4Be:tCr. The productwas driedin air at 80"and then in

hydrogenat 300*.
3t. Magnésiumoxidewas mixedwith chromicacid in the proportions

iMg:iCr. Theproductwasdriedin air at 80"andthen inhydrogenat 300".
32. Amixtureofmagnésiumamdferriehydroxideswaspreparedin the

proportions4Mg:iFeas forprep. (aï).
33. Magnésiumuranate wasmade from magnesiumoxideas for zinc

uranate in prep.(16).
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34. A solutionof sodiumohromatewasadded to a wann solutionof

strontiumnitrate. The precipitatewaswaehedby deoantationseveraltimea.
!t waadried,pressedand reduoedwithhydrogenat 300".

3S. A hot solutionof chromiumnitratewasprecipitatedby ammonia.
Theprecipitatewaswashed,driedm airat 80"and then inhydrogenat 300".

36. The vanadicacid as in prep. (t8) wasdried, pressedand reduced,
firstwithhydrogenat 300"andthenwithmethanolat 300"and at 350~-

ExpMimentalResutts

The experimentaldata are presentedin Figs. i and and in Table I.

Fig.r showsthe typeofcurveaobtainedat differentrates offlowof methanol

jMnctencyotUfttatyatB

overthe catalyst and at differenttemperatures. Table 1contamsthe data
whichare not includedin Figa.1and a. In Table1 and Fig. thé rate of
flowofmethanolis in atl cases0.08g. perminute. This rateof flowoverthe

7.i ce.ofcatalystat 300°representsa spacevelocityof412in the usualunits
ofvolumesofgMperhourperunitvolumeofcatalyst. In &Hexpérimentare-
ferredto horeinafter,exceptas notedotherwiae,the rate ofBowwas0.08g./
min.,the temperatureof the catalystduringthe test was300%and the vol-
umeofcatalystwas i y.i ce. AMofthe catalystsfor whichthe data arepre-
sentedinFig. i weremerelybrokenintounifonnpiecesandnot run through
thepress. Thisisatsothe caseforthe lowercurveofFig. <. The numbersin

parenthèseson thecurvesofFig. t indicatethe preparationnumbersfor the

respectivecatalysts.
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Thedata in Fig. i indicatethat thénormalzincchtomate,preparedas in
method($) bylongoontinuedmixingofZnOwithanexcesaofehmmicaoid,
is !~s activethan the catalyst containingthe sameproportionsof zincand
ohromiuntbutmadeas in method(i) bymerelyaddingto ZnOthe requieitc
amountofchromicacidina amaUamountof water. This isprobablydueto
thefactthat in theformercase,moreopportunityisgivenforthe chromate

crystalsto grow. The activityof the catalystmadeas immethod(t) and

containingaZn:!Crishoweveraboutthesameas theaotivityof thé precipi-
tated catalystcontainingthe sameproportionsof zincandchromium. Cad-
nuumchromate,althoughit reducesin use,stiUretainsa considérableac.

Eto.aa
Effectofcempoaitiononcatalyticactivity

tivity-probablysomewhatgreaterthan that of the correspondingzincchro-

mate. Thecurvesatsoshowthat theactivityof thezinc-chromiumcatalysts
increasesasthe ratioofzincto chromiumincreasesfromi to4.

Fig.2showsthat thete is an optimumratioof zincto chromiumat about
theatomicproportions4Znto tCr. AUofthe catalystsusedhereweremade

by a uniformprocedure(No. i). Thetwocurvesrepresentthe dataon two
seriesof preparationshavingsomewhatdifferentsurfaceareasas explained

previously.They both showa maximumof activity in approximatelythe
sameplace. Thepointsfortheuppercurvealsoshowthe orderofreproduci-
Hiity obtainable,each point representinga separate preparationof the

catalyst.
In Table1 the best catalystshave,in general,been placedfirat. ZnO

fromthecarbonateandthe 4Zn:i Crcatalyst(methodi) areofabout equal
activity. Thezinc-chromiamcatalystmadeby preeipitatingthehydroxides
withammoniaapoearsto besomewhattessactivethan that madefromZnO
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TAM.E I. ÂNHTtONAÏ. DATA ON CATAMTtiTS

Rateof FlowofMethanol,0.08g./min. GrossVolumeofCatalysts,~.i.cc.

Catalyst Prep. No.Tempt. Deeotnp. OMen~tyBM
per cent CO H, CO, CHt.ete.

4Zn:ïCr t 300 58.6 29 68 a 0.5
ZnO 3 300 6!.? 30 67 t 0.8

4Zn:tCr 4 300 54.8 a? 68 4 0.9
4Zn:ïCr 8 300 62.4
4Zn:ïCr 9 300 60.8
iZn:iU 16 300 432a 23 ? 5 ?

Zn-V 17 300 83.S '1 56 "S

4Zn:tV i8a 300 64.6 u 56 i6 16

toZn:tV t8b 300 61.3 10 ? 14 ?

toZn:iV t8b 300 s8.6 is ? 9 ?

ZnO* 27 305 2.6

ZnO 25 3<M '30 ~5 7" <'S
Zn-Cr* 6 30: 18.7 7 74 '6 2.6
ZnO-MnO 22z 300 2.6
ZnO-Fe<Ot 21x 300 i.s5

ZnO-FetO, 21 350 23.5 t2 45 ~3 '4

ZnO-AleOt 20 300 3.0

ZnO-BeO 28 300 <i.o

Zn-Mo 19 300 3

Zn-Mo !9 348 21 n 56 !7 t4

Zn-Mo J9 399 81.55

CdO 12 300 tiI 4 64 31x o-t4

CdO-Cr~Ot tt 203 9.4 22 73 4 0.6

CdO-MnO !33 300 4t z

Cdo-U !4 300 8.7

CdO-ZnO 15 350 t49

MgO-Cr~Oa 3:x 299 5.0

MgO-Cr~ 31 348 300 73 8.o f.4

MgO-FetO:! 3~ 301 ~o

MgO-Fe:Os 32 350 95

MgO-U 33 ~97 7.6

BeO 29 302 2.1r

BeO-Cr~O,' 30 302 28.11

StO-Cr~O. 34 302 o.o

Cr:0;, 35 302 S38 7 ? '7 ?

V:0i, 36 303 3~ '6 !4 11 57

Cu-*UO.j 23 3~4 4.5 4. 87 0.3 5

*The catalyst in thèse expérimentawas broken into pieces instead of run thmugh the

preM,aa deacnbedabove. Therelative surfaceby the two methodscan be obtained from

Fif!.a.
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andchromicacid. The formeralsogivessomewhatmoreCO, in the gages
ofdécomposition.ZnOfromthe carbonateis not furtheractivatedbymix-
turewithchromiumhydroxide.ReferencefromTable1to Fig. a showsthat
théZn-Ucatalystismoreactivethan the Zn-Crcatalystof the sameatomic
proportions.It givesabout the sameamountofCO~in thé gas as doesthe ['
Zn-Crcatalyst made fromthe hydroxides. Zinc-vanadiumcatalystsgive
verylargedeoompositionsbut muchof the carbonappearsasC0<.Beryllium
chromate,placedcear the bottomoftheTable,Ma!soa fairlygoodcatalyst.

Cadmiumchromate,sinceit givesa coneiderabledécompositionovenat
203",seemsmoreactive than zincchromate–atleast beforeit bas auffeted
appreciablereduction. Magnesiumchromate,however,is !essactivethan
zincchromate. It seem Itkeiy,then,that the least stableohMmateof these
isthe mostactivecatalyst.

ThezincchromitewMohwasprecipitatedfromstronglyalkalinesolution e
hadabout thé sameactivityas that ofordinaryprecipitatedzinccht~mate. i

Althoughit is reportedby Audibert'that the so-caUedsub-oxidesof
chmmiumanduraniumaregoodcatalysts,it isevldentfromTable1that these
oxidesas they werepreparedin the presentworkare not goodoatalysts. It [
isratherthemixturesoftheseoxideswithzincoxidewhicharegoodcatalysts.
Uraniumoxidealoneseemsto producechieSya decompositiontoformalde-
hydeand hydrogen,as thé gasana!ysisand testson thecondensateshowed.
Chromiumoxidegavea targedecompositionbutmuchofthécarbonappeared
asCO:. FurthermoM,about50%ofthecondensatein the latter caseevap- )
omtedwhilethe condenserwas warmingfrom the temperatureof carbon idioxidesnowto roomtemperature. Thenatureof thisvolatileproductwas
notdetermined,but it isprobablymethylether. It isevident,however,that
the cata!yticeffectof thèseoxidesaloneis speciScand quite digèrentfrom
that of their mixtureswith zincoxide. Verylittle of thé specifiecatalytic
effectof the chromiumor uraniumoxidesappeara whenthese oxidesare s
mixedwithZnO. Somelightwasthrownonthis pointthroughpreummar)'
resultsof X-raypowderphotographsof thesesubstanceswhiehweretaken )
withthe assistanceof Mr. F. E. Frey. X-rayphotographsof ZnOand of i
CrtO,showed,ofcourse,the characteristiclinesofthèsesubstances. Asimple
mixtureof thesetwodryoxidesintheatomicproportionsofzZnto iCr showed
the Unesof both oxides. The precipitatedzincchromateshowedits char-
acteristiclines. Afterthe latterhad beenreducedat 300"withhydrogenand
usedas a catalyst it assumeda grayishappearamoeand presumablywasa
mixtureof ZnOand Cr~O,. Its powderphotograph,however,showednone
ofthelinesofCrtOaandonlytheapparentiyundisplaoedlinesofZnOtogether )
withthree faintextraneousUnesand a slightgeneralNackeningof the film.
Théatomicproportionsof zincto chromiuminthis chromateshouldbe 2 f. j
A catalystwiththesameproportionsofzincandchromiummadeby method
(i) wasalso photographedafter it hadbeenreduced. It showedthe same
thingas did the reducedprecipitatedchromate.It is likely,then that the )

Chimieet Industne,t3,t86(t9~).
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Cr~O,in thesecatalystsdoesnot existin thé ordinaryfonn. It ia perhaps

eitheramorphousorbascombinedwithZnO. Thiswould,then,explainwhy

inthemixedcatalystthespécifiecatalytieeffectofthe0~0: doesnotappear.

It is perhapsworthyof remarkingin this connectionthat ZnOand Cr~O!

bothhavehexagoneorystatstructureandthere is the possibitityof sotid

solutionor mixedcrystal formation. BeO,alsohexagonal,makesa fairly

goodoatalystin thepresenceofCr<09.
Oneexperimentwas madeon a zincchromatecatalyst (methods) in

whichnitrogensaturatedwithmethanolat roomtemperature(v.p. roomm.)

waapassedoverthe catalyst. Thesamepercentdecompositionwaseffected

as withmethanolat atmoaphericpressure. The rate of the décomposition

reactionthus is firstorderwithrespectto thepressureofmethanot.

AnumberofexperimentsweremadeonZnOalone. Aproductmadeby

précipitationofhot idncnitrate solutionwithammonia(method:6) gave,at

300"andthé usualrate of flowofmethanol,about3-4%decomposition.A

commercialZnO,madebyburningzincvapor,gave13%' It wasfound,how-

ever,that subséquenttreatmentgreatlyalteredtheactivityof theZnO. For

oxample,thissamecatalystofcommercialZnO,afteruseinan experimentat

300",wascoo!edto roomtempératurein anatmosphèreofdry COs,then re.

heatedto 300"in anatmosphèreofmethanol.It nowgave27.5%decompo-

sition. Theprocesswasrepeated,exceptthat the catalystwasinadvertently

heatedto400°justbeforetesting. It nowgave3$.4%ofdécomposition.This

catalystafter standingat roomtemperatureina stopperedbottlefor several

weeksgaveon retestingt6% décomposition.Anothersampteof the same

commeroialZnOat 6rstgave0.7%andthenafterheatingto 400"for hour

andagaintestingat300"gave2 decomposition.Afterthistestthecatalyst

washeatedto 350"in an atmosphèreofmethanolandagainteatedat 300".

Itstulgave22%. Thisprocesswasrepeatedwitha freshsampleofZnO. It

Srstgave13.0%andafterheatingto400°for :s minutesgave:s.i%. After

heatingto 400°for t hour in an atmosphèreof methanolthis catalysthad

decreasedin activity to 6%. The catatystwasthen allowedto cool in a

streamofCO:andwaskept ovemightin an at!nosphereofCO:.Thenextmom-

ingthe catatystwasheatedto 350"for 45min.in a streamof methanol. It

thengave!$.5%decompositionat 300°. TheZnOcatalystis thus affected

bothbyheattreatmentandbythepresenceofdryCOe. It wasfoundthat the

ZnOmadefromprecipitatedhydroxidecoulda!sobeaffectedin thesameway.

Anexperimentwasmadewitha zincchromatecatatystto wMchhadbeen

addedabout s% of copperhydroxide(prep.7). Thereductionofthé"chro-

matewascarriedout at 250"insteadof 300°and a test wasmadeat 300".
Asomewhatlargerdecompositionwasobtainedthanwiththis catalystwith-

outcopperbut this resultwasfoundto bedueto incompletereduction. A

subséquenttest gavetheusualdecomposition.
A zinc-chromiumcatatyst (at proportions4:t) whichhad beenstanding

in a stopperedbottleforsever'atweekswasagaintested. It gave67.3%in-

steadofthe usual59%. Afterpassinga streamofCO:overthis eatatystthe

temperaturewas let fall from300°to roomtempératureand the catalyst
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wasloftovemightinanatmosphèreofCOI. It wasthen testedandgave83%
decomposition.The passageofmoistC0<overthis oatalystbroughtthe de.

compositiondownto 48%.
The materialsusedin thepreparationof the oatalystswerenot specially

purified:Commercialc.p.ohemiea!sworeused. Tests, however,showedthe
absenceof iron and of manganèse.The smaMamountsof COt and CH.
formedin thé experimentscanhardlybe dueto the presenceof impurities
in thematerialsusedandmustbeconsideredasby-productswhoseformation
is catalyzedby the samematenatswhichcatalyze the principalreaction.
In thecaseofthe Zn-Crcatalyststhe amountsof CO-aandCH.didnot vary
muchwithchangingproportionsofzincandchromium.

Thecatatystscontaininguraniumandvanadiumwerehardto reduceand
werepyrophorie.Thechromiumeata!yBts,however,didnot seemto oxidizo
whenbroughtintotheairafteruse. t

Someof the earlierexperimentsrecordedhere weremadewith the as-
sistanceof Mr. CyrusG. Dunkletowhomtheauthors wishtoexpresstheir g
thanjs.

Theauthorswiahto take this opportunityto expresstheirappreoiation
to Mr.A.C. FietdnerwhoseinterestandencouragementasChiefChemiatof
the BureauofMinesmadethisworkpossible.

Summary
i. Thedecompositionof methanolvaporon variouscatatyticmaterials

has beenmeasured.Zincoxidemadeby ignitingzinc carbonate;mixtures
of zincoxideand chromioacid in the atomicproportions4Zn:tCr;mixtures
ofzincoxideanduraniumoxideand,perhaps,alsomixturesofancoxideand
vanadiumoxideandof cadmiumoxideandchromicaoidwouldbeconsidered

verygoodcatalystsfor thedecompositionofmethanolintocarbonmonoxide
andhydrogen. Thesesubstancesshouldalsobegoodcatalystsforthéforma-
tionofmethanolfromwatergas.

The activityof pure ZnOand also of zinc oxide-chromiumoxide

catalystsis to a considerabledegreedependenton the heat andother treat-
mentto whichtheyaresubjected. a

3. The specifiecatalyticeffectofpurechromiumoxideisabsent in th.e
zincoxide-chromiumoxidecatalysts. X-raypowderphotographsindicated
the reasonforthis.

4. PracticauyaUcataiystsstudiedyieldedat îeaat a smaUamountof

00} in the gasesofdecomposition.The00: probablyis not dueto foreign
materialin the catalystbut is to beregardedasa by-productofthe principal
reaction. t

Pt<f<&M)-~Bt~HtextSfO<«M),
tf. S.BM<'e<n<<~AftnM, r/&«)' Penna.
/tMjpM~O,M~.



TEMPERATUREOFCOAGULATION0F PURE COPPERCOLLOÏDAL

SOLUTION

BY B. M. REID AND E. F. BURTON

I. ïntfodtoctiott

Theoriginalintentionof the expérimentadetailedherewithwas to de-

terminethe relationbetweontemperatureand coagulationin Bredigcopper
solsto whicheleotrolyteshad beenadded. Asthe workdevelopedit was

shewnthat there are indicationsthat for everygivenaampleof such cot-

loidalsolutionevenwhenpracticaHyfreefromelectrolyticimpuritiesthere
existea definitetemperatureat whichcoagulationtakeaplaceautomatically.

The référencesin the literature to -temperatureeffectshave chieflyto
dowiththe changein the velocityof electro!yticcoagulationwith tempera-
tuie. Regardingthé influenceof merelyheatingpure coUoidalsolutions,
Freundtich*says: "Sob behavevery differentlyuponsimplewanning,even

freundtich:"CoUoidandCaptUaryChemistry",p.467.
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without thé additionof a coagulant. Many suoh, as numeroussulphides,
(e.g.araeniousand gold),hydroxides(e.g.ferrio),metale (e.g.goldso!sin
alkalinesolution)bearlongcontinuedboilingwithoutnoccu!ating;others,as
inparticularmanymetaUicsots,(e.g.platinum)coagulatequicklyon warm.
ing." Mostoftheseréférencesaretoworkbeforetooo,when thé influenceof
smatitracesof impuritydissolvedfromthe glassvesselsmayhavebeenlost

sightof; at any rate, conditionswerecomplicatedby allowingebullitionto
takeplacethus oausingconstantviolentstirringof the sol.

2. EtpetioMatai

a. M~od; Theprocédurem the foUowingexperimentswaaveryaun.

p!e;a sampleof colloidwassealedin a tubewhichwasheatedto any desired
constanttemperatureforhalfan hour. Noebullitiontookptacea.tanytime.

Fig.i showsthe arrangmentof the apparatus. The tube containingthe col-
loidwasenc!osedin asealedPyrextube whiehwasheatedina glycerinebath.

Thearrangementforheatingthe glycenneis shownin the diagram. The
electricfumaceconsistedof acylindricalcoppervessel19cma.mheightand i
oms.in diameter,surroundedby a coilof wirewhichwascoveredwithas-
bestosto withini cm.of the top. A copperlid fittedtightlyover the top
ofthe fumacewhichwasSMedwithglycerinehavinga boilingpointof too°C.
Theendofthe condenserforthe glycerineanda thermometerofrangeo"Cto
2oo"Cwereinsertedina corkfitting intoan openingin the centreof the lid.
Thefurnacewasconnectedto the 110D.C. in serieswith a Zenithvariable
resistancecoiland.anammeter.

The firatdéterminationswereattempted usingordinaryglasstubesand
afterwardsPyrextubesascontainersofthécolloidsample. It wasfound,how-
ever,that as the temperaturewasraisedimpuritiesdissolvedfromtheglass,
andproducedcoagulation.This wasdetectedby thé verygréât increasein
theconductivityof the solafter heating. With the substitutionof a copper
tubeas the innercontainer,this dimcultywaseHminated;therésistancewas

alwaysmeasuredbothbeforeand aftereverydetermination,asacheckonthe
introductionof impurities. There wasalmost invariablysomedecreasein
résistance,but, wherethisdecreasewasgreatenoughto becomparableto the
additionofanactiveelectrolyte,thé resultwasdiscarded.

The coppertubeusedwasoylindrioalin shape, 10ems.longand ï.s c<ns.
indiameter;the mostconvenientamountof colloidto use in a tube of this
sizewasfoundto be je ce. After this amountof solutionwasplacedin the
tubethe résistancewasmeasured,usingtwoplatinumelectrodesmade80that
theycouldbe inserteddirectlyinto the coppertube. Whennotinuse,these
électrodeswerekept in conductivitvwater to insureeleanliness.The tube [
containingcolloidwasthendroppedontog!asswoolin the bottomofa thick-
waUedPyrex tube, of diameter about 2 cms. Water was introduced
intothe glasstube up to about cms. fromthe topof thé coppertube by
meansofa longnarrowfunneland the tubewasthen sealedoffat a lengthof j
about17cms.
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TABLE1

Halfan hourto onehourwastakento raisethe temperatureofthé glycer-
ine to the desiredpointusinga ourrentofabout5amps.,whiehwasthen re-
ducedto a valuethat wouldmaintainthegiventemperatureforonehalfhour.
At the end of this timethe tubewaaremovedand allowedto stand at room
temperaturefor fourhours..Thenthéglasstube wasopened,the coppertube
removed,and the resistanceagainmeasured,thus checkingthe introduction

TABMII

Dateof TempeMtufemaintained Mn&tobMrvattou
Experiment °C

Feb. 26 196 coagulation
Mar. 160 no co&gutation

5 i~» 6 180
8 i8s
9 i90

Mar. 29 tyo coagulation
30 t6o

Apl. t t~o no coagulation

ApL 22a 1~0 partial coagulation
23 t55 coagulation
~4 145 no coagulation

Dateof Temperaturemaintained Fina!observathm
experiment *C

Oct. atz t~o no coagulation
:2 ~o
25 !6o

Nov. 3 jyo
4 i8o coagulation

Nov. !o tjfg coagulation
!ir 170
'3 t6~
'S 160 no coagulation

IJec. 8 j~o coagulation
9 100 no coagulation

Dec. !66 us5 coagulation$
109 nocoagutatioa

Jan. 4,1927, colloidin stock bottle eoagu!ated.
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of coagulatingfactorsother than the temperature. Thecolloidwas then
pouredintoa test-tubeandit wasobservedwhetherit hadcoagulatedor not.

b. RMM~.(i) Thefirstsolutionofcoppercolloidwithwhiohexperiments
wereoarriedout waamadeby aparkingwiresin 2400ces.of conductivity
water. After<AecoHotdwasM<t<~94 dropsofo.iNpotassiumohlorideworp
added. Theresultsobtainedare givenmTableI, whiohshowsthetempera-
tureat whiehcoagulationtakesplaceas thecolloidsampleâges.

Afteranabsenceof fourmonthsthé colloidwasfoundcoagulatedon Sep-
tomber!S.

(H) The secondsolutiontested wascoppercolloidmadeby sparking
wiresin2400Ces.conductivitywatertotc~tcAhadbeenaddedjustbeforespark.
t~ %0dropsof0.~ N po<aMK(mthydrozidea<~M<MM.Thiscolloidwasmade
onOctober7,1926,andTableII givestheresults.

Thedateofeachdeterminationis givenandthe resultsaredividedinto
groupsonthisbasis. In eachgrouptempératureshavebeenobtainedahewin~
the limitsofcoagulationandno coagulationthe meanofthèsetemperatures
mightbe caUedthe temperatureof coagulationof the colloidat that par-
tieulartimein its history.

The twosamplesfor whichthe aboveresultswereobtainedwereevi.
dentlyundergoingslowcoagulation,in whiohprocessthe sizeofthepartioles
increasesuntilit exeeedsthe limitingsizeforwhiehthe Brownianmovement
masksthe gravitationalpulland the particlessettleout of the suspension.
It is apparent,then, that this temperatureof coagulationdeereasesas the
partiolesincreasein size.

(iii)Fora suspensionofcopperin conductivitywatersuohthatanequilib-
riumstateexistswhenthe coagulationisextremelyslow,the temperatureof
coagulationwouldbea uniquepropertyofthesolutionanda functionof the
sizeof theparticles. It wasthought that it mightbe possibleto determine
the formofthisfunctionandfor thispurposea third sampteofcoppercolloid
waspreparedbythesamemethodofsparkingbetweenwires. Thistimethe
sparkingwasdonein conductivitywater to whichno electrolytew<Madded
~Mer&<~M'e<M'q/j!er~~M<Mma~e.Thenthreesamplesof 2ooces.eachwere
transferredto carefullycleanedbottles,whichhad beenallowedto soakin
successivewashesof conductivitywater for two weeks. Six,fifteen,and
twenty-fourdropsof0.01N potassiumchloridesolutionwereaddedto these
threesamplesrespeotivety,and theywereallowedto standundisturbedfora
weekor tendaysbeforeanydeterminationBweremade. TableIII givesfor
eachsolutionthe limitaof temperaturebetweenwhichMesthe coagulation
temperatureof the solution.

Whetherthe solutionsin whiohthe electrolytewasaddedwereunder-
goingslowcoagulationor hadattained aconditionofequilibriumisdoubtful. E
It seems,however,certainthat in the caseofthestocksolutiona conditionof
equilibriumexista. Atanyrate thereappearstobea definiterelationbetween ]thecoagulationtempératureandtheconcentrationofelectrolyte,anda ourve,
Fig.a, basbeendrawnfor the valuesobtained. For the threesolutionscon-
tainingelectrolytethe relationis verynearlylinear. Undertheconditions f
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TABM!III

of the experimentforthèseresultsto be striotlycomparable,if thesolutions

wereslowlycoagulating,determinationsshouldhave beenmade whenthe

sametimehadelapsedafterthe additionof electrolyte for each solution.

If this had beendone andthe determinationof the coagulationtemper-
ature for the solutionwitha concentrationof KCI o.oy X 10**had been

made 20daysafter thé additionof electrolytethé resultwouldhave been

slightlyhigherand the curvefor thesethreepointsmoreexactlya straight
line. Theassumptionthat the températureof coagulationwouldhave been

higherat that timeis justifiedfromthe resultsgivenpreviously.
It is consistentwithcolloidaltheory in connectionwith coagulationto

assumethat the solutionsto whichinoreasingamountsof electrolytewere

addedwillcontainparticlesof correspondinglyincreasingsizesat least after

thesameintervalof timebaselapsedsincetheeleotrolytewasadded.

Hencethe resultsagreein indicatingthat the coagulationtemperature
is a functionof the sizeof the particles.

Concentrationof UacoaguJated Coagulated Dayaafteraddition
eleotrolyte at at ofetectK~yte

-KCt- Temperature Temperature

o i8o"C i8s"C

o.97X!o-' ï42"C i46"C 33

:.4oXto-' i38"C t4o"C 20

3.84X10-' i3t°C ~C J9
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Attemptsweremade to observethe differencein sizoof the partiolesby
meansof the ultramicroscopeoount. Thesedid not yielddefiniteresults,
but exactmeasurementof thé Jightscatteredbythe varioussamptesshowed
a progressivechangeas theamountofelectrolyteaddedinoreased.

j
3. T~<MtetteatCcasideMtt!oas

Weundoubtedlyhaveto dowithtwoseparatecases:

(i) Thé purest and simplestformof sol can be coagutatedby increase
of temperaturealone,and

(ii) Duringthe processofslowcoagulationinducedbytracesof electro-
lyte, coagulationmay bemade"rapid" by inoMaseoftemperature.

TheseexpérimentâtresultsconStma verysimpleviewofwhatiagoingon `
insuchacoUoidalsotutionaathiaooppersoI.Thereis not the sligbtestdoubt
that suchsoisas theseBredigmetalsolsexistpractioallyunchangedforgréât
lengthsof time without the aid of protectivecoNoids;of course,onemay
say that there is alwaysslowcoagulation,whichis a relativetenn, but the <
rate of coagulationfor manyof theseso!sisat the bestveryveryslow. This c
stabilityhtdueto (i) thé slowrate offalloforna!!partiolesundergravity, (2)
thedisturbanoedue to the Brownianmovement,and (3)thepreventionofany
noticeablecoaleseenceof particlesdue to theirmutualrepulsion.

In presentingthe théoriesof rapid and slowcoagulation,Smotuchowaki'
arrivedat formulaewhichindicatethe wayin whichthe numberof partioles
of varioussizesin a suspensionwiUvary with time dueto the aggregation
asa result ofcollisionsbroughtabout bythe Brownianmovement.Theas-
sumptionismade,followingZsigmondy,that aroundeaohpartioleiBa sphere
of attraction of definiteradius,and, if two particlesapproaohduringmote-
cularmotionso closelythat the centreofoneenterathesphereofattraction
of thé other, they wouldremainadhèrentand not separateagain. But this
assumptionis not necessaryto the establishmentof the Smoluchowskifor-
mu!ae;in fact, the experimentalconfirmationsof theseformulaeshowthat thé
twopartidesreachthis cnticatpositionwhenthey touchornearlyeo. If they
touch,surfacetensionforceswouldaccountfor their stiokingtogether.

The simplestexplanationseemsto be that, as a resultof the molecular
motionin thé liquidmedium,the particlesare drivenhitherandthither,and
coNisMnacertainlywouldbe veryfrequentif there werenoforcestendingto
keepthe particlesseparated. Frequentcollisionsare preventedby the nat-
ural repulsianofthé partidesdueto their likeelectricaloharges.Themutual t
repulsionis not exerciseduntittwo particlesare quitec!osetogetherbut the

1forcecanbe verygreat whentheparticlesapproachoneanotherveryctosety.
Thereasonliesmthe distributionof theHehnhottitlayer;it isquitegenerally
acceptednowthat this outerlayeris diffuse,as suggestedbyGouy,'and that
itmaybeseveralmolecutardiametersinthicknesa. Whentwo neighboring
partidesapproachone anotherso that theseouter Gouylayersoverlap,the 1

SeeSvedbM~:"CoUoidChemiatty",p. 215.
l

'J.PhyB.,(~)9,457('9M).
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partioleswillposaesaan effectivechargerelativelyto one anotherand con-

aequentiyrepeloneanother. But it is alwaysconcevablethat onoccasion
the Brownianmovementmaybe so direotedand ofsuohintenaitythat the
twopartiolesmightposaiblytouchin apiteofthiarepuMon.

Thefrequenoyofsuohoccurrenceswillbe inoreaeed(i) by inoreaaingthe
intensityof the Brownianmovement,i.e. !mcreaaingthe temperatureor (ii)
bydecreasingthé thicknossof the Gouylayer (theouter HehohoJtzlayer)
whichmaybeacoompMtedbyaddingeleotrolyteato the mediumor (iii)by
decreaa~gthe stzeof the chargeon the coUoidalpartiele,whiehisaupposed
tobe cauaedby adsorbedelectrolyticions.

SuohcoBBtderatioDBoffera simpleexplanationof the experimentalre-
suttsrecordedabove. NocoMoidalsolutionwiUMmainuncoagulatedundera
continuouelyincreasingtemperature. Thé bigher the temperature the
greaterthé moleoularmotion;whenthé motionbeoomesso violentthat the
partiolesarepushedintocoûisionin apiteof theetootricatcharge,coagulation
automatioallyintervenea. If to the pure sol,slighttracesof an electrolyte
areadded,the chargeis reduced,the Gouylayeriadepres~d. collisionsare
not opposedby Mohgreatforces,and thereforethe automatiocoagulation
takesptaceat lowertemperature.

Thé curvegivenm Pig. t auggestaa toganthmicrelation betweenthe
temperatureof coagulationand the concentrationof the eleotrolyte. At-
temptato get a quantitativerelation betweenthèse two variablessuggest
theworkofArrheniuN'andotheraon the relationbetweentemperatureand
checmioalreaotion. Thevarioussuggestedformulaeare particu)arcasesof
a generalone:

diogK_A+BT+C'P+..etc.
dT Te

whereT isthe absolutetemperature,K iatherate ofa chemicalreaction,and
A,B, C. are constants. Arrhenius'formwhiohia the equiv.
a!entofputMngaUtheconstantsexceptAequalto zeromaybe writtenthua:

~T.-T.
KT.=KT.<

wheretheKT,andKT.areratesat temperaturesTl andToandAiaaconstant.
Arrheniusfoundgoodagreementwith this formulain testing the inversion
ofsugarby acidsand Miyazawa.'s'experimenteon the slowSoccuiationof
aluminumoxidesois, agreedwith the formulaaieo. However,Arrhenius
pointsout that m the caseofordinary chemicalreaction,the increaseper
degreeme in températureisvery large-much largerin fact thsn suchphe-
nomenaas that dealtwithbyMiyazawa. Arrheniusalsoahowathat thé in-
creaseinordinarypure!yohemioalactionscannotbe accountedforbysuch
physioalchangesas the inoMasewith temperaturem the numberof col-
UBionspersecondbetweenmoléculesor the deoreasein the vieeosity.

'Z. phyaik.Chem.,4, M6(t889);aee Met)or:"Chemieat8tatteaMtdDyn~tmM",386etseq.
FMuB<t!ich,toc.cit.,p.~65.
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Thereareat leastthreedistinctwaysinwhichtheincreasoin temperature
mayassistcoagulationofsoissuohasrecordedabove:

(i) Inoreasemmoiecularmotion,rateofdiffusion,Brownianmovement,
viscosity,and a!l phenomenadue primarilyto molecularmotion;thèse are
ail accountedfor in thé Smotuchowskiformulaforslowcoagulationwhioh
showsthat asfat asthe temperatureisconcernedtherateofcoagulationvaries
as T/n whereT is the absolutetemperatureandn is the eoeBcientof vis-

oosityofthemediumat the températureT.

(ii) Sincewe are dealingwith a phenomenonwhichinvolveselectncat
forcesbetweenohargedbodiesin a medium,the forcewillvary inverselyas
the dielectrioconstantof the medium-a quantitywhichcertainlychanges
with temperature.Theroleof the dieteotricconstantin the actionof electro-
lytes is mostimportantas indicatedby the workofDebyeand Hückeland
others. However,the experimentalworkonthé variationof this coeCicient

with temperaturefor waterdoesnot indicateany remarkablechange. The

equationwhichbasbeenfoundto holdisa

Dï. = Dr. [ï «(Ti To)+ ~(T, T.)']

wherea; =' 0.0045and '= 0.000017.Thevariationgiven by this formula
between2o"Cand ï8o°Camountato only30%at the most. This 30% is a
decreasein thevalueof the dielectricconstmtwhiohmeansan increasein the
electricalfieldbetweenohargedbodiesin themedium-a cirouBMtancewh!ch
wouldtjCndto makethe solsmorestable.

(iii) Themostlikelychangewith temperaturewhichwiUbe effectivein

causingthiscoagulationis the changein the ionizationof the water itself.
Kraus~recordsthe changein the ionizationconstantfor water as the tem*
peraturechangesinTableIV.

ThèsereauMsareplottedin the curveII ofFig.2 whiohsuggestsa verystrik-

ingrelationbetweenthe changein the ionizationconstantand the coagulating
effectofa changeoftemperature. However,the suggestioncannotbepreased
too far, asalloftheseeffectsare undoubtedlybounduptogether–viz., mole-
cularmotion,viscosity,diffusion,diekctncconstant,andsoon.

The conclusion,however,seemsto be inevitablethat a aumcientrise in

temperaturecan of itself causethe coagulationof any colloidalsotutionof
the dispersoidtype and any processof slowcoagulationcan be changedto

rapid coagulationbya definiterisein the température.

"SmithaonittnTables,"359(1923).
"PropertiMofE!eet)tea!!yConductingSystMM,"t47-t~.

TABLElV

lonizatkm coNatfmt for water

Temperature o" tS* 25" too" !50" ~tS" 306"
KwXio~ 0.089 o.4ô 0.82 48 223 461 ï68
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(I) AmmonousCobaltousNitride,AmmonousAtumiaumNitrideandSt~o-

nouslm!de

BT F. W. BBBQ8TROM

Introduction:AmmonousCobaltoasNitride

Someyeareago the author prepareda bulky blue precipitatelapproxi-
matingcobaltousamide,Co(NH~)t,in compositionby pouringa !iquidam-
moniasolutionof potassiumaminde–a base of the ammoniasystam'–into
a so!utionof cobattousthiocyanate, the teaction proceedingin accordance

withtheequation,(t) Co(8CN),+ zKNHjt zKSCN+ Co(NH,),.Rather

strangely,this precipitatelosesammoniaslowlyandirreversiblyunderliquid
ammoniaat roomtemperatures,and-theteforeat about eightatmosphères
pMssaie,to fonnb!ackcobaltousnitrideinthé mannerexpressedbytheequa-
tion,(a)3Co(NHt)!t= Co)N~+ 4NHa. Sincethis reactiontakesplacemuch
moreslowlyat -40" than at roomtemperatures,it aeemedpossiblethat co-
baltousnitridemight take up ammoniaat atill lowertemperaturesto form
cobaltousamideinaccordancewithequation(a) readfromrightto left. How-

ever,oobaltousnitridedoesnot appearto absorbammoniaat the temperature
ofanether-earbondioxidesnowmixture.

There ia a rather interestingparaUelismbetweenthe propertiesof co-
baltousamideand cuprichydroxide,for thebluecuprichydroxideslowlyand

irreversiblyloseswaterat ordinarytemperaturesto formblaekproduotsap-
proachingcupricoxidem composition,'justas the bluecobaltousamideloses
ammoniaand is convertedinto Mack cobaltousnitride. It has oftenbeen
suggeated~that cupric hydroxideisa hydrousor solvouscupneoxide,CuO+
xH:0, rather than a definitecompound,Cu(OH)~. Reasoningfrom the
analogyknownto existbetweenthe amides,imidesand nitridesofthe am-
moniasystemand the hydroxidesand oxidesof the waterSystem~cobaltous
amideshould perhaps be formulatedas a solvousor ammonouseobattous

nitride,Co~: + xNHa.

The present investigationwas undertakenfor the purposeof prepanng
othermetallioamidesand imideswhosepropertiesmightaMowthemto be
formulatedaa ammonousnitrides.

'Befgat)-om:J.Am.Chem.Soc.,4<63a(t9~).
R'anUim:J.Am.Chem.Soc.,46,MM(1~4).

'VanBemmoten.Z.anorg.Chem.,S,466(t~); BancMft:"AppliedColloidChem-
iatty,"246(!9M);Weiser:J. Phya.Chem.,27,50!(t~3), wheretehrencestotheearlier
MtemtuMonthéapontaneouBdehydmtionofcuptic"hydroxide"arepven.<RMMin:J.Am.Chem.Soc.,46,9139(t9t4);Am.Chem.J., 4y,969(t9M).
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AmmonousAluminumNitride

Thebasicamidesaremostreadilyobtainedbypouringa solutionofpotas-
siumamideinto a solutionofa metattiosalt in liquidammonia.Thus,co-
baltous"amide" iseasUypreparedby the actionof potassiumamideupona
solutionof cobattousthiocyanatein aecordancewith equation(t) just as
cobaltous"hydroxide"isobtainedby thé actionof an aqueoussolutionof

potassiumhydroxideupona watersolutionof the samesaltof cobalt. At-

temptsof Franktin'td preparealuminumamideby the actionofpotassium
amideupona liquidammoniasolutionof aluminumiodidefailedbecause
an insolubleammonobasiciodideofaluminumwaapreoipitated.Theauthor
foundthat potassiumamidesimitartyprecipitatedanammonobaaioaluminum

thiocyanatefromasolutionofaluminumthiocyanate.~

Sinceaeidsprecipitatealuminumhydroxide*fromaqueouasolutionsofal-
kalimetalaluminates,it iato beexpectedthat aluminumamidewouldlike-
wisebe preoipitatedby the actionof an acidupona sotutionof potassium
orsodiumammonoaluminate,inaccordancewiththe equation(3)

NH<Br+ At(NHi,),NHNa=NaBr + NHa+ Ai(NH,),.<

Thesodiumammonoaluminaterequiredin this reactionwasnmtmadeby
theactionofa liquidammoniasolutionofmetalliosodiumuponarnalgainated
aluminumina two-leggedreactiontube,followingthe earlierdirectionsofthe
author.' The solutionofsodiumammonoatuminatefonnedin thismanner
wasthen decantedintotheotherlegof the reactiontube, leavingtheresidue
ofunusedaluminumbehind. Withthis solutioncooledin a bath of liquid
ammonia,the legcontainingthe residuewasopenedand cleanedout.' Into
this leg was then intmduceda little lessthan the quantity of ammonium
bromidecaicuiatedfor thé reactionof equation(3), after whichthe legwas
sealedahutand the apparatusallowedto wannto roomtemperature. With
the legcontainingthe ammoniumbromideimmersedin an icebathand the
otherleginwann water,ammoniawasdistilledoverto forma dilutesolution
of ammoniumbromide. This latterwaspouredslowlyinto the solutionof
sodiumammonoaluminatein the otherlegof the reactiontube until a suf-

fioientlylargeprecipitateofaluminum"amide"hadbeenformed. The pre-
cipitate was washedthoroughtyand then allowedto stand under pure
liquid ammoniafor the periodof time indicated in thé fotIoMngtable.

(Thefiguresgiveninciudethe timeconsumedin washingthe precipitate).
Sincealuminum"amide"reactsvigorousiywithwater the specimenswere

FranMin:J. Am.Chem.8oc.,27,~9(t905).
PreparedinanhydroxBformbytheactionofa liquidaramoniaMtutioaofmerourie

thioeyanateonalummum.
*Ade&utehydrateofAt~).iaprecipitatedundercertainconditions.Cf.Weiser,Tho

HydtouaOxides,p.io8.
<Ammoniumbromidebehttveeasanacidin liquidammonia,solution.Franklinand

K~tM:Am.Chem.J.,23,305(i9<M);J.Am.Chem.Soc.,:7,8:M(toos).
J.Am.Chem.Soc.,4!,2702(toag).

'Cf.Franklin:J. Phye.Chem.,M.~tt(t9tt). ·
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hydrolyzedtiretby meansof water vaporand then dissolved!n dUutehy-
drooMoricacid.Aliquotportionsof thisacidsotutionweretakenforanaly-
sis. Aluminumwas determinedas oxideand nitrogenwasestimatedvol-

umetncaUyas amonta.

Ana!y8es
Driedin a vacuumat roomtemporatures

DMCtMMM–Itisevidentfroman examinationof the abovetable that the
substancesprecipitatedby pouringa liquidammoniasolutionofammonium
bromideinto a solutionof sodiumor potassiumammonoaluminateare not
constantin composition,eventhoughsomeofthe specimens(Nos.1, 2, 3, 4)
werepreparedin almostthe samemanner. It wasthought that the lack of

agreementin the analysesmight be dueto the différencesin purity of the

préparations,but this seemsimprobablein viewof thé fact that the total
amountof halogenand alkalimetal presentas impuritiesvariesfroma few
tenthsofa percentin preparationsNo. i and2 to a little underfourpercent
inpréparation'. Oneshouldnot expectimpuritiesin the amountsfoundto
bave such a profoundinfluenceupon the compositionof the specimens.
forothermetallicamideswhichhave beenpreparedare muchmoreconstant
incomposition,in spiteofcontaminationwithseveralpercentimpurity.'

Sincealuminumfonnsverybasicsaltsinliquidammonia,it wasthought
possiblethat the preparationsmight bemixturesofhighlybasicaluminum

1 TheseamouatewereestimatedMughtybycomparisonofthesmnofthépercentagesofaluminumandnitrogenfoundwiththemmofthéporcentageeofthesetwoetementa
oatematedforpurecompoundsofAl,NandHbavingthemmeatomioproportionofnittû.
gento aluminum.Pfepatation7wMfoundonMatysistocontain3.8pementsodium.

Forinstance,manganèseamideandaomeepecimeMofnMcneNumatnide.Bermtrom:J.Am.Chem.Soe.,4e,ts~y(t924);48,285!(t~6).

t~neum vttomunat.roomtemperamres
Catcubtedfor Found

AI(NH<). AI(NH)NHtAt,(NH), AIN i' 2
Al 36.0 46.5 54.5 65.9 40.7 4~2
N 56.0 48.2 4~4 34.a <o 49.0

Timeindaysduringwhichppt.remained (3-6) 3
iacontactwithliquid&mmonia,at :o",priertoanalysis.

3' 4 5 6 7b
b

Al so.t 53.t 55.3 55.2 55-6
N 44.7 41.7 40.7 40.z 38.8

Time~eto.5 (3-4) 7 21x 60

Heated in a vacuumat 200-220~

3' 4 7
A! 55.4 57. 56.7
N 4i.o 39~ 39.S

Heatedin a vacuumat 380"
No.6,Al58.5,N 37.8. Ctdcd.forAIN,Al65.9,N 34.2.

aPreparedfrompotamiumammonoaluminate.
bFoundtocontMn3.8percentsodium.
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bromidesor MgMyacidicsodiumammonoa!uminates'whosedinerencesht
compositionmightaccountfor.thedivergentanalyses. Thus,the composi-
tion of preparationagrées approximatelywith the formulaAKNH)NH:,
or for that matterwiththe generalformulaAt(NH)NH~.NaNH,,where.r
is sumcientlylarge(about 15). No. 7, the least pure speoimen,bas the
approximatecomposition4A!:(NH),+ 4AIN+ NaNH;,sincetheimpurity
ia chienysodium. Thus,in preparationa, sodiumamideis in combination
with ts moleculesof Al(NH)NHeand in preparation7 with4 molécules
each of A!t(NH):and AIN. If theseacidioaluminatesare definitecom-

pounds,onecertainlyshouldnot expectauoha variationin the composition
of the aluminum-containingportionof the moteou!e. Moreover,the exis.
tence ofamorphouscompoundaof suohmolecularcomplexityis very im.
probable. It is morereasonaMeto considerthat the preparationscontain
differentamountaof adsorbedimpurity.

Nowthe apecimens,dried in a vacuumat roomtemperaturesohangein

compositionfromNo. an aluminumamidewhiehbas lostalmostenough
ammonia to form aluminumimide-amide,AKNH)NH;,to Nos.6 and 7,
which appaarto be partiaUydeammonatedaluminumimides,AIt(NH)).
Thèsedifférencesin compositiondonot completelydisappearevenwhenthe

preparationsareheatedin a vacuumaboveaoo°. It wouldseemin viewof
the facts enumeratedabove that the preparationscannotbe regardedas
definiteeompounds.It is suggestedthat theyboconsideredsolvousor am-
monousaluminumnitridesin the senséthat ferrieandouprichydroxidesare
consideredhydrousoxides,FetOt+ xH.OandCuO+ xH:0.

Thereare indeedmanypointsofsimHantybetweenthe hydrousoxides
and the substancesweregardas ammonouscobaltousnitrideandammonous
aluminumnitride. Thewater contentof the hydrousoxidesas wetias the
ammoniacontentof these ammonousnitridesdependsuponthe previous
history of the spécimens. Somehydrouaoxides,as for instancehydrous
cupric oxide,changeinto the correspondingoxideunderUquidwater at

ordinarytemperatures,'just as cobaltous"amide"changesto cobaltousni-
tride under liquidammonia. Ammonousaluminumnitrideappearsto lose
ammoniaveryslowlyin this manner. Thus, preparations7 and 6, which
werewashedand kept under liquidammoniarespectivelytwomonthsand
three weekspriorto anatysiacontainlessnitrogenthan the otherspécimens.
The changeofthe bluege!atinouscupric"hydroxide"into oupriooxidemay
be preventedor greatty retarded by the presenceof adsorbedsalts or
metallic hydroxides.' It is possiblethat the différencesin the composi-
tion of the spécimensof ammonousaluminumnitridemaym part be due

tBamesaltsmavberepresentedforpm-poeeaofeonvmieneeMdoublecompoun<hof
the normalaattwtththé eoneapondioebMe.Thus,théiMotobbammonobMicatomiamn
'jMMepM~redbvFMmidin(J. Am.<Chem.Soc.,3V,~7 ('9'5))'naybewrittenMsAt
~Nt)).Att,.6NH<.StmuMtywecanrentMentanammono"bamcsodiuma!))miMte
as thodoublecom~oundAI~NH,J,NHNa· x A1(NH,),,orntoresimplyau NaaluminateMthé douNeeompoundAt(NH~,NHNa.xAl(NH,),,m-moreaim~yMNaNH,.xAt
(NH,)a.Ferhapaitwouldbemorelogiasltoc~Usuchaubttaneesammonoaoidioalumi-
nates,ameetheamphotenebasealuminumamidehMcertainlyaotedMaweakacidinthe
formationofsodiumammonoatamtnate.

Weiserandothers:toc.e:t.
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to varyingamountsofadsorbedimpurities. It waaindeedfoundthat potas-
siumamidereaetswith or is adsorbedby solvousaluminumnitnde'. It is
impossibleto removethis potassiumamideby continuedwashing.

Thevaporpressure-compositioncurvefor a hydrousoxide at constant
temperatureshowsno breakwhiehwouldindicatea donnitehydrate. Simi-
larly,thé vaporpressure-compositioncurveof the syatemAtN-NH<should
showno breakcorrespondingto a dennitoammonateof aluminumnitride.
In thepresentworkno definitedecompositionpressureswereobservedwhen
specimensofammonousaluminumnitridewereheatedin a vacuum,poMibiy
becauseequilibriumbetweenf~ and solidis reaohedso slowly. A deter.
minationof the pressure-compositionourveof the systemA!N-NH<at a
sériesof temperaturesisnowinprogressin this laboratory.2$

Manynitridespreparedia liquidammoniaand driedina vacuumat room
temperatuîesretainsmaUquantitiesofammoniawhioharegivenoffonheat-
ingat a highertemperature. Thus,ferrous,cobaltousandnickelousnitrides
giveoff em~Uquantitiesof ammoniain a vacuumat too". It is probable
that the liberatedammoniais not ammoniaof constitutionbut ammonia
heldin thé samemannerthat waterisheldin the hydrousoxides.

0<AerPropres of ~ImttMmoMaAluminum~~rK!e.–Anunonouaalumi-
numnitride reaetswith solutionsof an excessof potassiumamideor am-
moniumbromideto form respectivelypotassiumammonoaluminateand
aluminumbromide. Ammonousaluminumnitride in ammonia,likealumi-
numhydroxidein water, reactswithor adsorbeaMzarinwith the formation
ofa colored!ake.' The lakeformedby the actionof the purplishsolutionof
atizannin liquidammoniauponaluminumamideis lessstabletowardwashing
thanthecorrespondmglakeformedinwater. Asalizarincontainsfouratoms
of oxygen,it wasthoughtpossiblethat the ammonousaluminumnitridemight
havebeenconvertedto aluminumhydroxide,whichwouldthen unitewith
alizarinto fonna lake. It wasfoundthat very little ifanyof the ammonous
aluminumnitridewasconvertedto hydroxideby the alizarin,sincethe lake
reactedwith wateras if it containedAIN+ xNHa,and since the ratio of
A!:Nin the precipitatewasaboutwhat one wouldexpectfor a puream-
monousaluminumnitride whichhad remainedin contact with liquid
ammoniafor thé same lengthof timeas the lake.

It was thought possiblethat an ethyl derivativeof aluminumamide,
ethylammonoatuminate,mightbe preparedby the actionof ethyl iodide

1AneMemofpotasatamamidedimoïvesammonouaaluminumnitridetoformpotas-aiumammonoalom~ate.Ontheotherhand. petMsmmamidereaotswithabmeexcessofmumonoueat<muaamnitridetoforminsolublecompounds,ormoreprobablysoluble
subataneeswhiohareaabaequent!yadMtbed.

t" 'j

'Thé Mm-eto obtaina constantptemureeotrespondinKto theequilibriumbetweena nitrideandammoniagasmayMtpMvethatthéaabstanceundereonmdetationisanammonouenitride.Thusit haabeenfoundthatthedeammonationofbariumandca!eium
M°"M'tothécoKeapoadiM:nitridesat e!evatedtempefatùrEsinirreversible.(Ktatia:J.Am.~hem.8oe.,45,~S59(' NevertheteM,therecanbenodoubtoftheetdatenceof
eithercalciumorbanmnamide,forthesembatanceaafeconstantmcompositionovereuchawiderangeoftentpefatare.

ThielakeMa!)ghtefredthanthecornspondingwaterlake.
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on a. liquidanunoniasolutionofsodiumammonoaluminate,inaccordance
withthe equation,At(NH:),NHNa+ CJM = Nal + AKNH~tNHC~Ht.
ThewhiteSoccutentprecipitateobtainedin this reactionwasfoundto beim-

pure ammonousaluminumnitride,signifyingthat the expeotedester was
formedand then underwentammonolysisin accordancewiththe equation,
A!(NH,),NHCA + NH,H,NH, + AKNH,)~CWtNH,+A!N+XNH,.

StaamoasImide,SnNH,andStMNMtMNitride,Sa~

In viewof the fact that ammonousaluminumnitridesarepreparedby
the actionof ammoniumbromideupon a solutionof sodiumor potassium
ammonoaluminatein liquidammonia,it wasthoughtthat a stannousamide,
imideor an ammonousatannousnitridemightbe preparedbythe actionof
ammoniumbromideupon a solutionof potassiumammonosttmmtem ac-
cordancewiththe equation,(4)SnNK+ NH<Br SnNH+ NH~+ KBr.
It wasfoundthat this reactiontakesplacereadily.

Preparationi. Potassiumammonostannitewas Srst prepatedby the
actionof a solutionof potassiumamide in liquidammoniauponstannous
chloridem sughtexcessofthe amountrequiredby the equation,(5)SnC~+
3KNH<= SnNK'2NH,+ :)KCU Onelegof thé teactiontube usednow
containeda solutionof potassiumammonostannitetogetherwitha pMoipi-
tate of the apanng!ysolublepotassiumchlorideand the unusedstannous
chloride. The other leg of the reactiontube whichcontainedthe smat!
tubesfromwhichthe potassiumhad dissolvedtogetherwiththe ironwire

catalystused in the conversionof the alkalimétal solutionto potassium
amide,wasopened,cleanedout and resea!ed'.Into this cleanlegwasthen
decantedthe solutionofpotassiumammonostannite. Nowwiththissolution
cooledto 40°,thelegcontainingthe residualpotassiumohloridewasopened,
cleanedoutand resealedafterintroducingenoughammoniumbromideforthe
réactionof equation (4). Stannousimidewaaobtainedas a brownamor-

phousprecipitatebyslowlypouringa dilutedsolutionofammoniumbromide
into the solutionofpotassiumammonostannite. Aftera thoroughwashing
withliquidammoniathe stannousimidewasheatedina vacuum,hydrolyzed
withwaterand thendissolvedin dilutehydrochloricacidpreparatoryto an-

alysis.Tin was determinedas oxideafterpreviousprecipitationas sumde.
Potassiumwasrecoveredas sulfatefromthe filtrate'of the stannoussulfide
to whichsulfuricacid had beenadded. Nitrogenwasestimatedvolumet-

ricaUyas ammonia. Subs.driedin a vacuumat ao",0.5167g;heatedin a
vacuumat 170°,0.5140g. Onequartergave0.1448g. 8n0: andonehalfgave
0.02630g.nitrogen.

1TheveryslightlysolublestannouscblorideSMtreaetswithpotMaimnamidetoform
thealmostinsolublestttanoaeimide,inaccN-dMeewiththee<matMn,SnCh+ aKNH:*=
SnNH+ NHt+ 2KCl.PotassiumamidedissolvestheamphotericbasestannouBintid
tofonnpotassiumammonoattmnite,inthemannerrepresentedbytheequatlon,SnNH+
NH,+ KNH,° SnNK.2NH,,Bergatrom:J.Phya.Chem.,30,!g(t926).

'Cf.Franklin:J.Phys.Chem.,t5, Si (ton).
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Preparationi?. Subs.driedin a vaeuumat i:o°,0.~690g; heated in a
vaeuumat aoo°,0.2653g. Onehalfgave0.1470g. 8n0: whiletheotherhalf

gaveo.on8 g.nitrogen.

Prepor~MK Subs.driedin a vacuumat ao°, 0.~9~ g; heatedin a
vacuumat 170°,0.2890g; heatedin a vacumnat 220°,0.2876g. Onehalf

gaveo.t6o8g.SnOt.Onehalfgave0.01423g. nitrogen.

Pfepm'a~oM~.Subs.driedinavacuumatzo", o.37oog;heatedinavaouum
at 17s",0.3663g. Onequartergaveo. ozt g.SaO;and oneha!fgaveo.ot7s5
g. nitrogen.

PreparationF. Subs.driedin a vacuumat 20°, 0.3:33g; heatedin a
vaeuumat 180°,0.3094.Onehalfgave0.17~ g. SnOiand thesecondhalf

gave0.01441g. nitrogen.

PreparationC. In thisexperiment,stannousimidewasheatedto a tem-

peratureof340°m a vacuumforthe purposeof preparingstannousnitride,
8n<Nt. Theproduotsoobtainedwasnot dissolvedby the prolongedaction
ofhot solutionsofhydroohlorioacidor sodiumhydroxide,provingtherefore
to bemuohmoreinertthanstannousimide,whichreactawithwaterwitha
slightevolutionofheatanddissolvesfairlyreadilym dilutehydrochlorieacid.

For the purposeof analysis,the stannousnitride wasremovedfromthe
reactiontubem suspensionin dilutehydrochloricacidand treatedwithhy-
drogensulfideto preoipitatea smaUamountofdissolvedtin. Thecombined

preoipitatesof stannousnitrideand sulfidewerefused with a mixtureof
sodiumcarbonateand sulfur. Tin sulfidewas precipitatedby acidifying
the water solutionofthis fusion. Subs.driedin a vaouumat 115°,0.4066;¡
heatedin a vacuumat 340°,0.3894g. The entirespecimengaveo.4;46g.
SnO,.

SummaryofAnalyses
Heatedina vaeuumat iso°-2oo°

Heatedinavaouumat340",No.6, Sn92.0.CalculatedforSn)Nt,Sn92.7.
Thepreparationsarea!tcontaminatedwith smaIlquantitiesofpotassium

andhalogen. Forthis reason,the analysesdonot agreeas closelywiththe
cajoulatedcompositionofSaNHas might be desired. In viewof the con-

stanoyin compositionof the préparationsit is possiblethat stannousimide
is a definitecompoundandnot anammonouastannousnitrido.Thequestion
thennaturallyarisesas to whetherthe smatiadditionalamountof anunonia
retainedby stannousunideat roomtemperaturesisconstitutionalammonia,
in the fonnofstannousamide,or adsorbedammonia. If the latter, it would
benecessarytopostutatetheexistenceofan ammonousstannousimide,ifwe
assumethat theimideisitselfa definitecompound.

Calculated for SnNH Found

2 3 4 5 6

Sn 88.8 88.8 87.3 88.i1 87.8 87.11 88.ïx

N io.s !o.2 9.6 9.6 p.6 9.3 ––
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(M~erf reperds of .S~tMKMMJwtt~. Utcemanycompoundsof the am-
moniasystem,stannousimide? hydrolyzedby waterto ammoniaand the

correspondingcompoundof the water system,hydrousstannous oxideor
stannouahydroxide. Like the latter stannousimide ? an amphoteriobase,
for it dissolvesin a liquid ammoniasolutionof the base potassiumamide
to formpotassiumammonoetannite,andin a solutionofthe aoid,ammonium
tMocyanate,to forma solublethiooyanateof tin.

Potassiumammonostannitemaybenitridizedto potassiumammonostan-
natejust as potassiumaquostanniteisoxidizedto an aquostannate. Thus,
crystalsofthe sparinglysolublepotassiumammonostannate,Sn(NK)y4NHa,'t

areobtainedwheniodineiaaddedto a liquidammoniasolutionof potassium
ammonostannitecontaininganexcessofpotassiumamide',the reactionpro-
ceedingin accordancewith theequation,SnNK+ 21+ ~KNH:== Sn(NK)~
+ zKI + aNKit. Found,Sn39.2,N 26.3. Calculatedfor 8n(NK)),.4NH3,
Sn40.5,N 28.7.Thespeoimenisthusanimpurepotassiumammonostannate.

A solutionof metallicpotassiumin liquidammomareducespotassium
ammonostanniteto a solublepotassiumtin aBoy,K~Sn~,whichcontainsthe
tin in the anion'. Thereduotionbas thereforeproceededbeyondthé stageof
metaUictin.

In conclusion,the authorwishesto thankDr. E. C. Franklin forhis in-
terestinthiswork.

summary

(i) In orderto explaincertainaNomatouspropertiesof cobaltousamide
it basbeensuggestedthat thissubstanceis anammonouscobaltousnitride,
CotNt+ xNHa,anammoniaanalogueofthéhydrousoxides.

(a) It waanot foundpossibleto precipitatean aluminumamide,imide,
or nitrideof definitecompositionfroma liquidammoniasolutionofsodium
or potassiumammonoslummate. Sincethe precipitatedsubstances,under

comparableconditions,containfrom40.7ta 55.6percentaluminumand 38.8
to 52.0percentnitrogenwithverylittlealkalimetalor bromineas impurity.
it is suggestedthat they be regardedas ammonousaluminumnitrides,
AIN+ xNHa.

(3) The smaUamountofammoniafrequentlyretainedby manynitrides
preparedin liquidammoniais perhapsboundin the same manner as the
ammoniain Co~Nt+ xNH:orAIN+ xNHa.

(4) Stannous imide, SnNH, and stannousnitride, Sn~Nt,have been
prepared. Stannousimide may be a definitecompoundand not an am-
monousetannousnitride.

s<<M/MiyntM!tt<y,
CM~M&t.

'Kt~maM:J. Am.Chem.Soe.,29,t~ (!907).
'At 40'.
'J.Am.Chem.Soc.,44,tMt (!9M);J. Phya.Chem.,30,tg (!9:6).
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THESOïUPTION0F WATERVAPOURBYACTIVATEDCHARCOALS
PART. ï. APPARATU8-TECHNIQUE-NATUREOF

CHARCOALSU8ED

BY P. G. T. HAND AND D. 0. SHtBM

1. Introduction

Théworkto bedesoribedin this, andsucceedingpapersformspart ofan
investigationcarriedout in this laboratoryundertheditcctionofProfesserA.
J. AHmandfromthécommencementof toat, and stittin progress.Its pri-
marypurposebasbeentheestablishmentoftheexperimentalfactsconcemiog
thesorptionofvapoursby charcoalwitha view,ofcourse,ofarrivingat an
understandingofthe essentialnatureofthe phenomenon,andofan explana-
tionof themarkeddifférencesshownbetweenthebohaTiowof the vapursof
waterand of other substances. In addition,wh&teverthe use adsorbent
charcoabmay be put to, the omniprésenceof watervapourmakesa study
ofitssorptionrelations,in particutar,ofdirectpractioatimportance.

Whenthisworkwascommenced,the onlypreviouspublicationsonwater
vapourof importanceknown to us werethoseof Schmidtand Hinteler,'
Baehmann,'and Lowryand Hutett.' Duringthe courseof the work,there
havebeenpublishedor becomeavailableto uspapersbyRakovsky/Gustaf.
son,"HSUstrom,'BerlandAndress,Isobe,'Gastaver,'Katz"'andCoolidge."Il

Twogeneralexpérimentalmethodshave beenemployed. In the one
("dynamic"or"streaming"method),a currentofair orofnitrogencharged
witha knownpartialpressureof water vapour,by bubblingthroughsul-
phurioacidsolutionsofdefiniteconcentrationsat as°C,waspassedthrougha
columnofcharcoalcontainedin a silioatubeat 2S''C± 0.05°untilconstancy
ofweighthadbeenreached.The charcoalhadbeenpreviouslyoutgassedat a
definitetemperature,and subsequenttysaturatedwith the puredry gas at
2s''C. Thépurposeofthe experimentsin thénitrogenstreamwasto investi-
gate.whetherornot thépresenceofoxygeninoharcoalbasa specinceffecton
thesorptionprooess.

In the second("static" or "vacuum")methodof experimentation,water
vapour,freefromany admixedgas,wasadmittedto thepreviouslyevaouated

Z.physik.Chem.,M,to~(t9!6).
'Z anorgChem.,100,1 (ï~ty).
J.Am.Chem,Soc.,42,i)<~(!<)M).

<J.Ruœ.phys.Chem.Soc.,4t, 37;(t~t?).
'Arkiv.Kemi.MineralGeot.,7,No.M,t (t~).
'DiMettattoa HeMngfoM (t$ao).
Z.angew.Chem.,34,369(t~i).

'Eag.Chem.J. (Jtpm),1,99(t~t).
'KoUoidehem.Bethefte,15-,185(t~).

PMC.AmsterdamAcad.,26,546(t~a).
J.Am.Chem.Soe.,46,596(t99.t).
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oharcoal(contained,as before,in a siUcaor g!asatube at as"C),and the
changein weightdetenninedwhenthe pressure,readoffon a merourymano-
meter,had becomeconstant. Aseriesofsuchexperiments,byoithermethod,
extendingfromzerowatervapourpressureup to saturation&t!!S"Cenabled
the sorptionisothermto be plotted. In almosta!l casesthèse isothermals
weredeterminedwithfallingaa weUas risingwater vapourpresstMe,Le.
desorptionas weMas sorptionisothermswereinvestigated.ïn a fewcases
(with the "statio" method)experimentsweremadeat temperaturesother
than25"C.

2. DynamicExpérimenta

Themain apparatusforthe air streamexperimentsis shownin Fig. la,
whilethe necessarymodificationsforworkingin nitrogenare seenin Fig. ib.
Ascertaindétailsofthe procedureinthe twocasesdifferit willbe as wellto
describeBrstthoseitemswMcharecommontobothmethods.

(a) Charcoattube:Thecharcoaliscontainedin a silicaU, Fig.2 C,fitted
withglassL piecesgroundat eachend(gtgt, ga34). Theformerfit theU by
meansof silicagrindingssurmountedby cupsWt Wt (filledwith Everett's
vacuumwax). Thetapsare weM-groundvacuumtaps lubricatedwithRam-
aaygrease.

(b) Evacuationof oharcoal:the U coataihingthe charcoalis heatedin
an electricfurnacesoarrangedthat the anns of the U projectabout s cms.
fromthe fumace. Thewaxsea!sareprotectedbya thiokasbestossheet,and
asbestoswoo!packing(MdeFig.gA(e)). gaandg<fitintogroundoupsofthe
evacuationleads,andthé jointsaremadetight byvaouumwax. Theevacu-
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ationoutfitconsistedofa Kraus merouryvapourpumpbackedby a Cenco

HyvacOitPump. Pressuresare measuredby meansof a MoLeodgauge,
insertedin the evaouationlines. In mostof this worktwoévacuationtem-

peraturesare usedvis.!7o"Cand8oo°C.

(c) Vacuumweightof charcoal:In determiningthis the usual precau-
tionsare taken to checkthe volumeof the emptycontainerby fillingwith

merouryat a knowntempératureand wcighing;ohockingfor the free-space
airovertheoharcoalwhichnecesaitateddeterminingthedensityofthe char-

coat,référenceto whiohwillbe madelater,and a!sodeterminingthe !ossin

weightof the oharcoalduringevacuation. AUweighingsarecamed~ut with
a U-tubecounterpoise.Theweightsusedwereoheckedbymeansofthe Kohl-
rauaohmethod.

(d) Saturationofcharcoalwithdrygas: Thisiscarriedoutbyattaching
the U to the groundcupGS~Fig. ta, attowiogthe contentsto cometo the

températureofthé thermostatand thenpassmga streamof drygasoverthe
charcoatat a rate of60-80ces.permin. Equilibriumbeingjudgedto beset

up whenthe changein weight of the U wasnot greaterthan db 0.1 mgr.
Knowiagthefree-spacevotumeabovetheeharcoal.acorreotionfortheamount
ofgasin thiswasmade,and hencetheweightof thésorbedgasobtained.

(e) Experimentaldetailsusingan airstream:

(t) Dry Air:Air fromcylinderA Fig. la is passedthroughtrap Tt to
the gas washerWI,containingcono.sulphuricacid andthenceby wayof
HowmaterFmto thesodatunetrain SiS:89and84.Therateofflowisroughly
adjustedby meansof the reducingvalvefitted to the cylinder.and finally
adjustedby taps betweenWt and A. LeavingS<theairpassesvia trap T:
througha sulphurioacidpumice towerM, filledfrom F), and finally,via

two-waytap ti overphosphoruspentoxide,containedin P, into the thermo-
stat bywayofleadcoilLSt to two-waytap tt; finallyissuingat GS:. TheU
is attachedat this pointby meanaofg<,Fig.zc,and connectedto a mercury
manometerN fromg<bymeansofrubbertubing. Bycarefullyopeningthe
containertaps the nowofair is admittedto the charcoal.Themanometeris
usedto ascertaintheexcesspressure,overatmospheric,ofthe air in the frec

(ipace. Usually2-3mms.

Dy~KeseofAir: Inorderto obtain'perfeetlydryair twoextragasbubblers

containingcone.su!phurioacid wereintroducedbetweenS<andT: Fig. ia.
Tocheckthedrynessoftheaira streamat 100ce.permin.waspassedthrough
theapparatusand thenceover a weighedquantityof purephosphoruspen-
toxidecontainedina U-tubefittedwithground-inglasstap heada,connected
ofcourseto GS,. Theexitsideof theUwasconnectedto an absorptionbulb

containingcone. sulphuricacid.
Aftertwohoursthe U-tube, weighedagainsta counterpoise,shewedno

inereasein weight.
PMn<of air: Thiswas tested by attachinga smaMbubblingapparatus,

containinglimewaterto GSit,and passingair throughthe trainat 100ces.

permin.fora numberofhours. Noprecipitateofcalciumcarbonatewasob-
served.
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(z) Airchargedwithwatervapour:In thiacasethe air-streamisdiverted
at two-waytap ti viatwo-wayts throughtrap T:, containinga shaHowlayer
of cone.sa!phuricacid,intowhiohdipsa capillaryinlet tube, andthenceto
the glasscoilsaturatorsX. and Xs. These saturatorsare filledwith sut-
phunoacidsolutionsofsuchstrengththat a watervapourpressuteisobtaincd
of approximatety mm. belowthe vapourpressureof thé acidsolutionsof
the saturatorsmtuatedwithinthe thermostat. Leavingthe two "externat"
saturatorsthe moistair travelathroughthe "spMt catoher"T,, throughthe
leadcoilLSt,to the"internat"glasscoilsaturator0. bywayofsafetytrap T<.
FromOtthe air streampassesby wayof two-waytap t8into the "intema!"
s&turatofO,,and thencebywayof traps T. and TG,throughtwo-waytap t<
to GSt, whereit enterathe charcoaltube. The two internatsaturatorsare
filledwithsutphuncacidofpredeterminedetrengthto givea knownwater
vapourpressuteat 25*0.

ThevolumesofXtandXt areboth aooooc.,whiteOt contains400ce. of
acid,and0<12$ce.

Duringanyrunwithmoiatair thé partsof the U exposedabovethe water
level,indicatedbya dotted tine,arekeptat a6"Cd: i"C bymeansofa metal
box,B, whiohis heatedfrombelowby meansof a microbumerQ.

~cMtM~<a<Mro<<M-<~In orderto déterminewhetherthe air leavingthe
finalsaturator0; wassaturatedwithrespectto thesolutioncontainedtherein,
the amountof watersorbedby the charcoalfor a givensolutionwasdeter-
mined. Anadditionalsaturator,Fig. aD, wasintroducedafter 0:. The U-
tube containingthe evacuatedoharooat,after saturationwith dry air, was
connectedto the extrasaturatorand air againpassedoverthe oharcoatvia
the saturatingtrainandtheextrasaturator. Thevaluethusobtainedfor the
weightofwatersorbedagreedverywellwiththe valueobtainedwithoutthe
extrasaturator.

'D.

Comp!eteoessof the saturationof dry air with respect to the solution
throughwhiehit paaaedis conârmedbythe verysmallchangein concentra-
t-ionofsutphancaeidafterpassageofair formanyhoura.

Ptesourewatefv~pour Mgs/trmw&tefoorbed

4 saturators 5 saturators
i3.40tNms 1~6.49
t3.36mm9 ~6.38

B"" No. Hts.ofpaamgeof ConMatr&tionofSolution
Mt %H,SO<

1 o 40 ï3
24 40.09

o 37.0t
25 36.99

3 0 j,o.94
J27 30.96
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(g) Detenninationof watervapourpressures:The vapeur pressuresof

the solutionsweredetenninedfroma concentration-pressureourveplotted
fromthe data of Regnau!tand 8ore! Theconcentrationsof the solutions

weredeterminedby meansofdensitymeaaarementsusinga ïo oc.pyknome-
ter whichwasweighedagainsta seatedcounterpoise.Twodetenninations
for eaohsolutionbeingmade,agreementbeingwithino.5mgr. The concen-

trations wereobtainedfrom Domke's'figures,ptottedas a concentration.

densitycurve

(4) Possiblecarriageforwardof sulphurioacid:SmaUquantitiesof sul-

phuricacidwiU,no doubt, be oarriedoverto the charooalin the courseof
time. To test tbis, a streamof air waspaosedthroughthe saturatorsat 80
ces.per min.,and thenceintoa Saakcontaining150ce. t N BaCt}. After5
hours a veryfaint turbidity wasobserved. A checksolution containing
t.S X 10"*gm98% H~SOtin 150ce. i N BaC~gavea readilynoticeable

precipitate. By comparisonit wasestimatedthat the turbidity in the test
runrepresentedlessthan 5 X io"<'gmH~SO~.Thisturbidity wasobtained
afterpassageof air through6t% sulphuricacidsolution(the mostconeen-
tratedsolutionused). GenerallyspeaHng,thetimeofatreamingthroughthe
moreconcentratedsolutionsismuchlessthanin the caseof the weakersolu-
tions. Equilibriumbeingmorerapidtyobtainedat lowvapourpressuresthan
at higherones;so that the averageamountofacidcarriedovercouldnot be

greaterthanabout i X 10~gmH:SO<perhour. Assomecharcoabwereex-

posedto varioushumidstreamsfor600hoursthemaximumquantityofacid
carriedoverwouldnotbegreaterthan 6 X !o~ gm,or fora chargeof3 gms
charcoal2 mgr/gm.

(s) Changingsaturatingsotutions:ThesaturatorsOi and Osare com-

pletely filledwith thé requiredsolutionfrom F} and F:. The solutions
are then drawnoffthroughY, andYt, weUmixedand the processrepeated,
afterwhiehthe saturatorsare filledto therequiredheight. The trapsT. Tb
and Teare washed,three times,by blowing.oversolutionfrom 01and Os,
makinguse of sodalimetubes QIand Qt to prevent contaminationwith
carbondioxide. Witbdrawalof thewashingsiseffectedviaCi andC:,which
are finallysealedafter leavinga smallquantityof liquidat the bottomofT<4
and Tt.

(f) Experimentaldetailsusinga nitrogenstream.

(i) Dry Nitrogen:The apparatusused in the nitrogenstreamexperi-
mentsisshewnin Fig. ib. ThedottedlineLiLidenotesthe lineofdemarca-
tion to the leftof whichthe apparatusis similar,exceptfora fewminorde-

faits,to theair streamapparatus. NitrogenisobtainedfromCylinderA, and
is 90.5%pure. The usual traps, gas washer,flowmeter,and pumice-sul-
phuricacidtowerareprésent. (TtWt,Fmand M). Tais a trap whileW~R
and Wacontainconc.sutphuricacid. St, 8~ S: and 84constitute the sold
limetrain. From 84the dry nitrogenpassesovera mixtureof electrolytic

1LMtdott-BOnMtein:"TabeMen,"426-4~7(t9K).
*Lando!t-BenMteim:"Tabellen,"265-~66(t9M).
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coppertoit,and copperwiregauze (60mesh)containodin two combustion
tubes,CT~insertedin an eleotriofurnacemaintainedat 4oo"-4So"C.This
aetsas the deoxidizer. I~eavingthis the gas flowsthroughthe coolingcoil
LSa,andpassesby wayoftwo-waytap tt to the phosphoruspentoxidetube,
throughthe thermostat,to theU tube. Inorderto workmas purea nitrogen
streamaspossiMo,a specialattachmentto the groundjoint conneotionGS:
wasused'whereby the deadspaoebetweenthe insertedlimb of the U-tubc
andtap tt, Fig.la, couldbe evaouatedand fluhed out with the puregasbe-
fore it wasaUowedto flowoverthe charcoal.Thisprocedurowascarriedout
everytimethe U-tubewasattached to the apparatus.

P~n~ Oxygen:To test the amountofoxygenpresentin the gasstream,
a methodwasworkedout for the estimationof smaUamountsofoxygenin
gaseousmixtures.lThe pointofattachmentofthis apparatusto thé stream-
ingappamtusMnot ebewnin the diagramFig la.

A largenumberof testswereoarriedout on the dry nitrogènstream;re-
su!tsshowedthat the amountofoxygenpresentwasoftheorderoflessthan t
part in 1.5X ic' by volume.

Dr~tMMofNitrogen:Thiswastestedinexactlythe samemannerasin the
air streammethod;after 8 hours run at 80 ces.permin. no increasein thé
weightofthe Pt Ot tube couldbe deteoted.

(z) Nitrogenchargedwith watervapour:In this casethe flowofgas is
divertedat t1 (Fig. Ib) throughts to the usual saturationline as shewnin
Fig.la.

Purity<~JVt<roc<'Kchargedwithwatervapour:Afewof the tests taken on
themoistgasareasfoUows

(t) Freshchargeof copperin deoxidizer(100gnM). FresMymadeup
acid. Apparatuaswept out with nitrogenfor 2 hours,coppernot heated.
Afterflowingfor hourovercopperat 4oo°-4So"C.Oxygendeteoted:i part
in t.4 X to*partsN:.

(2) Freshchargeof copperin deoxidizer.Freshlymade up acid. Ap-
patatussweptoutwithnitrogenforhours, coppernot heated. Afterflowing
t~hoursoverheatedcopper.

Oxygendeteoted:t part in6.6 X ïo' partsN:.

In many instances ïoo-aoo hours e!apsedbefore the charcoalreached
equilibrium. To keep the oxygenconcentrationdownto the Imutsfound
in the foregoingtests the deoxidizerwaarechargedevery6o-ïoo hours. It
wouldthereforebea~e to assumethat themaximumconcentrationofoxygen
presentis not greaterthan 1/1.4 X ic*.

1Haad:J.Chern.Soc.,129,~573(t~a).

Time of flowN< Oxygen detected Rate of New
over deoxidiser cca./min.

Hm. t

100 t/i.4X!0~ 70-80
140 ï/i.~XtO~ 70-80
160 t/i.4Xio* 70-80
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(g) Recordofa typioatrun Toobtaindata to plotthe resuttsas an iso-

them an experimentmuetbe eomposedof a numborof "runa." that is, a

seriesof determicattoosof equilibriumpoints for variouspartiat pressures
ofwatervapour.

In the caseswherethe vetooityof sorption wasfairly rapid, i.e. at low

pressures,the streamwaspassedover the oharooaluntil no changein the

quantityof water sorbedtookplaceover a fairlylengthyperiod,usuaUy$-7
hours. In the caseof runs taking200hours or so equilibriumwas judged
whenthe changein weightwasnot greaterthan o.mgr/gm perhour. Asan

exampleofhowa "run" iscarriedout thefollowingfigures,takenfroma trial

run, willmakeclearthe maindetails.

Stream: Nitrogen-water vapour
Charcoat: Amerioancoconut.

StateofCharcoal: As takenfromstock.

Meshsize: to-t:.

Temp.of outgassing: 8oo"C.

EvacuatedWt.of charcoal: ï.3754gcM.
EvacuatedWt. ofcontainer+ charcoal. 3.1526gms.
Internaivol.of U-tube: ~4.63ces.

(ï) Saturationwithdry Nitrogen.

In the above table:

Cotomn i referato the timesofexpoaureof the charcoalto the flowof gas.
a indicatesthe rate of flowof the gas.

3 ahowathe total pressureover the charcoalat the moment of

detachmentofthe U-tube,priorto weighing.

2 3 5 6 7
HM. Rate PfeseN, Wt.ofNt Wt.ofU+ Wt.ofN,

ces/min mm infreespace contents Mtbed
gtM. t!NtB- KM.

22~ 50 775.5 o.oïsS 2.1996 0.0312

(2) Water vapourpressure. 14.08mms.
a 3 4 5 6 7

Hra. Rate Total PrMs.N.Wt.ofNt+Water Wt.ofU Wt.of
ces/min PreM. Vap.infreeepMe contents water

mm mm gma gms oorbed.gma

0.75 75 75~.o 2.3920

5.5 70 7g2.o 2.4188

47.5 70 753-5 2.5023

24 70 762.3 2.5123
22.5 70 764.5 2.5165
i6 70 762.4 748.3: o.ois44 2.5184 0.3191
22.5 60 762.0 747.92 0.01543 2.5109 0.3206

:38.75 Wt.ofwaterabsorbed=233.t5mgs/grm.
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4 givesthepartialpressureofthé nitrogenoverthecharcoa!.

5 shewstheweightofnitrogen+ watervapourinthefreespaceof
the U-tube.

6 givesthe weightofthe U-tube+ itecontents,asweighedaga!nst
its counterpoise.

7 givesthe weightof watervapouroorbedbythe oharcoal,on the

asstunptionthat noneof the gasonginaHypresentbas beendis-
placed.

3. StaticExpetinMnts

(a) Charcoattube: The container(Fig. :B), either silicaor glass,con-
sistsof abulb8oc.eapacity,awet!-6ttingendonvacuumtap, andasidetube
endingin a groundjoint.

(b) Vacuumweightof eharcoatThe methodofobtainingthe evacuated
weightof the charcoalis very similarto the methodused in the etreanilng
method. A moredetailedaccounthèrewillsufficefor bothmethods,static
and streaming.
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Thecontainer,withtap in position,andshutoff,isweighed,usingasealed
counterpoiseofthe samematerialand havingan externatvolumeto withint
ce.of thecontainer. ThecharcoalMintroduced,the tap replaoedin theshut
position,and thé wholereweighed.Next the containertap is greased,and
insertedin the )}hutpositionandthe wholereweighed.Anexamplewit! shew
the ideaof the method.

r*t.––~<

A recordwaakept of everyevacuationregardingthe lossof weightofthe
charcoal,in casethis data shouldbe necessaryin the courseof the investi-
gation.

(c) Sorptionapparatus:Shewnin Fig. zAthe apparatus consistsofa
reservoirR (1000ce)connectedby wayofTaandT, to SP, containinga sup-
ptyof water. Connexionis made to a mercurymanometerM, throughT,,
andto the containerS bywayofT:, and ground-jointGS.

Connexionto the vacuumpumpsis bywayof

(t) TtandT,
(2) T. andTe
(3) T4andTe

Charcoal AmericanCoconut

Denaity(after8oo"CEvacuation) .636
InternaiVolumeofcontainerNo. 1(silica) 9. oxocc
i. Wt.ofcontainer+ air + charcoal = 5.2943gms
a. +air = 2.5635
(i)-(2)'=ApproximateWt.ofCharcoat = 2.7308

/1
Volumeof charcoal= ï. 669ce.

3. Wt.of air in container
=o.on7!grm.

T. = ïy.s°C. Bar. =*740.1mm.
4. Wt.of air infreespaceabovecharcoat –0.00073

T. 18.c'a. Bar = 740.: mm.
(t)-(4) = Wt. ofcontainer+ charcoal ==<; zg~
M-(3)= ~8

5. UnevacuatedWt.ofcharcoa! ~g
«

AfterEvacuation.
6. Wt.of container+ charcoal =4.6502

(afterevacuation)

° 4-65oa

7

(before évacuation)

=
5'3054

(7)-(6) = Total loss of weight =0.6552

Wt. of air in free spaoo ==0.0007
8. Lossofwt.ofcharcoal *=o.64«

(s)-(8) ==Evacuatedwt. ofcharcoal = 2.0873
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'l'aps1\-T\ are mercurysealed,the remainderareordinaryone-wayvaouum

taps. Thé wholeapparatusis immersedin a thermostat,watercoveringthe

essentialparts,the levelis indicatedby thedottedUnes. The thermostatis

etectrioaUyheatedand maintainedat ag'C ± o.os. Theapparatusiemade

in one piece,exceptingthe containerfitting,whichis securedby a ground

jointcoveredwithEverett'swaxandprotectedbyinau!atingtape.
ïn an vacuumwork,leakeare the ohiefsourceof error,andmuohunex-

plainableworkbas beentoo readilyexplainedawayon thegroundsof leaks;
at least,this is the casein the sorptionofvapoumby charcoal.Tomeetthis

criticismit canbesaid at oncethat in thisseriesofworkgreatcarebasbeen

takento reduceteakagetoa minimum,bycarefulexaminationofalltapafrom

timeto time,and by testingthe apparatusat veryfrequentintervals. Our

experiencebasbeenthat thisapparatuscanbemaintainedat a presaureof the

orderoh X to'~mmforveryconsideraMeperiods.whtteavacuumofïX to'~

mm.canbeeasilyheldfor48hours. Asailthe runswerecompletedin leu than

24hoursthe latter figureonlyconcernatheexperiments.Beforecommencing
anexperimentthe watercontainerSPis eutfromthe apparatusandpartially
filledwith conductivitywater. To freethe water fromdissotved~tses,as

far as possible,the upperbulb is invertedinhot water,and connexionmade

to a double-cylinderGerykoil pump. Pumpingis continuedin stageswith

restain betweenuntil the water ceasesto boil,exceptin infrequentbursts,
after this the apparatus is re-fusedtogether.

(d) Procédureduringa run: Thecontainer,with its chargeofevacuated

charcoal,isconnectedtogroundcup,GS,inthemanneralreadydescribedand

the wholeapparatusexhaustedto tessthan t X 10-*mm. Thewater level

havingbeenadjusted,aUtapaare closedanda smallamountofwaterlet into

the tubingbelowT~. Aftera short timeconnexionis madeto an evaouated

McLeodgauge,via T7and T., morderto seeif any non-condensablegases
haveescapedfromthe water. Withcarefulmanipulationfairlyapproximate

ngurescan beobtainedfor the présenceofany permanentgases. Usuallya
smallpressureis observed,and the pumpsare put on to this linofor a short
time. Ta andTr are then olosedanda smallpressureofvapouradmittedto

R via Ta.
Connexionismadeto thecharcoalbywayofT~andthecontainertap. The

faUin pressureisobservedby takingfrequentreadingsofthe mercurylevels

inMby meansofa cathetometerreadingto0.01nun.andcorrectto 0.02mm.

Thisprocedureis repeateduntil the desiredpressureis reaohed. Equilibrium
is judgedwhenthechangein pressureisnotgreaterthan0.02mm.perhour.

At thispointthe containerisdetachedandweighed. Répétitionoftheabove

procedure,admitting higherpressuresof water vapour, finallybrings the

charcoalinto contact withsaturated vapour. To déterminethe desorption
curvethe charcoalisopenedto decreaaingvapourpressures.

4. Apparatusfor collectionand ana~ysisofevotvedwaterand gases

At the outsetof this investigationit wasseenthat a knowledgeof the

waterand gasesgivenoffduring the évacuationof charcoalandlaterof the



80BPTMN 0F WATER VAPOUR BY ACTI VATEDCHABCOAM 4$~

reooveryof the very strong!yheld waterafter experhnemtshad beencotn-
p!eted,Mightbeofsomeuse.

Fig.3Ashewstheapparatusused. P, isaToeplerpump(500cc.capacity),
modifiedtoaotasa McLeodgauge. Tothe leftof thMpumpisa glassvessela
(vide)Fig.gB),containingphosphoruapentoxide,connectedto the leadaby
meansoftwogrouadjointsgs.andg8<.OntherightofPi iaa smallerToepbr
P: whichis oonneotedto a smallvesselb (fM<eFig.3C). Connexionis made,

by wayof a third ToepterPa,to the gas analysisapparatusconsistingof
burettesB1and B<,théformerhavinga capacityof75ce. andgraduatedin
0. oc.,thelatter Mce.in 0.05ce. A isa combinedabsorptionandexplosion
bulb'whiohis connectedto the burettesby a two-wayoapi!Iarytap. The
phosphoruspentoxidetubeFig.3Bis aoarrangedas to presentthreesurfaces
ofoxideto the incomingvapour. The vesse!(Fig.3C)calleda "freezer"is
insertedin the line by meansof waxedgroundjoints, in caseswherelarge
quantitiesof watervapourare to be recovered. Duringan experimentthis
is surroundedby a mixtureof ether and solidCOt containedin a Dewar
vessel.

To carryout an experimentthe phosphoruspentoxidetube is filledwith
about3 gmsofoxide,evacuatedand weighedagainsta counterpoise.The

Low:J. Soc.<?hem.!nd.,41,t (~M).
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"freeiier"isa!soevacuatedandweighedin thesamemanner. Thèsearethen

insertedinto their respectivepositionsand securedby meanaof Everett's

wax. Thewholeapparatusis evacuatedto a lowpressure(i X 10"~mm),t,
shutoffandthe containertap To(statictypeshewn)openedto a. Thétem-

peratureof the fumaceis raisedto the requiredtemperatureandany water

vapourandgasesallowedto expandinto a. Aftera !apsoof houror80the

gasesarepumpedoffthecharcoalandtransferredto the gasanalysisapparatus
and analysed,usingthe usualabsorbentsin A. Admisionof the absorbing

liquidbeingmadeby wayofS.

5. TheCharcoabemployed

(a) Nature and conditionof Charcoals:Three typesof charooabwere

used. (A) Air-activatedbirohwoodoharcoalof Britishoriginwhichhad

beencarbonizedat 9oo"Candair-activatedfor 18hoursat Qoo"-toso"C.(B)
ZinccMoride-activa.tedpinewoodcharcoalofGermanorigin,the conditions

of activationnot beingexaotlyknownbut believedto bepreparedby treat-

mentwithZnC!ï,driedat tsc~-ago' and carbonizedat 8oo°C,waahedand

dricd in vacuo at 7o"-8o°C. (C) Steam-aotivatedcoconutcharcoalof

Americanorigin,activatedby the well-knownDorseyprocess. All ohar-

coats,beforeuse,weregradedbysievingthrougha ïo-meshsieveonto a 12-

meshsieve. The charcoalretainedby the ïatter sievebeingusedfor the ex-

periments.
(b) Analysisof charcoals:Théquestionof the inorganicconstituentsof

charcoal,and its effecton the sorptionprocessboinga soméwhatdebatable

question,whenthis workwascommencedit wasdecidedto analysethe ohar-

coatsused. Thefollowingresultswereobtained. Theyare expressedasper-

centagesof thedriedcharcoat(driedat i4o°-!SO"Cto constantweight).

British AtMncan German

Silica an insoluble material i.2ï 1.03 o.55
Zn expressed as ZnO i. 43
AI AtiOt 0.47 o.2Ô o.i:

Fe FeO 0.34 0.06 0.89

Mn MnO 0.07 0.007 o.otô

Ca CaO 1.097 o.24S o-~

M MgO 0.207 0.087 0.02

Na N~0 o.:$7 0.105 0.07

K K,0 0.30 0.90 0.7~6

Alkalinity CO, o.o2 0.40

80, 0.197 0.057 0.503

S 0.104 o.ozô o.oSt

C! o.M7 0.003 0.4~2

PtOf. 0.134 0.075 0.029

The ash content of eachcharcoalwasdetermined in the usual mannerusing
a gas-firedmuae fumace. Expressedas percentages of the dried material the

reautts are as follows-
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British American German

4.59 a.ao 3.90

Duringtheevacuationofthecharcoalsit wasbetievedthata smattamount
ofmaterial,whichwetermed"sublimate"waslaiddownonthe cotdportions
ofthe silioacootMne! In the caseof thé BritishandAmerioancharco&Ia
this "aubtimate"made its appearancewhenthe charcoalswere heated to
8oo"Cand conaistedof a narrowbandof material,whiohby reSectedlight
wasvery similarin appearanceto the well-knownarsenicmirrordeposits.
InthecaseoftheGermancharcoalasmallamountof"Bub!imate"wasformed
at 27o°Cand a largequantity at 8oo"C. Thiswasgrayishin colourand
formedin widerbandathan in the caseof theothercharcoa!s.Wethoughtit
ofsufficientinterest to analyse theœ "sublimates." To do this a special
stucacontainerwasemployedholdingabouts-6gms.ofcharcoal.Toobtain
thissubtimatethécharcoalswereoutgassedfora considerableperiodat 8oo''C
untit we werecertain that no morevolatilecondensablematter wasbeing
evolved. The results of the analysisof the sublimatesare as fbHows(ex-
pressedas percentagesofthe driedcharcoats).

British American German

FreeNa 0.003 0.003
CombinedNa 0.~3 o.os 0.27

K 0.10 o.os 0.28

Ct 0.24 0.09 0.49
80. 0.20 o.ot 0.006

Zn 0.725
Mn 0.05
Fe 0.03

(c) Extractionof cha.rcoalswithacidandalkali:Inordertoinvestigatethe
enect of the reductionof the inorganieconstituentsof the charcoals,two
methodsof extractionwereused.

(i) Acidextraction:In thismethodbatohesofeharcoalwereboiledwith
concentratedhydrochloricacid for 8-9 hours, renewingthe acid lost by
evaporationfromtimeto time. The acidwasthendecantedoffand thechar-
ooaltransferredto a specialglasspercotator,wheredistilledwaterat about

9o"Cwasallowedto flowthroughthe charcoatuntilthewashliquidnolonger
gavea turbidity whentestédwith 10%silvernitratesolution.The ashcon-
tent of the oharcoa!sso treated wasasfollows.

British Amerietm German

0.31 1.34 o.n

(2) Alkaliextraction:Twomethodsweroused,oneinwhichthe charcoats
wereextraotedby heatingwith concentratedoausticsodaat atmospheric
pressure,the otherin whichthe extractionwascarriedoutunderpressurein
anautoclave.
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~rae~OH a(<!<M<Mp~'epr~sMre. 100gmsofoharcoaiwastreatedwith)t
solutionof causticsodacontainingtocgmsNaOH. Thewholewasdigestcd
for7 hours,takingalmostto drynessseveraltimes. Thecbarooatwasthen
washedas free fromNaOHas possiHe, digestedwithconcentratedhydro-
chloricacidfor 6 hours,and then washeduntil the washliquidgaveno re-
actionwithsilvornitratesolution. Thé aboveprocesswasrepeatedandthc
cbarcoalfinallydriedat t5o"Cto constantweight. Afterthis treatmentthe
charcoalsgavethe followingash nôtres.

British American German

o.aos o.t:s ° t4

In the caseof the Americanextractedoharcoal,a furtherattempt was
made to reduccthe ash contentby digestingwithhydronuorioacid. The
resultingmaterialgavean ashcontentof o.to%. In thecaseof the British
charcoala quantityofash waspreparedandexaminedbothchemicallyand

mieroscopical!y.Bythe latter methodit wasgenerallyagroedthat the sub.
stance was almostwhollyaluminumsilicate. Analysisrevealedpositive
tests for aluminumand siliea.

ExtractionMaa~pt'eMMre.Theseexperimentswereunsuccessfutas it was
foundvery difficultto freethe charcoalfromalkali after the extractionhad
been carriedout, presumablyowingto the innermostporesof the material

havingbeenfilledwiththesolution.

(d) Microscopicand X-ray Examtnationof Charcoals:Sectionsof the
charcoalwerepreparedandmicrophotographsat too-iso diametersmagnHi-
cation obtained. Theresuttsdid not holdout muchpromiseof givingvery
usefutinformation,so the preparationof sectionsfor examinationat higher
!nagni6cationswasnot proceedwith. Twopaperslhaveappearedin which
the subject of the microstructureof activatedcharooalsbas been,to some

extent,dealtwith.

With regard to X-ray work,the charcoabwereexaimnedby both the
photographieand ionisationmethods. The results are quite inconctusive,
beyondshewingthat theseactivatedcharcoalsare composedofa mixtureof
graphitecrystatsandirregularlyarrangedcarbonatoms.

(e) DensityofCharcoats:Usinga "static" containerthe charcoalwas
weighedout in the usualmannerand outgassedat either a70"Cor 8oo°C.
Aftercoolingand weighing,the L pieceof the containerwasfilledwith dis-
tilled water (zs°C)and dippedunder the surfaceof distilledwater. The
waterwasadmittedto the charcoalby carefullyopeningthe containertap,
whichwasclosedaftercompleteentry ofwaterhad beeneffected. The con-
tainer was thenweighed,after remova!of all externalwater. Knowingthe
volumeof container,its weightand alsotheweightof thecontainer+ char-
coal,and the weightofthe container+ charcoal+ water,the volumeof the
charcoalwasobtainedandhenceits density. No claimismadefor thesede-

'Harkm8MdEwing:J.Am.Chetn.Soc.,49,t78? (t~t); Lamb,WilsonandChanev:
J. Ind.Eng.Chem.,il, 490(t9t9).
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terminatioosto reprosentthe true densityas"drift" wasnotaUowedto com-

pleteitself. Thefigurefor the volumeofcharcoalwillbcsomewhcrebetwecn
theapparentbulkvolumeandthe trucvolume.

TheresultsobtainedareasfoMows:–

Ô.SttBMMïy

In the foregoingpaper thefollowinghavebeendescribed:
(t) Apparatusforcarryingout sorptionand desorptionof watervapour

by cbarcoalbybotha "atatic"anddynamiemethod.

(:) Apparatusfortherecovery.fromoharcoat.ofthesorbedwatervapour
andgases.

(3) TheMsuttsoftheanatysisoftheinorgaaicconstituentsofthteeweH-
knowncharcoals,includingexaminationof "suMimates"fonnedduringout-
gasang.

(4) Referenceto nuoroscopicand X-rayexaminationof thesecharcoals,
togetherwithdetaib of extractionof the oharcoalsby both acidand alkali.

In conclusionit remainsfor the authora to express their appreciation
of the assistancerenderedby ProfessorAllmand,during this work, and
to thankthosecoUeagueswhoassistedinthiswork.

K~'< C~e,
UttM~rttty<~f<HM!o)t.
WeMm6e)-7,M~7.

Evacuationtemperature DeMity
British ayo"C t. 880

8oo*'C t.7:5
Amerioan 2yo"C ygy

8oo'C ~636
AmencanExtra.cted(NaOH&HCt) 8oo''C !.6t8
German 27o"C t. 6~8



CATALYTIC ACTIVITY OF THALLIUM

BY 0. W. BROWN, CHE8TEB BBOTHER8 AND G. ET!!EI<

Ihtroductton

Thalliumiean activehydrogenationcatatyst' and it is oneof the three
that givehighyieldsofazobenzene.The activityofthauiumdeoreasesvery
rapidlywithuse. Thisdecreaseisprobablycausedbythemeltingandrunning
togetherofthe catalyst.

Somecatalysts,suchas leadand bismuth,may beusedat températures
considerablyabovetheirmeltingpointswithoutundergoinganyappMdaMe
changein theirphysioalcondition. In the caseof lead,however,it wasfound
that someleadcatalystsran togetherwhileothersdid not, depending,to a
certainextent,uponthe physicatpropertiesof the oxidesfromwhichthe
catalystsweremade. In viewof the above,it wasthoughtthat a solidsup-
portmightbefoundfor a thalliumeatalyst that wouldadsorbthe catalyst
withoutreduoingits activity,and thereby preventit eintering. If sintering
wasprevented,thé ueefulfifeof the catalystwouldbeprolonged.

ExpedmeatalWork aad Resutts

Theapparatus,methodof work,as wellas the purificationof thallium,
werethesameasthoseptevious!ydesenbed.~In this investigation,however,
the catalysttubeusedwasa one-halfinch diameterglasscombustiontube.
ThreecatalystswerepreparedfromprecipitatedthaUichydroxide;onewas
ignitedinaneleotricmuNefor twohoursat soo"C.,and the otherat 3oo"C.,
whileanotherportionwaanot ignited. Allthree werereducedat :3o"C.for
3 hours,withthe rate of flowof hydrogenof a literaper hour. Asmay be
seenin theworkreferredto above,the températureat the pointwhereré-
ductiontakesplacewasmuchhigherthan at any otherpart ofthe catalyst
column.In orderto keepthe temperatureasuniformas possiblethroughout
the famace,theflowofhydrogenwaakept low. In spiteofthisprecaution,
thecatalyst,afterreduction,wasfoundtocontainglobulesofmasaivetbaUium,
showingthat it hadpartiallymeltedand runtogether. Thus,it maybecon-
otudedthat an ignitedthalliumoxidewillnotgivea catalystwhichwillnot
melt. In an effortto &nda catalystwhichcouldbeusedsatisfaotorilywith-
out nmningtogether,eolidsupports for thalliumwere tried. The firatof
thesewasaluminumhydroxide,mixedwithabout !9.8%ofmetallicthallium.
Thismixturewaspreparedas foUows:sulfatesofthalliumandaluminumwere
mixedandpreeipitatodwithammoniumhydroxide.Theprecipitatedhydrox-
ideswerethrougMywashedby décantation,filtered,dried,andgroundin a
mortartoa finepowder. About95g. of thispowder,whichhada lightbrown
colorwasusedto makea catalyst. It waareducedfor3 hoursat ago~C.,the

HenkeandBrown:J. Fhy<.Chem.,26,63;(t922).
HenkeandBrown:J. Phys.Chem.,26,63!(t9M).
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rateof~owof hydrogenbemga litersperhr. Thécatalystwaathenusedat
!45"C.witha resultingyieldof 1.7%aniline. At 300~0.the yioldofaniline
waa$.5%,and at 4oo"C.waa14.9%. At 4oo°C.there was atsoa traceof
azobenzeneproduced. Asisevidentfromthe datagiven,this oatatystwas
veryinactive. However,it appearedto bein goodphysicalcondition;it was
blaokand withoutlustre.

Thosolidsupportsnexttried werepumiceandNonpareilbrick,whiehwere
cruahedandpassedthrougha lo-meshsieve,and remainedona ao-meshsieve.
In eaohcasethe supportwaseleanedby boi!mgin nitric acid,washedwith
distilledwater,andthonignitedat 5oo"C.Eachofthèsewereimmersedin a
thalliosulfatesolution,placedina vacuumdesiocator,andevacuated7times.
Thépurposeof thiswaato replacethe air in the poresof the supportby the
thaUiosulfatesolution.ThesupematantthaUicsulfatewaathenpouredoff
and ammoniumhydroxideaddedto the support, whichwassoakedfull of
thalliosulfatesolution. ThisprecipitatedthaUiohydroxidein theporesand
onthesurfaceofthé supports.EachimpregnatedsupportwasthenSitered,
washed,and allowedto dryat roomtemperature.

Thalliumonpumicecatalystwasusedin sixexperimentsat temperatures
mngingfromago~C.to 3oo"C.Therateofnitrobenzenewas4g.perhr. and
of hydrogeny titera per hr. No appréciableamountof azobenzenewas
securedin anyexperiment. The highestanilineyieldwas6.2g%at 3oo"C.
Thisindioatesthat thalliumonpumioeis a poorcatalyst.

Thalliumon Nonpareilbrickwaausedat 245,!6oand 27s"C.with the
rateofflowofhydrogenat y Htersperhr. and therateof flowofnitrobenzene
at 4 g. per hr. No appréciableamountof azobenzenewas secured. The
anilineyieldwas6.6%at z~s'O.,whichwasthe highestyieldsecured.

Asbestoswasthe!astofthesolidsupportstried. It wasboiledwithnitric
aoid,washed,dried,soakedinthalliesulfatesolution,desiocated,andtreated
withammonimhydroxide.Thecatalystprep&redconsistedof 24g. of thal-

TABI.B1

Catalyst-Thalliumon asbestos
Rateof flowofnitrobenzene–4g.perhr.*MMc ut uuw ul

mttuuenzcNo–4g. per nr.

T~~tutB FtowofhydrogenEx<œmofhydrogen Matent! yieldin perd~teesC. mhtempw&. ba8edonazobenzene cent oftheory
in percentof AnilineAzobeaMne Totat

theory

~° 7 36o 9.6 is.! 24.8
~4S 7 360 îo.y yo.9 St.6

7 36o i6. 83.7 99.77
~° '4 8M n.6 83.9 96.s

7 360 14.t y9.o 93 t
~4S 7 360 8.4 78.2 86.6
245 '4. 8:0 4.3 8i.2 85.4

'4 820 9.5S 82.0 91.5
~o i4 820 U.8 ys.s5 87.3

'4 8:o 7.8 74.8 82.6-
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Uumon 9g. ofasbestos. In orderto déterminethe bestworkingconditions

expentnentsweremadeat différenttempératuresand at différentrates of
flowof hydrogen. The resultsof thèseexpérimentaaregiven in Table t.
Théyieldsgivenareavérâmesoffromz to t2expérimenta.

FromTable1it canbeseenthat thebestyieldsofazobenzeneandaniline
wereobtainedat a6o*C.Therateof flowofhydrogenwhichgavethe highest
yieldwast4 UtersperhourforaiMbeazeM,and7literaperhour foraniline.
It maybeconcluded,therefore,that thebestyieldsofazobenzeneareobtained
at a temperatureof xôc~C.,and witha rate ofNewof hydrogent4 literaper
hour. The activity of the catalystdooreasedelightlyat first, but after g6
runsit becameconstant. Whentemperaturesashighas 275to 28o"C.were
ueedthe yieldsof azobenzenewere77to 7$%.

Experimentawerea!somadein thia laboratoryby Dr. C. 0. Henkeand
E. D. Soudderusinga t~ inchverticaltubeironfumace12incheslong. The

catalystusedcontained60%Tt<0t.Theytetds obtamedwerefrom85to 90%
theoryazobenzene.The productionofazobenzeneamountedto morethan

150times the weightof thaMumin the catalystbeforerëjuvenationwas

necessary.
AllcatatyststriedonsoUdsupportswerein goodphysicalconditionafter

beingused. The adsorptionof thalliumby thesupportwaseffioientin pre-
ventingit frommeltingandrunningtogether,althoughin the oasoof alum-

inmn.pumiceandNonpareubricktheirpresencehavereducedtheadsorptionof

hydrogenandnitrobenzeneto suchanextentastoproduceverypoorcatalysts.
Asbestosnot onlyadsorbsthaUiumpreventingits runningtogether,but a!so
doesnot interferewith the adsorptionby thaUiumof hydrogenand nitro-

benzene,resultingingoodyieldsofazobenzeneandlonglifeof the catalyst.

Summary

t. FinetydividedmetaHicthaHiummeltsandruns togetherwhenused
asa catalyst,resultingina losaof its activity.

2. Thalliumon asbestosis an excellentcatalyst forthe productionof

azobenzene,and the catalyst retainsits activityfor a comparativelylong
periodoftime.

3. Atemperatureofabout260"C.givesthéhighestyieldsofazobenzene.

MxMVtto)~<~PA~at<a<CtetH<<<
IndianaCntMf~y,B&MM)tMC<OK,/nd.



ACOMBINEDCAPILLARIMETER-VISCOMETER

BY 8. THOMAS DOWDEN

The praoticatdeterminationof the physicalconstantsoforganioandatso
inorganieUquidshasbeenaccordeda considérableamountofattentionof!atc,
inviewofseveralrecenttheorieswhiohaim at satisfactoryand comprehen-
sivecorrelationofphysicalpropertieswith chemicalconstitution. Simitar
remarksapply to récentatudiesof solutions,and in this connexion,it isevi-
dent that a systematioextensionofour knowledgeofthe physioalproperties
ofsolutionsisnecessaryin orderto effecta reconciliationbetweentheseveral
existingthéories.Amongtheseproperties,thoseofsurfacetensionandviscos-
ity havebeenbroughtintoespeoialprominencebothin thecaseofpureliquids
andsolutions.

In générât,the déterminationof thé surfacetensionand viscosityof a
liquidinvolvestheuseofseparateapparatusineachcase. Asaresultofwork
pfooeedingin this laboratoryan apparatushas beendesignedby meansof
whichthe determinationof the density,surfacetensionandviscositymaybe
carriedout convenientlyand rigidly.

It hMbeenshownby RichardsandCombsland RichardsandCarver~that
thecapillary-risemethodfor the determinationof surfacetensionis entirety
reMaMewhenadequateexperimentalprecautionsareobserved.Accordingty,
thepresentapparatusembodiesthe principedevelopedin the Richardscapil-
larimeter,and isofsuchdimensionsthat an experimentaUyplanesurfaceof
referenceis realized. For the measurementof the viscositythe relativevis-
cometerprincipleis utilized,and the arrangementis an adaptationof the
well-knownOstwaMvisoometer.

Descriptionof ~pporo~.–A diagramof the apparatusis shownin Fig.
t (a). Ais a widetubes-5-cm.long and3.8cm.indiamoter,to thé lowerend
ofwhichisfusedabulb,B,uponwhichis etcheda mark,ml. Ordinaryquill
tubing,4 mm.in diameter,connectsthe widetube, A, to the capiMary'tube,
C,in sucha waythat the lowerendof the capillarytubeisabovetheetched
mark,mi, on the bulb,B. The capillarytube ia oarefullyselectedfor uni-
formityof boreasmeasuredby the usualmercurythreadmethod. In the
presentapparatusthe interna!diameterofthecapillarytubeisapproximately
o.S mm. It is7 cm.in length,and is arrangedparaUelto thelongitudinalaxis
ofthe widertube,~1. Theupperendof thecapillarytubejoinsto aspherica)
bulb,diameter.t.gcm.,providedwithetchedmarksM},maaboveandbelow.
Onthe other limb,F, immediatelyoppositethe lowermark,ma,ofthe bulb,
D,isa cbnstriotionuponwhichis etoheda mark,m<. Theupperpartof the
tube,JS,is elosedbya well-groundthree.wayhollowstopcock,S, openat the
bottom, a cross-sectionaiviewof whichis shownin Fig. i (b). In the first

'J.Am.Chem.Scc.,37,t6s6(!9ts).
J.Am.Chem.Soc.,43,Say(t9~t).
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position,shownin Fig. i (a)andFig.i (b),thestopoockprovidescommuni-
cation(viathe tube, H) betweenthe tubes,(? andF, aswellas betweenboth
limbBof the apparatus. By turningthe stopcockthrough 90~in an anti-

clockwi8edirection,the twolimbsoftheapparatusare in communication,via
the tube, H, with C only. On the other hand, if the etopcockis turned

throughpo"ina ctockwisedirectionfromthe posi-
tionshownin the diagram,communicationbetween
F and C oanonlybe effectedthrough the system
E~B-CD. The stopcockis lubricated with thc

liquidunderinvestigation.
The short tubes, F and G poasess tapering

ends,equippedwith well-groundglass caps,whilst

the tube,H, t.6 cm.in length,joins the limbF~B

to CD. Theover-alllengthof the appamtusisabout

ï~cnt.
Whenonlya smallamountof liquidis available

for the detenninations,the workingvolumeof the

apparatusmay be reducedby the introductionof

a hollowg!asssinkerof thé formshownin the dia-

gram. Thie may be conveniently weightedby
meanaofmercury. Theundersideof the ainker,W,
is providedwith threeshort projectionsin order to

ensurea freepassageof gas through the apparatus

duringthe viscositydetermination. Furthonnore,
in themeasurementofthesurfacetension,it isdesir-

able to arrangethe plane référencesurfaceof the

!iquidapproximatelyha!f-wayin the widetube, A,

and,accordingly,theheightofthe sinkershouldnot

exceedthisdistance.

Whenthe quantity of available liquid is very

small,it is advisableto determinethe densityin a

separatepyknometer.In thesecircumstances,10ce.

of liquidsufficesforthedéterminationof the surface

tensionandviscosity.
As is customaryin surfacetensionmeasurements,the capiUarytube is

calibratedby meansofa mercurythread,the lengthof which is measured

alongthecapillaryby meansofa travellingmicroscope.

Ma~tpu&it~oMof ~pp<M'otM.–Itbasbeenshownby Harkinsand Brown*

that steamingout the capillarytube beforea determina.tionbringsabout a

slightlyhighercapillaryrise. Withorganicliquida,however,the différenceis

foundto be extremelyatight. AocordiDgty,a thoroughcleaningof the ap-
paratusbymeanaofwarmchromioacidsolutionfollowedbyrigorouswashing
withwaterand a finaldryingin a ourrentof puredry air is the procedure
whichweadoptat present.

1J.Am.Chem.Soc.,4t, 499(t9<9).
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Theliquidunder investigationis introducedinto the apparatusthrough
Gby applyinggentleeuotionat F,' the stopoockbeingarrangedfor com-
municationof the limbsG'DCand AEF. Sumcientliquidis introducedto fill
bothlimbsup to the etched'marks,ma,~4. Theapparatusis immersedin
a carefullyregulatedthermostat, and the levelof the liquidadjustedfor co-
incidencewith the etohedmarks by meansof a finecapittarytube. The

apparatusiathen removed,driedand weighed.Apretiminarydetermination
withwaterorany otberstandardliquidaffordsthenecessarydata for the cal-
culationof the density.

Aportionof the liquidMnext removedthroughthe tube, <?,so that the

liquidsurfaceoceupiesa roughlycentralpositionin the widetube, A. Thé

apparatuaiBthen set vertically in a thermostatprovidedwith glasssides.
Afterensunng completewetting of the tube in the neighbourhoodof the
menisous,the capillaryrise is measuredin the usualmannerby meansof a
cathetometer. In the present apparatus, sincethe capillaryemployedis
mall, the correctedheight, accordingto the equationof Hagenand De-
sains,'becomes

h-h.+-== ht+1- (whenr is small)
3 3

wherehiisthe observedheight,andAn,is theheightof thecapillarymeniscus.
Inthismanner,the applicationofthe usualformulaenablesustocalculatethe
valueof the surfacetension.

Forthe purposeof the viscositydetermination,a furtherquantityof the
liquidis removedthroughthe tube, G, until the liquidsurfacereaohesthe
etchedmark,ml,on the bulb, B. Theapparatusisarrangedverticallyin the
thermostat,and liquiddrawnup to fillthe upperbulb,B, byapplyinggentle
suotionat the end of the tube, G. Thégroundcapsarequicktyreplacedand
thestopcockset for communicationof the twolimbsvia the tube, H. The
timeofflowof the liquidbetweenthe etchedmarks,M:and ma,is observed
by meansofa stop-watch. Thewaterconstantoftheapparatusisknownfrom
apreliminarydetermination,and the relative,visoositymaybe calculatedby
theusualmethods. In this connexion,however,it is advisable,in order to
ensuregreatestaccuracy,to redeterminethewaterconstantofthe apparatus
fromtimeto time. Owingto inherenterrorsintheOstwaldtypeofapparatus,
it foUowsthat the degreeof preoisionattainableis eonsidérablybelowthat
reatizedin the measurementof surfacetension.

It willbeevidentthat the presentapparatustendsitselfto the determina-
tionofsurfacetensionandviscosityundera varietyofconditions.In thecase
of hygroscopicsubstances,measurementsmaybe oarriedout in an atmos-
phereofdry air, the gas beingpassedverystowtythroughthe tube, G,with
the stopcockarrangedfor communicationbetweenH andF. Incidentatty,
theapparatusis welladaptedfor carryingoutmeasurementsonreactivesub-
stances,suchas free radicalsolutions,dry nitrogenbeingemployedas inert

'Ann.Chim.Phya.,(3)51,4:7(t857).
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atmosphèrein thesecases. Thecombinedfonn of apparatuspossesseathe

furtheradvantagethat themeaeuremen&are madeconvenientlyandrapidly
on the samesample,and that the total volumeof Uquidrequiredfor the de-

terminationof the threequantities,donmty,surfacetension,andviscoatty,is

conaderaNyteasthan thatnecessarywhenthésameconstantsaredetermined

in separateapparatus.

<7tt<MM«yCeN~,
COM~

/V<wemee!-M,Mi97.



BYNOBMANW.KRABE*

Theinvestigationinto the ohemioalequitibnuminvolvingthe formation
ofnitricoxidefromits etementsat hightemperaturesis a problemthat in-
térêt bothscientincandtechnicalworkers.Asanexampleofa purethermal

equilibriumit bas beenusedin the studyof ratesof reactionand the change
ofequilibriumwith the température, Its technicalinterestarisesfromthe
fact tbat it is oneof the oldestprocessesfor the fixationof atmospherieni-

trogen. In pointof time perhapsit is oneof the oldestchemioalreactions
whichstillretainmodernindustrialsignincanoe.

Thepresentarticleisa by-productofan investigationintonovelmethods
ofnitrogenfixation.' This investigationwasbasedentjrelyupon published
resultsandinvolvesmerelythe useofsimplephyaicalchemicaland thenno-

dynamioprinciplesinarrivingat dataapplicableinnewreactions. Sincethe
formationof nitrogenoxidesis concernedin oneprominentfixationprocess
andin the oxidationof ammonia.it isof importanceto explorethoroughly
the accuraoyof the methodson whichthe principledata are based. Up to
thepresenttimethedataofNemst~onthe nitricoxideequiUbriumhavebeen
regardedaselassic. Thedata wereobtainedbyNernstandhiecoworkersby
heatingair to hightemperatures,suddenlycoolingthegas, andanalyzingfor
nitricoxidebyabsorbingtheproduotsin suifuncacid. Thedata Boobtained
haveservedas a basisfor mostcatcu!ationsinvolvingdependentequilibria.
It is aigninoantthat the presentaroprocessforthe fixationof nitrogenused
inNorwayappearsto aubstantiatethe resultsof Nernst in regardto yields.
In the bookof Lewisand RandatPthe variousequilibriainvolvingnitrogen
and oxygenhave beenthoroughlyanalyzedand summarized.The founda-
tionof allthe caleutationsisthedata of Nernstandonthèsedata havebean
erecteda largebodyof relatedresalts. For examplea very importantcon-
clusion,the free energyof formationof nitriooxidefromits elements,bas
beenderived. Thisequationis the following:

AF° = 21600 a.soT
Acasualinspectionof the bookwillmakeit evidentthat the accuracyand

dependabilityof perhapsa dozencalculationsare involvedin the accuracyof
thisequation.

Veryrecentlyan articlebas appearedin a Frenchjoumat*entitled "On
theFormationof the Oxideof Nitrogenat HighTempératures,"by Briner,

'ChemhtryDept.Univ.ofMincie.
1PubMshedbypermissionoftheeditoroftheA.C.8.TechnotofacSériesofMMogMphB.ThismaterialMpartofthéfo)-th<!omin<[monographon"NitMgeaMxatMn"byH.A.Cu~

Mmd N. W.Kraae.
Z.anorg.Chem.,40,at3 (t9o6).
"ThennedyNNmcs."
J.Chim.phys.,H, 788-807(t9:6).

NITROGEN-OXYGEN-NITROGENOXtDEEQUILIBRIA
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Boner,andRothen. Thèseinvestigatorshavereopenedthe apparentlyo!osed
questionofthenitricoxideequilibriumandhavepublishednewexperimental
results. Theypointout that the oldresultsof Nematareaubjeotto at least
twoerrors. Firstofall,beoauseofthe speedof reactionit isentirelyprobable
that the nitrogenoxideformedat a high temperaturewill decomposevery
rapidlyonleavingtheheatedzone. Theystate that thiseffeotisconsiderable
underthe conditionsused by Nernst. Secondlythey point out that the
analyticalmethodinvolvedin determiningthe yieldof mitnooxideis unre-

liable,aubstantiatingthat statementby referenceto other work in whichit
is shownthat only an incomplèteabsorptionof nitrogenoxidesoanbe ob-
tainedby bubblingthe gas throughsulfuricacid. The equilibriumwasre-

investigatedwith improvedtechnique. For example,the gas leavingthe
heatedzonewasaspiratedvery rapidly into a balloonréservoirand left in
contactwithstrongpotassiumhydroxideforone day. The nitratesandni-
tritesfonnedonabsorptionwerethen reducedand the ammoniadistilledoff
fortitrationin diluteacid. In this waythe authorsclaimto be ableto de-
termine.002ce.oftutnooxide. Table1givesthe resultsof thé twoinvestiga-
tions just brieflydescribed. They wereobtained in both casesby heating
air to the temperaturesindicated.

TABÏ.B1
o~. '<rr~

It is obviousfromthis table that the new concentrationsof Brinerare

approximately!oo%greaterthan thoseofNemst. If weaceeptthéva!idi<y
ofthesenewresultsit isof interestto calculatethe correspondingfreeenergy
of formationand alsothe effectof the newdata on many other important
equilibria. This haa been done and the new equation based entirelyon
Briner'sdata isas foUows:

AF" = 21600 3.7oT

Sinceit wasfoundthat the heat of the reactionas determinedbyplotting
-Rlnk against!/T gavesubstantiallythe samevalueasused by Lewisand
Randallin theformulationof theirequation,merelya newconstanthaabeen
calculated.

Thefreeenergyof formationof the oxidesof nitrogendependsverycon-

siderablyuponthefreeenergyofformationadoptedfornitricoxide. Thecor-

respondingthennodynamicquantity for nitrie acid likewisedependson the
valueascribedto nitricoxide. Table II listsin parallelcotumnathe oldfree

energyvaluesgivenby Lewisand RandaUand the newvaluescalculatedon
thebasisofBriner'sdata.

rer continu
T NenNt Briner

1500 -–– .io
i8n .37 .6$

2195 .97 i.86

258o 2.05 3-So

2675 2.23 ––
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It is seenthat the changeinvolvedis of théorderof 2 to 3%. This in m&ny
casesmakes a very large differencem the concentrationsobtainable at

equilibrium.

Stumaaïy

The freeenergyof formationof nitricoxidefrom its elementshasbeen

recatcu!atedon the basisof the latest publisheddata. Anewéquationex-

pressingtherelationbetweenthe freeenergyof formationand the tempera-
turebas beendeveloped.The importanceof this relationshipin manyother

equilibriabasbeenemphasized.

TABusii

AF"~
Compound ï<ewNandRandall Reoaieutated

N0 (g) +20850 +20500
NOt(g) +tt9zo +!t57o
NtO~(g) +:ï640 +2:900

HNO~g) -j82to -!8s6o



BY HERBERT F. StM.

Recentstudiesby Lorenz,Fraenkeland Sitberstein'and byTammann
and Bohner*contain data showingthé equilibriumdistributionof the ele-
mentary componentain the followingtwo-liquid-phase,three-oomponent
Systems.

Cadœium-lead-cMorine
Cadmium-thallium-chlorine

Iron-eopper-sulphur
ïn'the first of these Systemsboth metallic componentsare divalent,

i~placingoneanotheratomforatom. In the secondandthirdSystemsone
isdi-valentandtheothermonovalent.Thesystemhetepresentedeocatitutes
an extensionof the list to ineludea systemin whichbothcomponentsare
monovalent.

Thedata for the first twosystèmeextendover a widerangeofvariation
in the atomicproportionsof the threeélémentspresentandthephasecom-
positionscorrespondingeither to equiatomicor to chemicallyequivalent
proportionscan be accuratelyinterpolated. The data for the iron-copper-
sulphursystemapplyonly to the casein whichthe componenteare present
inchemicaUyequivalentproportions,i.e.in theatomicproportionof t :2:i.

Thesystems<K~Mm-po<<tNMM)M-to<KKe.
Materials. (a) Sodiumand PotassiumIodides. A quantityof c.p.

salt (Merck)wasin eachcasefusedin a platinumdishandonsolidifyingwas
groundandpreservedoverP~Ot.

(b) Sodiummetal. Commercialsodiumanalysing97. Na wasdis-
tilled in hydrogen,a wide-bottomedEdenmeyerSaskbeingusedas a re-
ceiver.A part of the kerosenein whiehthecommercialmetalhadbeenpre-
servedwastransferredto the receiverand the latter warmedona hot-plate
untilthemetalmeltedandformeda shallowlayerbeneaththekerosene.By
gentlyshakingthe metal wascausedto separate into largeglobuleswhich
presentlysolidified. Thé kerosenewasdecantedand the globuleswashed
by repeateddecantingwithNa-driedpetroleumether B.Pt. 7$*the final
additionofpetroleumetherbeingleftintheflask.

(c) Potassiummétal. Globuleswereprepareddirestlyfromthe labora-
tory supplywithout distitling. The procédurewaaotherwisethe sameas
thatemployedforthesodium.

'Z.MtOft:.Chem.,131,2~7(t9:3).
'Z. anorg.Chem.,M:,t66(t9:4).

THE EQUILIBRIUM(POLARIZATION)COMPOSITION0F THE

LIQUIDSALTPHASEANDTHE LIQUIDALLOYPHASEIN A

SYSTEMCOMPOSED0F EQUIATOMICQUANTITIES
OF SODIUM,POTASSIUM,AND IODINE



The methodand numerioalresult of the analysisof the two metalais

givenbelowinconnectionwiththeanalysisoftheequilibriumalloys.
Containers. Piècesof soft steel tubing 15cm. longand 15 mm. inside

and2omm.outsidediameterwerebrightlypolishedwithinand withoutand

at eaohend the boreof the tube wassMghttyenlargedfora distanceofone

cm. The tube, supporterin a clamp, waesubmergedoverfour-fifthsof its

lengthin a pauof waterleaving3 cm. exposed. A tightlyfitting steelplug
waaplacedin the upperend and sealed in with an oxy-aeetylenetorch. On

connectingit witha manometerand evacuatingthe seal was foundto be

tight.

Chargingthetube. Twolargesodiumglobuleswhichhadremainedbright
anduntamishedin thepetroleumether wefetaken up witha forceps,dipped
in Na-driedethyletherandtransferred toavacuumweighing-tube.Thelatter

wasevacuatedtoremovethe ether and the weightof themetal determined.
An amountof potassiumiodideohemicaUyequivalent to the sodium was

weighedout, driedairwasadmittedto thevacuum-tubeandthemetalgiobutes
transferredto the steeltube followedby the weighedportion of the salt.
Themouthofthetubewasolosedwitha steelplugandsealedas before.

Heating. An eleetric tube-fumace was used for heating the reaotion
materiab. Thefumace-tubeemployedwasa 60 cm. lengthof steel tubing
of3cm.bore. Thistubewaainsertedhorizontallythroughthe fumaceopen-
ingandattachedat oneendto a gearedmotor. The otherendwasaupported
in a semicircutarbearingeut in pièce of graphite plate. An ammeterwas
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placedin the heatingcircuitand a thermo-coupleinsertedaxiallyin thefur-
aace-tube. Thétube wasthenrotated at 70R.P.M.andthecurrentrequired
to maintain a constant températureof 700"and 7:$° respectivelywasde-
termined.

The thermo-couplewasput aside and the furnace-tubetaken fromthe
furnaceand allowedto cool. The sealedreaction-tubewasnowplacedwithin
thefurnacetubeandsecuredina ialantedpositionbymeansofa plugofheavy
steel turnings ranunedin fromeach endand the wholereplacedwithinthe
furnaceand rotated as beforefor ten minutesat 7~5"andfor fifty minutes
at 700°.

Thevolumeof liquidmaterialwithinthe reaction-tubecouldbecalculated
to occupyabout hatf the availableapace. Theeffectof therotationandthe
gravitymovementdue to the inclinedpositionof the reaction-tubewouldbe
asomewhatspiralflowbackandforthwitheachrevolution.

Thefurnace-tubewasdisconnectedfromthemotor,and tubeand fumace
togetherwere turned to a verticalposition,the heatingcurrentbeingmean-
whilecontinued. The tube wasraisedand allowedto droprepeatedlyon a
steel blockplacedbelow,in order to promotethe completecoatescenceand
ségrégationof the materialbelongingto eachMquidphase. It wasthenre.
movedfromthefumaceandallowedto cool.

The reaction-tubewas extracted fromthe furnace-tubeand placedup-
right in a vise. The upper endof the tube wasthen removedwith a pipe.
cutterand thé tubeat oncefilledwith Na-driedkerosene.Thebrightsurface
of the solidalloycouldbe seenbelow. The aUoywasmeltedby dippingthe
tube in hot keroseneand the liquid contentsof the tube,viz.keroseneand
aUoy,were decantedinto a small Naakcontainingadditionalhot kerosene.
Themetal,whichcoalescedto forma singlelargeglobulewasaUowedto solid-
ify,rinsedsuccessivelywithpetroleumetherandethyletherand transferred
to the vacuumweighing-tubeand the weightobtained.

Theweighedglobulewastransferredto aplatinumdishandplacedtogether
witha beakerofwaterundera beU-jar.

The resultingsyrupyhydroxidesolutionwasdilutedandaliquotportions
titrated with n/5 HCL Here the requirementsof precisionanalysiswere
carefullyobserved,the volumetricgtasswarehavingbeenstandardizedby
weightand the nonnality of the acid determinedagainstanhydroussodium
carbonate.

A weighedglobuleof the distilledsodium-meta!used as initialmaterial
was treated and analysedin the same manner,the calculationyieldingthe
value100.05%Na.

Thereversereactionwaanowcarriedout ina secondreaction-tubecharged
withchemicallyequivalentquantitiesofpotassium-metaland sodiumiodide,
the same conditionsas to tirne, temperatureand manipulationbeingob-
servedthroughout.

The titration analysis of the initial potassium-metalgave the value
00.85%K.
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Foreaohof thealloyglobulesthe titration gavetheaum(s)ofthe gram-
atomeofsodiumand potassiumthereinoontained. Fromthis valueand its
weightingrams(w)the numberofgmm.atom8of sodium(x)and the num-
berofgramatomeof potasMUtn(s-x)arecalculatedfromthe equation~x
ptu830.ï(s-x) = w.

Theexperimentaldata and the derivedva!uesare containedin the fol-
lowingtable

Thédifférencein compositionof the two "equilibriumattoys"cannot be
assigaedto analyticalerror and sincethe equilibriumwasapproachedfrom
eachsideunderidenticatconditionsof temperatureandofrateand duration
ofmechanioalaRitatioBthe true valueforthe equilibriumatomioratioNa:K
inthealloymaybeplacedhalf-waybetweenthe abovevaluesorat 10:1.

The directionof the divergencefromthe true valueis, for the two in-
complètereactions,what wouldbe expected. Wheresodiumcoastitutedthe
initialreactingmetal its prépondérancein the aUoyis greater than where
allthesodiumappearingin the alloyhadto bederivedbydéplacementfrom
the compound.

Jellinek and Czerwinskiland Jellinek and TomoS~determinedthe
equilibriumratiosNa:Kand KChNaCtfora Systemin whicha leadsolution
of thé alkalimeta!sand a fusedchloridemixtureconstitutedthe respective
liquidphases. Owingto the relatively"noble"characterofthe!eadthe etec-
trolytephaseconsistedvirtuallyof thealkalichloridesonly. Thedetermina-
tionsinvolvedthe initial reactingsubstancesin widelyvaryingproportions
andwereconductedat a temperatureof 1000degrees.

Theirreauttsaregivenin thé followingtable.

Thesamereîationshipshad beenpreviouslydeterminedbyG. M.Smithand
T.R. Batt*fora syatemin whicha dttutesolutionofthe alkalimetatsin mer-
curyformedthe metalphaseand a watersotutionof the chloridesthe elec-

Z.physik.Chem.,tM,172(t~~).
Z.physik.Chem.,tu, 334(~4).
J.Am.Chem.Soc.,3~,179(i~ty).

s _e

Na:K KCt:NaC)

17.0 .87
12.5 1.04

5.35 a.M

4.30 2.6g
ï.5o 6.04
-7~S t9.35

.a

initial weight totat gram. gMtn- atomic
reMUttft of ~m. atome atome ratio

sub- a!toy atome sodium potasB.
BtaneM (w) (s) (x) (a-x) Na:K

Na&KI .~607 -03138 .oa8<)6 .00342 ii:t
K&NaI .44~ .ot8o4 .otO!S .00180 o:i
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trolytephase. Here likewisethe "noble"metalliocomponentwas virtually

presentin themetalphaseonty.
ïn the systemof JeUineket. al. the totalsalt concentrationin the fused

salt mixturecomprisingthe electrolytephaseremainedessentiallyconstant

throughoutthewiderangeofvariationinthesaltratioKChNaCl.

In the Smithand Ball system,owingto the présenceofwaterasthechief

constituentof the electrolytephase,the total salt concentrationcouldaiso

be widelyvaried.

In the diagramthe pointF représentathereeuKof the investigationpre-

viouslydescribedfora systemcomposedofequiatomicquantitiesofsodium,

potassiumandiodine. Thissystemcontainedno"solvent"waterin the etec-

trolytephasenor "solvent"noblemetalin the metalliophase. The curve3

representsthe Jellinekdata, Le.fora Systemcontaining"solvent"leadinthe

metal phaseand colonne insteadof iodinein the electrolytephase. The

ourvesouttingthediagonalat BandArepresentrespeotivelySmithandBall

data forsystemsof 4.0normalandof a/to normaltotal salt concentration,

i.e.forasystemcontaininga diluentin bothphases.
Theintersectionofeachourvewiththédiagonalof thediagramrepresents

thereciprocalrelationshipNa:Kin the metalphaseand K:Na in the electro-

lytephasewhenthe componentssodium,potassiumand halogenare present

in the systemin equiatomioquantity. Thécurve5 representsthe system

cadtnium-lead-chlorineand the curve 4 the sameactivecomponentswith

the additionof the relatively"noMe"(inactive)metalliccomponentanti-

mony. The intersectionof eachof thesetwocurveswiththediagonalgives

theatomicratioPb:Cd andCd:Pbwhenthesetwocomponentaare presentin

the systeminequiatomicquantity.
Acomparisonof the pointsF, C andB showsthat so far as composition

changesare concemed,the combinedeffectof replacingthe iodine by the

moreelectro-negativechlorineandofdissolvingthe alkali-metalbinaryalloy

in the lesselectro-positiyeleadhas beento reducethe equilibriumatomie

ratiofrom10to 3.4and that thecombinedeffectofa furthersubstitutionof

the "solvent"leadby the stiulessélectro-positive(nobler)mercuryandthe

introductionof"solvent" waterbasbeento further reducethe ratio to the

valuet.s.

PalmerPhysimlLotoMtCfy,PfMt«!<<Mt<7tttMMt~,
Princeton,NewJersey,
~pnt~M~
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AMetiMMïyof AppMedChemistry.Vol.VII. s<r Edwardl'horpe, X McM,-

pp.<~(+ NewYorkandLondon:L<m~m<tM,Greenand Co.,M~7.ffK~:~~0.60.
Thislatheseventhandlut volumeofthieimptessiveset. Amongtheiatefeatingtopiesin
thissectionof the alphabetare thallium,theine,thermometers,thermostats,thiophen,
thorium,thy~id gland,tin, titanium,tobacco,toluene(84pp.),touns,triphenytmethane
cotoringmatters, tropeines,tryptopban, tungsten,turpentine,tyrosine,uttramarine.
uranium,meaandurine,vanadium,vanillin,vamish,vatdyes,vitamines,water(to6pp.),
wax,whhkey,wine,destructivedieti))ationofwood,xylenes,yeast,yttrium,Mno,MMoniMm.

"Thefactthat théine (eatfeine)existein the teavMofthecoffeeplantbas longbeen
known,but it iaonlydnce thewarthat they bavebeencommerciaHyexploitedto produce
thh drug. Theideaorlginatedin Sumatra,where,underthepresentsystemofcultivation,
eofïeeiefrequentlyattackedbyiMeetsof thegenuacocoM.Withthe faitureof the berry
drop,thegrowers,Mekinga eubetitutefor the ordinarycatîeine-eonMningpmduot,co)-
lectedthe leavesfromwhiehpuretheinewaaprepared.Withthe warthe demandfor
theineMgreatlyexpandedthat theprocessofextraetiof:it fromtheleaveswasresortedto
onan exteamveaoateby the Datchfaetoriee,whichpurchasedthemby the tonfromthe
nativegrowersand piokers. Sofar, the proeesf;ofpreparationbasbeenkeptsecret,but
there!anogainaayingthe purityof the product. Onthe westernaideof the Mandof
Sumatrathe produeets,and, in faot,the gênera!publie,bavelongueedan infuNonof
torMnedcoffeeleaveaaa a beverage,the bettiesthetMetvesall beingreaervedfor export.Theuseof the teavesfor thiapurpoaebas grownto auchanextentthat it Mnowlooked
uponasan abaoluteneceasatyof life.

"DuringthepastfouryearaGermanyhaabeenimportingenormousquantitieso(coffee
lcavesfromSumatraanduttUzingthemia thesameway;andin Mmeparteof Gennanytheinfumonfromthe leavesbasquitetakentheplaceoftheberry,the priéeofwMehbas
beenan obetao!eto ita readyaate. CarefulreseaKhworkbasrea~tedin proofthat the
exttaetobtainedfromthe ieavesbasundoubtednutritivepropertiee.!n addition,a vast
numberofanalysesbavebeentakenwhichfurniehdatapraetieaUyguatanteeingita safetyasanarticleofdiet,withanentireabsenceofdeteteriomeffeote.Witha Nttteboiledriee
andinfusionof the eonee!eafa manwillsupportthelaboureof thefieldinrice-plantingfordaysandweeksaucoesaivalyup to thekneesin mud,undera bumingeunordrencMng
'WM,whiehhocouldnotdoby theuseofaimp!ewater,orbytheaidofspintuousorfer-
mentedNquoM.PtanteMin Sumatrahad opportunityofobservingfortwentyyearethe
comparativeuseofthecoffeeteafinonectaaaofnatives,andofspMtuoustiquorsinanother,thenativeSumatransusingtheformer,and thenativesofBritishïndia(importedlabour)
thelatter. Recordashow,whiletheformerexposethemMtveswithimpunityforanyperiodtoanydegreeofheat,cotdandwet,thelatter oanendureneitherwetnorcotdfor evena
shortperiodwithoutdangerto theirheatth. Althoughthecoffeeberrycanonlybepro-ducedin certaincHmatesandonsoiiscontainingmarkedpecuaanties,the plantitaeMwill
HourMhinanytropicalcountrywherethesoitissuBidenttyfertile,andinconsequencethe
heMforproductionof the leavesiaalmostunMmited.Asa means,therefore,ofprovidingcafTemeforgénérâtcoMumptionfreefromddeterioasqualities,andyet containinggreatnutritiveproperties,theteavesappearto be eminenttyauitable,"p. 5

Underthermitprocess,p. 7,wereadthat "owingtothé heat developedm thèsere-
actionsand the rapiditywithwhiohthey ocour,an enormouetemperatureia producedsecondontyte that of the etectricarc. It basbeeneatimatedat aooo-gooo'anddirect
observationwitha Feryradiationpyrometerbasahownthatthetempératureofa stream
of steel produeedfrom aluminium,asit waapouredfromthecrucible,was
3200~hemdt.ngpointofsteelMapproximatety~so'). Atauchtempératuresthe entire
contentsofthecrucibleremainliquid;thereducedmetalsinksto thebottom,coveredwitha layerofmoltenalumina."
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Onehundredparteof thoriaeauholdin sondsolution6-7parteofceriumdioxide,and

as themutle contaimontyaboutonepercentof thelatter,thé ceriaiaentirolydiœotved.

"Althoughin moatinatameestheoptimumeffeotis attainedby mixingthe thoriumand

ceriumsaltain suchproportionsthat the mixedoxidesof the mntle consistof98.8p. e.

of thoriaand t.s p.c. ofeeria,yetowingto theyellowcolourof the Kghtproducedby thie
amountofeeriaininvertedmanttea,it iacustomaryin thiaformofHtuminationtoreduce
thé proportionofécriatofrom0.5to a.7p. c. p. 40.

"Titanoxconsisteof titaniumdioxidepreoipitatedupona baseof nne!ydividedM<n)c

~.re. In colourit h far whiterthan whitetead,but not quiteeowhiteMFrenchprocess
zincoxideor the béatgtadesof!ithopone.Itahidingpoweriatwicethatofwhiteleadand
is the gfeatestof anywhitepigment. Ita ineftaesetowardsvant!ehliquideenablesit to
beusedmoompomMonathat canbekeptwithoutdangerofliveringorthiokenlng.toop. c.

titanoxin oildriesverydewtytoa softfilm,anda fairquantityofa metalliodriershould
beueedwMteforinteriorworkanadditionofabout30-50p.c.ofzincoxideieadvantageous,
ttm ca)!nngit to givea nnnduat~esistinf}Sha. Titanoxappearsto beveryteeistantto

smdightand to aNatmospherioconditioMandto hydrogenMtphidefumes,"p. 72.

"Titaniumoxideiausedasa mordant,andin at teaattwoeaaeeit haaanadvantagf
overalumina;thua atMadnyellowproduceawith titaniumas brightbut a muchfaater

colourthan with alumina,whitstthé ecartetobtainedfromalisarinorangeona titanium
mordantMthe faoteetecatbtthat canbeobtainedonwool,"p. 7}.

"TheVMMMnofscorpions(ag~rntwhiohan antltoxinoanbeprepared)andspidersla

probablyprotein in nature;ofmoMptitoeand gnatait maybe the produetsofcertain
bacteriaor mouldapresentin the aeBophagaatsacs;of beeaa protein'freeorganiobaae.
Theformieacid preMntinthé 'venom'ofante,bees,etc,ieprobablynotthe activetoxin.

ManyBahare aho poieonoueby theirbitesor by épinesoonneotedwithepedatglande.
Toadaandfmtamandetsbaveacidpoisonsandbamopoisonsin theskinglands. JeUy-nsh
andoea-anemoneahavestingingglande.Extractaofintestinalwormemaybetoxie,"p. 176.

"Withregardtoliquidwater,thereis a greatbodyofevidencepointingtothep resence
of complexmotecatea. It ia nowfairlygenerallyheldthat the abnormalityofwateres

comparedwithother!iquidameomanyphyaicaipropertiesMdueto polymérisation.This

explanationwaa nrst advancedbyWhiting [ANewTheoryofCoheaionappliedto the

Thennodynamieaof Liquideand Solide,HarvardUniversity,Cambridge,Mam.,!884,
p.70},whopointedout thatwaterat o*maycontain25-38p.o. andat too"17-28p. e.of
diMotvediee,and that theobservedexpansionof4 p. c. byvolumein thiaintervalMthe
resultantofa normalexpansionofsome8-Mp.o.by volumeanda contractiondueto the

meltingof the diaMt~edice. EightyearslaterRôntgen[Wied.Ann.,45,Qt(t9o:)},inde-

pendentlymsjeated that waterconaistsof 'ioemotecutes,'andwatermoteouteatheformer

beingmoreMMnpbxbut kmdensethan the latter,"p. 361.
"Thewaxeadifferfromthefatain havinglittleornogreasinesaat ordinarytempera-

tures. Thegreaaineasofmoatof the fats is probablydue to theircontainingsomeolein

(Ktycerytoteate)or somegiyeerytestersof unaeturatedfatty aeids. Therewu an im-

pressioninthe !astcentury,doubtiessprodueedby Chevreul'sworkonthefats,thatwhibt
the fatscontamedglycerylesters,the true waxesdidnot; but eontainedestersofhigher
membetsof the OnH~OteeriMofacidswithateoholradictesotherthan glyceryl.Asa
resultofthia<munfortunatesyatemwasintroducedofdenyingthenameof*wax'to those
waxesthat are Iargelycompoaedofglyeeridee,andofcatting.them 'taHows.'It servesno
usefutpurposeandbastheeneetof upsettingthe ordinarymeaningbothof 'wax*andof

'tattow.' Byit, onthéonehand,Japanwaxwaato beoattedJapantaMowandmyrtlewax

wasto becalledmyricatallow,beeausetheyarebothlargelycomposedofgtycerylpalmi-
tate andonthé otherhand,spermouwasto bedescribedasa liquidwax,beeaueeit waa

thoughtto containvetylittleglycerylesters. Refinedwoolfat, a softunetuoussubstance,
waecaUedwoolwax. Theinadvisabilityofattemptingto alter the meaningofa wordin

commonuse to suit somespecialscientincctassiScationwaspointedout byGtegoryin

Nature,87,$38 (tôt t)," p.434.
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"Thégeneraityhetdviewthat the browningof winesis dueto unsoundgraposte not

correct.Theprésenceofstatkain the fenaentingmashcontributeaappreciaNyto brown-

ing. Veryacid winesarepartiouiartyproneto browning.Thebrowningtemoetprobably

dueto theo)dd4tionoftannin-tikesubstancesofphenoUccharaoterby théactionofoxid-

ases,or byauto-oxidation,orprobablybybothprocès. It eaabe prevented,at tea~tto

a considerabteottent, byhnmediateiypressingthé grapemash,but thiecouKeh not al-

W8)'8poI!8Iblein praotice.
"Thebrowningof wineswhiehie not ontyaecompaniedby a discoloration,but atso

witha stMngturbidityandan unpteaoantnavour,oanbe arreatedby theuseof sulphur

dioxidein the formof potassiumm.t&bMphit.,whichia addedto the juicein the CMk

More fermentation.TheyMstecanwittwtMdwithoutriskquantitiesofauiphurdtONde

towardawhiohB~~m <f~~<,whicheifeotethedécompositionofm<t)ieacidat thedoM

ofthefermentation,h sen~tive.The inhibitionof thedecompositionoftheMtd,whether

it betemporaryorcomplète,is mainlydependenton the quantityoffreeeulphurdioxide,"

P.474.
~Iceordingto A. Dupte,frauduientcolouringmattoreaddedto red wineamaybede-

tectedbydMyM,whiehlebestaceompushedbyp!Min:in thewinea cubeoffeUyabout

1 inchaide. Thesecubesaremadeby dissoMnt:to gnaa ofgelatinin tooo.c. ot warm

water,andpouringthemhttioninto a fiatdtshormould;fromthe platethusobtainedthe

cubéeare out. After24-48howa,thé cube,onexaminationby transmittedUt~t,willbe

foundto be colouredmoreor lessdeeplyby anycolouringmatterpresent,exceptingthe

naturalcolouringmatter,whichpénétrâtesonlyto a depthof i inohat the most. The

colouringmatterof alkanetroot a.!sopénétrâtesbut elowly,whereaarosanitine,coctuneat.

io~wood,brMil-wood,indieo,MtmuB,red cabbage,beet-root,M<ttM~tt~O~, and AM~o

o~cHM~<tpenetraterapidlyintoieMy,"p. 485.
WilderD.“tf<HerD.Bottera

TheMiarobiologyofCeNutose,HemtceNutoMa,Pectin,andGums. B~A. C. T~~

andH.J. Bw~r. X Mcw;pp. "? + SC3.~H<!<Mtand NewYork:Oxford)7~<<

'PfeM M~' Pftce:~S.CO.Intheprefacethea<tthOKsay,p.v.Inordertoavoidmt8-

tmdeMtandineit ehouldbementionedperhapethat the termmicro~tganistMhas bean

adoptedto designateaUmioMacopioor~nistm whethertheybelongto the animalor to

the vegetaMekingdom,andthat coNoquiaUytheword'baeteria'bas beenusedforaUthe

red-ehapedMhizomycetesbelongingto the eubacteriates.Wherea distinctionin theLatin

nomenetaturehas beenneeemaryamongthe baotena,the systemfollowedby Lehmann

and Neumannand by Bergeybas been adheredto and a spore-producingrod termed

Baoillus,a non.apore-formingBacterium.' .“,
Thesubjeotlepresentedunderfourohiefheadings:cellulose,henueeuuïoses,peetm,and

gume;the typesof mietoorganismsaasooiatedwiththe décompositionofeetMose,hemi-

celluloses,pectin,andguBM;thé miorobiologioaldécompositionpMcesMSofgams,pectin,

hemioeuutoses,andceButMe;MtdustnatappHcatio!N.
"Pectin,whiehmostattthoMregardas imomMe,iBeomettmesdesoribedasproto-peotin

(TsehiKhandvonMtenberg),and sometimeeae pectinogen(SohryverandHaynes),or

pectose(Carré). Theproto-pectimiseaidtobecomesolublein the eeUsapontheripening

of fruits,and it canbe renderedsolubleby prolongedboilingwithwateroralcobolorby

treatmentwithdiluteadds(CaMC),or withsatteof aoidswhichforminsolublecalcium

mtts suohasammoniumoxalate,ammoniumtartrate,orsodiumcarbonate(Clayson,Nor-

ris, andSehryver).Thésolubleeompoundfromripefruitéis termedpectinby vonFei-

lenbergandeytopeotioaddbysomeEngMtinvestigatoM.VonFeUenbe~'spectin,which

la neutral,is olaimedto bethe methytesterofpecticaeid. It ia saponifiedby treatment

withalkaliinthecoidandthorebyyieldsmethyta!eoho!,amountingtosomeMpercent.of

thetotalpectinorcytopeeticaeid,"p. n..

"Athird lineofreseanthinto the naturaldecompoeitionofedimoseandita amoctated

substamo wasinitiatedintSysby Popeff,whoinvestigatedthecausesofthenaturalevo-

lutionofméthaneinstagnantponds. He foundthat methaneis producedfromcellulose
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audite Mtated.~batancea.B..h as tt~M,depoaited.t th. bottomot pood<,and th.t a~th.M fermentation~d be.rti&,M)yat~d H~k Ntedwithw.~ andsubstances
eontainingcdh~e werei~ubted withmud. Themethaneev.tvedduringtJ~Eferment~n w~ sometimesfoundt. bemixedwith<m.Uamountaofhyd~p p, i 9

/b.<tet<hnMt,OmdiMBtd'ahydMgen.pMdueiagcetMoMdec.mp<wrla MM.
wh~v.r the ~d th~t~mud. The rate of germinationof :t..po~ Malowerthan that of theopMMofthem.th.M b~u~d thi.tMt wasuttM~ byOm~~i fortheMp~t!.n~L two.It WMmentioned.b.v« that the gasevolvedby theCMtwwte.utt~Mr~ the.a. ~.f ~A. containedhyd~e. w.KMmethane.K~ .1~

~M t. 7~ C.forMtM.mm.~ ~.My thegasevotutionhuacommenced,the

v~t~c~.fth~b~~wM.hh.~byth.ndev.bp~f~th.i~~d~y~, whereaatheepMMofthe hydrogenbMiMu.,notgerminated,rmain u~eeM
by the h~t. ltepeatingthistreatmentthroughth~ fourau<~iv.the originalorude.uIhM,.a culturei..bt~inedwhiehpve. off~n~ hydrogen

only. "t" to notethatwhe. them~M o~jeotedto the treatmentit i8 eventuaUydestroyed.Thisdi~~ .{~ p~iM tythatthe organismresponeiblefor théevolutionofthe mixtuTeofmethaneandhydrogen..n be oneandtheMm.type,whichthroughaubj~tio. to a hight~p~t~X~
pMpefty.{pMd~m)!nMth&M,but matnMnsitatac~tyofovolvinghydr~n Tbat the

tw.own~6Me.ottheMm~pMiMM.boindiM<edbyt!M!rdi<reMnMh)~e''p 57
"Theart ofrettingplantt~uM fortheM.tion offibresbasbeenearriedoutin manyc.Mtn~ fromtimeumnemorM,and highly.developedmeth.dafor the retting.t~

e~.nc.untnM~MEtypt fM<nth.t dyi~H. times. HeMcondM.nawere
Md.ubt.dty p~tM~y favourable,the riverNaewtth ita stow-movingand compara-~~TT~ ~t basisforth..tabo~n of~t~ rettingpn~. AdiNereatmethodwasprobablyadoptedby the inhabitantsof the Swi~lake
dw.)hnga.wh. it .pp<~ fminthe remainsfound,werewd!~u~nted ~fh~cf
retting. ~~P"~8~prob&b!y.Mned.utmat.gmntw~ B.th.fthMe
methoda,the rettingin stagnantand in slowflowingwater,weretheonlytw~~ob~
rettingpM.~ inuseupt. the middle'ofthe nineteenthoentury.The~sivelyused,the fomer in Irelandand Italy, the latter in Holland,BK.an~.
to~oy, p. ïû~t

"Theoobrepigmentformedbymany~uloa~compo~g bacteriawaaexaminedby
HutcbinsonandClaytoninthMmv<~tioM.n~<~<<,c~< Theyfoundthatthe pigment.9solubleintheordinaryf.t M!vent~yieldinge~uj~
ether, an .ch~c. ouied~tio~ with petroleum o..Morot.rm, andan orange-
colouredeolutionwithaacbonbisulphide.O.~p.n.fth~t:<,n~y~~t~t~

,M.gth~.LXtt thereforeteMmNMthe hp~hromepigment foundin manybacteria,forinatancei.
~<<t~?!otMCMp!)a6M)!M<tOUM!M,"p. t89.

t ~MtH~

''B.thmthemMUMh~pmdmtheMmp~he.pthem~bM.p~ch.ngM, reault-
inginthe-np~ oftheheap,aimat the.conversionofthe v~<~bb t:a~ p~n~tocompoundswh.ehwilla~t in m~nt~g andi~eMh,g th.fMt.BtyX?mantythe h~p couvertedintothéM~~ed beurrenoirof theearlyFrenchinvatiptors,nowgenerallydescribedunderthenamehu~. substances.T. ca~ out th~T~X
~X~~ed t. elapsefora freehstateof biologioelequilibriumt. bee8t.bU.h~. Thiah~Meffect wasd~o~M byFredi. thécaseof<~ m~ Wherea~d ~M~m-
med~pb~,gme~p!mt9M&n~~th.B~Fthese<~J~ingfromthem,wered~yed by fungi,andp~biy bMte~ activeiniX~~the manure. Then~ thusattackedboth theti~ue.~ they wereintendedt.d~~y andtheotherformaof v~t.t.on presentwithinthe X~~ their
activity. N.t until the equilibriumof the soil-florabasbeenrestored,on the complete
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destructionof the greenmanure,canplant lifebeneNtfromthé resultingdeoomposition
producte. In the OMeof greenmanurethiedestructionh usuallycompletedin a few
weeks,"p. !o;s.

"TheproblemofthédeeompooittonofeeUutoseandhemieettutoaeunderwateria atleut
equalinimportanceto thatof theirdestructionin thesoii. ln lakes,oan~tbnd,andoanab,
intropicalcMmatee,in mangroveawampa,andin theMaofallcMmatee,tMmendouBquan-
titieaof vegetaMedébriscomposedIargetyofce!Moaeor hemieeHutoseeaeetuna!ateand
deeay,ehiettythroughmierobMogicatactivity. Verylittle mknownof the reaotionain-
volvedexceptthat marahgaslefMquenttyformedas a resuitofthe deMy. TMagasat firat
remainaentangledin the mudofthewaterbed,but eventuallyriseato the autfaeeof the
water,eitheras bubblesorMmethneain a eonthMMmstream. It ja thisgMwhieh,when
becomingepontaneotMtyignited,waaknownofoldas the witt~the wisp,"p.

"WhenhayorotherplantmaterMistooseiyetackedbeforeit becomesdry, ? showsa
tendenoyto heat or awe&t,a phenomononwhiehin extremecaaeBmayreauttinite apon-
taneousignition.As in the caeeofeMUaging,the reactionsinwtvedbavebeena~ribed
tomicrobiologioal,ptantphy~otofsioat,andchemicalageMi~;but, in spiteof atatementa
tothecontrary,availableevideneeundoubtedlyfavoutBthe exptanationthat micfo~M).
iNMarereepoMMefor moatoftheearlieratagMof the reactione. Miehe,whoundertook
acomprehensivestudyofthephenomenon,cameto thieconclusion,andHaldaneandMak-
jtMin a laterpubtioationconBrmthiaviewafterduecoMidetatiMtof theévidencebrought
forwardbyBoekhoutandde Vriesin favourof a chemical.expianatton,andofTschtMb'a
suggestions,attributingthe heatingto the activityof oxydasesand reductaMSsecreted
bythephmtttMuea/'p.Mt. ·

"Jnst as the tobaceofennentationshows«bogies to the apontaneouscombustionof
hay,sodothecacaofomentationandperhapathe coffeefermentationMsemb!etheailage
fermentationand muchlightcouldundoubtedlybe thrownon both of theseptoeeaseaif
theywereconaideredfromthat pointof~iew,"p. 237.

"Amuminjîthat the decayin the peatbogdoeaproceedunderwaterloggedandmore
or tessanaerobicconditions,thereis everyjustificationfor aasertin~that, in the beetof
oMes,miorobiologioalaetivitymustceasein the peat beforethe eeUutoaeand the hemi-
odtutoseaof thé aubmergedptant materiaihave been approximatelyeliminated. The
comptetedisintetrationof theplantmaterialand the pl'OgreI!8iveeliminationofthe cellu-
lose,whichFilseherand Schraderheveundoubtedlyshownto occw,must thereforebe
perfonnedby otheragoaoieethan micM-organistM,whiohit wouldbe beyondthé M&pe
ofthisvolumeto diatusa.

"Somee~denceforthiaeonceptj&noftheformationofpeatandcoalbas beenbrought
forwardina recentpaperbyThaysen,Baltes,and Bunker. It MMMeatedin thispublica-
tionthat mierobMogieataetivity<eaae9inthe uppertayetsof the peatbogbeforethebulk
of the eetMoMbasdieappeared,andthat thesubséquentdestructionof the cetMosopro.
ceedeon tineesimilarto thoeeactiveinthe productionof carbohydratehumusfromlinen
ctoththroughageing. It is shoMithat the humuseompoundsofa normatpeatbog,after
cMorinationby the methodereMUMnendedby EUerand biscoUabotators,canbeepMtup
intotwoeubttaneea,oneidentiMtwiththehumuscompoundobtainablefromquinonesand
tignin,andtheotherwiththecompositionofthe artiftoialhumuscompoundobtainablefrom
augaraandothercarbohydratee~ytheactionofacids. Thelatter typeofhumuswasatso
obtainedby theBeworkersfromaampte)ot Egyptianmummyolothmadeof pureundyed
linenwhichhaddeoayedin theabsenceofmicM~rgani<me,"p.348.

"Fungideoayingthe heart~Modof !ivin)!treeaare not commontyfoundin wooduaed
foraeroptaneetructures. Wheretheydooccur,theyareeffectiveproofthat thewoodused
waaoriginaByinfected,and thataumcientcarehad not beenexertisedin eradieatingthe
aeatof infection.Deoayinwooœnaeroptanopartabasbecomefarmoreimportantmre-
centyeara,sincelargenambemofoparepartebaveoftento beatoredfora longtime. Such
partsehoatd,in Boyce'aopinion,;)ekeptunderconditionswhichwit!permitofgoodven-
titationandwillendurethat themxaturecontentofthe wooddoeanotexceedn percent.
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Aeroptaneein use,quiteapart fromthoseemployedinverydamptropicaletimatea,arein

partsexpOMdto decay,partieularlynearthe engineandamundthe baseof the winge,
wherean inot<asedhumidityandasomewhathighertemperatureprevai),"p. !o6.

"ThoughthemarahgaswMohescapeafromthegroundinsometocatitieshasbeenueed

asa combustiblegasfordomestiepurposesformanyyeart,andthoughnumerouainvesti-

gationshaveshownthat the microbiotogicatdeoayofvegetaMedébrisfrequentiygivesMe

to theevolutionofeuchgases,eapeoiaHymethaneandhydtogen,fewattemptehavesofar
beenmadeto utilisetheaeteaetiomforthecommercialproductionofgatteooafueta. Those
madehavenotyetauceeededmestabMucgtbiaind~tty,evenin!ocaMt!eawherevofetaMe
debriaieabundantandcoatdeBeient.Thb nodoubt,Mlargelydueto théodetiof!imper.
feetknowledgeof the microbmtogyofhemiceHutofteaandeetlutoee,andto theeoMeqttent
d!Bcu)tieseMouoto'edin attemptingto conttotthe bMaMownoftheMsubstancesona

teehmcate<a!e.TheM!ano pr<M<t/<tc~TeaMnto believethat auchpKteMeeshouldneces-

aamybe uneconomica).On the conttaty,they appearto constitutea fruitfutfieldfor

futureiNveetieationa,"p.313.
WilderD. &MM)'0/<

TheChemistryof Wood. L.F. Hetotey<MdLouisJS.~w. ? X 17cm;pp.3S~.
NewYork:C~mn!<!<CatalogCompaq,MiM.Pr(c<:?.<?. I&the introduction,p. tg,
théauthoMeay:"To the best of ourknowledge,noattemptbu hithertobeenmadeto

bringtogetherwitbinthe compMSofa ainglobook,datapertainin~eoteiyto thechamhtry
ofwood. Ourownattemptto deydopa nmnoeraphon thiaettbjeetthereforereaemMesa

ptoneeringadventure. Wehaveworkedunhamperedby triataorprécédents,and if our
volumecontain9(Mit may)nmnetouaerMteofcommieeionandomission,wefeetthat at

teaetit servestosummariaethe ontatandinacontributionona eubjectthat basreceivedbut
eeantattentioninthé UnitedStates.

"Theremtteof purelyacientincinvestigationsonwoodohemistryhavebeenstreMed

andwehaveattemptedtopointeutthemanygapsandtoophotesinourpresentimowïed~e.
ThiehaaledusoecaaionaMyto indicatewhatnewavenuesofinvestigationtnif~tprofitably
beopenedin thefuture. In the caseofmootquestions,wehaveattemptedto présentthe

expérimentâtdataand to discussthéviewpointsofthevariousinveatigatoMopen-tnindedty.
Onthe otherhand,wehaveooasistenttyattemptedto dinerentiatebetweenïpecMtot&Mt
andt<tM<<tfM«<w."

Under"ChomicatComponentsofWood"thechapteraareentitled:cellulose,the prin*

cipaiconstituentoftheeeMwall;Polysaccharidesofwood;lignin;ligninderivativesand the

constitutionof lignin;extraneooacomponentsof wood. Underthe generalheadingof

"Pronmateand SommativeAnatysisof Wood,"weStd the chaptera:intreduetion;the

samplingof wood–mieceManeousdetenNinaUom;the determlnationof eettubse;the de-

terminationof pentosaosand hexosatMin wood;the déterminationof lignin;anatyticat
dataandtheiraignificance.Under"DécompositionofWeod"webavethechaptera:com-

bus~onofwood;thédecompositionofwoodbyheat;hydrolysisofwood;detignMcationof

wood;décompositionby coneentratedalkali. Thelast6Mtiondeatswith"Woodas an

!ndustnatMaterial"andbasonlythetwoaub-heads:phyaca!properties;thedétérioration
ofwood.

"Dinerenthypothesesregardingthe siseof the cetMoMmo!eou!ehaveahoappeared
inthe ceBuhMCËterature. Viewson this subjectmaybebneaysummamedas follows:

(a)a relativelyenonnousmoteculemadeupofagreatnumterofanhydrodextroseresidues,

manyofwhiehgota makeupthe aahydMceHobiMelinkagesreferredto above:(b)a large

aggregatemadeupofcomparativelyana unite,eachoneafwhiehcentainatheanhydro-
ghMOselinkagea relativelysmatinumberoftimes.TheunitéaMheldtogetherinthelarger

aggregateby meansofseeondaryvalenceor inaomeami!arwaywhichis notyetMty de-
termmed.FromthéworkofHeMogandhieeo-workemititppeaMthat theee!MoMaggre-

gateiscrystaHine.
"Theviewpointoutlinedunder(a)althoughheldbyhdividuatinvestigators,bas been

targetydisptacedby that referredto under(b),"p.25.
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"Perhaps the most modern and generaity accepted concept of lignificationbas been
formulated by Wiaticenus. Reatizingtbat lignin couldnot be considereda definite com-

pound, and that thé analyticaldata on lignin varied with nearly every inv~stigator,WMi-
cenuaundertooka dynamiostudy of lignin formation. He determinedthe content of ad-
MrbaMe(cottoidat)matter in the cambial sape of a number of trees by treating a given
volumeof sap with somesubstance Ukealumina, and determiningthe amount of adsorp-
tionby comparingthe residueobtained by evaporating the treated sap to dryness,and sub-
tracting this residuefromthat obtained by evaporating an equalvolumeof untMated mp.
ThMedata led him to beUevethat the period of maximumeoUoidcontent of the sap coin-
cidedwith the period of moat rapid and intensive gmwth. Aa a result ha enuociated the
weeptn: hypothesMthat tigamia composedof the eumtotal of coUoidaUydieeolvedhydro-
sols (of high molecularweight) which are depoaited by adsorption from the formative
(BUdun~) or cambiat sap upon thé surface of the cethUoMSber, the eyntheas of whieh
precedetMgnincation. WMe the asaumptionjamade that adaorptionMpnmarity Mspon-
MMefottigniBcation,the posmbitityof chemical interaction betweencertain componentaof
the heterogeneousligninand the cellulosegel Mnot exoh.ded. WM!cenuswas carefulto
makebis hypothesiabroadenough to mctude both the olderencruatationtheory by Payen,
and the ehemioatcompoundtheorieaof Hoppe-Seyter,Langeand Grafe," p. <t8.

"The cause of the cotoratioMhat been attributed to variouscomponentaof the wood.
Since the colorationsdisappear after the wood has been treated with NaHSO, or with
hydroxytamine,the teac~oMbave often been aBeociatedwith aromatic aldehydes. Cisapek
Mtsable to removefromwooda very amaMamount of substance,apparentty an aMehyde,
whiehatiit gaveaMthe color teactiona of the original wood. Thia eubatanee,which waa
removedby heating woodwith ZttC!, and extraoting thia solution with CJït or ether,
he termed hadromalbut he waenever able to Motateit in sufficientamount to permit ita
complete identification. This hadromal could not hâve repreeentedmore than a NnaU
fractionof that part of woodwhichia ordinarily termed lignin, and Czanek'Bworkdearty
thowed (whata numberofother investigatomhad auBpected)that the brilliant lignincolor
reactioMwerereay dueto a minorconstituent ofthe wood. ThNwaaconBrmedby Crocker
whoshowedthat both oilof clovesaad oil ofBaœafnMgave colorationswithpMorogtueino)
and with aniline. The absorption epeotraof these coloredsubstances wereidenticat with
thoaeot thé correapondingsubstances obtained by the interaction of the eame reagenta
withwood. Ïn other words,the substance in wood that Mresponsiblefor the colorationM
slsopresent in entaUamountin certain essentiat cils. Ctocker'aresultashowthat the color
teatado not charaeterMeany appreciablepart of the lignin. Theyare appareatty indicatora
ofa MMUamount of an aldehyde (coniferylaldehyde?) whiehnormaHyaceompaniesthe
ligninfrMtion," p. 50.

"In dembMtratMgsomeof the striking analogies betweenthe behaviorof conlferylalco-
hot and Ugninof eprueewood, Ktamn pointed to the fact that both of these substances
givesimilar oMmottecompoundswhen fusedwith alkali. This findingbas lent support to
the fairly general beliefthat an aromatic nucleus Mpreformedin lignin,sinee it bas been
ehownrepeatedly that the fusion with alkali of varioua lignin ftactions and lignin deriva-
tives gives riae to protocatechuicacid and pyrocateehot, besides the so-eattedindennite
"tignio"acidsand oxaticacid. A thorough investigationof this fusionwasmadeby Houser
and Winevoldand later by Heuserand Hermann. Thé formeraho give anexcellentteaum6
ef the Mterature. Heuser and Hermann showed that when the KOH fusion of a lignin
fraction (isotatedfrom spruce by means of hydrooMorieacid) waacarried out (in nickel
dishes)in air, at a~aso", the.products were tafgety thé "iignic aeids," and oxalieacid,
whilethe yieldsof crude protocatechuicaeid and pyrocateehotwere16.4and 3.7 per cent
KSpeetivety. Theyatsoshowedthat the pyrocatecholwaaa secondaryproductfonned from
theprotooatechuicacid, and that when the fusion wascarriedout in hydrogen (in placeof
air), the oxalicadd yieldsdroppedconeideraMy(sometimeeto the vanishingpoint). When
an iron cruciblereplacedthe nickel cruciblein the fusion,and an atmosphèreof hydrogen
wasused, no oxatic aeidwas obtained but the pyrocateehotyieldrose to 21 per cent, and
about to per centof the cntdeprotocatechuicacid was formed. If, however,the fusionwas
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earriedoutiniron,anatmosphèreofhydrogen,andin the pKOMeeofammoniumcarbon-

ate, 23 percentof orudeptrotoeateobuioaoid,andonly7 per centof pyrceateehotwen-

formed,withnoohangein thé "tigaieaeid"yieldandwithoutproductionof oxaKeacid.

Theyahoweddenmte~thatthefnaio..fceUMtoaewithKOHyietd~~therprot<~b~

aorpyroeateohol,irr~pe.Mv.of whethertheyusedironornickeleru~Ne,or earriedout

thefusioninair or hydrogen.ln nearlyaHcasestheyobtainedaboutgoper cent
o~t'c

acid,beadesappteoiaMeamountsofacetioacidandsmaUamountaof fonntoacid. B.vt-

dent!ytheomMoMtdformationfromceU~oMWMnotduetooxidation.Later HeuserMd

Rothshowedthat xylanonaHM!i!MfusionyMdedonlytMCM MonMti.compoundaand

thattheMeouMbeattnbutedtothepKsenee~impuhttMhthettMteMtMed, p. $8.

"Whilethecoloringprinoiplesanddye9ia planteare uMattyMMOMtedwiththe !eaf

andflower,andaroh~ty absentfromfnnte,roota,bark,aadwood.theM~e.cMeaM

wMchthew.xtdytuMeiBu.tNtMttynchiatheoeMbatancM.Ch~MMnpteeMethe

brMitwc<~andt<)<pMod;Mdoth.te)<Mnp!ea,M<AMthew~dcf'dfu8h.osageorange,

andyouMfustie,mightbecited. Someofthedy~tutr.thuacbM~ fromwoodaM6M

eommoKiaMyvaluable,althoughtheimportanceof.them haare~d~ withthe growthof

theayntheticdyetndtMtnes. tt..
"In manycasesthedyeitseMb not preformedinthe wood,anditaprecuMM(t.e.,thf

coloringprineiple)maybeMtM<Mfromthéfinelydividedwoodbyme.na.f ether,

h. <~t~, orby a Mec~on ofMt~t.. Thecoloringpnne!pkaare thereforenot a

part of thecellwaHbutmuetbegroupedwiththeottraneowMbataneeeof wood.

"ThemcetimportantconNoereiatdyeat~ ieobtainedfromh~focd (Campechewood,

~.e~Mj~ «M,?«M" L.). a t~e wMchb ind~noM tu SouthAmeric.Md thé

WestlBdMaaBdwMehbe!fM)f(StotheC<M~a<gMMpofLeguminome.Logwooft
i. widetyusedin produidng"bt~M' on wool,aik, and (ta a teMerextent)oncottes lt

iBone of the fewnaturatdyMtuffethat hMwithatoodthecompetitionof the aynthettc

dyea,"p. too. ]

"TheEaetIndianeatinwood(Ctt<M~b~~«~enM.)containsa cryotatMnesubstance.

chloroxylonine,C~NO,, m. t82-~ whiohappearsto be tespomdMefor the dermatttM

causedby theactionof the Mwdustof thiawood.TheCentralAmericanMtoM)wood

(0< w.) usedin themanufactureofknifehandlesinthe U. 8.,ah~oext.b~ taxie

propertiesthatmaybedueto thepresenceofanathatoid,thenatureofwhtohtem~Mun-

detennined.Anotheratkabid,abounidentiSed,iBa componentof thewoodofaumfenor

typeof Knym.boxwoodofKamaMwoodgrownin SoutheaatAfrica.This substanceis

a heart depreasantandresemblesthecuraK-arMWpoisoninite action, t

"Occupationatdioeaaeadue tothe pOMMiagcaueedby theseandotherwoodsdépend

onthe eomitiveneMofcertainindividualsto thetoxicaubatancesinthe wood. The aut;-

gestionhaabeenmadethat onlylaborersimmuneto auchpoisonsbesolectedfor workin
)

theindueMeautilixingcoeobolo,satiowood,eto,"p.118. i

"AswewiUseein the nextchapter,woodbeginsto deeompoaeat about :75*C.Mtt

that decompoNtiomiBexothermicin chataeter. Duringthecourseof thiadeeompomtton

combuatiNeandincombustiblegasesandvaponareformed,anda combustibleresidue,is

left behind.SinoetheteisnoconNderabiedeccmpoNtMnofwoodbelowthis température.

it wouldnotbe~pectedthat thewoodcouldignitesoonerbecauMtheoxygenot the air r

eertaintyoouldnot combinedirecttywiththesolidwoodsubstanceat suchlowtempera-

tores. Theigmtiontemperatumofattwo<xbwoutdbee)tpectedtobeatabouta75~
underthe optimumconditions.This theoryprobablyholdsexcept(t) aa thé phy~ca

propertiesofthe wood,sucbas por~ty, influencethesurfaceofcontactbetweenthe wood

and air and(a) for the présenceofextractiveswith lowignitiontemperaturea,auohM<

votatileoils. If theignitiontakesp!aceat about~75'C.it meansthat the vaporaorgMe~

formedby thedecompoaitionofwoodbyhoatnormallyigniteat thiatempératureor that

theyigniteat a lowertemperaturethan usualdueto the catatyticactionof theresidueof

charcoalorelaeit meansthat theexothermioheatcameathe températurelocallyabove

:t75''C.andBtartathecombustion.Theignitiontempératureoannotbemuchabove~75~
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becauseif so it would be possibleto diatil woodto a residue of charcoat m the open air
without combustion whioh Mêmeunpossibte when the ready ignition oî fteshiy formed
eharcoa!ie conaidered,"p. t8y.

"The combustionof woodmay be consideredto take place in two stages: let, thé oom.
bustmnof gases and vaporagiven off by the exothermicdécompositionof woodand and,
the combustionof the solid residueof eharcoatteft behind after the exothennioréaction is
finished. Theee stages may not be sharp!y deBned,fanéevolatile combustiblematerial M
driven off from the original charcoat if it is further heated after the eomptetionof the
excthermfcréaction but theM is eertainty a change in the charaeterof the combustionat
about this time. Thie ie further indicated by the fact that about hatf the vaporeand gMM
givenoffduring the exothemio reaction are incombuatiMe(CO, and H,0), wM)enearty

the gm given off afterwatds combustible. tt can readily beconceivedtherefore
that the ouMde of a hM~eBtiekof woodmay be heated to the ignitiontemperature and
bum throughthe «Kt stage of combustionwithout heating the interior of the etick above
:M C. On account of the lowconduotivfty of chaMoat,the heat ftom the combustionof
the charcea!on the outaideof the stick may not be conductedinward rapidly enough to
heat morewood to the distitNngpoint and the "Sf-omay go eut." Thie aceountafor the
difficultym buruing large chunkaof wood,mtchae Btumpaor top, umeMthe conditioMare
auchas to keep the heat frombeing radiated away. A large pile of atumpamaybe bumed
withoutmuehdt~cutty but the buming of a singleatump h a hard job. Onepieceofwood
tteepsanother afire.

"TMaproperty of buming rapidly on the outaide,eharring a thin layer, and then being
extinguiehedentirety or burningvery BlowlyMa vatuaNe one forwoodueedforconatruction
workexposedto fire hasards. In fact eteet under the same conditioMand carrying the
Mmeload may be rapidly heated through and not infrequentlymay tooeita strength and
dropita toadeoonerthan the woodenmember," p. !88.

"At one time the aehea obtained by the combustionof woodwereof comiderabh)im-
portanceas a Mure<.ofpotaah; in faet it ia hardly a oentury ago that in newlyMttted!oca!i.
t.Nin thMcountry the ohiefvalueof woodlay m ite potaahcontent. Thé pioneeram clear-
ingtheir land pi!ed the logeuntil they weradry enoughto bum and after burningcarefullyM)!Mtedtheashea. TMawaafrequentty the firet~uabb produet fromthe land and the
onlyonewith a ca~hyatue. For many yeare after this period woodaaheewere.uHicimt!y
vttuaMe to pay for their colleotionand use as fertHizeror as a source of aude potaah

erhapseven today somehome-madeaoft Maps require the saving and leaobingof aahe~
fromthe farmer's stove.

"Since the commercialproductionof potassium salta from the Staœfurt deposita,the
valueof woodaaheabasdiminithedand they are nolonger an article ofcommerce. In most
ptaceswhere !arge amounta of wood are bumed as in sawmiMpower planta or in waste
bumerB,the draft through the fire-boxia M rapid that the aaheago eut with the smoke.
Wherewoodisused in Nnaltamountaaa for domestiofuel the costof collectionofthe aahex
isprohibitive,"p. tog.

"There Mno apparent relation between the phyaioatpMpertiesand chemicalcomposi-tion of putco. It is known that certain cookingconditionsproducepulpewith certain de-
sirable properties and in gênerai the weM-cookedpulpe rather than the under-cooked
poMCMthe better propertiee, but the corresponding différencesm chemicalcompositionare unknown.Thé morecompletecooHngmay, of oourse,teavea smallerresidueof ligninin the pulp but it b not likely that the prince of more or teasligninwithin towMmi~has
anydirect bearing on strength. The weaknem of certain over-cookedor bumed pûtes M
probablydue to atight and obscureohemicalchanges such as those that take placein dry-
'ng or steamingwoodat temperatures just above too''C. p.

Théexact requirements of the celluloseto be used in making ceUutoseesters are not
hnown. There are speeincatioMfor the cotton celluloseused for this purposebut perhapswoodpu!psmight be eatisfaotorywhichdid not comply with them speciScatioM. Sinee a
dilferentset of .mpurities are to beguarded against in the case of woodpulps, a different
sptof tests should be prepared. It is known that sulfite pulpe fromspruce are beingused
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in makingvifcoseandit hasbeenreportedthatwoodputpshavebeenaueeeœtuUyusedfor

nitrationbut thedetaitedetfectsofvanationaincompositionon theproperMeaoftheesters

baveneverbeenpubtished.Ifsmallpentoseandmanaoseyieldingrenduearenotharmfut

and if eithera titttecolorora slightlyhigheratkaMeotnMUtycanbeallowed,thonwood

putpsCMbereadilypreparedforusein makingceMutoaeesters,"p. t6a

"ThéeasewithwMchliquidacanbeforeedintowoodinof interestchieNyHteonneotion

withpreservativetreatmentaor withchemicalreactioMlike thopulpingproceM~whwc

it isdesiredto bringtheMa~mtintocontactwithaUparteof thecMp. M<M<-oftheavail-

abtedata wereobtainedin expenmentsin treatingwoodwithcoat-ta)-creoMte.There

is verylittlecorrelationpoNiMebetweenpenetrabilityandstructureand thereareoevetat

cooftictingthooriesaNto)u<thoworeaoteot otherUquidapasaintoandthroughwoodunder

presure. Wewill,therefore,state the generattyacceptedractein regardto.treatment t
withcréosoteand loavethe detaibofexperimenteand theory to theapeeiattiteratufeon “

the subject. t
"The.penetrationof creosoteintowoodunderpresaureis verymuchgreaterin the

longitudinaldirectionthan in eitherof the otherdirectionsand thereia oommontylittle
a

dMfereneebetweenradialand taagentialpenotration. SapwoodMcommonlyeasierto

treat thanheartwood.Summerwoodiecommontyeaaierto treat thanapringwood,especi-

aByiBeoftwooda.Dryor partlydrywoodsare easierto treat than:een woods. There

iaa widevariationinthéeaseofpénétrationofdifferentapecies. ti

"ThereiaonoaatMactoryrelationbetweenetruture and penetration.Redoake,for

iMtance,areveryeadlypenettatedin the toneitudinatdirectionthroughthe pores,white

whiteoah withveryNBHtarstructureare verydiScatt to penetrate. This dinerenceM

dueto thefactthat theporesofwhiteoakareobstruotedbypeouliar,tMn-waUed,irregular,

growthacaUedtytcMa. tn woodwithporesnot obstruotedby tyloaosthe longitudinal j
pénétrationtakespiacethroughthe poresbut in hardwoodewithobstructedpores,the

path of the liquidis a subjectofcontroveMy.ThedebateMngeeon whetheror not the

membranesofthe borderedpitsareperforated,permittingliquidato paeafromonetracheid

to another.
"Obvioudy,thereia a greatneedfor furtherinformationon the meohanismof the

passageof liquidathroughwood. Muchof this informationmaybeobtainedby purely

structural,tnicroseopicétudiée,but furtherinformationis abo requiredon the traMfuBhm

of liquideabsorbedin the ceUwattwhiehmaybe catteda physiul or phyeicoehetmcat

atudy,"p. :8o.
Theauthorsare apparentlynot aware,p. 30:, that in somecaMWof bluewoodthe t!

coloris a structurâtandnota pigmentblue.
WilderD. BeMer~ b

f

phyaikaNseh-<hemiaeheMetamorphose.By &tM<Cohen. X M cm; pp. Mo

Z,M!)zt~~&a<<eMM<~<!~ertac~etteibc~t,f&M'.FrofeMorCohenwasthe Bretnon-resident

lecturerat C~mettunderthegiftfromMr.GeorgeF.Baker. Theselectureswerefirstpub-

tiahedinEngtieh(31,tS93)andnowappearinGerman,reverain);théusualorder.
WilderD. Batteroft.

A TNtt-Bookof tncremicChemistry. By fn< Ephraim. T'MtMh<<a<by P. C. L.

Thorne. X 17<!n<;pp.S07. L<M<~on:(~nte~futdJackson,1928. Price:M <tAtK<~<.

TheGermaneditionvaareviewedin to~ (28,30~).WewelcomeanEnglisheditionbecause

it iaa<;presentverydimcuttforstudentsto geta readingknowtedgeofGormanat sohool.

Thistranslationis basedonthethirdGermanédition. WilderD. Bancroft.

B



FIRST REPORT OF THE COMMITTEEON PHOTOCHEMISTRY,

DIVISIONOFCHEMISTRYANDCHEMICALTECHNOLOGY,
NATIONALRE8EARCHCOUNCIL

BY H. 8. TAYLOR

The followingsix papersrepresentthe initialeffortof thé Conunitteeon

Photochemistrylofthe DivisionofChemistryandChemicalTeohnotogyofthe
NationalResearohCouncilto promotefurtherinterest in the problomsof

photochemistry.During the last twodecadesthe subjectbas undergonea
considerableexpansionconséquentuponthe adoptionof newerideas in the
reahnof pbysicswith respectto the natureof light,and the processesof its

absorptionby atomsand molecules.The conceptof quanta of light and of

quantisedabsorptionbyatomicand moteoularspeciesbas led to an entirely
differentattitude towardsphotoehemioatproblemsfromthat whichwaaheld
in thé SMtdécadeof the presentcentury. Theacceptanceof the quantum
theorybasbeenmorecompleteuponthe part ofphyaioiststhan by chemists
and amongthe latter therestill remainsa degreeof conservatismwith re-

spectto thé olderconcepts.
The attemptbasbeenmadein thearticleswhichfollowto Ascusssomeof

the problemeof photochemistryfromboth standpoints. In the articleby
ProfessorBancroftwillbe foundan expositionofwhat might be termedthe
c!assicalattitude to photochemicalwork. Onthe other hand the modem

phyaicatpointofviewwithrespectto theabsorptionprocessand the changes
producedin the. absorbingsystemby the energyabsorbedbas been stated
in its pertinentaspectsby ProfesserL. A.Turnerof the PhysicsDepartment
ofPrincetonUniversity. Thequantumconcept,in ita relationto the chemi.
calreactionsoccurring,bas formedthe subjectofProfesserTaylor's contri-
bution. Sinooallquantitativephotoohemicalworkmusteventuallyinvolve
the meaaurementof light absorptionand the quantitative evaluationof

Mghtenergyincidentto the photo-system,thisproblembasbeen very com-

prehensivetytreatedby ProfessorG. S. Forbesandby Dr. H. deLaszto.The

subjectofphotochemistrybasmuohincommonwith theproductionofchenu-
calreactionsbyalpha-particlesandbyothersourcesofionisation. Thisforms
thesubjectofa finalarticlebyProfesserS.C. Lind.

The wholegroupofcontributionsis offeredin the hope that progressin

photochemicalresearchin the United States may be stimutatedby their

perusal. It is ptannedto followthis reportby others whiehdeaimoreex-

tensivelywithpartiou!arproNemsin.thefield.

The Committeiscomposedofthefollowingmembem:PtofessoMW.D.Bancroft,G.8.
Forbes,8.C.Lind,F.DanietsandH.8. Taylor,Ct<t<tWM«t.TheM-tieteswhichMhwhâve
notbeenMbmittedto theContmitteeasa whole.ThéindividualauthotBareatonere-
eponmbtefortheirrespectivecontributions.



EXPERIMENTALTECHNIQUEFOR QUANTITATIVESTUDYOF

PHOTOCHEMICALREACTIONS*

BY OBOME SHANNON FOBBE8

Btttoductoity.Expérimentaphotoohomistryis euoha many-aidedsubject
that the soopeofthispapermustbeseveretyrestricted. It dealswithchenu-
cal reactionsevokedby !ightfromexternat sources,and fromthé red to the

beginningoftheBohumannrégion. HeterogeneousSystemsarenot discussed.

Photochemicaluterature is burdeoedwithan unduly largeproportionof

articleswhiohareuaelessor misleadingbecausepart onty,if any, of the es-

seatiat vanabteaweremeasured. Photochemicalgeneralization,for imsuN-

.(~epoyof soundexperimentaldata, is still uncertainregardingmany vital

iiaattent. OtJy consiateattyquantitative methodscan baBiahthe dubious

hypothèseswhichthepseudo-quantitativetypeofpaperengenders.

In-what foNowa,therefore,the emphasiais placedupon moaochromatic

procedures,in whichboth energyabsorbedand substance transformedare

adequatelymeasured.It willbeevidentthat a coneiderabledegreeof accu-

raoyis compatiblewithreasonaMesimplicityand economy.The treatment

ia in no senséhistoncator encyctopaedio,but rather sélectiveand criticat;

the sameis trueof the bibliography,whiohincludeslessthan a third of the

paperswhichreceivedmorethanpaasiogconsidération.

Sources ofMonnation. Most detailsare givenby reference;a!sowhole

topicswhenconnectedand satisfactoryexpositionsare accessible. A dagger
indicateaa referencelist of importance. Gratefulacknowiedgmentis made

of assistancerenderedby Mr. R. M. Fuoss in connectionwith the library
work.

It willberecalledthat the ResearchInformationServiceof the National

ResearchCouncil,Washington,D. C., "piacesat the immédiatecommandof

individuab,institutionsand Srms,informationconcemingscientincinstru-

menta, apparatus,lantem slides, laboratory constructionand equipment,

bibliographiesand referencelistaboth publishedand unpublished,researoh

problems,projects,methods,fuada, personneland other subjectsof interest

to investigators."It will aisogive the nameaof dealers,domestioand for-

eign,whichcansupplyspeciSedinstrumentsand apparatus. Many dealers,
in tum, aregladto sendreprints,foldersor bookletaonthe theoryanduseof

photochemicalinstruments.
ContnbuttonfmmtheChemioalLabor~toryofHaryMdUmvemMy.

GeneralRefefences

"UeberdemEnM~emnMtzbei photoct)ent!ectMnVoteaagen."E.WMbufB:Sitt.ungttMf.
meum.Ahad.WiM.,i1911746:*tM2,a!6; *tM3,644;<MM,Sya;'1MS,~o, 'MM,M4;
~tS, 300;'MM,MM; KM,960."Z.EteMMchem.,26,S4(19~0),"*27,t39(ï9t!). Thé
(ouMattûn<~qaanMtativephotochatMstty.
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TheUS~~tS
Akad.Verlagsges., <Thebest S\1DUQaryof the field.

Il"ArbeitamettMdender Phptoohemie,"G.Jung."thndbu.'t derArbeitemethodenin
derM0tg.nh.henChemin"2n.~M.tsëo. Edited byTiedeMdBiohter. Walterde
Gw~)-and Co.,Berlinmd LeipNg(ta~). Modemand sehotarty,inctudeequantitativedetaile.

« < ~S~9~ H'M~tMhphy~ko~heauaoherMmmnmo,"689-739.EditedbyDracker."Akad".VerhgagN.,Leip~ (t~as). EtementMy,butde~rvinRoÎMMfu!study.
S~Si~ Akad. C~StMofvalueluqualitativework.

Sn~~a~MM~GnandLeipzig(1920J. Bridonthe expadmentelside.
""TheChetnMatAotionofmtt&viotetRayB."EMtaMdWetb.ChMniodCatatMCo.

Ino.,NewYork. AnMtondedMrveyoftheqtmHtaMvBsideottheeubject.
«"UttMvidetRad~tion." M.I.u<desh. D.VanNMttMdCo.,(!9M). Lésacom-

prehensivebutmoreoritioalandquantitativetitan 16.
~Meum

m" 'etr~Mcnden Enet~e,"G.Sehmidt.h)Chwoboa'aLehrbuobder
Phyak,2 II. ViewegandSon,Brunawtck(!~). HetpMinmdiomet~wwiL

rJ~'S~ Energie"(Optik),O.LtM)mer,!NMoner.PouiMet'.
X&LS~ti~l~ Authoritativeand
up.to-clateinoptim. Lightproductionsuaradiometryare notinoluded.

p~Xh~ UniveraityPrese
praotioaland completeenoughforpbotooheml$.

tG"Diotion..aryof Apj)liedPhysiC8,"4,R. Qlssabrook.Macmillan(1923). Notwritten
pnl'

~~n(,~). Notwntt..

"Pho~emietry. t9'4-HM. A. J. Allmand.AnnualReporteoa the PNzKmof
ChemMtry.London(~aû). Thébéatsummaryof theperiod. ~oee not di)tc<Me~tnentatNethode.

Photochen~ttv,W.A. ~foyM,Jt- andL. 8. KM~t.Chem.RevieM,a,tgg(t9a6). Lmaaomp~e~t~han u.
Noye%Jr., andL. S.Ra". Chem.RMe», 3,'99(t9~6). LMscomprehenMvethan".

"PhotochMoieundPhotog~pMe,"Ï; K. Schaum.J. A. Barth,Leipzig(!9o8).
"PhotochemMtry."8. E.Sheppard.Longmana,GreenandCo.,NewYotk(t~~).

der~S-8~' OmyterandCo.,BerUoandLeipzig(t~). NotdetMtedregMdmgexpMMnenMmethoda.
"Spectroscopy,"2, E.C.C.Baly.LongmMaGreenandCo.,NewYork(t927).

Light Sources. (General). Thé ideal photochemical light source is ex-
tremely intense and concentrated, and shouîd be eNcient, convenient and
economioal. Mueh of its total energy is radisted through a relatively smaU
number of lines evenly apaced in the actinie region. The continuous back.
ground should be relatively weak. It should beshaped like a monochromator
slit, and better still have the same dimensions. Rapid variations in intensity
about a constant mean value can usuallybe tolerated, and evenly progressive
changes invite interpolation, but violent fluctuations are incompatible with
quantitative work. A concave mirror behind the source or a projection ap-
paratus" inoteMes the intensity of illumination. Mirrors can reflect radiation
upon the aides of the vesse!" and a mirror placed behind the vessel multiplies
absorption by a faotor between i and 2"<- '84. A weak or unsuitable source
takes suoh heavy toll in time spent and in quality of results, that economy is
the worst fonn ofextravagance. The pennissiMeminimum of light intensity
is discussed belowunder "Anatytical Methods."
Refetencea*'

te"BandbuohderSpeetmscopie,"7,KayserandKonem.S.HtrMt,Mpzig (!~4).Noddaek:Z.Elekt1'ochem.,27,359(t~at).
t"

Kisf):Reo.TMV.ohim.,42,665(i9M).
Ptotnikow:Z.oms.Phot.,21,103(t~at).
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sourceswMtapproximatelyCoa~attowsSpectra

SwoBght'~ cofttsnothing,and Mextremelyintensein the visible,

espeoiaMyat high aMtudea" or in the tropio~ Ita spectrum,

whichpracticatlytemunates at ~oom~ is for photochemicalpurposes

best imitatedby the bluegas-filledtungatenlamp, orby the show-

whitenamearc." Combinationaof the merouryvapor !ampwith various

thermalradiatoraaie Haequivalentfor color-matcMngonly." Thé mercury

vaporlampwitha otown-gïasafilteris saidto bebavelikesunlightin fading

teats." Lensesor concavenurromeoncentratesunlightfurther,andwater

Ëlters" mitigate the thermal effeot.The extremevariabilityof sun-

!;ght," the needof a hetiostat"' and the fact that its spectrumis

continuous,exceptfor the dark lines,allhandicapquantitativemonoohro-

matiowork. Suohdrawbacks,however,muâtnot discouragefurtherinvesti-

gationofits immenseposabilities.

Dharandotheta:J.Chem.Soe.tM,t8s6(!9a3).
J.Phya.Chem.,2~ 9~(t935).
Mott:Trans.Am.Eteetrochem.Soo.,28,M!(ï9'5).
Ivea:Bur.StandardsSei.Paper,27t(1909).

Flynn:AmericanDyastuffReporter,M,~9!,837(t9~3).
CobteMandKaMer:B<)r.St&ndMdeSoi.Paper,3M(t9M).

SoM Radiatofs" Incandescentfilaments,straightor coiled,

should,ifuaedwitha monochromator,approximatethe dimenmonsofthesut.

Théthinglaasbulbtranamitsmuchultraviolet,anda quartzwindow**canbe

added. OverloadinggreatlyinoreaBeatheultravioletoutput,"thoughshort-

eningthe lifeof the lamp. TheNernst~ower"is stillmadeby the Glasco-

LampenGesellachaft,Berlin;a laboratoryrecipebas beenpublished~ its

spectrumiaveryfaintbeyond~om~ "Glowbar"isuseMfor infra.

redworkoniy. If magnemum~' oouldbefeduniformlyintooxygenovera

considérableperiod,it wouldbeofgreatervalue.

Flamesof burninggasesare infrequentlyused in photoohemicalwork.

Considérableultravioletis emittedby acétylèneproperlybumedin oxygen
34, andbythe carbondisulfide-oxygenlamp~'

HighTensionDisehatges under Water' betweenélectrodesof

aluminum,brass,tungsten,etc., froma step-uptransformercoupledor not

witha Teslacoilproducespectracontinuousto 2 lon~t. Suohsourcesaremore

valuablefor photographiework" on absorptionspectra than for photo-

chemicalreactions.

Gethotf:Z.teoh.Phyak.,t, 2~4('9~).
"CoMentz:Bur.StandardaBu! <, t03,t09<t9').
"Gdfathe:Phil.Mag.,50,a69(!935).
"WuK:Ann.Physik,9, 946(t9M).
<*TMatyandGambier:Compt.rend.151, (t9M)-
«Tynda!t:Bur.StandardaTech.Fapar,148(t9ao),Appendix.
<'Gibmn:Bur.StandatdaSe!.Paper,440(t~M).
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SourceswithDiMontineousSpectm

Arcs'" exceptingHamingarcs,are notweUshapedfor
usewithslita. Feedingmoohanismsattowconsidérablefluotuations. The

ordinarycarbonarc'sspeetrumisweakbeyond2Somjn' The spectral
energydistributionsin craterand flameare unlike,and the Unesare disad-

vantageouslyspacod. Bassett**basstudiedcarbonarcscarryingseveralhun-
dredampères. Carbonelectrodesoanbe coredor impregnated" The

flamingarc bas beencarefullystudied,eapeciaUyby Mott44.45. Of many
metab,copper,cadmium,iron and tungatenare most frequently employed
Mélectrodes. King~' basoperatedarcsbetweenmeta!Mcrodswith io<~o-
!!0ooamperes,producingnormaland enhanoedspeotrain gréât intensity.
The copperarc of Meyerand Wood"givesradiationsofvery short wave-

bngth. W.Taytor~ foundthé "Pointotite"lampvery intensein thévisiMe.
Bamett:TranB.Am.Etectrochem.Soc.,44,!;3(t9:3).
Mott:Trans.An).Eleotrochem.Soc.,31,365(t?!?).

T~M.Am.EtectMchem.Soc.,37,66s(!9?o).
Kme:AatMphya.J.,M,2}8(t~s).
Sdeneo,CS,jMMMry7,supplementto(192~).
MeyMandWood:Phil.Mag.,30,449(t~ts).

<"W.Taylor:PMt.Mag.,49,u66(t9as).

Sparksbetweenmetallioelectrodesare almost indispensablefor work
belowitsomjM,Warburg'azincsparks" gaveat 254n~ta thousand-fold
the intensityof bis mercuryvapor!amp. The elementsof the secondand
thirdgroupsgiveadvantageousspacingof Unes." Manypapersonthe sub.
jectbaveaccumutated~' but more data on absolutespectral in.
tensitiesunderspecinedconditionswouldbe welcomedby photoohemists.
Warburg' Lenardand Ramsauer" a!so others~ have
describedadequate installations.Many such outËts' are undcr-

powered.AtransformerconsumingseveralK.W.andyieldingat least20,000
voltsshouldbe used. Spécialwiringmayhaveto berun throughthe build-
ing. Micacondensersare better than ]Leydenjars. Warburgthousedhis

aparkgapin a chamberwith a quartzwindowand an air-blast. He threw
its imt~eon a screen,andkept it constantby a feedworkedby a g!assrod,2
but intensityvaried3-6% Harrisonand Hesthat"combattedunsteadiness

byrotatingthe lowereloctrode,and by regulatingthe gapand the pnmary
impedanoe.Kowatsk~by adjustingthe capacity,broughtthe greatestin-
tensitiesinto the middleultraviolet.

<'FHager:Ann.Phymk,M,904(t904).
Hem't:"EtudesdePhotochimie,"9.GMthiM-'ViHaN,Paris(t9!9).
HarrisonandHeatha!:J. Opt.Soc.Amenca,B,479(t9a4).'mKMmhki:Compt.rend.,158,t337(t9~4).

MeMMtyVaporLampsoffusedquartzapproximatethe ideal lightsource
insomanyrespectsthat mostphotoohemistsuse them. Numerousmodifica-
tionsaredesoribed' The cathodeMatwaysof mercury,the anode
of mercuryor of tungaten.In the latter case reversaiof polaritymust be
avoided.Thecommerciallampshavesealed-inelectrodes,andnotallofthem
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ou beoperatedin botha horizontaland a verticalposition.Foralternating
currentsa reotifieris ordinarilyueedinsteadof a three-etectrodolamp, but

a two-electrodelampfor high frequenoybas beendesoribed."The manu-

facturerasupply detaileddirectionsfor opération. A lamp with sealed-in
electrodesis slowto attain a steadystate. Lightintensityvariedwith Une

voltageand ventilation. Theywill notstand heavyoverloading. First cost
is high,and freshening,whenthe ultraviolettransmissionhas deteriorated
$3.54. p i46~ expensivein timeandmoney.

Theunsealedconstant-pressurelamperecentlydescribedavoidthe above
duEcutties" sa The disadvantagesof heavyoverloadsare relatively
smaU. Dr. P. A. Leightonof thia laboratorybas conatruotedan openlamp
water-oootedand with adjustablepressureswhichcan maintainfor hours

galvanometerdeSeotionsconstant within a fractionof a percent. When

extremeconcentrationof light is not required,the boreofthe oonatnctedarc

shouldbefourratherthantwomiUimetera. Théendsofthelwninousco!mnn

shouldnot be oppositethe stit. The constrictioncanbe bent to match a

collimatingdit curvedto neutralisedistortionof the beamat the exit slit.
The constrictionoanbeomittedandthe lampimmersedina tank sothat the

water1evelstandsabout a oentimeterbelowthe stit. The capiMariesuaed

to restrainosci!!ation6"can bemadequite largeif blookedwithsteelwires.

A powerfulair-Mastoan replacewater cooling." Fuses affordprotection
againstshortcircuitscausedby couapseof the luminousoolumn.

Therecentlyinventedmercuryvaporinductionlampdevisedby Foutke"
basgreatposaibuitiesforphotochemistry.It basnoeleotrodes,but thevapor
is excitedby a rapidlychangingetectromagneticfield. Intensityis greatly
increasedby smaUamountsofinert gas,as is the casewith!ampshavingeleo-

trodes.~ A lampof 10cm.radiusrun on a.s K.W.gavea horizontalcandie

powerof ïo,ooo. Unfortun&teîythecostof installationisconsiderable.

"Qeorg9:Hev.d'Optique,4,8<(!995).
"CoNentz,LongandKahler:Bo)'.StandardsSoi.Paper,330(t9!8).
"Reeve:J. Phys.Chem.,29,39(!~5).
"HMtitontmdForbes:J. Opt.Sec.America,M,t (~9:5).
ForbeeandHMfiMn:J. Opt.800.Ameriett,M,99(t~s).
FofbeaandHMfiMn:J. Am.Chem.Soc.,47,~9 ('9~5)-
ForbesandLeighton:J. Phys.Chem.,30,t6aS(;926).

"Vithua:J.Am.Chem.Soc.,49,3!:6(t9:)').
Foulke:NewYorkRépondMeetingoftheA.Ï.B.E.,Nov.t (!9a6).

VaporLamps withOther Metals' Stark and Kûch" tri edout
meltedcadmium,zinc,lead,bismuth,antimony,tellurium,sélénium.Lowry
andAbrams"usedsolidcadmium. ToavoidbreakageSand"addedzirconia,
and Bates~gallium. Sodium-potassiumalloybas beenused." Amalgams
contain auch ingrédients' as eadmiun!,zinc, thalliumand
caesiumto enrichthe sp8ctrum;the addedmetalcollectsat onepo!eor on
the waHs,and inconstancyresutts." The Bateslampwouldseemto be the
mostintense,steady,andpracticatof tbis group. Dr. GeorgeK. Burgessof
the BureauofStandards,ina privateletter to mestatedthat all thecadmium
Unesinctudingthosein theregion250m~to ïSs mt(canprobablybeobtained
withgreaterintensityfromthis lampthan fromanyothersource.
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Precautions. Althoughthe dangersof ultravioletlight have beenmini-
nMMd,all willagreethatMgh-gtadeweldinggoggtes~' withaides
muetbe womneara powerfuisource. It willpayto buy a light anda dark
pair. Avoiding!ateratexposure,ordinaryspeotaoteaaffordsomeprotection.
Weldingmasks,gauntlets, and apronafollowgogglesas exposas becomes
moresévère.EUisand Wells disouss" susceptibility,with emphase
upondiabètes. Aventilated lamp-housewith heavyred glasswindowspro.
tectethe expérimenterandkeepsozoneeutof theroom. Rubberisehellaoked
or woundwithelectriotape. A paint of zincoxideand lampblaokabsorbe
strayradiations."

StM-kandKach:Phy~tt.Z.,6,438(t~s).
01LowryandAbrMM:ThanB.FaradaySoc.,10,toa(ms).
"~Nd: ï~c. Phys.Soc.London,28,94(!$!$).
«Bâtes:Bur.StandardsSoi.Paper,3~t,45(!9M).
"NewatM:Phil.Ma<{.,44,944~('9M).
"CaNier:Ann.Physik.,33,to6t(t9to).
"ton HalbanandSiedentopf:Z.physik.Ohem.,103,M(t99e).
VerhoefandBdt:Science,40,453(ï~).

"GibsonandMeNichotas:Bur.StandardaTech.Faner,ttC(tOM).
"withT~ndaU;148(t9M).
"Andtew:Gen.Etec.Rev.,Z4,866(t9:

SpatMBMt-gyDisMbcthMt.If the distanceexeeedsten-foMthegreatest
dimensionof sourceor reactionvesseÏ,the inversesquare lawho!dswithin
onepercent"' Déviationsfor otherconditionshavebeenworkedouf".
"Distance"is neitherto the front facenorto thecentreof the mixture'
but ratherto that imaginarysurfaceat whichha!fthe total absorptionbas
oceurred. Unsymmetrioatdistribution,aswith carbonarcs or incandescent
aiaments,<xmbe mapped~ Integrab for various di.
monsionsofsourceand cell are given' Trumpter"givesa formula
for merouryvapor lampeat short distances. Theconductionofhe&taway
fromthe endsof suchlampsmakesthe energyE. radiatedperpendicularto
theiraxis,at the ten-fotddistanced, nearlyequalto E/4~rd'persquarecenti.
meterof receivingsurface,whereE is totalenergyconsumedby the lamp.

7aTrumpler:Z.physikChem.90,395('9'S).

QaantitativeVariationof Light Intensity at constantdistancewithout
ohangingspectralenergy distribution' (i) Multiplicationof
sources' (a) Variationin élective area ofsource(area is notaiways
proportionalto energytransmitted). (3)Punchedplatesor calibratedwire
soreens' in irregular motion." (4) Variationin electricalcondi-
ttons (s) Sectorwhee! Certain objectionsshould be noted,p.342:Mop.4!

j~p~ rotation is often important" (6) Doubleneutral
wedge. (7)Polarizerand anatyzer." (8)Obliqueplatesofglassorquartz
(hardto figurequantitatively).

'<Davis:Bar.StandardsSoi.Paper,SU(tg~s).
Coblents:Bur.StandardsBaU.,4,458(t~os).
Davis:Bur.StandardsSoi.Paper,528(t9ï6).
BtieM,ChapmanandWa!teM;J.Chem.Soe.,MM,56~.
Butsohowiti!Chem.Zt~ 47,38: (t9Z3).

"RoMnbet::Z.Phyaik,?,t8 (t~at).
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The RedpMcityLaw predictsthat, withothervariablesconstant,total
photochemicateffectis proportionatto the productofintensityandtime.Un-
!essthe fractiondecomposédis stnaM,it isbottertonnd whethertheetfeotis
constantforconstantproduotsof intensityandtime. The limitationsof the
"bw" have beensystematioauystudied"for the photographieplate only.
Alhnand"' givesa non-eritioatsummaryofverineatiomsandv!o!ations"
reported, 1014-3$. He a!aodiscussesthresholdintensities. Wood,"a!so
Pringaheim~report that enormousintensitiesevokereaot!onsaon-exiatent
withmoderatoones. If the "taw"doesnotholdina givencase,lightinten-
sity mustbedefinedin statingquantumyietds. Atsothe usualmathem&tioat
treatmentof the illuminatedsystemwouldhaveto be oorreotedforvariation
in photochemicaleffioiencywith varyingdepthin the reactionlayer. The
needfor considérationof dark reactions,inductionperiodsand aftere~eots
in studiesofthe reciprocitylawisobvious.

"'Wood:Phil.Mag.,<9,ys?(!~).etPtmgsheim:Z.Physik.,t0, tyô(t~a).
JonesandHase:J.OpMcatSoc.AmNie~?,t~ (i~); u, 3~ (t~s)

QuantitativeMeasafementofRadiationïntenstty"
IntensimetorsMwith SensitivityCurves." Photo~teetnoceHBare now

made in Americawhiohare praoticallyfreefromtime.!ag,"fatigueand de-
terioration,and with intensity-currentcurvesthat are almoatnnear. These
are pointaof great superiorityover oldertypes.~ Photo.electric.Musare
highlysélective,but differentalkalimetalsorhydrideshavesensitivity
at diSerentwave-tengths." Theyaremostusefulas nuHiBstrumente~~in
comparingtwointensitiea&tthesamewave-iength.

Huorometers~ are simpleand inexpensivethoughnot very précise.
Sensitivityaurves,and relationsbetweenincidentandemittedlightaregiven
by Winther."

Photographieplateshave been studiedby Harrison" whomapped
their "charactensticsurfaces"generatizingthe three coordinatesintensity,
timeanddensityforeaehofa numberofwave-lengtbs.Theultravioletrange
is increasedby bathingwith fluorescentoits.MSuohdata makeit possible,
by a simplephotographiephotometer,"to measurethe spectralenergydis-
tribution of fabe light (seebelow),and to measureabsorptions(seeDr. de
Laszto'sreport).

"ReportonSpectroradiometty,J.Opt.Soe.America,y, ~39(t~g).
"Cobtent!:Bur.StandardsBull.,14,5o7(t~).

K)-0gerandMoeUer:PhyaikZ.,M,799(t~M).
Rouper:Rev.d'Optique,2, t33(t~g).
vonHatbanandSiedentopf:Z.phyak.Chem.,Mo,~M(te<~).
Gibson:Bur.StandardsSei.Paper,Mo(~g); ahoJ.Opt.Soe.,Am.7,693(!<?.!).

"Geme~tEteetncCompany,catalogue,toay.SeeatsoGoosandKoch:PhyaikZ.,4*~9~6/.
WmthN-:Z.EbktMchetn.,t~ 390(t9t3).
Gyemaot:J.Opt.Soc.Amenca,M,65(toa6).
Harnaon:J. Opt.Soe.America,tt, 34!; n~; ~7(t~zs).

114Blichi:Z.physik.Chem.,111,969(19~4).
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ChemioalAotinometersehouldemployonlyphotochemicalréactionswhich

are reproducible,whieh involveonly one phase,and whosephotochemioat

effioiencyis known for each of a numberof wave-tengths.Whenspeedof

réactionfa!!aoffwithdecreaaingconcentrations,freshreactantsmuâtbe sub-

stituted. SihrerhaMopaperaotinometersareextremelycrudedevices. The

Bunsen' ïs not reproduciMe,the Eder' fonnsa preoipitate. The

utanyt oxalatephototysia,"in ~ite of complications,has many advantages.
It is unfortunatethat noneof the reactionseocarefuUyinvesti~ted by War-

burg' are convenientfor générât use. SeK-integtatingactinometry for

speoinopurposes,vaMdevenin polychromaticlight,basbeenexemplifiedby
Dorcasand Forbes."

PhotogalvanicCellsinvolvetoo manyobscurephenomenato promisewell

as actinometers. Nonethe lesssomeuseof thembasbeenmade.~

Sélénium"andThalofide'8eelbhavesensitivitypeaksat the longerwave-

lengths,and otherdrawbacksforphotochemicalwork.

DotcaaandForbes:J..Am.Chem.Soc.,49,308!(t9~7)
AthanMiu:Ann.Phys.,4,319(t9:5).
Htmd:Phya.Rav.,M,370(t?!:).

"CoMente:Bur.StandardsSoi.Paper,380(t9M).

htensimeteKpmcthiaNyeoa-aetective' producethermal

or eteotnoateneets. In the thermalgroupthe radiometerswith vanes"

torsionradiation balance' thermophotometer""and radiooalorimeter
M;,tes the electricalgroupthe microradiomoter'"andradiomicrome-

ter'" all leavesomethingto bedesiredin range,or convenienceor simplicity
of interpretation.The thermopile and the bolometer
w. p.!7.:m.

tt3 have preemptedthephotochemicalfield, andbothcan bemade

in the Unearor the surfaceform4. The buildingand operationof the

bolomaterrequiresmoreteohnicalinformation. The linearthermopilewith

a very thin quartz window,not exhausted,is robust,convenientand givesa

relationalmost linearbetweenintensityand galvanometerdeneotions'

For accuratework thia relationshouldbefplotted, and the zéro kept at a

nxedpointon the scale. By takingreadingsina numberofpositionsand in-

tegratinggraphioatlythe tinearthermopileservesthe purposesof the surface

form. Followingthe detaileddirectionsof CoMentz" thermopiles
canbecocstruotedandmountedby anybodyhavinggoodeyes,a steadyhand

and considérablepatience. Full directionsfor installationand use are given
atao. Severalconstractedin this laboratory,30to 40 X i mm. in area and

havingïesistancesbetween15and2oohmshavegivenexcellentservice.They
haveabout two thirds the e.m.f.of the newestHilgerthermopilesand the

doaeotionsof the two types stand in a very constantratio throughoutthe

spectrum. At high intensities,shunt résistance,a, and seriesrésistance,<t,
areprovided. Aserviceabterelationis s = p (p – a)/a, wherep is the resist-

anceof the pile. Moll" and Burgerhavedeecribedvacuumthermo-

pileswithexceedingtythin junctions.Whiletoosensitiveforordinaryphoto-
chemiealpurposes, they should prove useful in determiningthe spectral

onergydistributionoffa!selightdeliveredby a monochromator.
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Galv<uMMoeter" With thermopuesdesonbedabove,a d'Ar-
sonvalgatvanomoterof résistance15-20ohms andsensitivityï$ mm/mv'"
willbesatisfactory.Thenewloopgatvanometers" areverysensitive.Owing
to drift, it isdiSouitto measurethee. m. f. of thermopilesbypotentiometry
usingthe galvanometeras a zéroinstrument.If a JuliusauspeMionis neces-

saryto eliminatevibration,a heavya!aboanbe madeof reinforoedconcrète.
Thescalesupportis eut froma thickboard with the propercurvature,the
mirrorbeingat the centre of ourvature. MiilimeterMâles,with numbers
writtenas min-orimages,are taokodon. A rowofsmaUeleetncbu!bswitha
shietdofbrighttin plateis placedinfront.

99Fabry:J.Opt.Soe.America,M, (~s).
"<'Cob!eatf!:Bur.StandardsButL,4, ~t (t~oS); M,503(t9t6).
MMMah,ComptonandLoeb:J.Opt.Soo.America,tt, 957(x9a5).
'"TeM:J.Opt.Soc.Amener11,t35(!9?5).

Ptotn&ow:Z.teob.Physik,S,n} (~4).
Bowen,HartieyaadSectt:J. Chem.Soc.,M:,M!8(!92t).
Bowen:J.Chem.Soo.,123,a~8 (!~a).
JohaMen:Ann.Physik,(4)33,s'7 (!9'o).

'"Cobtent!:Bur.StandardsButt.,o,7(tatg); H,tgt (~4).
MoU:Phymc&,e,933(t~6).
Cobteotft;J.Opt.Soo.Ammica,5, zs9('9a'0.
Vo~e!Physik.Z.,M,ng (t~at).

'"Abbot;AstK)phyB.J., M,t (1903).
"'MoNandBuw':Z.Phy~k,32,57s(t9ts).

"Photometry,"Chapter11. J.W.T.WaMt,ConataMeandCo.,London(toaC).
"NotesonMoviat;CoitGal~mometeta."LeedaandNorthrupCo..PMtadetoMa

('9~5).
Mechau:Phyaii:.Z.,24,243(to~).

RadiatïonStandardsand thetf Use. Of the variousata.nd&rdoameade.
soribed"" the Hefnertamp' ia mostoftenusedas a total
radiationstandard. In denningeuohstandards the assumedvaluecf the
blackbodyconstant' shoutdbe mentioned. Moreeonvenientare the
standard carbonJamps, with certiScateand directionsfor standardizing
thermopiles,orderedfrom the Bureauof Standards. Two shouldbe used
saccessivelyin crucialcomparisons.Ontystandardmodelsofammetersoan
beused. In partiouiar,overloadingmustbeavoided. Aseparateea!ibration
curvemaybeestablishedfor eachshunt-sériesrésistance,andthenall oanbe
combinedintoonebyproperreduotionfactors. Theconditionsofstandardi-
zationandusemustagréeelosely.

Tostandardisethe thermopileforintensitieshigherthanthosecorrespond-
ingto thehighestratedamperageofthe lampat thestandarddistanceof two
metersthe distanceiseutdownandanotherset ofreadingstakenforthe same
amperages.The deSeotionsat the lowerourrentstrengthsandthelesserdis-
tanceare interpolateduponthe standardeurve,andthe correspondingener-
giesincidentuponthe thermopilearefound. The ratiosof thèseto the ener-
giesat standarddistancewithequalcurrentsare averaged.Theaverageratio
timesthe energyfor any other eurrent at thé standard distancewill give
the energyincidentuponthe thermopiteat the shorterdistance,and the
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energy-denectioncurvesare extendedaccordingly.No aasumptionis made,
in the prooess,ooncemingtherelationbetweonintensityanddistance.

CoMentz:Bar.StMdfn-dsBuU.,11,87(t9t4).
BottKBMnnandBasoh:SiMMpther,Akad.Wha.Wien,MtHa,57(!9M).
Geïlaeh:Phyatk.Z.,21,999<o).

'MKoMmMm:Z.Phy~k,25,58(t~.

SpeetralBnetgyDistributionofLightSwtees" mayberoughlyworked

out by surfaceintegrationof a spectratecergycurve taken with a apeotro-
radiometeror monochromatorhavinga narrowatitj correctionfors!itwidth

mustbe mado' 121; p. 287.Correctionsforaberrations,reBec~on,absorp-

tion, and scatteringin the opticaltrain wouldbe desirable,ospecialtyin the

ultraviolet.AbsurderroMresultfromancorreotedsurfaceintégrationofsuch

diagramsmadewitha wMeslit. FabryandBuiason*~measuredtotal energy
L transmittedby ndinerentfilters,of thioknessd (orn dinerentthioknessesof

thesameSiter). TheysolvednequationsoftheformL = Ate''°' +

Ane* for Ai.A. thé n monoohromaticintensitiesof Nieoriginal
source. Of coursenh.mn are determinedseparatelyfor eaohfilter.

It is hazardousto assumethat twosourcesofthe sametype, espeoiattymer-

curyvapor !amps' have the samespectralenergydistributionsevenif di-

mensions,electrioalconditionsandthe likearecomparable~' The photo-
chemistseldomneedsto knowthe spectralenergydistributionof the source

itself,as he is pnmarHyinterestedin monoohromatiointensitiesat the exit

slit of bismonochromatoror behindfilters. Indeedhe couldinterpretthe

total effectof potyohromaticlightonlyas a sumofmonochromatioenects'

The dffficultiesof such comparisonswill be inferredfrom a study of the

Mterature"

Cobtentz,DorcMandHaghea:Bur.StandardsSoi.Paper,539(t9:6).
"? Coblents:Bur.StttndtHfdeBull.,M,41(t9t4):17,36(t9M).

FtanMtn,MadMomandReeve:J. Phya.Chem.,M,7!3(!9:5).
'"FabtyandBu!saon;Compt.rend.,t52,i8.!9(t9t!).
"'LMtentHMK:Phyeik.Z.,5,927(t~).
'"W~Mheider:Z.physikChem.,ÏM,29$('9~3).

PMioa(andotheta):TMM.FaradaySoc.,21,573(t995) GMz.,M,!64,37S(t<~6)-

PolychromatieLightaotingdirectlyupona sensitivesystemproducesa

total effectwhichis a bighlycompUcatedintégral*~involvingspectralenergy
distributionof the source,absorptioncoefficientsof reactants,productsand

perhapsof solventor other substances,concentrations,thicknessof layer,

quantumyields,time and température. Its ohiefvalue ia to detectphoto-
ohemioaireactions,sensitizers,catalysts,mhibitors,to study concentration

effeotsinvolvingnon-absorbing(dark)reactants,and insome(thoughperhaps
not all)casesto investigatetemperaturecoefficientsand the reciprocitylaw.

Somequantitativeinformationmay be gainedregardingthe aboveby insti-

tuting comparisons,throughoutwbichthe source,the thicknessof the ab-

sorbinglayer and the concentrationsof aUabsorbingsubstancesare prac-

ticaityconstant. Obvioustythèseconditionsforbidthe transformation,dur-

inganyexperiment,ofany considérablefractionofany absorbingsubstance

uniessallabsorptioncoefficientsaremeasured,oruntessthe sensitivereactant
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absorbeaUthe lightat all stagesoftheréaction. Onthe otherhandthose

whodolightin "unimoleoulareonstfmts"haveonly to start witha mixture

wMchabsorbabuta smallfractionoftheactinielight.

QuantumYietdsinPetychromatteLightmaybeverycrudelyestimatedas

follows:Thétotal radiationincidentupontheceUfaceisoa!cu!atodfromthe

total wattageof the sourceand the inversesquarelaw,or fromthermopile
measurements.Concentrationandthicknessoflayershouldbesufficientto in-

surecompleteabsorptionofactinieUght.Ontyoneabsorbingsubstanceshoutd

beprésent.Somearbitraryfractionofthetotalradiationcanbeassumedto be

actinie.Better,theactinierégionis tocatodbytrialwithfiltersofgiventrans-

nussions,andlaidoffupona spectralenergydiagramofthesource,whiohmust

inotudeall theinfra-red.Theratioofthetwoareastimestotalenergyisactinie

energyabsorbed. AveragequantumyieldfoUowsfromthé latter,average

frequency,and numberofmoleculestransformed(withcorrectionfor dark

reactionif any). It mustof coursebeprovedthat notwospeotralregions
usedcausethereactiontoproeeedinoppositedirection' c

Ughtraters" The sumtotal ofdata on Ugbtadsorp.
tionis verygréât,but relativelyfewof the Systemswouldmakegoodlight-

l

filters. Thésubstancemustbe deSnite,reprodueibleandfast to lightevenif

warmedup. If colloidal,its absorptioncoeffioientmustatso be unaffected

by dilution,by !apseof time or by any substanceadded. Manydyestuffs
fail to meetthèsespécifications.If oxidizaMe,as ferroussolutions"

it must be coveredby a suitableliquid. Transmissions,includingthe con- =

tainerif any,mustbeknownor determinedbythe investigatorforeachwave-

lengthof significance.Whendata onthin sheetsaregiven,smallvariations

in thicknessareserious. Themethodsandprécautionsofspectmphotometry
aregivenin Dr. deLaszlo'sreport. If non-selectiveintensimetersareto be

usedbehindfilters,infrarredtransmissionmust not beforgotten. Keyes'"

interposesa vacuumcellas a protectionagainstthe heat of the lamp. A

quartz watercell cm. thick transmits58%at 945m<tand 14%at 1190

m~t' Coblentzhaaauggestedfiltersto absorbinfra-redcomptetety'

Spectrogramsoflightsourcestakenthroughfiltersgivelittlequantitative
ideaof the transmissionsof the latterbecauseit is impossibleto makedue

aUowance(exceptby the methodofLuokiesh" '82)forspectralenergydis-

tributionof the source' sensitivityeurveofemulsion,characteristicourves

oftheplateatdînèrentwave-lengths,andtheetfectsofreproductionprocesses.
Asfiltershaveat bestratherbroadtransmssionbands,they ahoutdbeused

with discontinuoussourceshaving strongemissionUnesnearlycoincident

withtheir respectivetransmissionmaxima. SomeËtteMhavea narrowab- t

sorptionbandwhichblotsout onelinoofa particutarsource. Thedidymium

filter,gtaas'"or solution,absorbetheyellowlineof themercuryvaporlamp,

transmittingthegreen. Unfortunatelysuchooincidencesare rare.

GaseousPiltets' Whïtenitrogenis transparentevenat 125m~,
'6.p.jt

oxygenabsorbsfrom186m~ a fact whichpreventsthéshorter

wave-lengthsfrom exertingtheir strikingphotochemicaleffectaexceptat
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very short distancesfromthé source' Calcite,also, haa been used
to intercept thèse. If thé ozoneformedby mercuryvapour lampsis
not removedby a gentleourrentof air, radiationsbetween230m~ and
280m~twill sufferto someextent. Dr. A. L. MarshaUbas suggestedto
the author that mercuryin pumpsor manometersmay introduceenough
vaporstocausetroublein workingwithrésonanceradiations(i) by opaoity
(a) throughexoitedatoms. The mostusefuiof the gaseousSttomcontain
bromineand oMorme' or chlorine'~in quartzand transmitXas4. Vil-
tars'" findsthé Peskov.filtermorenearlymonoohrom~tio.

Mathew:ïnd.Epg.Chem.,tS,885(!9a3).
My: Ind.Eng.Chem.,M,tot8(t9~).
KrOBa:Z.physik.Chem.,St,xsy(t~os).
UMe)-andWood:Atha,CamegieInet.Waeh.Pub.(1907).
Byk:Z.physik.Chem.,49,659(t92<t).
Keyea:U.8.P.i, 237,6s:(t9'7).
NieMe:Phya.Rev.,t, 13(iSaa).
CoMentz:Bw.StmdMdaButL,7,6$5(t9!t);"'O,no (t?~).
BideoMandHenri!BM.,46,3640(t~~).
Bm-.StandardsSet.Paper,t48,9(;9M)."<BalyandotheM:Nature,112,3~ (t~g).
Ïnd.B)~.Chem.,M,!0t6(t~).
Peekov:J. Phye.Chem.,2t,3~ (!~7).

Mquidand SoM BTIters~ Laokof spacoforbidaany attempt
to revieworitioallythe dataas a.whole. Thevarietyof ultravioletnttemis
inferiorto that forvisible,alsothe informationabout them. Certainglass
filtersand dyes werecarefuUymeasuredup by the Bureauof Standards'44.'M

inoludingmonochromatsformerouryvaporlampe. Commeroialfilters
indude Agfa,Corning,Cramer,Fuess,Ilford,Jena, MaisonCalmels,Wrat-
ten. Potapenko'~givescompletedirectionsfor makinggelatine-dyefilters.
Wood'snitrosodimethytani!ine'"filtertraasmits the long ultravioletonly.
Hood'~describesg!aœeswithrather extraordinarytransmissions.Listsof
nitersaregivenina numberofbooka 'M: pp.eM-t!t~.pp.7<<4:tt.pp.46-

u.pp.t~! oxideglass(CorningGlaasWorks)transmits366n)~.
'<'Z.PhyNk,18,93s(t9t9).
"'Oîdenberg:Z.Phyak,M,328(!924).*«VilhM:J. Am.Chem.Soc.,48,t874(t9~6).'<*Gibsonandothem:Bur.StMdMdsTeeh.Paper,K8(t9to);'«Se:.Paper440(t9M)
*~Gi<MO!t:J.Opt.Soo.Amenoa,M,t67(t9a6).

Gray:J. Phye.Chem.,31,1732(t?~).'<*Pot~peako:Z.wiM.Phot.,M,~38(~t?).
Wood:PhiLMag.,5,257(t()o3).

MSood:Science,64,t8t (1026).

ProcedureswithUghtFNtMS,ifqualitative,requirenoextendedcomment
here. Outntaincmdinglamp,case,alsoboldersforsheetfiltersandquartzor
glaescellsare advertised. Imthe absenceofa.monochromator,or withoeUs
havinglargesurfaces,a thermopilecanberead,in severalpositions,between
filterand ceUand behindthe ceU. If radiometerisnon-selective,the infra-
red radiationabsorbedbythe sclutionsmustbe considered.Noddack"de-
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scribesa typicalapparatus. Correctionfor reSection*'p. oan bo made
as desoribedbelow. Reflectedinfra-redmighterroneouslybereokonedas a

part ofthe actinielightabsorbed. Suoha methodwouldworkwellusingfor
instancea merouryvaporlamp,withfilter86ofGibson,TyndallandMoNieb-
o!as' The lineat 366m~ isverystrongandweBisolatedand wou!dbe

transmittedalmostfreefromcontamination.Ontheotherhand,theweakIme

at$oamjttcouldscarcetybeseparatedeffeotivetyfromthestronglineat3ï3m~.

GeneralMethodsfor Moacchïoatat!cLight. Low-voltagearcs deliver
monochromaticresonanceradiationof lowintenaity" That evokedin ootd

mercuryvaporbytransverseilluminationfroma merouryvapor!amp' is
aboutonefortiethas inteMein X:54m~as theMurco* andhaapossibilities
forpraoticatwork.

Ru!edgratingsare Ught-weak,~but wouldbetheonlyobvionsexpedient
formonochromatiophotoohemistryin the Lymanrégion. Amonochromator
baseduponPriestandGibson'srotarydispersioncolorimeter~iaunaginaNe.
Focalisolation,soaueoessMin infra-redwork*~waauœdbyAndrews'
to separatevisiblefrom invisibleand by Terenin*~for différentultraviolet

régions. ProfessorF. A. Saundetskindly tried out the methodwith thé

author,but spectrogramsof the ultravioletahowedtnuohfalselight overa

rangeof100 m~.
"'Cf.FooteandMeMOM:Bur.StendardaBt)t! M,317(t9zo).
'"Wood:Physik.Z.,13,353(t9M).

CaHoandFtanek:Z.Phyaik,t7, aos(t~.
'"E. C.C.My: "SpeetMscopy,"t, t57(19:4).

MéatandGibeon:Bur.StendardeSoi.Paper,4M(!9M).
M<RabensandWood:Phil.Mag.,21,949(i9U).

TeKatm:Z.Phyeik,3t, M(t~s).
MonochtomatMSemployingrefraotiondispersionare at present relied

uponforthe béatpraotioablecompromisesbetweenintensityandmonochrom-
atic purity. Both improvewiththésizeandopticalrefinementsofthe outfit.

The simplesttype is a slit-shapedsourceat somedistancefroma prism,
thena lensanda movablea!it. Inpraoticea coHimatmglensisadded,aswell
as otheroptioalparts. The beamis usuallyhorizontal,but may be made
vertical*

If a ready-madeinstrumentis to be purchased,objectiveslessthan 5cm.
in diameterare of limitedusefulnessin the caseof weakerlines. The sug-

gestionofFabry~ that anyspectroscopeplusanexita!itiaa monoehromator
wu hardlyintendedforphotochemists.

Agreatvarietyofsuitableprismmonochromatorsbasbeendescribed.
BoU:Atm.Phye.,2,s (t9!4).
Fabty:Rev.d'Optique,t, 4~, 443(t9~t).
AthMMau:Rav.d'OpMque,4,6s(!9~5).
TMCSttett:Rev.d'Opaque,2,57(t~); 5,393~926).

"0Beatty:J. Sd.Inatr.,1,33(ï~3).
Fenm:Bedin-Steifditz,catalogue.

M*HN~~r:London,eatah~te.
HemiandWMnasN':Compt.tend.,tS7,!a6(t9t3).
v.HalbanandSiedentopf:Z.phyaikChem.,MO,2M(t~).
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MHotNtoun:"StudteainM~t PMduc~on,"ch~pterK, TheBtectnciamPtinting
andPNb!M)ia~Co.,tendon.

MKurte:J. Opt.800.Amerioa,M,49:,'9~7("9~).
MtLdN:AM.Phyafk,M,488(1925).

Pfund:Phye.Rev.,7, ~t (!9t6).
RudbMg:Z.PhyMk,24,agy(~4).
Scheof:Z.~Ntntmentenkunde,42,82(!9a:).
WadMMtth:PhU.Mag.,(5)M,346(t8M).

"HMae-made"McnochrematoMarereiativeïyioexpensiv~andifcarefuUy
conatruotedwiUprovevery satisfactory. Dr. Villarsof this laboratoryhas

bneSydescribedone'~havinga fusedquartzpriam105X 105X 105X 80

mm. Certainof the followingsuggestionsweremadeby himorby Dr.P. A.

Leightonof this laboratory. The abovoliteraturewillsuggestmanyvaria-

tions.
The necessaryrigiditymay be hadby uaiaga elabof soapstoDedrilled

forboltsor reinforcedconoretepouredaound the varioussupports.Severa!

frontstit8are provided,with mcreamngwidths,and ourvaturessuScientto

neutralisediatortionof theemergingbeamat vmouswave-te~thB' theflat

aideofthe bevetis towardthe source.Aconstnotedmercuryvaporlampcan

be bentso that ita luminouscolummwillhavethe averageourvatureof the

slita. In thiswayverticalintenaitygradientsinthéemergentbeamareavoid-

ed. With most other light sourcesa quarta condenaiNglensof the type
usedinremovingpiotureprojectorsoanbe used. Lonsesfiguredto remove

sphericalaberration'~are preferaMe. Nickelor siKcon'" sphenoatcon-

cave tninors, though ohangingthe speotral energy distributionof the

source,havenoohromatieaberrationandcanreplacethe lenses' '0'.The

rayashouldnotbetoofar fromperpendicuiarincidence.Afusedquartzprism,

6o",and oneofextraheavy flintNd '= t.6o makean excellentoutfit. Co-

bbntz"' has reportedon the optioalconstantsof lena and priammatenal.

Fig.x,kindlypreparedby Mr. W. G. Leightonof thia laboratoryshowsthe

distributionof wavelengthson the focalplaneof a monoehromatorforfour

differentniatenala. The high dispersionof water'" from a$om~has sug-

gesteda hollowquartz water prisai. The lenseswillusuallybemadeof

fusedquartz. Striéecanbeseenbetweenorossednicolsor byothermethods

Combinationawith Buoriteor evenwaterremoveschromaticaberration:

Aprismtablewithlenstakenfroma smalldisoardedspectroscopeoanbemade

-overfor largerunits. A specialtable must carry the exit sKt(ofvariaMe

width)alongthe focalplane; it holdsan exchangeaMemountingforthermo-

pilebehindit, andanothermountingforthennopile" stillfartherback.

Thislastmountingoanbemovedaorossthelightbeamby athreadwithmilli-

meterpitch. Variousautomaticdéviéesare sttggeatedto keepthe above

systemperpendicularto the light bearn~''6.. Théparts are setup by trial,

UNDga soreensoaked in alcoho!ioanthracene"' Collimationand

EMnimumdeviationat ~366mjMwillusuallyauSceforotherwave-lengths.

To set the exit slit squarelyon a givenline the positionof maximumgal-
vanometerdeCeotionis found,or specttogramaof the. emergingradiation

p.874aremadewithan auxiiiaryspectrograph.
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Thé emergentlight may be madeparallelor leu divergeât'' by an
additionallens. Thisgreatlydiminishesthé light incidentuponunit area of
ceUface, and cutsdownpercentageaoourMyof thermopiloreadings. A!ao,
a greatermassofreaotantisneededtoabsorbagivenamountofenergy,which

rav. a

magniËesanatytieal errors. To meet thia diNculty ViUarsused a ceUof

trapezoidalcroaft-seetionplacedeloseto the exitslit. Theglaçasidesdiverged
at the sameangleas theemergentbeamof366m~ Thefrontquartzwindow
wasMtlyelightlywiderthan theexitaUtused.

Inateadof integratmgthe lightwitha surfacebolometerl. or thermo-

pile,ViHatB"readtia Imearthermopilein aboutten positionsbehindhieceB,
and made a graphicalintégra!of intenaityand area. He has shownmathe-

maëcally'" the proprietyofmeasuringabsorptioncoeScientsinan analogous
fashion. It ia posaibteat leastto hatvethe minimumerror of 10%givenby
v. Halban' for absorptionmeasurementsby themopile except for a
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weak!inoneara muehatrongerone. Thé thermopileshouldcoverthe whole

beamin a vertical direction,or e!se an intégrationvertioallyshould be

attempted.

CompHcationNare introducedby nuorcMence~ and by turbidity
ne.9 ~gmethodof Piotnikow' 154foroontinuousremovalof précipi-
tâtesM)notintendedforquantitativework. Changesinabsorptionmayoccur
whengases*'

p.$39or sotutes' arembced.Lambert'slawshould
beprovedtoholdbeforeassumingthat the absorptioncoefficientvaries with
concentration.If twoormoresubstancesabsorblight,thismuâtbeproperly
apportioned""betweenthem,whetherreaotantsorproduots,at eachstageof
the réaction. Watermustbe taken intoaocountat theshorterwave-lengths,
espeoiaHyif the solutehassmaUabsorption;Kreuster'sËgures"*Menot based

upona unitlayer. Warburg~' givesthepropercorrectionsfor reSeoted

light;v. Halbanand Ebert'" desoribea morere&nedcorreotionfor lightab-
sorbedandreHectodby thevesselfullofsolvent. Absorptionby goodquartz
isnegligibleto âge m~at least, but a smalltrace ofiron tellsa different

story. Thethermopiledenectionat 254m~shouldnot bedeoreasedby more
than 8 per centby interposinga ï cm. water cell. At 207mp absorption
byquartzbecomespercoptiMe~

"MBoU:"Reoberoheseurt'Evohttionphotoehimtque,"80(t9~).
Httiburt:Aetrophys.J.,42,M$(t~s).
Cobtent)!:J.OptieatSoe.Ameriea,4,4~ (t9M).'MDuehuxandJeantet:J.Phys.Radium,5, (!9~).

'"Daehux:Rev.d'Optique,2, 384(t~).
Smith,BennettandMorritt:Bm'.StandardsSoi.Paper,3M(!9M).

M'ViHme:J.OptioalSoc.Amenca,14, :9 (1927).
'"v. HalbanandEbert:Z.physik.Chen).,112,335(!9~).

v.ïMbm:Z.physik.Chem.,120,27o(t9:6).
0.WarburgandNegeMn:Z.physik.Chem.,102,~t (192~).
LutherandWMjtMt:Z.phyai):.Chem.,S3,408(t9os).
KMuder:Ann.Physik,C,421(t90t).

"'JoM:PhyHk.Z.,2S,376(!9:4).
FatseLight'84; The purityofmonoohromatiolight,X/AX,may

attain to' in extremecases, but nosuchrefinementi8attemptedin photo-
chemicalwork. The degreeofmonochromatismwhiehMnecessa-ryto a.ttain
a givendegreeofaccuracyin a quantumyieldwillvarygreatlywiththe sys-
temunderconsidération.If the photochemica!emciency reckonedinmo!e-
culesper erg is practicallyconstantover a givenspectralregion,the false
light in the sameregionis equivalentto that of the principalwave-length.
Theerroris worstfor a weak!iae,neara strong!ine,inaregionwhered~/dX
is large. Kuhn~ requiredz to 2.$quantapermoleculeofammoniaoverthe

mterval202.s m~to 3 T4m~t,but whenasecondprismwasaddedandonlythe
Unes206,3m~tand aïo m~weretransmitted,no reactionat all couldbe di-

reettyobserved. Onemaynot agreewith Kuhn'scontentionthat the am-
moniamoleculemust firetabsorbhf, and thenhf' not coincidingwith any
frequencyabsorbedby the normal ammoniamolecule. But bis findings
shouldgivepauseto atl thosewhoworkwith imperfectlyresotvedlight, es-

peciallywhengasesare involved.
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Thermalradiators,eapeotaMy,omitan amountof infra~redlargein propor-
tion to the light at shorterwave-longths.CoNentz"*bas emphasizedthe
importanceof taking oocaslonalthermopileM&dingBbehinda stmttet of
electnoamokeor Comingredglass,and subtractingthe indicatedcorrection.
F&tselightin other spectralrégionscan bo eut downby usinga narrower
monoehromatorslit, ora doublemonochromator' '6' whiehsquares(rough-
ly) thefractionof théfa!selight. If Lambert'stawholdeovera considerable
rangeof thioknesaof layerof anygivenabsorbent,the degreeofmonoohro-
matismisprobablygood. Filtersused withmonochromatorscausea
lossin intenaitywhiehmagnifiesthéeKeetofanalytioalerrorswithoutneces-
sarilymakingthé monochromatismmuch better. Warburg" also Vil-
!ar8,"setupanauxiliaryspectrographwitha narrowslitbehindtheirexitaMts,
andexaminedthe spectrogramforfabe lightwithoutattemptinga quantita-
tivecorrection.Tomakethis,suoha spectrogramcouldbe takenaftereach

photochemicalexperiment,measuredup on a densitometerand relativein-
tensitiesestimatedat suitableintervalsafter somecorrectionfor changein

photographiedenaitywithwave-length."Thé relative intensitiescouldbe
moredireotlyfoundbyan auxiliaryspectroradiometer.Thesewouldnextbe

plottedforeachpositionoftheexitslit,on thesamewave-lengthscateas that
of the auxiliaryspeotrograph.The"purelight"wouldbearbitrarilymarked
offfromthe "fa!selight,"andthe ratiobetweenthe twoareasdeterminedby
graphioalintegration. Thé thermopilereadingfor the eorrespondingexperi-
mentwouldbeaocordinglycorrected.Next theordinatesonthéaboveourve
wouldbë multipliedby the uncorreotedphotochemicalenioienoiesfoundfor
the correspondingwave-lengths.Finallyonewouldmarkofftheareasunder
the newcurvecorrespondingto "purelight"and"falselight,"anddeductthé
latter fromthé total photochemicalreaction,after correctionfor any dark
reaction. Acrudermethodof correctingfor fake Mght,whenusinglight fil-
ters,basbeendescribedbyLutherandForbes.

'"Nutting:Buf.8tM(htnbBt)U.,2,4M(t9o6).
Kuhn:J.CMm.phys.,23,5:t (t996).

'"Cobtentz:Bur.StandardsBut).,14,239,s~ (t9t8).
LutherandForbes:J.Am.Chem.Soc.,31,776(t909).

PotadzedLight. GhoshstatesthatciroutartypotanMdlightbasa aMghtty
greaterphotochemicalactionuponsolutionsthan unpolarizedlightofequat
intensity' Weigert" Endsthat polarizedlightproduceschangea
in lightabsorptionby certainsolids.

SoMds"- ~'= Methodsforphotochemicalstudyof soMdsmaybe
foundfromthe référencesgiven. Hotnikow' fonnulatesthe progress
of the réactionzonein gelatinizedmediawherea coloredreactantis decol-
orizedbylightwithoutconvection'~

GhoehandPu~yeathn:Chem.A)M.,20,t~s: (~6); GhoshandKappanna:20,
3&t6(t9a6).

'"Weigert:Z.Elektroohem.,24,aM(t~tS); Z.PhyaHt,S,~to(!9M); Z.physik.
Chen).,toi, ~t~(t~a~).

Padoa:AttiAccad.Lincei,28M 372(t9t9).
Noyea:Compt.rend.,tM,t~M(t~).
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Bowenandothers:J.Chem.Soe.,125,t3t8(t~4).
<"BenrathandSch~gaM:Z.physikChem.,tM,<39(t~z~).

Stttdng. Warburg*'
"3' foundthat théspeedofphotolysisofpotassium

nitratewasthe samewhotherthe sotutionwasstirredor not. In this case

theabsorptionwasnot high,andthe reactionwasslow. Onthé otherhand,

stirringwasindispensablewhena mixtureofmaloiaandfumadoacids"'

wasirradiatedbecauseabsorptionwashighand the speedof isomerizatioa

considérable.Thèseprinoiplesare generallyapplicable. Ït wouldbe super-
floustorecounthèreall the typesofstirrersfortiquids,ineludinggasbubbles.

Warburg~' showshow to keepa gas-stroamwellmixedwhilepassing

througha light-beam. If the atirreris opaqueto the radiationtheremustbe

correctionsforits volumeand forthé shadowbehindit. If transparent,one

correctsonlyfor the "hole"madein thé reactionmixture,unlessabsorption
iscompleteanyhow.

TemperatureRegulationis now"' believedto be ieasuaportant
thanformerty, unteasthereis a considérable"dark reaction." The

temperaturecoeSicientsof photochemioalreactionsproperseemto be small.

Muohingenuitybas, however,beenexpendedon "Ught-thermostats,"fewof

whichwouldbe suitablefor monochromaticwork. Runningwater, water-

coolednasks, liquid thermostatwith glasswaUs, stirrer of coiledtube

throughwhichchiHedbrineoiroutates, airbathand fan, transparentvapor
or liquidbaths, envelopeofrenuxednaphthatene, electrieovens

are typioaldevices.
Piotnikow"!pp.6S-to6;Ptotnittow":pp.tM-t~o;Jung"pp.!S04.5.

Boiin:Z.physik.Chem.,93,yat(t9t9).
Athnand:J.Chem.Soc.,12~,8M(t~s).
Befthoud:J.Chim.phys.,2t,308(19~4).
Weigert:Ann.PhyaUt,24,ss ('90S).

"'Bodensteinand LtttkeBMyer:Z.physik.Chem.,H4,908(t9~4).
'"CoehnandBeoker:Z.phyMkChem.,70,93(t9<o).
'"K)thn:Compt.rend.,178,708(t9:4).
DarkReactionVelocity. Thisis determinedinsideor outsideof the reac-

tionvesselby the usualmethods. If the darkreactionMimportantaUwork

shouldbeearriedoutat the lowestpossibletemperature,andtheréactionlayer
shouldnotabsorbmorethan halfofthe incidentlight. Wegscheider'~points
out that the photochemicalreactionis not the differencebetweentotal, and

darkréactiondeterminedseparately. Theerrorin suchanassumptionwould

benegligible,however,if total reactionis smallin comparisonwith amount

of reactant initiallypresent. If the températureis not constantduringex-

posureto light,the temperaturecoefficientof the darkreactionmayhaveto

bemeasured,andthe total darkreactionfoundbysummationfora numberof

shorttimeintervals.

CalcatationofResults. Wegscheider'~givesvariousequationsforreaction

velooities,and integrals,developedexclusivelyfromthe standpointof dark

reactions. He compareshis deductionswith those of Plotnikow,14taking
issuewithhimuponcertainpointa' Warburg' wasthefirst to makeadé-

quatecalculationsof quantumyietds"; he inoludedaUthe importantcor-
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reotionsexceptthat for fatselight. AUmand'sreport"summanzesrecentcon-
clusionsbasedon observationsof reactionvelooities,whilethe Oxfordsym-
posium'"ia concemedprimaruywith quantumyields. Thèsetwomethoda
of formulatingphotochemicatréactionsare supptementary, andare
interconvertiblewhencomplètequantitativedata areavauaMeformonochro-
matic intensities,absorptions,concentrationsand quantities transformed
duringgivenintervals. The !esscomplotesuohdataare,the morecautious
must be any interpretation,and the morecommodiousthé ho!esprovided
bytheauthorforhisownescape. s

mWeeMheHer:Rec.Ttav.chun.,44,ï t8(!9t5).
AnaîyticaÏMethodsarechosenwithreferenceto theirprobableerrorsand

withréférenceto théquantityofproductwhichoanboformedwiththe given
lightsourcein the timeavailable. Timemaybe limitedby a rapiddarkré-
actionor by laboratoryconditions. To forma mNMmo!of produot,for in-
stance,withunitquantumyieldat 366m~t,3.3X ïo' ergsmustbeabsorbed.
If the intensityisL ergs/secand ? the numberof miUimobneeded,the time
willbe n X 9 X K~/Lhours(assumingcompleteabsorption). A brand-new
commercialmerouryvaporlamp of standard type, run on z.a amperesand
Iovolts/cmwilldeliverat an exit slit 40X ï mm,ofa monoohromatorwith
50mm.objectivesandanapertureratio 4.5,88 X ïo*ergs/secat 366m~,and
4 X ic~ergs/secat a8om~ wherethe quantumis nearlya third greater."
Thereforethe exposuretimesper millimolwouldbe no and 3000hoursre-

spectively.) Théotheyimportantwave-lengthsof the lamphave intensities
betweenthé twoextremes. The timenecessaryto gotn millimolswouldbe
increasedbyunfavorablequantumyietosorby lowabsorptions. Thesecon-
sidérationsshowwhyBoU'"despairedof doingmonochromatioworkwitha
mercuryvaporlampif hehad to determinetheproductby ohemicalanalysis.
Bodensteinand Lutkemeyer""used the full radiationof thé tungatenarc to
studyhydrobromicacidformation"as dispersedor filtered!ightwouldbave
takentoo long." Instancesof thissort couldbemultiplied..1

Theconstrictedmercuryvaporlampwithoutitsmaximumovertoad"will
giveten timesthe slit illuminationof the commerciattamp. Sparksfroma
4 KW transformer" giveand a X io<ergs/secat 207 m~t. It is c

difficultto increasemonoohromatorintensitiesmuchbeyondsuchvalues.
Chemicalmethodsinsuchspecialcasesas iodimetry"' orelectrometric

titration"' givewitha smallfractionofa millimolan accuracyof a fewper-
cent,whichis the probableerrorof detenniningintensities.If a cylinderor
bulbis fusedto the top of the light reactionvesselthé titrationcanbe com-
pletetedwithouttransferof the contents. Pregl'smiorochemicalmethods~
aresuggestiveto thephotochemiat.Gasanalyaisusingohemicalabsorbents~
maysuffice.Warburg~' basstressedthe importanceofrapidremovaland
determinationof unstableproduots,makingcorrectionfor the fraction!ost.

Certainphysicalmethods" of analysis requiro smaUamounts
of substance. They are indispensablewhenchemicalmethodschangethé
concentrationof the substanceto be determinedor whena numberofmeas-
urementsmust be madewithoutheavyinroadsupon the reactionmixture.
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Forgas réactionswharethe numberof moleouleschangesonecan use thé
quartzmanometerwithflattenedtube, thé quartz threadmanometer, or
thévariousmanometerscontainiagmeroury'' or otherliquids.Hydrogen
basbeendeterminedmanometrioallyafter condensingchlorineandhydrogen
chloridein a aidetubeby adequateréfrigération. Suoha methodis par-
tioulartyusefuiwhonthe numberofmoléculesdoes net change. Light ab-
sorptionmeasurements,M'if feasible,are advantageous. For liquidaaJso
absorptionmeasurementsbave beenused. Conduotivity" and po-
tentiometry""are very senaitivo. The fluorescencechangein ultraviolet
tight'" ha<tbeensuggestedas a meanaof followingconcentration. Photo-
eleotrieeffeotshavebeenemp!oyed'

BredigandOoMbet~e)-:Z.phyaik.Chem.,110,536(1934).
'yteman. "QuMMtativeOttpnioMioroanalyaie."P. BMdaton'aSonand

Company,PMaaNpma(t<~4).
B~denstmoandKMakowekt:Z.phya~c.Chem.,tt6, ~t (t~s).
HaberandKeMchbamn:Z.EiekttoehNn.,20,~96(t~t~).
BodenatdnandDux:Z.phyaik.Chem.,N5,300(t9t3).

"'Pusoh:Z.EMetrochem.,24,336(t9!8).
RideatandNonmh:Proe.Roy.Soc.,1MA,397(19~3).
SohwM~:Ber.,M,746(t9:g).
MeNetandBischoB:Compt.tend.,tM,t6t&(t926).
Vohne)':Ann.Phyt&,40,775(ï9!3).

"*Vo!merMdRigstt)-t:Z.physik.Chem.,100,5o3(t9M).

ReactionVessets. Forquantitativework the facesshouldbeplane,and
perpendicularto the lightbeam. Warburg'-9developedina highdegreethe
cytindricalcet!withplanepar&Helendafor liquida,and forgasesin rest or in
Howat pressuresfromi to 400atmospheres.Heuseda lensbehindthe open-
ingin thefocalplanetomakethe raysparaUe! It wasnecessaryto 6H
the cettwith radiationwhenan unstableproduotsuch asozonewasflowing
throughit. The trapezoidalvesselfor use in diverginglight bas been de-
scribedabove.

Crystal quartz muet be cementedor olamped,but fused quartz cells
cylindrioal,reotangularor trapezoidalcan nowbe madeeither in the oxyhy-
drogenBameor by applyingin powderedform a flux stighttymorefusible
than the quartz and fusingthé jointstogether all at thé sametime in an
electricfumace. A newglassbas recentlybeen describedby Hood'~which
wouldbeserviceaNedownto aoomp,and whichcan be hadin sheetsseveral
inchessquare. More informationconcerningits resistance to chemica!s
wouldbe welcome.Otherpromisingg!assesare said to be in processof de-
velopment.Céments" shouldbe avoidedif possible,but they will
givegoodserviceif intelligentlyseleoted.Warburg"' groundbissurfaces
accuratelyand foundthat the thinnest filmof paraSm,with a elmp, was
su&cient.Fusedsilverchloride,usedas desoribedby Hutburt~ makesgood
jointsbetweenquartzandgtass,and gradedsea!aare possible.Othercements
that havebeenfounduseMare Sshglue,gelatineand concentratedacetic
acid,waxand colophonium,"picein" (a Germanproduct), de Khotinsky,
leadoxideandglycérine,~leadborateand variousdentalcémenta.
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Spherioalvesselsshouldin generalbe avoided,and oytindrieaivesae!su-
luminatedperpendicularto their axisare unsuitablefor quantitativework.
Formuhtsfor absorptionin the latter'4. are not correotedfor refleoted
Mght.Concentrioannular vessets,one of whichmay be a merouryvapor
!funp"'andanothera lightntter'" or a watercoder"' eonstituteverycorn.
pact andefficientsystems,especiaHyfor qualitativework,and makeit pos-
sibte~"tousethéshorterultraviolet,whichisabsorbedbyair.

Amongrecentspecimensof apparatusfor investigationof gasesinotude
oneofCoehnand Jung* thewholeofwhiohcouldbeheatedto the80ftening
pointofglassto removeadsorbedgases,alsooneofMarshaM" whiehcould
be bakedin a fumace at 300°to 400"for the samepurposewhilepassing
etectrolyticchlorine. NorrishandRident""deviseda trainformixinghydro-
gen,chlorideand oxygenin anyproportions,driedwithpentoxide,and meas-
uredmanometrioally.Porter, BardwellandLind~'realizeda validcompari-
sonofhydrogen-chlorinemixtureaofequal sensitivitysubjectedto iightand

tto radiochemicalaction.
"'HMtburt:Science,56,147(t93t).

Fiacher:Phymk.Z.,6, 575(tgos). f
Mtmha)t:J.Phys.Chem.,30, (!9a6).
CoehnandStuckhardt:Z.phyak.Chem.,M,yaa(t9!6).

"'CoehnandJtmg:Z.physik.Chem.,HO,714(!o~4)."'&MMshaU:J.Phys.Chem.,30,757(t9a6).
NorriahandRideat:J.Chem.Sac.,12?,787(to~s).

`

Porter,BardwellandLind:J. Am.Chem.Soc.,48,26o3(t9:6).
SpedalProcedurewith Gases. Intensivedryingbas beendiscussedat

tengthintheUterature"- ??'<.=
TheBuddeeifectbas been

unraveledby Lewisand Rideal.~ Weigertand KeHermann~havedevised
a mostingeniousapparatusfor takingmanyphotographsofthe Drapereffect
duringtheinitialz/40 secondofexposure.CoehnandHeyjner~*havefollowed
the hydrogen-chlorinereactionina jet fromwhichthe gasesemergedintoan
atmosphereofhydrogen,to etuninateeffectsof contactwithwalle.

Ofextremeimportancein photochemiealtheoryand practiceare thé re-
actionsinitiatedby raylesscollisionswithexoitedatomsor motecutes"'

Expérimentationwithexcitedmercuryvaporbasdevelopedsomespe-
cia!typesofapparatus~ <

Tramm:Z.phyaik.Chem.,105,356(to~).
Norrish:TmM.FaMdaySoc.,2t, 575(1925).

'"LewiaandRideat:J. Chem.Soc.,1926,583,596.
WeigertandKeHennann:Z.physik.Chem.,!0?, t, (t9~). }
CoehnandHeymer:Ber.,S9B,t794(toaS).

'Franck and Jordan:"AnregungvonQuamtenaprOneendurchSMme."Berlin,
Spnn<er(t9t6).

FranekandCano;Z.Phy~ik,it, t6! (t~M); t?, 202(t9~).
DunendackandCompton:Phya.Rev.,(2)23,583(t924).

'Noyet: J.Am.Chem.Soc.,47,too3(tozs).
Hirst:Proc.CambridgePhil.Soc.,23,t6a(t9a6).'° Taylor,MamnaMandBâtes:Nature,tï7, 367(t9a6).
Rides!andHirst:Nature,tt7,449(t9~6).
DickiMonandShen! Proo.Nat.Acad.Sci.,t2,)t75(t9:6).

"'Neviite:J. Phys.Chem.,30,tt8t (t926).



ABSORPTIONCOEFFICIENTS

BY HENRY G. M LA8ZLO'

Agreat divergenceof viewslas to the exactmeohanismofabsorptionin
photo.ohemioalreactionssti!t exista. We shallunderstandthis meohanism
better if rosearchbe undertakenon the absorptionspectra of eaohof the
severalcomponentsof thé reactingsystem,be it in solution,or in gaseous
phase. Thèsespectrashould be measuredquantitatively, i.e., thé exact
positionsof the absorptionbands in the spectrumand their absorptionco-
emoientsshouldbe determinedaccuratelybeforecommencinga studyof the
réaction. Thismightgivea clueas to whyfora givonreaction,lightofone
wave-lengthis photo~hemicaUyactive, and inactive if of another wave-
length. Untitvery recently,absorptioncoefficientshave only beendeter-
tninedforsolutionsor pure liquids. Thèsewillthereforebe discussednrat.
Themethodsmaybedivdedinto twoclasses,Aand B.

(A)In general,photographiemethodsare thebest andnearlyallof them
dependonthefolowingprinciples:

A commonlight-source,whichis usuaUyan iron spark, is opticallydi-
videdintobeamsofequalintensityI. One(a)passesstraight intothe spec-
trographand the other (b) reachesit after havingtraversed the solution.
Nowifbysomemeans(a)canbevariedequallythroughoutthe spectrumwith
oneofthemethodscitedbelow,or if the timeofexposuret bechangedfor any
givenconcentrationonewouldbe able to findsomeposition(X)commonto
the twospectrawherethéUnesareofequalintensity. Thisis plottedagainst
the correspondingabsorptioncoemcientS.

The moleoularabsorptioncoefficientS is ca!cu!atedfrom the relations
1 I.-to* whoreciathemolecularconcentrationanddthe thicknessof the
soMonor gaseouslayer,1beingthe intensityofthe lightbeforeenteringthe
solutionand I. the lightafter traversingsame. Since1 is proportionalto t,

thetimeofexposurefora givenphotographieeffect,then S = !og€t to
x is thé constantforthephotographieemulsionused,and liesbetween.8 and
.9. Thusweseethat either1ort maybe varied.

Thereare a varietyof ways of changing1 and they may be roughly
classedas fouows:

I. Varyingdistanceof the light source.
II. Diaphragmin path of rays.

III. Absorbingmedium.

IV. NicoÏprisms.

ReseaKhAMoeiate,MaMMbusettaInaHtuteofTeehnotogy.
TMM.FMadaySoeiety,2t,~8 (t9a6).
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I. This is usuallythe mostaccurateand theoretioallycorrectmethod,butit isdiSiouitto carryout in praotice.Sohaeferbas,however,developedit
andthe apparatusoanbeobtainedfromZeiss-Jena.'

II. <S'ec<or~ 1
An equipmentfor visuatspeotrophotometryhas recentlybeen adopted

by Guild.' This methodusesa rotatingseotorwithvanaMeaperture and
dépendsuponthe validityofTalbot'sLawasshownbyHyde.<Manyexperi-
mentshave shownth&tthe latter holdsto withinthe aocuraoyof the best lphotometriomeasurementsdown to quite smallangularapertures. The
originalseotorphotometerwas introducedby Hilgerin ïp~, and bas been
moatlyusedin conjunctionwithquartzorglassapeotrographs.' 1An improvedformof sectorphotometerwasoriginatedby Judd Lewis,'
butthé apparatusis bothexpansiveanddiftioulttokeepinadjustmeat,though ¡veryrapid in use. Whenusingthe photographiemethod,it is best to use
onlytwo setsof exposures,and oneapertureof the sector,at the sametime
varyingthe thieknessof the solutionlaysr. Thissectormethodcan be used
throughoutthe vMMeandultra-violetrégionsandgivesveryaèourateourves.
Wire~SereetM

Winther''describesthe methodof reduoing1bymeansof biaokenedwire
screenaplaoedin thé path of oneof the beams. Thesescreensare perfectly
aohromatioand any reduotionof 1 canbe obtainedby varyingthe spacing
andthioknessofthewires.

Asetofscreensoanthusbemadetocoverany {
rangeofS.

'JIII. Merton' usesa sheetof quartzuponwhicha platinumwedgehas
beenoathodioallydeposited. Thisis foundto beentirelynon-selectivein its
absorptionand can beoalibratedaccordingty,and thenp!acedin the pathof
oneof thé light beams.

IV. Most of the méthodefor investigatingthe visiblespectrumare of
thistype. The Konig-MartenaapectrophotometerenableaS to be deter- fi
minedfor eaoh It bas beenboth universallyappliedand fMquenttyde-
scribed.'

cA spectrophotometorbas recentlybeenconstmotedby BeUinghamand
Stantoy. They use nicol prismaof spécialconstruationwhiohare trans-
parentdownto the limitof calcite2500À. It is attaohedatraightonto the
slitofa spectrographand as in II employsthe juxtapositionof twospectra.
It isperhapsmoreaccuratethan thesectorphotometerowingto the dimcu!ty
ofcuttingsectoropeningsaeouratety.Its shape,howover,doesnot allowof r
havingsolutionlayersthickerthan 5 oms.

Z.angew.Chem.,33,25(!9M).
TtSM.Opt.Soe.,London,26,74(t~s;.

<BuH.Bw.Standards,2,t (t9o6).
C&t.ofAdam-Hi~er,H-3(t~).
J.Chem.Soc.,MS,3~ ~i~).

'Z.wiM.Phot.22,Ms(t9?3).
'Pfoc.RoyalSoc.,07,t8t (t9~o)r.

Ann.Phyeik,(4)t2 984(t~
"'AddrefB:HomseyRise,London.
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A methodwherebythe Ughtintensity is kept constant,and the timeof
oxposureand concentrationbeingvatied, bas beenusedfor manyyearsby
VictorHenri." Henri'sphotographiemethodMapplicableover the whole
rangeof 8000-2000Àusinga glassspectrographfor thevisible,anda Hilger
quartzE-2 instrumentfor the ultraviolet. It is simpleandits accuracybas
beenrigoroustytested." Théauthorbasusedit formanyyears,andthefol.
lowingroSnementsmayproveusefu!. A Ughtsourceofunvaryingintensity
isa primenecessityto insureaccuracy. Weusea 2 mm.sparkbetweeniron
électrodes(8000-2500A)and copperfor the rangeasoo-toooÀ,quenchedby
a synchronouarotatinggap to prevent tM'cmgand assureconstanoy. 8o!u-
tionsofknownmoleoularconcentrationaremadeupinoptioa!lypurehexane,~
alooholor ether. A Balyabsorptiontube conatructedof fusedquartzwith
théinnertubegroundinto the outer like ahypodermiosyringeis then nUed
withthe solution. Asimilartube ia6Uedwith thepuresolvent. Thespark
speotrumafter havingtraverseda thicknessd of the solutionfora time<is
photographedwith the spectrographusinga slit heightof 1-2mm. After
movingthe platecarrierdowna distanceequalto the speotrumwidtha sec-
ondexposurefortimeto(s-ïo seconds)ismadethroughthésamethickneesd
ofsotvent. Ametot-hydroquimnedevetoperisused.ALeitz-Metz"binocu-
lar microscopewith a magnifioationof 35 X may be employedwithout
eye~trainforidentifyingthe linesofequalintensityforeachsetofexposures
inwhichdis constant. Byvaryingt, d, and c,thé Scorrespondingto any X
canbedeterminedto ±/Â andis plottedagainst i/X.

Tosupplementthe abovemethodsa continuoussourceoflightshoutdbe
passedthroughthe solutionin orderto looateintensitymaximaofthe smaller
absorptionbands. A gas-BUedtungaten"' lampis satisfactorydownto
3000A,or a highfrequenoyspark"' under distilledwater betweendur-
atyminor copperelectrodes,using the iron spark as a standard,covers
thewholespeotrumdownto aooo°A.

(B) PAo<oe!ee<ncCeKand MMrop~o<<MM<erMe~o<b. Direct reading
methodsconsistin usinga thermopileorphotoeteetricceMinsteadofthe eye
in conjunctionwith somoformof constantdeviationspeotroscopetoactasa
monoohromator.Thusa directmeasurementof lightabsorbedforoachwave-
lengthmay be madeby noting the galvanometeror eleotrometerdenexion
beforeand after traversingthe absorbingmedium. Themostaccuratework

"EtudMdePhotochimie."
"Henrich:"Theoriendero~nMchenChemie,"348(!9~);LeyandVo!bert;Z.wiss.

Phot.,M,4; (ïpa~).
"CMtiUeMdHenri:"Bull.Soo.Chim.biol.,6,~99(t924).deLaado:Ftoc.Roy.8oc.,ttt, 363(t9a6).
de LaMto:Jnd.Eng.Chem.,19,1367(t?~).
"U.S.P.t, so', 059Leitz(WeMM-).
JjoebeandLedig:Z.teeh.Physik,6,325(t9~.

"deLMzto:J.Am.Chem.Sec.,50,899(t928).
Howe:Phyo.Rev.,(:)8,676(!9t6).

"StMohan:Konett-SMMer,Vol.II, p.519(t9t9).
ThereareanumberofothermethodaofSpectrophotomettyintheviatbteMg:onwhicharewelldescribedintheJ.Opt.Soc.Amenc&,M,170(t92s),andinBur.Bor.StandMda,18, Weigert:Ber.,49,~96, tsgo(t9t6);Jonea:J.Opt.Soc.AmeTiea10,561(1925)..
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bas been that of Halbanand hiepupits,"whoextendedtheir observations
throughoutthe visibleand ultravioletportionsofthe speotrum.Gibson'"bas
developeda nuUmethodwhiohseemspromising,but untilnowhas onlybeen
usedforthe visibleregion.

PAo~opMe"'s. Herea constantbeamofcontinuonslight is passed <
throughthe solutionontoa apectrographfora knowntime. Thesameex-
posureia repeatedwithoutthe solution,théspeotrumbeingin juxtaposition
to the former. Thisis foUowedby anironcomparisonspark.

Theabsorptionwillbe clearlyseenonthecontinuousbackgroundandis
moasuredin someformof directreadingmicrophotometer~'Mumagoither
nicol prismaof neutral tint glasswedgesto obtain a matchingof photo-
graphiedensity. Automaticregisteting~~photometersare the mostcon.
venient. In atl casesthé instrumentsmaybe directlyoalibratedin 2; be-
forehandby meansofsomeknownsubstance.

TheDe<enKttM~~of theAbsorptionCce~M-n~ Vaporsand<?o<Mhas
beenmuchnegleoteduntilveryrecentty. Considerableworkhas,however,
beendoneby Henriandniapupilsinmeasuringthe exactpositionofabsorp-
tionbandsand their finestructure. For substanceswithhighvapo~ pres-
sureat ?o°Cweusetubesoffusedquartzintowhioh,afterevaouation,a sma!!
amountofthe vaporisaUowedtoenter. Byvaryingthe pKsaureandpassing
continuousultra-violetlightthroughthe tubeforthe samelengthof timet, ·
wegeta completeourveshowingall finestructureswithcomparativedataas
to their absorptioncoemcients.The lattermaybe moreaoouratelydeter-
minedbymethodssimilarto solutionspectrausingan ironspark. For sub-

Ilstanceswithavery lowvaporpressureat M'Cwousequartztubesofa special
designetectricaUyheatedthroughouta widerangeof temperatures. The
exact valuesfor 2 maybe foundby insertingweighedquantitiesof sub-
stanceintoan apparatusconsistingofa numberofquartzabsorptiontubesof
knowntotalvolumeandoffvaryinglengthsconnectedtoacommonréservoir. [
WethenwiUknowthénumberofgram-motsperlitreandhencefromthe time
ofexposureand thicknessoflayercanca!oulateBforeach

ThesamesystemmaybeadaptedforbodieswithlowV.P.by makingthé
apparatussmallerand insertingallbut thé réservoirin a fumacewhiohis
heatedto the higheattemperaturetobeusedintheexperiment.Theréservoir
isheatedin a separatefurnacewhosetemperaturecanbeaccuratetymeasured
andmayberaisedin steps,photographebeingtakenat eaohstepthrougheach
of the severattubes. Sucha sériesof photographewill againgiveus exact
dataas to both Sand thepositionofthebands. j

Pr~ physik.Chem.,103,71 andEiMNbMnd;Proc.Roy.Soc.,116,153(1927)'j E"BuD.Bar.'Standards,No.340, (ig~).
R'Am. Phya.,tt, toy(!Henn:J. Fhyp.,9,!8t (t9M).
BuNmnMdFab)-y:J.Phye.,1,25(1920).

"Y~: R~d'0p6que,t, 409(!M:.r
"KoehandGoM:AnB.Phymt,(4)39,ms(!Qt!)."MoH:PMe,P~. Soc.London. ~9~'deI~Bdo:Z.pBymtc.Chem.,n8,369(~s); i Am.Chem.Soe.50,699(!~).



THE EXCITED SYSTEMSFORMEDBYTHEABSORPTION
0F LIGHT

BY LOUIS A. TURNBB

Thelawof Photochemiatrywhiohhaabeenknownthe longestandis the
best-establishedand thé most fundamental,isthat ofGrotthussand Draper,
viz.,that the onlyradiationwhiohwillproducea photoohemioalréactionis
that whiohis absorbedby the reactingsystem. Theprocessofabsorptionis,
therefore,of primary importanceand any generaUzationconcerningthis
processshouldbe of some importancefor the photochemist.Someof the
nowordevelopmentsofthe theoriesofatomioandmoleoularspeotraandtheir
relationsto the structure of atomeand moleculesare concemedwith the
variouspossibleprocessesof the absorptionoflightandthepropertiesof the
excitedsystemsproducedby that absorption. Thisarticlewillbedevotedto
a briefdiscussionofsuchof thèseresultsasmayhavesomebearingonphoto-
chemicalreactions.

The two principalpostulatesof Bohr's theoryofatomioand molecular
structurewhichbas beenso successfutin correlatingthe spectroscopiephe-
nomenaare:–ï) A moleeularsystemcan existonlyin certainstationary
stateshavingdefiniteenergiesand 2), whenthe systemchangesfromone
of thesestationarystatesof greaterenergytoanotheroflesserenergymono-
chromaticradiation is emitted, its frequencybeinggivenby the relation
hf = Et Es. f is the frequency,Xis Ptanck'sconstant(=-6.55X lo'"
ergsec.),Ei and Esare the energiesof the moleculeinthe twostates,respec-
tively. The absorptionof light is the reverseprocess,producinga change
fromastationarystateof lowerenergyto oneofhigherenergy.

Asingleatomisbelievedtobemadeup ofoneminute,massive,positivenu-
cleusandnumerouselectronsso that the differentstationarystatesmustcor-
respondto differentconfigurationsofthe electrons.Adiscussionofthequan-
tumrulesaccordingto whichthèsestationarystatesaredeterminedisbeyond
the purposeof tbis article. EachUneof an emissionspectrum,therefore,is
producedby oneof the manypossiblechangesof theatomfroma higherto
a lowerstationarystate. Likewise,theabsorptionUnescorrespondto changes
fromstatesof lowenergyto onesofhigherenergy. Theabsorptionlinespec-
trum is, however,alwaysmuchsimplerthan the emissionlinespectrumbe-
causeat ordinary temperaturesthe vast preponderanceof the atomsexists
only in the stationarystate of lowestenergy,the normalstate, and conse-
quentlycanabsorblightofonlythosefrequencieswhiohcorrespondto transi-
tionsfromthat state to thoseofhigherenergy.

The atom whiohbas absorbedlight nowbas a differenteleetromccon-
figurationand is, fromone pointof view,a newohemicaisubstance,of high
energyconstant. If the lightabsorbedis in thevisibleregion,the energyper
excitedatom ia 2 or3 volts,roughlyequivalentto50,000-75,000gramcalories
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pergrammol(onevoltofenergyisthekinetioenergyofaneleotronwhiohbas
fallenthrougha potentialdropofonevolt.Onevoltperatomequals23.0kg.
cal.pergm.mol.) Theatominthis excitedstate maydooneofseveralthings.
It maysimplyreradiatelightofthefrequenoyofthat absorbed,itmayradiate e
lightofa lowerfrequenoyby a transitionto an intermediatestate,or it may
giveupitsenergywithoutradiatinguponcollisionwithanotheratomormole-
cule. It basbeenfoundby a varietyofmethodsthat anatomremainsinone
of theseexcitedstatesintowhichit isput by absorptionof radiationanaver.
agetimeofthe orderof t<r' seconds.~If theexcitedatomis ina rarefiedgas
it willreradiateits energybeforemakinga collision,so that suohgasesusu.

ally showsomesort of a fluorescencespeotrum.Thereare, bowever,for some
atoms,a fewstationarystates in whichthe atomcanremainan indefinitely
longtimewithoutradiatingany of ita energyof excitation. Thishappons
whenthere ia a stationarystate of greaterenergythan the normalone,but t:
of sucha sort that thereisnoposaiNetransitionfromit to a lowerstatewith
the emissionof radiation,or Mce-Mrsa.For instance,the excitedstateof a ¡
mercuryatom of lowestenergywhichoan be reachedby the absorptionof
lightis thea'Pi state (zPtin théoldnotation)intowhichthe atomis ohanged Q
by absorptionoflightofa wave-lengthof9537!.U. AmnaUfractionofavolt
bolowthisis the zT. atatefromwhichtheatomcanchangeto varioushigher
states by the absorptionof radiation;but, oncein it, cannot revertto the
normalstate by radiating,neithercan it bo broughtto this atate fromthe )
normaloneby the absorptionofradiation. In thisandothersuchcases,these
so-calledmetastablestates can be reached,however,by franaitionBfrom
statesofatillhigherenergy. It basbeenahownbyDotgelo*that inpureneon
at lowtempératuresatomswillremainin 16.6voltexcitedstationarystates
for at least i/jo ofa second,as indicatedbythe absorptionof lightby atoms
in theseexcitedstates. Astighttraceofimpuritycutathis lifedowntoa time
too smallto measure.

Thisdisappearanceofthe metastableexcitedatomsandthe quenchingof ]
the fluorescenceof a gaswith increasingpressureor admixtureofothergases
showthat the excitedatomecanlosetheirenergybysomeothermethod,pre-
sumablyuponcollisionwithotheratomsormolecules.Suchproeesseawere
called "collisionsof the secondkind" by KMn and Rosseland'whopre-
dictedthemby a theoreticalargument. Theyshowedthat if, whentwoatoms
collide,part of theirkinetioenergycanbeusedto raiseoneofthe atomsto an
excitedstationarystate (a "collisionof the Srstkind") the reverseprocess
must a!sobe a possibleone. Varioussortsof collisionsof the secondkind
wereexperimentallyinvestigatedby Carioand Franck*whoshowedthat Hg
atomsexcitedbytheabsorptionoflightofa wave-lengthof2537À.U.canex-
cite otheratomssuchasTl andNa, whichwillemittheirownspeotrum,the
excessenergyappearingaskinetioenergy. Theyalsoshowedthat theexcited
Hg atomswillproducea chemicallyactivatedformofhydrogen,presumably
atomichydrogen.AMofthe energyofexcitationisnot neeessarilyusedupin
the processoccurringat the firetcollision.Theatommayfirsibeput intoa
metastablestate, givingupa smallamountof energy,andthen remainthere
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untilit nnatlymakesa collisionin a wayfavorableforit togiveup allof its

energyofexcitation. Experimentaof Donat*and of Wood*indioatethat
thist8whathappensto exoitedHgatomain mixtureswith argonornitrogen
at pressuresof the orderof one-tenthto one atmosphère. Processesof this
kindmuâtbe involvedin the variousphotochemicalteactions'producedby
iUuminatingmixturesof Hg vaporandother gaseswith 2537light,manyof
whiohhavebeenstudiedsinceCarioandFranok'BoriguMdexperiment.This

typeofphotoehemicatréactionsis,ofcourse,a veryspeoialonefor it is light
ofonlyan exoeedinglynarrowregionof the speotrumwMchbas anyeffect

uponthe mixture,vis.,the veryconterofthe 2$~ line. Selfreversâtof this =

lineremovesallof the effectiveradiationif thé mercuryarc tampusedfora
sourceisnotsu8icient!ycooled.

Stuart' basmadea study ofthe quenohingof the résonancefluorescence j
of Hgvaporproducedbytheadmixtureofvariousothergases.Differentgases
givevastlydifferentquenchingeffeotsshowingthat the probabilityofa radi-
ationlesstransferof energyat collisiondépendsuponthe natureof theco!M- E
dingmolécules.It is of interestthat the effec~venesaof thisquenchingisso s

grcatforsomegasesthat evenif it isassumedtbattheprobabilityofoccurrence
ofaradiationlesstransitionat collisionÎBunity,itisnecessarytoasoribeamuch
largereffectiveradiusto the excitedHgatom than the radiusof the normal =

Hg atom as deducedin other ways. Similarexperimentshave beenper-
formedwithNavaporby Mannhopf,whofindsa différentrelativeorderof
effeotivonoesfor the differentgaaesfromthat foundby Stuart forHgvapor.

In manycasesthe absorptionUnescan be arrangedin seriesconverging
to a limiton the sideof shorterwaye-lensths.Beyondthis limitthereisa

regionof continuousabsorption. ThesuccessiveUnesof a series,byBohr's

theory,haveto dowith transitionsfromthe normalstate to asetofstatesof

higherenergy,oneeleotronbecominglésaand'Iesstightly boundto thé nu-
cleus. Thelimitcorrespondsto completeremovalof this électron,i.e.,ion-
ization. Thoregionof oontinuousabsorptionbeyondthe limitcorresponds
to ionizationofthe atomand ejectionof the electronwith variousamounts
oftdnettcenergy,continuousbecausethat kinetioenergyean haveanyvalue.
Suchabsorptionby Na and K hasbeeninvestigatedby Hamson"'and the
predictedphoto-ionizationhas beenstudiedby variousworkers.11Thecon-
tinuousabsorptionof X-rays is a similarphenomenon. Experimentawith
X-rayahaveshown*~that the électronshave the expeotedvetooitygivenby
theequation mv' =*hv P

The spectraof mo!ecu!es,bothemissionand absorption,are interpreted
in the samewayas thoseofatoms. ThediSerencesbotweenthemareto be
attributedto the morecomplicatedstructure and reaultingincreaseof the
numberofdegreesof freedomofthe molecules.For themolecules,asforthe

atoms,therearevariouse!ectronioconfigurationsbut insteadofeachofthese
givinga singlestationarystate it is sptitup intoa two-foldmultiplicitybe-
causeof the variouspossibleenergiesof mutual vibration of the dinerent
nuoleiof the mo!ecuteand the variouspossibteenergiesof rotationof the
moleouleas a whole. AMof thèsemotionsare quantizedso that for a given



$t0 MPÏ8A.TUBNER

set of eleotronquantum numbersthere are many possiblevibrationstatea
andforeachof thesemanyrotationstates. The numberofstationarystates
of a moléculeis thereforevery gréât comparedto that of an atom and the
numberofspectrumlinesconneotedwith transitionsis oorrespondinglyin.
creased,givingrise to thé complicatedbandspeotra. Fora completetreat-
ment of this subjeotthé readeris referredto the Bulletinof thé National
ResearchCouncil,No. s?, "MolecularSpootrain Gases."

Thiscomplicationof the stationarystatesadmitsthe possibilityoftransi-
tionsnotpossibleforatoms. Thereare therotationbandsmthé far infra-red
regionofthe speotrumcorrespondingto changesof onlythe rotationof the 1
molecule,andthevibration-rotationbandsin the nearinfra-redcorresponding c
to simultaneouschangesofthe vibrationandrotation. Theeleotroniobands
arethosewhiehinvolvea changeintheeleotronicquantumnumbersand,there- ]
fore,correspondto a singlelineof an atomicspectrumbut becauseof the [
complicationof aUthe variouspossiblesimultaneouschangesofthé vibration
androtationthesingleUnebecomesa wholesystemofbands.

Theexoitedmoteoulecan,likethe atom,reradiatepartor all of its added
energytogivea fluorescenceapeotrum.Suohare the resonancespeotraof la,
Ntt9,etc.,studiedby R. W. Wood'$and others.CoUisionsofthe secondkind
preaumablycanoocurand muetbeof great importancein the meohanismof
photochemioaireactionin whichthe absorbingsubstanceis moleoular,the
excitingUghtbeingin the speotrumregionofdiscontinuousbandabsorption.
Thereisonepossibletype of collisionwhiphresultsin thedissociationof the
excitedmotecukitselfinto componentparts–a sortof auto-collisionof the
secondkind. Thé energyof excitationof many moleculesis conaiderably
greaterthantheenergyfordissociationandit seemsquiteprobablethat upon
collisionthisexcitedmoléculecangive up its energyby dissociatingitself.
Thereis noverydirectevidencefor the occurrenceof this prooess. Nor is
muchknownaboutpossible,molecular,metastable,exoited,eleotronicstates.
Thereis evidence,however,that manyeleotroniotransitionsofkmoswhioh
donottakeplacein atomsdooccurin moleculessothat theprobabilityofthe
existenceofthesemetastableexcitedstatesismuchless.

Variousbandspeotrahave beenanalyzedand the electronictransitions
discovered.In one case,that of the Heqbands,there bas beenfounda se-
quenceof transitionsconvergingto a limit aocordingto the samelawas do
the linesofa séries,and apparentlyfor the samereason. Theoretically,at
least,onemightoxpectto be ableto followmany suchséquencesto the limit
of convergenceand find a regionof continuousabsorptionconneotedwith
ionisationofthe molecule.Suchanabsorptionbasnotbeenfound.

Thereare, however,regionsof continuousabsorptionin the spectraof
moléculeswhichseemto beconnected,not withionization,but withdissocia-
tion of the absorbingmolécules.They are continuousbecauseof the con-
tinuity of the possiblekineticenergiesof the separatedatoms. It ia found
that the énergiesof the excitedstates having the sameelectronquantum
numbersaregreaterthe greaterthevibrationquantumnumbem,asonewould
expeot,butthat withincreasingvibrationquantumnumberthéenergydiffer-
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encesbetweenthèsestatesbeedmesteadilyless. (It ta impliedthat moleoules
havingzerorotationalenergyare beingeompared). Theenergiesof these
successivestatescaninseveratcasesbe representedby a verysimpleformula
involvingthe vibrationquantumnumber. It indioatesthat the energydiffer-
encebetweensuccessivevibrationstates becomeszerofora finitevibration
quantumnumberanda certainvalueof the energy.Thisisthoughtto bethe
energyat whichthe moleouledissociatesintoatome. Accordiogto the quan-
tumthcoryof the anharmonieoseillatorthe energydifferencebetweensuc-
cessivevibrationstatesis proportionalto thé frequencyofvibrationso that
whenthis differencebecomeszeroso doesthe frequenoy,indicatingthat thé
bindingforcebasbecomezéro.

Asan example,eonsidertheabsorptionspectrumof iodine. Coldiodine
vaporbas a discontinuousbandabsorptionin thé red to greenpartsof the
visiblespectrumwhiehmergesintoa regionofcontinuousabsorptionbegin-
ningat about 4995A.U.andextendinginto theviolet. Thebandshavebeen
analyzedand areapparentlyconnectedwith transitionsfromthe singlenor-
malvibrationstate (aotuaMymultiplebecauseof the variousrotationaten-
ergies)to variousvibrationstates of one excitedelectronicconfiguration.
The frequenciesof thèsebandeare relatedby a simplelawwhiehindicates
that the frequencydifferencebetweenthembecomeszeroat 4995À.U., the
resultof the convergenceof theseupper vibrationlevels. Dymond"found
that ifiodineabsorbedlightofwave-lengthlongerthan thisitwouldfluoresce
but that if it absorbedlightofa shorterwave-Iengthin theregionofcontinu-
ous absorptionthere wouldbeno fluorescence.In the nrst casethe mo!e-
culesweresimplyexcitedandcouldreradiatetheirenergybut in the second
casetheywereapparentlyactuallydissociated.

Absorptionoflightofa w&ve-!engthof 4995À.U. will,therefore,produce
dissociationof thé moleouleinto two separateatoms havingzerokinetic
energy.The energyis 2.469volts(voltsX Xin A.U. = 12345),whereasthe
experimentalvaluefor the heatof dissociationof1. is only1.5volts. The
différenceof 1.0 voltsmustbe an energyof electronicexcitationofat least
oneofthe two atoms. Suohanelectronicenergywouldbeexpectedsincethis
opticaldissociationiscontinuouslyconnectedwiththe bandabsorptionwhich
doesinvolvean electroniochange. Onthe otherhand,whendissociationoc-
oursthee!eotronioenergymustbethat ofoneoftheexcitedstatesoftheatom.
The spectrumof the iodineatombas not beenanalyzed,but, theoretically,
thereshouldbe a lowstatenearthenormalone,the twoforminga doubletP
state. Arecurringdoubletdifferencebetweenthefrequenciesof someof the
stronglinesof 1 in the Schumannregionbas beenfound." It presumably
givesthe enelgyof this nextto the loweststate,the valuebeing0.937volts.
Subtraotingthis fromthe ~.469volts energyforoptioaldissociationgives
t.S3avoltsas the heatofdissociationof iodine. This valueis equivalentto
3S-akg. cal. per mol.whichis in satisfactoryagreementwiththe directex-
périmentâtvalueof34.5kg.cal.permol. Grantingthe theoreticalinterpre-
tationofthe spectra,theoptioatvalueis the moreaccurate. Kuhn"'hasmade
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cotMMgMoe h~ a'P,-a'P. D(9pectMMOp:c)D(thermal)
votta kgMj

1 4995 2.469V. 0.937 ï.~a ~s.a 34.$
Br 5107 3.4!5 0.454 ï.~ôt 45.2 46.2
CI 4785 a.s?? o.iog 2.468 56.9 57

Onewouldexpectthat everysetofvibrationlevelswouldconvergeinthis
way,the differentsetsbeingconneetedwithdifferentelectroniostatesof the
moléculeandof theseparatedatoms. Forsubstancesofwhichthe bandspec-
tra havebeensumcientlyanalyzedandforwhichthevariousatomiostatesare
known,it shouldbepossibleto getseveralindependentdeterminationsofthis
energyof dissociation. This bas beendoncfor one substance,hydrogen.
Witmer,"fromthe set of vibrationstates of wbiohthe normalatate is the
lowestfounda heatof dissooia~onof4.34d:0.01volts. DiekeandHopnetd"
foundin the far ultra-violetregionofthe speotruma setofabsorptionbands
and a regionof continuousabsorptionas in iodine,continuousabsorption
begumingat 840.4A. U. TMslimit gives14.53voltsfortheenergyof disso-
ciationof the H])moleculeintoonenormalandoneexcitedHatom. Assum-
ingthe energyofexcitationof the H atomto be that of thestate nextabove
the normal,10.15volts,a valueof4.38voltsisobtainedfortheenergyofdis-
sociation. ThisagreeswellenoughwithWitmer'svalueof4.34voltswMcb
involveda considérableextrapolation.4.38voltsisequivalentto 100,000kg.
cal. per mol., in satisfactoryagreementwith the bost directexperimental
values. Thèseideasbavebeenextendedandappliedto variousothermolé-
culesbyBirgeandSponer." The wholematterisdiscussedat lengthin Pro-
fessorBirge'schapterin the reportonmoleoularspeotrain gases,referredto
above.

Althoughit shouldbe possibleto apply thesecalculationsin ail cases,
givena sumcientlycompleteanalysaof a bandspeotrum,it doesnot neees-
sarilyfollowthat inail casesit ispossiblethat normalmoleculescanbe made
to dissociateby the absorptionof radiation,as the halogenmoléculesap-
parentlyactuaUydo. Theoccurrenceofsucha dissociationmeansthat there
isa greatprobabilityofa largechangeof the vibrationquantumnumberac-

companyingthe eleotroniochange. Franck'"baspointedout that thereis a
conneotionbetweenthe changeof themomentof inertiaof themoleoulein a
transitionand the magnitudeof themostprobablechangeof the vibration
quantumnumber. Themomentsofinertiacanbecaloulatedfromthéenergy
diSèrencesbetweensuccessiverotationstates. In the spectraof substances
likeiodine,the momentof inertiaofwhiohisincreasedwiththéchangeto the
higherelectronicstate, largechangesof the vibrationquantumnumberare
themostprobable,whereasin the spectrumofnitrogenofwhiohthe moment
of inertiachangesby a smallamount,the mostprobablechangeaof the vi-

&similarstudyofBr, and Ct, and Bndsthe aamesortofMhtttonships.The
resultsaresummanzedinTableI.

TM~BlI
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brationquantumnumberare the smattones. The inoreasoof the momept
of inertiameansacorroopondinginereaseofthé séparationbetweenthénuclei
in theirpositionfor equilibrium. It seemsas if the eleotronconfiguration
werechangedfromthe normaloneto the higheroneinatantaneousiy,leaving
thenucteipraoticfdlythe samedistanceapart. If thisdistanceis thenmuch
lessthantheequilibriumdistanceforthis exoitcdstatethemoleoule6ndsitself
highlycompressedand, beingfree to vibrate, doesse with largeamplitude.
It maybethat theenergyofcompressionisgreaterthantheenergynecessary
forcomploteseparationofatomswhenthe nucteiareat restin theequilibrium
position.In thiscasethe compressedmotecu!ewillexpand,the nueleipassing
throughtheequilibriumpositionwithsufficientenergyto separatecompletely
withsomekinetioenergyleftover. Whetherthis be theexplanationornot,
there is, nevertheless,the conneotionbetweena high probabilityof large
changeofthevibrationquantumnumberandlargechangeof the momentof
inertia. Thevariousotherpossiblecasesare disoussedby Franck. Kuhn"
pointsoutthat L, Br~andCI,have,in the ordergiven,a progreasivetygreater
weakeningofthebindinguponabsorptionas measuredbytheenergydifference
betweensuccessivevibrationlevels. The maximumadsorptionby 1:oooura
just at the edgeofthe continuousrégion,that for Br.further intothe con-
tinuousregion,andthat forCI;weUintoit. Thereis,then,this sortof inde-
pendentevidencefor thé primaryopticaldissociationof thesehalogenmole-
culesby theabsorptionof light, whichbas oftenbeenpostutatedin the ex-
planationofvariousphotochemicalreactions.

Thereisanothertype of processwMchmay be of importancein photo-
ohemioalréactions. It seemsprobablethat in somecasesa moleculein a
quantizedstate may,insteadof undergoinga transitionto a lowerstateof
highvibrationalenergy,changeto a state wherethe atomsare completely
separated,theremainingenergybeingradiated. Acontinuousemissionspeo-
trum wouldresultin caseswherethis sort of processcouldoccur.Blackett
andFranck"haveadvancedthis asthe bestexplanationfora certaincontinu-
ousomissionspeotrumofHtwhichtheirexperimentsshowto be théresultof
primaryprocesses,i.e., independentofcollisionswithothermoîeeutes.Born
andFranck~havesuggestedthe converseprocessto explaincertaincontinuous
absorptionspectrasuch as thé absorptionby Hg vaporat highpressureon
the longwave-lengthsideof thé 2537line. Twoatomscollidingwithlarge
kineticenergyforma temporary"quasi-motecute"whicheanabsorblightto
producea definitequantizedexcitedmolecule,part of the energybeingthe
kineticenorgyof thecollidingatom, the restbeingmadeupby the radiation.
Suchabsorptionmaybe of importancein photochemicalreactionsbetween
gasesat ordinarypressures.

The effeotivenessof theseatomsresultingfromthe dissociationof the
moleoulemustdependto a certainextentuponthéfactthatinsomecasesthey
do not readilyrecombineto formmolécules.This is in accordwithBohr's
CorrespondencePrinciple,in the caseof highlysymmetriea!moleculessuch
as1,orH:. SuchMgMysymmetricatmoleculeswhenvibratinginthenormal
electronicstatepresumablyhaveno vibratingelectricmoment. Classically,
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theywouldneitheremitnorabsorbradiationso that thocorrespondingquan-
tum radiation,the vibration-rotationbanda,are missing. Suohmoteculea
cannotbedissooiatedby absorptionof radiationuntesaan eleotroniotransi-
tionoccurssothat the twoatomswillnot reoombinewithemissionofradiation
ifbotharein thenormalstate. Thustheydonotcombineexceptwhenthere
issomeotherbodyto takeup theextraenergy,as in a three bodycollision,
orat thésurfaceofa sotid.

PraeticauyaUofthe importanttheoreticalandexperimentalworkonband
spectrahas beendoncwithdiatomiomolecules.Eventhey are sometimes
ratherhopelesslycomplicatedsothat it isnot surprMngthat not muohprog-
resshasbeenmadein the studyofspeotraof atillmorecomplexmoleoules.
Thereisnoreasonto doubt,however,that thèsemorecomplicatedmoleoules
willbehavoin ananalogousway.

In viewof thesevariouspossibleeffeotsof thé absorptionof lightit is no
greatwonderthat Einstein'sphotoohemioat!awis notaoouratelyfu!BUedby
manyreactions.Undoubtedlytheprimaryprocessdoesfollowthe law,there
beingoneexcitedsystemproducedfor eaeh quantumabsorbed,but even
grantingthat noneof the absorbedenergyisr~emittedaafluorescentlight,
thesubséquentcourseof the reactionwilldependentirelyuponthe chemical
propertiesof that exoitedaystemwhiohmaycombineto givea sma!inumber
ofresottantmolecules,or initiatea chainréaction,or aotas a catalyst. The
lightmerelyservesto introduceanimpurity,oftenofhighenergycontent,into
theSystemandthe subsequentcourseof the reactionmaybe of almostany
ofthe knowntypes. Thenumberof résultantmoléculesproducedper quan-
tumof lightabsorbedis, ofcourse,an indicationofthenatureof theréaction
subséquentto thé absorption.

Sineethis articlewaswrittentherehaveappearednumerouspapersdeal-
mgwithmattersrelatedto thosedisoussedhere. ThatNal moleculesaredis-
sooiatedbythe absorptionoflightofwave-lengthtessthan 9450Âintonormal
1atomsandexcitedNa atoms,whiohthenémitthe P lines,bas beenshown
by the experimentsof Terenin,"of Kondratjew,"and of Hognessand
Franck."Franck,KuhnandRoUefson"andFranckandKuhn" bavestudied
theabsorptionspeotraofvariousa!ka!iandsilverbalidos. They disoussthe
theoryof the opticatdissooia~onof suohheteropo!armoleoulesand of the
hydrogenhalides,the absorptionbywhiohhad beenpreviouatyinvestigated
byTingeand Gerke,"and Bonhoefferand Steiner." That exceedinglydry
chlorinehas the sameabsorptionspeotrumas moistchtorinehas beenfound
by Kistiakowsky,"and by Kornfeldand Steiner,"thus showingthat the
greatinfluenceofH~OvaporuponthéphotoehemioatcombinationofHsand
Ct:isone uponthe reactionsfollowingthe primaryabsorption. Theauthor"
hMrecentlyfoundthat iodinevaporilluminatedbystronglightfroma oarbon
arcabsorbathe lightofthe ï83o.4Uneofthé iodineatommoreetronglythan
whennot so illuminated. This light shouldbe absorbedby normaliodine
atoms,sotheexperimentis takento indioatothepresenceof the iodineatoms
resultingfromtheoptioaldissociation.
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QUANTUMPROCESSESIN PHOTOCHEMISTRY

BY HUGH 8. TATM)B

Themoderntheoryofabsorptionandomissionofradiationby quantaisat
oncebothan amplificationandlimitationof the fundamentallawof photo-
chemistryformulatedby Grotthussand restated in its applicationto the

hydrogen-chlorinereactionbyDraper. Aoootdingto thislawonlylightwhich
is absorbedby a ohemicalsystemis active in produoingohemioalchange.
Quantumtheory amplifiesthis law by definingmore particularlythe ab-

sorptionact. Theprogresswhiohhasbeenmadeintbis definitionisindicated
ina precedingcommunicationofthis seriesby Tumor.' In sofaras thequan-
tum theoryofabsorptionsetsa limit to thé energyavailablein a singleab-

sorptionact it alsosetsa limitto the nature of ohemioalchangethat oanre-
suit fromsuchabsorption. Thus,forexample,if the absorbingsystembe

composedofa singletypeofdiatomicmoleculesandthe lightenergyabsorbed

perquantumis lessthan the energyofdissociationof suchmolecules,it fol-
lowsthat suehdissociationoannotoccuras the resultofabsorptionofa single
quantum. Whethersuchdissociationmay occurwhentheenergyofa quan-
tum exceedsthe dissociation.energybasalreadybeendiscussedin someof its

bearingsbyTurner. Therelationshiplaiddownby quantumtheorybetween
the energyofa quantumandthefrequencyofthe radiationabsorbedis given
by theequation

Q=Nh!' JI (i)

whereQisexpressedincaloriespermol,N is the Avogadroconstant( 6.06X
10~),h is the Planckconstant( =6.~4X io'~), f is the frequency( =c/~
wherec isthévelocityoflightandXitswavelengthandequals1.048X 10"~).

Duringthe past twodecades,largelyas a resultof ideasfirstput forward

by Stark*andmadedefinitebyEinstein,8the relationshipbetweenabsorbed

light energyand chemicalreactionproducedbas been intensivelystudied.
The attempt bas beenmadeto showthat a simplenumericalrelationship
existsbetweenthe numberofabsorbedquanta and thé numberof molecules

broughtto reactionasa resultof the lightabsorption. In the mostdefinite

form,sometimesknownas the EinsteinLaw of the PhotochemicalEquiva-
lent, anexactequivalencebetweenabsorbedquanta andreactingmolecules
waspostulated. AbundantevidenceMnowavailableto showthat thisexact

equivalenceonly holdsin veryexceptionalcircumstancesand that, in the

majorityofphoto-chemicalreactions,therelationshipobtaineddeviatesfrom

equivalenceto an extentcharacteristicof the systemin question.Thedevia-
tionmaybein both directions.Manysystemsshowmanyfoldfewerreacting
moleculesthanabsorbedquanta. At theotherextremearereactionsin whieh
an enormousnumberof moleculesreact for every absorbedquantum. It

mightther"forebeaskedwhatadvantagethere couldbe in retainingthe con-
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ceptof a relationshipbetweenquantaandreaotingmolecules.*Ït Mthe aim
ofthé présentarticletoset forthconsidérationswhichbearuponthis problem.

TheAna~e~between~!ec<oc&eMt<!o!and P~<oc~Mtca!Proce~M.Since
the tirnoof Grotthuss,and especiaMyin récenttimesby Baneroft'and by
Baur,'ananalogybetweenetoctrochemioatand photochemicalprooessesbas
beenstressed. The moderntheoryofquantaappliedto photochemicalSys-
temsis veryjmuchmoredeûnitethan anysuehprooessof analogy. For thé
ideathat the actionof light is analogousto that of a vottaiccet!or that

'phototysiaia a molecularelectrolysis,'quantumtheory substitutesa per-
fecttydefinitestatementas to the actualstagesin the wholeproeess. It

postulâtesthat the absorbingconstituentof the systemis changedby ab.

sorptionoflight,fromita normalenergystate in the dark, to an eoergy.rich
fonn,themagnitudeofthe energyinoreaseper unitabsorbent,atomormole-

cule,beingexactlythat ofthequantum,hf,ofabsorbedradiation. Whenthe

absorbingsystemiaatomic,the natureofthe energychangecanbe stated in
termsof the quantumtheoryofatomicstructure. Thus,in the caseof mer-

cury,theabsorptionoflightofwave!ength '= 2536.7À,isaccompaniedby
thépassageof theatomfromthenormalatomstate (18) to the excitedstate
knownas the 2~state. Théenergyassociatedwiththis changeis givenby
Equation(i) asequivalentto naooo caloriespergramatomof merouryin
theexcitedstate. Whenthe absorbingSystemi9 potyatomicthe energyab-
sorbedisnotnecessarilywhollyassociatedwithanelectronicchange,butmay
alsobe distributedbetweenthe vibrationalandrotationaldegreesof freedom
ofthe absorbent. The total inoreasoofall suchtypesofenergyis,however,
givenby Equationî.

The quantumtheory ofphotoohemicalprocesses,therefore,accountsfor
theexistenceof photochemicalreaotionsby the presencein the reactionsys-
tcmofanenergy-richspeoiesandalsoofspecieswithwhichsuchenergy-rich
atomsormoleculesmay react. The natureof the chemicalchangebrought
aboutbythéagencyofthe Ughtwilldependonthenormalchemicalreactivity
ofthe systemandon the availableenergy. It is thus possiblefor att such
chemicalreactionsas oocurin thedarktoocourwithoneof the constituents
activatedby light. It is, however,possiblethat reactionsmayoccurin the
light,whichocouronly to a negligibleextentin thé dark, by reasonof the

largerunitsof activatingenergyinvolved.Thus,thechancethat a molecule
ina systemat temperatureT sha!lpossess,thermaUy,a quantityofenergy
equalto 100,000caloriesisgivenbythéBoltzmannrelationship

~-ïoeoM/RT

which,forthe ordinarytemperaturerange,is verysmaU. Moleculespossess-
ingsuchenergyunitsarecreatedeverytimea quantumoflightofwavelength
approximatelyaSooÀis absorbed.

Depo&M-M!efs.–Instressingthe analogybetweenphotochemicaland e!ec-
troohemicalprooessesGrotthussandothershavereferredto the non-absorb-
ingcomponentsofa photochemicalsystemas depotarisers,and thus associ-
ated themwith thé eieotroohemicatdepolariserswhichtakepart in électrode
réactionsonthe dischargeofions. Thequantumconceptofphotochemistry
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appliedto suehcomponentsseesin them merelyroaotingeocatituentaof the
aystemw!uchmayor maynot partake in thereaotionprocesadependingontheenergyquantitiesavailable. In electrochemicalSystemstheréactionsare
mainlyoxidationand reductionsincethey aregenerallyprocesaesinvolvingeloctrontransfors. In photochemicalsystem not only dooxidationand re-
duettonoccurbut everyother typeofoheoucatprocessis po~iHe,halogena-
tion, hydration,hydrolysis,polymerisationor condensation,depolymerisa-tion. la gênera!,the photo-réactionwill not be assooiablewitha transferofelootronsbut willbe associatedwith the decnitoutilisationof aotivattM
energy.

Theapproachto an examinationof this energyutilisationmaybe made
throughoonsiderationofthermalroactions. If weheatup a vesse!containing
hydrogengas, there willbe negligiblechemicalchangein the systemuntil
extremelyhigh temperaturesare reached. That Mbecausethe ohemical
reaotionwhichcanoccurmsuoha tystemis thedissociationofmo!ecu!esinto
atoms.' Now,in orderto dissociate,a moleoulemust reçoiveaa activating
energyat least thé dissociationenergyof ioo,.ooca!onesand this, as thé
Boltzmannexpressionabove shows,is a seldomoccurrence. Markedcop-
oentrationsof atomiohydrogenare only obtainedthermanyabove~ooo°C
If, however,weintroduceinto the hydrogengas someother reactinggas,roaotionmay ocourlongbeforesuohtempemtutesare reached. Thus, with
iodine,reactMnoccur.at a fowhundreddegreesof temperatuream~, as is
nowknown,'the activatingenergydemandedofsucha Systemiathat thecoi-
lidingmoleculesofhydrogenand iodineahaH~~ possesasome40,000cal-
ones. Théiodinemayberegardedas a thermaldepolariserof théhydrogenIn the reverseréaction,thé dissociationof hydrogeniodide,the substance
maybethoughtofas its owndepolariser. If unimolecutarlydissociatedan
activatingenergynot !ossthan 68,.oocalories(the dissociationenergy)is re-
quired,whereasin the 'depo!arizedprocess,'thé bimolecularréaction,onlysome44,000caloriesof activatingenorgyare requiredby a couidingpair of
moteculea.'

Brommeaotsinanentire!ydMerentmMmerasa.'depo!anser'ofhydrogen.Onthe basisof theexperimentaldataofBodensteinandLind/ Christianseo'
Polanyi'and Herzfetd'"aUindependentlyshowedthat bromineatomswere
the mmediate agents of 'depohrisation' as is indicatedby the réaction
scheme:

uxygenNactuaUyan extremelypoor'depohmser'for hydmgengas. There
Mnoexpenmemtfdevidencethat the homogeneouathenna!gas reactionoc-
curato any reasonableextentwhenatudiedin dosedSystems.' The bulkof
thereaotionis confinedto thewa!!softhe containmgvessel.

ExdadingtheposotbieformationofpotymemH,,H<,etc.

Br, =aBr
Br + H, =HBr+H
H + Br, =HBr-)-Br
H +HBr =H, +Br.
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Thisvaryingreaotivityofaystemsunderthe influenceof thermalactiva-
t tion is exaettyparaHetedby photoohemicalSystems. As recordedby Ban-
I oroftin a followingpaper,coppersulphatesolutionsare stableof themselves

in light, but are readilyreduoiblewhenwhitephosphorusis présent in thé

system. Potassiumpermanganatesolutionsshowa certain degreeof in-

stabilityundersuitableilluminationbut this instabilityis enormous!yin-
oreasedbytheadditionofsodiumoxatate." Theredoesnot, however,appear
tobe anyessentialpointofdinerenoebetweenthis andthe thermalhydrogen
and hydrogea-iodineSystemsjust discussed. What is plain is that thé re-

activityof normalthermalSystemsof potassiumpermanganateand sodium
oxalateis !essfrequentthan the reaotivityofphotoohemioallyaotivatedper-
manganatewithsodiumoxalate. SuchSystemsare,however,quitecomplex
and it is desirablefat to exempNfythe quantumconceptof photoohemical
réactionwithmuohsimplerSystems,retuminglater to the morecomplex.

~~f<~eKMM~.–Thesimplestreactionsystemforwhiohthe mostcom-

prehensivedataare availableiahydrogeniodide. In this systemthe photo-
décompositionis unimotecutar,indicatingthat singlemoteoulesonlyare in-
volvedin the decompositionprocessor, in the oldermodeof expression,the
moleculesdonot act thoBmetvesas 'depolarisers'for the aotivatedmoleculea.
The reaeRonis proportionalto thé absorbedlightenergyovera widevaria-
tion in the state of the reactant. Thus, Warburgdemonstratedthis with

gaseouapressuresvaryingbetween80 and 350 mm." Bodensteinand

Lieneweg"extendedtbisobservationto liquidhydrogeniodideand quitere-

oentïyLewis'*basreachedthe sameconolusionwithgas pressuresas lowas
o.t mm. Temperaturebasnoinfluenceon this ratio of absorbedenergyto
reaction rate. Warburgstudied the décompositionwith monochromatic
radiationofwavelengtbsX<=2070,2530and 2820À. Thèsemeasurementa
yieldedresultswhicharedeoisivefromthe standpointof quantum theory.
If we expressthe résultaobtainedin termsof thé numberof gramatomsof
iodineproducedper gramcalorieof light energyemployedthe following
valuesare obtained:

X = 2070 :s3o ~890
MoM.Xïo"'=' 1.44 1.8$ 2.00

Thèseresultsshowthat, pergramcalorieof lightenergy,the extremeultra-
violetia !Mtefficientthanthe longerwavelengthlight. This surprisingre-
suit, comp!ete!yinexpHcablewithout quantumtheory, becomes,however,
immediatelyundérstandaMe,whenthe quantumrelationshipis introduced.
The catculationthen showsthat, at eachwavelength,the numberof mole.
culesdecomposedper quantumof absorbedenergyis 2.0with a mtMnmxm
deviationin all of theexperimentsof not morethan 5 per cent, a deviation
wellwithintheexperimentalerror. This ratiois aboobtainedby Bodenstein
andLienewegfor liquidhydrogeniodideat roomtemperature,for the gasat

ï5o-i7S"C!andby Lewisfor the gasat 0.1mm.pressure. Thèseseveralre-

sults, as wellas similarstudieswith hydrogenbromide,exhibitstrikingly,
therefore,that thé relationbetweenlightenergyabsorbedand ohemicalre-
actionproducedisa quantumrelationship.
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Thequantumabsorbedby a hydrogeniodidemoleouleseouresits deoom-
position. Physicalevidenceby Tingeyand Gerke'"and by Bonhoefferand
Steiner" support this conclusion. But direct experimentalevidenceby
Lewis,~showingthé independenoeof the quantumyieldof moleealarcol-
lisions,isdécisivethat theprocessof decompositiondoesnotinvolvea aimul-
taneousreactionof two hydrogeniodidemolecules.The measurementsal-
readydiscussedindioatethat thé photochemicalyield correspondsto two
moleculeaofhydrogeniodidedecomposedperquantum. It iaevidentthere-
forethat the primaryphoto-decompositionmustbe followedby a seriesof
'dark'reactionswhichraisethe yieldto twicethat of the moléculesaotivated
by absorptionof a quantum. Thesesuperveningreaotionsare MotpAoto-
)'eoc<TOMs.Theyare purelythermalréactionspossiblein tho givensystemwhetherproducediaitiaUyby photo~ctionor othermeans. Theireffeotis
to raisethé yieldbeyondthat antioipateduponthebasisofabsorbedquanta.
TheyoSera fruitfulyieldforthe spéculativechemistand haveledacoordinglyto furtherexperimentaleffort. In the hydrogeniodidecase,the simplestof
suchsuggestionswhiohagréeswith the expérimentalfaotsis tbat, after the
truephotochemioalreaction, HI + hf = H + 1 (1)
thefollowingsequenceof reactionsoccurs:

H +H!: =H,+I 1 (.)
1+1 1 =1.. (3)

BonhoeBer~basdemonstratedthat reaction(a) actuallyocoursas a purelythermalreactionat ordinarytemperatures.
TheHydrogen-BromineC<MH&tM<MMt.–Whenlight of a wavelength of

5toyÀor lessisabsorbedbymoistbromine,thé physicalevidencenowavail-
ableshowsthat themoleculeisdissooiatedintooneexcitedatomandonenor-
malatom. Theenorgycorrespondingto a wavelengthof 5107Àisapproxi-
mately55,700caloriesof which45,200caloriesis the energyofdissociation
andthe residual10,500caloriesis the energyof excitationof the bromine
&tom~Shorterwavelengthlightcorrespondingto largerunitsof energywouldproducethe samedissociationandthe sameexcitedatom,the excess
energybeingdistributed,however,betweenthe twoas Idneticenergy. It is
wellknown,also,that all attemptsto measuredirectlythe concentrationof
bromineatomsin illuminatedbrominevaporhavefailedto showanymarked
concentration.It thereforefoUowsthat, equatingthe lightenergyabsorbed
toatomspresentin the illuminatedsystemwouldgivea ratioin whiohmanymillionsofabsorbedquantacorrespondto unitdissociationofbromine.This
isnotindisagreementwiththephysicalevidence.It onlymeansthat the re-
versecombinationofbromineatomsoccursrapidlyandthat themeasurement
ofatomconcentrationwouldonlygivea stationarystate concentrationunder
thegivenilluminationanddependentuponthislatter.

If weintroducehydrogen,as an accepter(or 'depolariser')for bromine
atomsproduced,wefindthat the ef&cienoyof the accepteris dependenton
the temperatureof the system. It increaseswith increasingtemperature.Thismeanstbat the thermalprocesseswhichsucceedthe initialphoto-procesa
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aredependentupontemperature. Measurementsof the quantumyieldover
aucha temperaturerangewill obvioualyshowa remarkaNovariation. It
haabeenestimatedthat, at roomtemperature,morethan 100quanta areab.
aorbedperunitofhydrogenbromideformed. Thisratiowillalsoobviouslyde<
oreasewithtemperature.Atsomeone temperatureit willbeunity. Above
thistemperatureit will begreaterthanunity. ThisinaowayinvatidatoBthe
physioalevidencethat onequantumof lightenergyproducesoneexoitedand
onenormalatom. It onlymeansthat the succeedingthermalprocessesre-
suIt,with inoreasingtemperature,in increasingproductionofhydrogenbro-
mideand deoreasingrecombinationto formmolecularbromine. In theview
of Christiansen,Herzfeldand Polanyi,thé followingsequenceof reactions
ocours:firstly,thé !ightreactionis,

\J/

Everyoneoftheseréactionsisknownto oocurthenaatly. Theinvestigations
of Bodensteinand Lûtkemeyer'*indicatedthat it is reaction(2) whichis
temperature-sensitive.ThereactiononlyooeursthermaUywhenthé bromine
atomandhydrogenmoleculetogetherpossessah activationenergyof about
17,000calories.Reaction(4)accountsfor the inhibitingactionof hydrogen
bromide.It isnotpossiblehere to enter into the extraordinarilyinteresting
correlationbyBodenstein,of his thermalstudywithLind' on the formation
ofhydrogenbromidewiththat of Bodensteinand mtkemeyeron the photo-
proceas. It is sunicientif it bas beenindicatedthat the evidencefromthe
purelyphysicatsideooncerningthe light-absorptionprocessandits resulting
bromine-atomformationsuppiiesa reactionaystemwith which,by purely
thermalproceases,the knownfaotsof the photo-reactionare completelyin-
terpretablo.

TheHydrogen-ChlorineC'OMMtM~MK.–Thesame modeof interpretation
isapplicableto théhistorioalhydrogen-chlorinereaction. Theabsorptionby
moistohlorineof lightof wavelengthshorterthan X= 4785Àrésultain the
productionofa normalchlorineatomand an excitedatom withan energyof
excitationcorrespondingto some2500calories. Withhydrogenpresentinthe
illuminatedsystem,reactionssimilarto those occurringin the hydrogen-
brominesystemarepossible. Amenéotherswemavbave:

––< –- \J/ ~L~~t–– ~u/

Theessentmtdifferencebetweenthisandthebrominereactionisthat, at room
temperatureaandupwards,Reaction(i) of the abovesequencedoesnot re-
quireany activatingenergy. The thermal teactionsare not temperature-

CI +H,=HCt+H (1) H+C1-HC! (4)
H +CI,=HCI+C! (2) Cl + CI = CI. (5)
HC1+H =H, +Ct (3) H+H=H,. (6)

Phn~t~'Bt–––t- .<'

Br:+h;'=aBr. (1)
ThisMthen foHowedby théfoUowiagpurelythermalprocesaes:

Br+H, =HBr+H (2)
H +B~ =HBr+Br ~)
H +HBr=H: +Br (4)

and Br+Br -Bra (g)



5~3 HMtH8. TAYMN

senaitive. This conclusionis in accordwiththe thermaldata, for,in Reac-
tion (ï) above,the processinvolvespraoticaMyzeroheat ofréactionwhereas
the correspondingreaotionbetweenbromineatom and hydrogenmoleoule
is endothermicto the extentof 17,000caloriesand thus requiresaetivation
energyof similaramount. Whythe hydrogenchloridedoesnot inbibitthe
reactionin contradiaMnctionto the actionof hydrogenbromideis a!soex-
plainableby the sameset of tactsas weUasbythe directobservationofBon-
hooffer"that hydrogenatomsledinto hydrogenchlorideproducea marked
thermaleffect,but, the produetMonlyhydrogenandhydrogenahloridewith-
out any finalproductionofoMonne.

The extraordinaryphotochemioatyieldinthe hydrogen-oMorinereaotion
(ca. ïo' moteouieaper quantum)is thereforeto be attributedto the facility
withwhicha sequenceof thermalreactionscanfollowthe settingup ofa re.
actionsystem containingatomiochlorineby the quantisedprocessof !ight
absorption.

Pheto-senaitisedProcesses

The same attitude may be adopted towardaphoto-sensîtMedprocesses
and, in suchcasesa!so,there isenoughexperimentalevidencein simplecases
to ~ustifythe procédure. Thephotosensitisedprooessesdifferfromthe photo.
ohemioalprocessesm that the Mght-absorbiNgconstituentis not a reactant
in the chemicalreactionocourring.

jEMî<edMefCM!~as NetMttMef.–Undoubtedtythe simplestof thé photo-
sensitisedreactionprocessesare thoseinvolvingexcitedmerouryand hydro-
gen. For, in these cases,the light quanta involvedare monoohromatio,of
exsatlyknownenergycontent,producingphysicaland cheouctJeffeotsthe
steps in whichhavebeendefinitelyascertained.The normalmerouryatom
absorbsa quantumofmercuryrésonanceradiationcorrespondingto thewave
lengthzss~ À and is therebyraisedto the ~Tt state, in whiehit possesses
energyequivalentto 112,000caloriesof energy. In the absenceof foreign
gases this energy is re-emittedas fluorescentradiationof the samewave
length. With foreigngasesprésentit maylosethisenergybycollisionwith
thé gasmoleculeswithoutanyradiation. If hydrogenbe present,the energy
transferresults in a photosensitisedprocess.-theconversionofmoleoularinto
atomiohydrogenwiththe absorptionof100,000caloriesofdissociationenergy,
the excess12,000caloriesbeingdistributedamongtheresultants(Hg, zH)as
kineticenergy. Thé presenceofatomiohydrogenmay be demonstratedby
the 'clean-up'effect,"by physicalmeanssuohas the thermalconductivityof
the illuminatedsystem'"or bythé ohemicalreactivityof the atomichydro-
gène

Were the experimentpossible,the ratio betweenthe numberof quanta
absorbedby the mercuryatomsandthe numberofhydrogenatomgproduced
by subséquentcollisionmightbe ascertained. This wouldbe the photo-
chemicalyieldof thé process. Weknowit woulddependon the hydrogen
pressure,sincethe extinctionofthefluorescenceisdépendentonthispressure
and increaseswith inoreasingpressure. With sumcientlyhigh hydrogen
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pressureswecanconcludethat everyexcitedmercuryatomshouldleadto the
productionof twohydrogenatome. Anyattempt to ascortainthe ratioof
quantaabsorbedtoatomsproducedeitherbythé 'ctean.up'effector bymeans
ofthermalconductivitywouldcertainlyyielda resultlésathan twoatomsper
quantumsinceeithermethodwouldfailto correctfor thethermalrecombina-
tionofhydrogenatomaformed.

Attemptsbyohemioatmeansto asoertainthe numberofatomsformedper
quantumabsorbedwouldbe subjectto the samelimitationsthst the hydro-
gen-ha!ogenphoto-reactions,alreadydisoussed,suffer. Thethermatprocesses
possiblewoulddeterminethe yieldobtained.This bas alreadybeendemon-
stratedexperimentallyin a numberofcases. Thus, ifethyleneisintroduced
astheaccepterforatomichydrogen,théfollowingréactionsarepossible

H + CJÏ4 CJî,
C~ï. + H, CJï. + H
C~ï, + CJ~

<.
C<H,

C<H,+ H, =. CJïm + H etc.,
andthe yieldin tenus of saturatedhydrocarbonsformedwillbedetermined
bythe lengthofsuehséquences.The sameis true withoxygenas accepter
wherehydrogenperoxideis producedand with oarbonmonoxidewherefor-
maldehydeandgtyoxal"are identifiedproduots,probablyby suehséquences
as

H + CO = HCO
HCO +H, =HCHO+H

HCO + HCHO= (HCO), + H
aHCO= (HCO)~.

In allthesecaeesthe yieldisnotdeterminedbythe Ughtquantaabsorbedbut
bytherea~tivityofthesystemproducedbytheabsorptionprooess.

The PAo<<MetMt<Me<<DecMMpMttM~of O~M.–The décompositionof
ozonemaybe photosensitisedto visiblelightby introduoingohlorineor bro.
mineinto the gas. In eithercasethe initial lightabsorptionproeesaby the
halogenmoleculemustyieldoneexcitedandonenormalatom. But,thé sub-
sequentyieldofdecomposedozoneis quite diCerentin the twocases. As
Bonhoeffe~*basshown,onlytwomoleculesofozonearedeeomposedperpair
of chlorineatomsproduced,whereasas manyas thirty ozonemoleculesde-
composeper pairofbromineatomsresuMngfromlightabsorption.Theex-
planationofthisdifferencemust lie inthedifferentreactivitiesofthechlorine
atom-ozoneSystemand the bromineatom-ozonesystem. No onebas yet
indicatedwhat thèsedifferencesareor attemptedothermethodsthan photo-
chemicalofstudyingthem. It ispossiblethat someprogressmightbemade
in thisregardbya study of the effectoftempératureonthe photo-sensitised
processes.

The StationMyState
Severalexampleshavea!readybeendiscussedin whiehthe absorptionof

lightby a reactantresultsin the displacementof the systemfromits normal
'dark'equilibrium.The physicalevidenceindicatesthat inboth illuminated
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chlorineand brominethere existaa groaterconcentrationof atoms than is

present in the unilluminatedsystemat the same temperature. Thé pene-
trating analysisof the hydrogen-brominecombinationby Bodensteinand

Lutkemeyer**permitteda oatoutationoftherespective'dark' and 'illuminated'
bromineatomconcentrationsat <t8"C. Théresutts showedthat, for the in-

tensityemployed,approximately300times the concentrationof atoms was

présentm the ihuminatedaystem. The statiooaryconcentrationwasdeter-
minedin part by the recombinationofatonosto formmoleoulesand, on the

assumptionthat eaohquantumabsorbedyietdedtwoatoms,oniyabout0.0013
of aUatomiccollisionsled to theformationofmolécules. Had thé quantum
efficiencybeenea!cu!atedfromthe stationary.state concentrationthe om-

ciencyofthoabsorbedquantawouldhavebeennegligiblysmaM.
Thereare a numberofotherreaotionsin whichit ia experimentallypos-

sibleto déterminetherate ofthephoto-reactionreaultingin the displacement
ofequilibrium,independentlyofthedark réactionsoccurringsimuttaneousty.
Theseincludethe decompositionofnitrosylchlonde,the equilibrium,Fe –
Fe It I', the polymerizationof anthraceneand substituted anthra-
cenes. It isnot possibleto detaiithesein the Mopeof this article. Onemust
sufficeas anexample.

TheEgwKhtMM Fe ~–Rideat and Williams"discov-
eredthat the rate ofreactionin theinitialstagesof illuminationof the ther-
mal equilibriumsolution,whenthe dark reactionscompensateeach other,
provideda meansofdissociatingthephoto-proeessfromthe thermalprocesses.
In this waythey wereable to showthat onemoléculeof iodinereacted per
absorbedlightquantum(5790À). Kistiakowsky~showedthat thiswas true
alaoofthe light ofwavelengtha5460À,4360 and 3660À. In eaehcase the
relationwasone moléculeof iodinereaotingper absorbedquantum. This
situationisentirelyanalogousto thatdiscussedinthe caseofhydrogeniodide.
Withoutquantumtheory, one basto explainwhy 78,500caloriesof light
energyofwavelength3660Àiaonlyaseffioientas43,850caloriesofthe longer
wave length 5790Immediately the quantum concept is introducedthis

diffioultyentirelydisappears. Thereis an exact relationbetweenthe quan-
tum absorbedand the activatedmolecules,and the method of study in this
caseetiminatesthe complicatingthermalreactionswhichwouldmaskthe re-
lation.

Inhibition

The necessityof distinguishingbetweenthe absorptionact with its im-
mediatechemicalconsequenceandthe chemical,purely thermal, reactions
whichsucceedit, isnowheremoreevidentthan in photo-réactionswhichshow
the phenomenonofinhibition. Theeiassicatexampleof inhibitionin a photo-
reactionprocessis the influenceofoxygenon the yield of hydrogenchloride
in the hydrogen-chlorinecombination.Wehaverecordedabovethat a large
numberof thermalreactionsmaysucceedthe originalabsorptionact in this
case and produceyieldsof the orderof io6 10' moleoulesof hydrogen
chlorideperquantumofabsorbedlight. Oxygenreducestheyietdtoanextent

roughlyproportionalto its concentrationso that hydrogen-chlorinemixtures
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containingoneper cent of oxygenare onlyfeeblysensitiveto illuminations
whiohwouldproduceexplosionsintheoxygen-freegas. Thero!eoftheoxygen
in the processis stil!underdiscussionandnocompletelysatisfactoryconclu-
sionbas yet beenreached. Fromthe smallconcentrationofoxygenrequired
it is évident that the eCectof the oxygenis exertedeither on the atomio
chlorineproducedby the absorptionact or onthe thermalreactionssubse-

quentlyproduoed.

The phenomenonof inhibitionis not, however,eonnnedto thosephoto-
réactionsforthé explanationofwhichthereaotivityofatomicspeoiesmaybe
invoked. Thus, the photo-décompositionof aqueoushydrogenperoxide~'
and numerousexamplesofauto-oxidationsuohas thoseof benzaldehydeand
of aqueoussodiumsulphitesolutionsall showthe phenomenon.It bas now
beenshownby Backatrom"foraUthe auto..oxidationsthus far investigated
that the yieldof oxidationproduotis manythousand-foldthat to be antici-

patedon thebasisofequivalencebetweonmoleculesoxidisedandquanta ab-

sorbed,thusconfirminga predictionofChristiansen.~In the caseof benzal-

dehyde the yield is approximatetyto,ooomoleculesper quantum. With
sodiumsulphitethe ratioriseato goooomoléculesperquantum,anextremely
striking resultwhenit is rememberedthat this ocoursin aqueoussolution
wheretherearemorethan 55moléculesofwaterforeverymoleculeofsulphite
(i.e., lesathan i MolarSulphitesolution). It isevidentthat theremust fol-
lowthé initial absorptionact a wholeseriesof thermalreactionsproducing
sulphiteoxidation. Thisagréeswith the tact that oventhe purelythermal
oxidationofbenzaldehydeandsodiumsulphitearealsosensitiveto inhibitors.
The mechanismof the actionof thé inhibitoris onlyin the initial stagesof

studybut unpublishedresultsnowavailableinPrincetonindicatean intimate

relationshipbetweenthe amount of sulphiteoxidisedand the amount of
inhibitoroxidised.Thesulphiteoxidisedis inverselyproportionalto the con-
centrationof inhibitor. The inhibitoroxidisedis, however,e<MM<<M~over a

very wideconcentrationrangeand withvariousalcoholsas inhibitors,even

thoughthe inhibitoreBiciencyvariesmarkediy. Thereis evidencethat the
amountof inhibitoroxidisedis of the orderof t/soooof the sulphitewhioh
wouldhavebeenoxidisedhad the inhibitornotbeenpresent. Thisevidence

points overwhelminglyto the conclusionthat, in the réactionwithout in-

hibitor, the initital photo-processissucceededby a largenumberof thermal
réactionswhichcan be stoppedbycausingtheenergy-richreactionproducts
ofthe auto-oxidationprocessto oxidisethe inhibitor. Thestagesofthe auto-
oxidationprocesshave beenstudiedin detailby Backstrom. Onthis basis,
the phenomenonof inhibitionbecomesa.specialcaseof the well-knownphe-
nomenonofinducedoxidation.

In the caseofhydrogenperoxidesolutions,themechanismof the thermal

processeshave not beenelucidatedin detail. Theextentof decomposition
yield in the photo-processand the inhibitionsofthe purelythermaldecom-
positionpoint,however,to the existenceofthermalchainreactions.
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ComplezPhoto-processes
Webaveseenthat evenin the relativelysimpleréactionsystemsa!ready

discussedtherearestulproblemswhiohhavenotyet receivedtheirfinalsolu-
tion. It basbeenshown,however,that the methodofapproachhèredovel-

oped,of diatinguishmgbetween,on the onehand,thé initialabsorptionact
andita immediatochomioatconsequencesand,ontheotherhand,théthermal
réactionspossiblein a systemthus photoobomioallyproduoed,teadsto an
understandableinterpretationof the total prooess.Withmorecomplexsye-
temsthédimcultiesinoreasesinoethefactorstobecontroUedinorease.Never-

theless,it oanbeahown,withoneor twoexamplesfromthèsemorecomplex
processea,that the sameguidingprinoipleshold.

Oa!M&!<«Mtof QMtWtM.–Thectassicatresearcheaof Luther and Forbes"
onthéphoto-oxidationofquinineinpresenceofchromicacidareofusein this

regard. In absenceofchromioacid thé lightabsorbedby quinineis re-emit-
ted as nuorescenceradiation. No photoohemioalréactionooours. With
smallamountsofchromioaoidprésent,a portionoftheenergyabsorbodbythe
quinineisoonsumedin produoingBuorescenoeand the residuein promoting
reactionbetweenactivequininemoIecuîeBand chromioaoid. In suohcases
it followsthat the absorbedquantaareconsiderabiyinexcessofthereacting
molecules.Withincreasein ohromioacidconcentration,the probabilityof a

quininemoleculetosingan absorbedquantumas fluorescentradiationde-
creasesand,hence,at a givenaoidconcentrationandbeyond,a state of af-
fairsobtainsinwhichréactionwithchromioaoidfoBowsimmediatetyuponthé

absorptionact. In suchcasethere willbe an equivalencebetweenquimne
moleculesoxidisedand quantaabsorbedby quinine. Thereis, however,a

complicatingfactorinthat sucha relationdoesnotexistbetweenréactionand

totallightabsorbedsincechromioaoidabsorbsbut is not therebyconverted
intoa reaotivespeoies.OnefurtherconBequonceofthisaIsofoUows.In large
excessofchromioacid,wherethé light is practicallysoreenedfromthe qui-
nine,the photochemicalyieldwouldfaUagainfromunitytopracticallyzero.

Redi<c<MWof FeMtM~'aSo!w~<w.–Anotherfactor whiohinauencesthé

yieldin prooessesinitiatedbylightmaybe ittuBtratedbythecaseofFeHing's
solution. Byk"'showedthat the photo-decompoiitionof the solu~onitsetf
wassecuredbylightof frequenoiesin the ultravioletabsorbedby the oupri-
complexprésent. NodecompositionoccuMif the solutionis illuminatedby
the bluelightof the visibleabsorptionband. Thesystemunderthesecon-
ditionsisentirelyanalogousto thé quininesysteminabsenceofchromioaoid.
Theabsorbedradiationsaretranaformedintoradiationofotherwavolengths
(orotherwisediasipated).If, however,as Leighton"ahowed,hydroquinone
be introducedinto suchsolutionsilluminatedby red light,reactionoocurs
and reductiontakesptaee. The hydroquinoneptaysthepart of thechromic
acid in the quinineréaction. With increasein its concentrationthe photo.
yieldmaybeexpeotedto risefromzeroto unityas in the quininecasealso.

OthercomplexSystemswill doubttessyield to patient and intelligent
investigation;withoutthis latterno progresaoanbeexpeoted.
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Einsteim'aLawofPhotochemicalEquivalence
Wearenowin a positionto exaounethe lawof photochemioalequivalence

enunoiatedby Einsteinin t9ta in the lightofthe yieldof fifteenyearsofex-
perimentalstudy. Theexamplesdiscussedin the precediog,togetherwith

manyotherswhichmighthavebeenoited,aHsuggestthat thé couptingofthe

conceptofquantisedabsorptionwiththe ideaof net photochemicalyieldbas
not beensustainedby thé experimentaltest. The idea of photoohemical
equivalencewhiehthe titleofthe lawsuggestshas notbeenconfirmedbythis
praotioalwork. Indeed,in thécaseofsomeworkers,this suggestionofequiv-
alencebasgivenrise to miatnMtofthe généralideaof quantisedabsorption
whiohis basioto all thesemodemstudiesofphotoohemioalproceaBesandis
demandedby physioaltheory.

It wouldthereforeseemdesirableto attempta generalisationof the tacts

concerningthe mechanismofthe photoohemioalprocesswhicb,whileavoiding
thédifBouMesinherentin theacceptanceoftheLawofPhotochemicalEquiva-
lenceas originallyformulatedwouldembodythe etementsof this lawwhich
havefoundsupport fromitsstudy. For thispurposeit seemsnecessarynrst
to avoidentirelythe namewhiohbasbecomeusualin référenceto thismatter,
sinceequivalencebasbeendemonstratedonlyinexoeptionalcasesratherthan
as a generalrute.

Thesituationmaybemetby meansof twolawsof photochemistry.The
First Law of Photochemistrywouldbo the Grotthuss-DraperAbsorption
Law,embodiedin the statementthat: Onlylightthat isabsorbediseffective
in produoingchemicalchange. Thiswooldbefollowedby the SecondLawof
P~totocheMMty~wMohmightthusbeexpressed:

The<!&sorptt<Mtof lightMe <jTM~K<MmproceMtM~oMn~onequantumperab-
sorbingMo~CM~e(oro<MM).ThephotochemicalyieldMdeterminedbythethermat
reac<tMMofthesystemproducedoy<~ M~oj~sorp~MW.

Ofthis secondlaw, the quantumconceptofabsorptionis Einstein'scon-
tributionto thé progressofphotochemistry.The secondha!fis a genorausa-
tion fromthe experimentsof numerousworkerswho,in testing Einstein's
originalideas, bave addedenormousiyto the quantitative knowledgeof
mechanismin photoohemioalprooessesand demonstratedthé factorswhich
determinethe yieldfroma givenilluminatedsystem.
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THE DISPLACEMENT0F EQUILIBRIUMBYLIGHT

BY WILDER b. BANOBOtT

Beforewecandiscussprofitablythédisptacementofequilibriumby light,
it isnecessaryto boolearas to the generalprinciplesunderlyingthé chemical
aotionof light. In 1818Grotthussformulatedthe lawthat onlythat light
whiohis absorbedbya substanceoancausechemicalchange.This lawwas
subsequentlyredisooveredbyDraperandis oftenreferredto asDraper's!aw.
Sofar as weknow,themarenoexceptionsto this law. Astrikingillustration
ofit is the behaviorofa greena!ooho!icsolutionofcMorophy!!in presenceof
air whenexposedto magnesiumlight for half an hour behinda soreenof
potassiumbichromateor one of ammoniacalcopporsulphate. The co!or
bleachesin the firstcaseandnot in thesecond. Hersohelbasstudiedcases
whereinfra-red!ightcausesohemioalchange.

Whileall lightwhichis absorbedtendsto producea chemiealchange,au
raysare not equallyeffective, It is wellknownthat the ordinaryphoto-
graphieplateis muohmoresensitivetoblueand violetlightthan it is to red
andyeHow.For this reasonweget ptaoticaMyno actionwhenphotographie
paperis exposedto magnesiumlight behinda solutionofpotassiumbichro-
mateandmarkedblackeningwhenthe lightistransmittedthrougha solution
ofammoniacalcoppersulphate. Patentblueand Fehfing'fjsolutioncan be
deoomposedby lightcorrespondingto the absorptionin the ultra-violetbut
areapparentlyinsensitiveunderordinaryconditionsto lightcorresponding
to thebandin the redandyellow. It israther the fashionnowadays,to ac-
oountfor theauegedgreaterefficienoyofthe ultra-violetlightbysayingthat
théquantum,hf, is largerthe higherthefrequencyor thé shorterthe wave-
length,and that consequent!ythe greaterenergyis moreeSective.' The
dimouttywithanexplanationofthissortis that it isa generaloneandthere-
foremust be truein allcases. Thereissomeevidencethat it isnot true for
ohlorophyUand consequent!yit is safer,for the present,merelyto say that
theohemicalefficiencyofdifferentraysabsorbedby a givensubstanceis not
necessarilythe sameand that, in manycases,light ofshortwave-lengthis
moreeffectivethan lightof longerwave-length.

Weget aUdegreesof sensitivenessto light. Underordinaryconditions
coppersulphatesolutionsare absolutelystablein light. Certainothersolu-
tionsare stablesofaraspermanentchangesareconcemed;butundergosome
changebecansethey Suoresceunder the influenceof light. Many solids
phosphorescewhenexposedto light, andthé existenceof the timefactoris
in itselfevidenceofsomechangein thesubstance,even thoughwemay not
beableat presentto saydefinitelywhatthat changeis. Waterisabsolutely

~S, (precedingpaper)~ysthatwithlodinetheextremeuttt~vMetis less
~S~°' calorieof lightabsorbedthanthelongerw.ve.!ength.beoausetheKmm-catMteMasetter fractionofthequantum,thehigherthefrequency.HedoesnotexplainwhyFe6ling'ssolutionislesssensitiveintheredandyellowthanintheviolet.
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stableMfar as thévisiblespectrumis concernod;but it oanbe decomposed
to someextentbyultra-violetlight. Alooholis decomposedvery slowlyby
ultra-violetlight at ordinary temperaturesand quite rapidly at higher
temperatures.

Apotassiumbichromatesolutionis stableto lightof thévisible spectrum
whenpure;but décomposesinpresenceofsuitableorganiomaterial. Weget
someblackeningofsilversaltsevenwhenpracticallypureand more whon

organiomatterisprésent. Manydyesarebleaohedbylightinpresenceofair.

Lightdécomposesmerourouschlorideevenin the absenceofair, and Eder's <
solutionofmercuriochloridedissolvedinammoniumoxalatesolutionis used c
for the measunDgoflight. Amixtureofhydrogenandchlorineroaotsunder f!
the influenceof lightwhichis absorbedbychlorine.Carbonmonoxideand
chlorinereaot to formphosgene,COCI1.Hydriodicacidgas is decomposed
bylight,blueItghtbeingespeoiaUyeffective.Thisshouldmeantbat hydriodic
acidbasanabsorptionbandin theblue;but 1haveneversoenany statement t
to that effect. Thematter shouldbe investigatedbecausethere is atwaysa g
possibilityofa sensitizationdirectlyor indirectlybyiodine.

ïn the originalpaperby Grotthussin i8t8 he statedthàt the actionof

light is analogousto that of a voltaiccell. Thisbas recentlybeenput for-
wardbyBaur*withoutanyréférencetoGrotthuss."Phototysisisa !oo!ecu!ar

etectro!ysis."1discussedthisviewat somelengthfifteenyearsago.'
"Whilethe statementthat lightaotsasa voltaioceUbasprovedto bean

excellentworkinghypothesisforcasesinvolvingoxidationand reduction,its
useMnessis not so strikingin casesinvolvingallotropiomodificationsor

polymerisation.It is true that Berthelot'bas shownthat solublesulphur
canbeobtainedat théanodebyelectrolyzinga solutionofhydrogensulpbide

°

and that insolublesulphurcanbeobtainedat thecathodeby electrolyzinga
solutionof sulphurioor sulphurousacid;but the light isaotingon sulphur
and not on hydrogensulphideor sulphurousacid. Thisdidnot bother me

serioustyatonetime;but 1thenexpectedto preparedianthraceneelectrolyti-
cauy.~This has beentried and wehavenot beensuccessfu!.As that was

admittedtya crucialtest, 1ampreparedto abidebythe resuit. It is a!sonot

absolutelysatisfaotoryto haveto say,in thé caseoforganicsubstances,that

lightproducesthesamedecompositionproductsthatweshouldgetif wecould

electrolyzethe substanceinquestion. It is quitepossiblethat these dimoul-
ties may be overcomeand that somebodymaypreparedianthraceneetec-

tro!ytica!ly.
"Thereisanothermoreseriousobjectionto theGrotthussgeneralization °

in itspresentform. Theselectiveactionoflightismuchmoremarkedthan
the selectiveactionof the current.' Weoantake a solutioncontainingcad-
miumand coppersulphatesand wecanprecipitatemetalliocopperby regu-
lating the voltage. We cannot,however,precipitatecadmiumfrom that

t
Trans.FaradaySoc.,20,6:7(t~s).
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solutionbeforethe oopper,thoughwecan do it if wechangeto a cyanide
solution.Supposethat wehavetwodyesofdiCerentco!orswhiohareoxidized
aboutequaUyreadily. Bychangingthewave-lengthofthelightwecancause
onedyeorthé otherto oxidizein the air. Bofaras1knowthe onlyanalogy
to this in electroohemistryis the reductionof nitratesand nitrites.1 At a
smoothplatinumcathodenitrite is reducedmorereadilythan nitratewhile
thereverseis trueat a spongycoppercathode. Onedifférencebetweenlight
andthe etectriocurrentis that thecurrentisa.singlereagentexoeptinsofar
as thespeoiflonatureof theeleotrodemay makea différence,whileUghtis a
mixtureofreagents. Lightofonewave-lengthmayactononesubstanceand
Ughtof anotherwave-lengthon another,or !ightsof differentwave-lengths
maycausethesamesubstanceto reaotindifferentways. Thisisnotcovered
bythe Grotthussformulationandit is thereforenecessaryto makea more
generalstatement."

Theonlythingthat 1shouldcareto addto thisquotationis that lightof
differentwave-tengthscan apparentlydécomposealcoholin at least two
differentways:

CH,CHM)H–~ CHaCHO+ Ha

CH,C&OH CH::CH,+ H.O.

Whileit wouldprobablybea relativelysimplethingto arrangea oellwhich
wouldcausehydrogenand acetaldebydeto react withtheformationof alco-
hol,I do not at presentseohowonecoulddo anythingsimilarwithwater
andethylene.

In igo51 gavea formulationfor electroiysis'which1 havesincefound
hetpfut. "In the caseofe!octrotysisthe onlyspecincactionwhichwehave to
attributeto the currentis that it tends to set freethé anionsat the anode
and the cationsat the cathode. What happensoverand abovethat ia a
questionofohemistrydependingonthe réactionvelocityandequilibriumre-
lationsineaohpartioularcase."

Threeyears*later1 wrotewithreferenceto light:"Thechemicaleffeotof
theUghtismerelyto euminate,if possibie,thé substanceabsorbingthe Ught.
Whetherthat eHminationtakesplaceas a resultofoxidationor ofreduction
isa matterwhiohisquite independentof the lightandwhiohdépendson the
natureof the depolarizer.If the depolarizeris a sumcientlystrongreducing
agent,weget reductionby light. If the depolarizingagentis a sumoientty
strongoxidizingagent,wegetoxidationby light. If it isnotsuSoientIyone
or theotherwegetno actionby light. A verygoodinstanceof thevariable
actionof lightis to be foundin thécaseofmercurouBohloride.In the pres-
enceofasufficientlypowerfulreducingagent,lightreducesmerourouschloride
to motalliomercury. In the presenceof a stuBoienttypowerfutoxidizing
agent,lightoxidizesmerourouschlorideto mercuricchloride. If there is no

MONerandSpitMr:Z.Eteettochemie,11,509(tao~).
Baneroft:Trans.Am.Etectrochem.Soc.,8,33(t~s).
Bancroft:Tmna.Am.Eleotroohem.Soc.,13,246(t9o8).
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moresuitabledepolarizer,thé merourouschlorideitselfacte as a depolarizer
andis changedto merouryand mercurioohloride."

In ion 1 proposedthe followinggenerauzation*as an improvementon
thetwo!awsofGrotthuss:"AUradiationswMchareabsorbedbya substance
tend to otiminatethat substance. It is entirely a questionof ohemistry
whetheranyreactiontakesplaceorwhatthé reactionproduetsare."

Sincepeopledo not, evennow,thinkand talk in termeof depotarizers,it
willbewiseto discussthemmoreindétail. Wedistinguishbetweenobemical
depolarizersor sensitizersand opticalones. Thé action of the chemioal
depolarizerisquitesimple. If wetakea ferriechloridesolutionandexpose
it to light, wemight hopeto got ferrouschlorideand chlorine;but thé two
couldnot ooexistand thereforewouldbeformedonlyto a stightextent,if at
all. If wetakean a!coho)iosolutionofferrieoMoride,thé ohlorineoanreaot
with the alcohol. It thereforetakes lésaenergy to reduce or decompose
ferriechloridein alcoholicsolution. Aotually,wedo got a photoohemical
changeundertheseconditions.Aleoholor gelatinewiUact as a depolarizer
forbichromatesotutions. Chlorophylland many dyesoan reactwith the
oxygenof the air underthe influenceof light. If wetooka morepowerful
oxidizingagent,wecouldgeta bleachingin the dark. With a weakeroxidi-
zingagent weshouldhave to use a more intense light and mightnot get
oxidationeventhen. In presenceofoxalioacid as depolarizer~weean get
tellurium,sélénium,and sulphurphotoohemicallyfromsolutionsof tollurio,
selenio,and sulphurousacidsrespeotiveïy.In présenceof air ferroussul-
phocyanatesolutionsareoxidizedto ferriesulphooyanateunder the influence
of light.

We can reducemany dyes photoohemicanyin presenceof a suitable
amountof sodiumor calciumhydrosulphiteand wecanoxidizethemphoto-
chenuoaUyin presenceof hydrogenperoxide. It is quiteobviousthat, in
general,additionof a reducingagentwillinoreasethe tendencyof a dye to
reduceunder theactionoflight,whileadditionof an oxidizingagentwillin-
ereasethe tendencyto photochemicaloxidation.

In somecasesthere is thé unexpectedresult that additionof certainre-
ducingagentsincreasesthesensitivityofcertaindyesto photochemicaloxida-
tioninprésenceofair. Thusmethyleneblue is readilyoxidizedphotoohemi-
callyby air whenin presenceof anetholor sodiumbiaulpMte,bothofthem
reducingagents. Nobodybas workedout the theory of this; but it seems
probablethat part oftheoxygengoesto the anetholandpart to themethylene
blue.

Byk' basshownthatultra-violetlightofwave-lengthssomewherebetween
350 and 400 causetheprécipitationofcuprousoxidefroma speciaUy
preparedFehlingssolution,whilenoraysof the visibleapectrumcauseany
decomposition.~f that is thé case,thé précipitationofcuprousoxidemust
be preventedby the use ofa ray filterwbichcuts offthe ultraviolet. Asa

'Bancroft:EighthÏnt.CongremAppliedChemiatty,20,33(t~~).
'Benrath:Chem.Ztg.,39,25<!9t5).
'Z. phyaik.Chem.,49,659,679(t90~.
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matterof faot, a one percentsolutionofquininesulphateacidifiedwith a
littlesulphurioaoidproteotsFehung'ssolutionfromthe actionof the sun's
rays. Theactiverayaare thereforereaMyin theultra-violet. In additionto
anupperlimitofabout400 for the wave-iengthof thé activelight,weoan
aho givea lowerlimit. Accordingto Preoht'a tartrazin solutionabsorba
chieflythe wave-!engtha4os~-36a.s~, but outs downthé rayaas far as
359.SW.SincetartrazinprotectsFehling'ssolution,the activewave-tengths
mustbe above350~ and theremust bea maximumsensitivenessbetween
400~ andabout4~0~

By addinga suitableamountofhydroquinineto Byk'sFehlingsolution,
Leighton'obtainedasolutionwhichdidnotdecomposein the darkbut which
wasreducedby redlight. Bennett*basshownthat it is possiMeto add to a
copperautphatesolutiona solutionofwhitephosphofusofsuchstrengththat
therewasnoreductionin anyreasonabletimein the darkwhereastherewaa
a reductionin the light to copperwbiohthen reacted with the excessof
phosphorusto formcopperphosphide. Sincea coppersulphatesolutionis a
typicalcaseof a deeplycoloredonewhiohis ordinarilyabsolutelystable to
light,thisexperimentissatisfactoryproofthat lightofanywave-Iengthwhioh
isabsorbedtends to eMminatethat substance.

Henriand Wurmser*bavestudieda casewhichmay differin principle
fromthat of hydroquinone. They find that acetatdehydeshowsstrong
absorptionand atrongchemicalactionforlightofwave-Jengthzyy.s~, and
strongabsorptionand weakchemicalactionforlight of wave-lengthazo~.
Theyacoountfor this by assumingthat the firstabsorptionis due to the
aldehydegroupandthe secondto the methylgroup. Thismatter shouldbe
studiedmoreoareful!y.

It is wellknownthat somelithopones(zincsulphideandbariumsulphate)
blaekenin the lightand it wasshownby O'Brion'-that this wasdue to the
formationofmetaUiczincadsorbedbybariumsulphate. Thisworkbas been
repeatedona largersca!eby JobandEmsohwuter,'whouseda phosphores-
cingzincsulphideandisolatedmorezincthanO'Btiendid.

The productionof the latent imageon the photographieplate used to
wonypeoplea gooddeal. FromenergyoonsiderationsHurter andDruBetd
beneved'that it wasimpossiblefor a weaklightto set freeany silverfrom
silverbromide. "That any ordinarycameraexposureis inadequateto pro-
ducea materialdécompositionofthesilverbromideonthe platecanbeshown
by otherexperimentsand considérations.A standardoandleconsumes130
grainsor ~.yygramsof spermacetiper hour,or about o.oo2 grams per
second. Theenergyevolvedby the combustionof o.ooai gramspermaceti

Z.wiss.Piiot.,t, :6: (~903).
J.Fhya.Chem.,tT,aos(t?~).
J.Phys.Chem.,M,789(!9!z).
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'Phot.J.,22,t49(t898).



534 W!U)BB D. ~ANOaOPT

(t gram toooounitsofheat)is i:gram-units (smattcalories). If thewhole
ofthisenergywereproducedintheformofohemieaUyactivelightandeven!y
distributedovera sphèreofonemeterradius==12,663sq. cm., the amount

2I1 X100ofenergypersq.cm.ofsurfacewouldbe
=

o.ot6gram-unitsofheat.
ia5,66.;3

"WMteit is possibleon a sensitiveplate to producea depositof 26.5
milligramsofmetalliosilverper !oosq. cm.areabyanexposureof 10C.M.8.,
theamountofenergyreceivedbythis area,assumingthewholeenergyyielded
by the candieto be takeninto considération,M in the abovocatoulationis
io X 0.016=' o.ï6 unita in ten seconds. Nowthe decompositionof silver
bromideequivalentto io8miUigramsofsilveris 5.6units,sothat thecandle,
ovenif the wholeof its energyof combustionwereactive in decomposing
sUverbromide,ooutdonlydecompose2.9percentofthe amountwhiohexperi-
mentshowscanbeactuallyrenderedamenableto devolopment.Asa matter
of fact,however,onlya smallfractionof the energyof the candleis trans.
formedinto radiantenergy;and again,s veryamatifractionof the radiant

energyconstitutesethorealwavesof s<MRcieot!yshort wave-lengthto affect
silverbromide. It is thus renderedquite evidentthat the candieoan only
furnishan infinitesimalpart of thé energynecessaryto produce96.5nuUi-
gramsofmetalliosilverper 100sq. cm.withan exposureof ïo C.M.8.,and
that théwholeofthisenergyia,inallprobability,providedbythe deve!oper.

Hurterand DruBeIdevidentlybelievedin the allornoneprinciple. Since
the developeradmittedlydid something,it muât do everything. These
difficultiesareveryrealifweassumereduotionto silversub-bromideandstill
moreseriousif thé silverbromideis reducedto freemetauicsUver. They
vanishentirelyonthe basiaof the adsorptiontheory,becausethe difference
in theenergycontentoftheundecomposedand the decomposedsilverbrom.
idecantheoreticallybemadeassmallasonepleases. Praotically,the diffe-
rencewhiohcanbedetecteddépendsuponthe sensitivenessofthedeveloper.

Whenopeningthegeneraldiscussionby the FaradaySocietyon "Photo-
ohemicalReactionsin Liquidsand Gasea,"ProfesaorAUmand'said: "The
applicationof the quantumtheoryto photochemistrydatesin praotioefrom
théenunciationbyEinsteinin1012oftheso-oatted'photochemicatequivalent
law,'a law, which,statedin its baldestterms,says that, in a photochemical
reaction,one quantumof activelight is absorbedper moleculeof absorbing
and reactingsubstancewhiohdisappears. This simpleand attractive rota-
tion,put forwardwiththeauthorityof Einstein,basproveda gréâtstimulus
to researehin a somewhatnegteetedfieldofohemistry,and a field,moreover,
in whiehan impasseseemedto havebeenreachedin respectofsuohmatters
as the primarymechanismof photochemicalchange,the significanceof the
part playedbytheabsorbedlight,andthe wholequestionofthe classification
ofphotochemicalreactions. In thiasenséthen, the relationhas proveditself
a workinghypothesisofgreatvalue."

TMM.FMadaySoe.,20,438(!9ss).
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Fortunatelyfor mypeaoeofmindit doesnot comewithin the scopeof
this report to disoussthé generalaccuracyof the Einsteinequation;but it
basbeenrather a surpriseanda griefto meto findsomany peopleworking
hardoverpossiblechainmeohanismsbeforetheyareabsolutelycertainof the
accuracyof theirpromises.Supposewetakea réactionwhiohdoesnot goin
the light in the absenceof a depolarizerand whiehgoesin the dark in the
presenceof a sumcientconcentrationof the dopolarizer. If we exposethe
systemfor a givenJengthof timeto a givenintensityof light and vary the
concentrationof the depolarizer,whatquantitativerelationsshaUwe find,
for the case that the absorptionof the effectivelightby the depolarizeris

negligible?Shallweget onequantumpermoleculeas soon as a reaction
oooursand willit stayconstantuntilthe réactiontakesplaceor shallweget
an inoreasingefliciencyof lightwithinoreasingconcentrationof the depo*
tarizer?1haveneverseenanyaooountofsuchan experhnentoranyreference
to suchan experimentand yet suohmeasurementsshouldbe madewith a
largenumberof reactionsbeoausethey areabsolutelyfundamentaland be-
causethé resultsare independentofanyasaumptionas to the mechanismof
thé photoohemicalreaction.'

Wecan nowoonsidwoptioalsensitizers,'whiohmight be caHeddépota-
rizerawithmarkedabsorptionbands.In 1873H. W.Vogelwasstudyingthe
eSoctof the solarspectrumon silveroMoride,bromide,and iodidefilma. In
oneofhisexperimentsheusedanEnglishsilverbromidedry platewhichhad
beenstainedyeHowwithanilineredto preventhalation. This plateshowed
a secondmaximumof sensitivenessin the green. Further investigation
showedthat thissecondmaximumofsensitivenesscorrcspondedto an absorp-
tionbandin the spectrumofa solutionofanilineredandthat the abnormal
behaviorof the platedisappearedifthe dyestuffwereextractedwithalcohol.
Thissboweda relationbetweenthesensitivenessofa silverbromideplate for
certainwave-lengthsandthe absorptionbandfor onedye. Vogelproceeded
to test the matter further."

'T madeexperiments,now,to seowhetherother dyesbehavedsimilarly
and whetherthey madesilverbromidesensitivefor those rays whichthey
absorbed. 1 Ërst triedcoralline.Adilutesolutionof the sameshowsin the
spectroscopean absorptionband,likethat ofanilinered,betweenD and E;
it<~sor&$the~eHotpandthe!/eMo!M9~e~H~. Ontheotherhandbluepasses
to a considérableextent. If thesunlightpassesthroughthe corallinesolution
andthen througha pnsm;greenandyettoware misangfrom the resulting
speotrum. There is a dark absorptionbandin the placewhereyellowand
greenareusuattyto beseen.

nowdissolvedcomuineinatcoholandaddedit to mycollodionemulsion
so that the latter wasdyeda deepred. Fromthis collodion,silverbromide

'SinoethiswaswrittenH. 8.Taylor(pKcedm<;paper)eayathatthenumberofmol8
decomposedperquantumwillvaryfrommtotounitywithmcKas:ngconcent~tionofthe
depohtiMr.BMnngaomeMwfMtor,theappwtinutsho~dbeinanMyMdnotunity.

Foradditionaldetaih,aeeBancroft:J.Phys.Chem.,12,3ï8(t9o8).
H.W.Vogel:"HandbuohderPhotographie,"4thEd.t, ?4(t890).



53~ WtMMBBD.BANCBOFT

dryplateswerepreparedwhichweredyeddistinotlyred. Whenthesewere
exposedto the spectrum,my predictionwasfulfilled.Theplatesweresensitive
in theindigo,these!M!~ewssdeo-e<tM~in thedirectionofthec~r blueand
~coMt~K~M~ ah'~ at F. Frcmthereonthe s~Mt'tcss tMo'caw<i,becoming
nearly<Mmarkedin theyelùnoasit wasin theindigo. A meanshadthuabeen
foundof makingBilverbromideplates which shouldbe aotedon just as
readilybythe yellow,whichhad hithertobeenconsidereda chemioaUyin-
activecolor,as by the indigo,whiehhad pfevioustybeenconsideredthe
spectrumcotorproduoingthe greatestehemioateffeot.

"Fromtheseexperiments1was justifiedin concludingthat someother
substancewouldinoreasethe sensitivenessof silverbromidefor the red pro-
videdthat substanceabsorbedthered toa markedextent. Sucha substance
1foundamongthe greenanilinedyes. It absorbedthé redrayapretty thor-
oughlybotweenthe linesD and C; at higherconcentrations,thé absorption
extendedbeyondD. YeUow,greenandbluepassedthroughwithpraotioaUy
noabsorption.AcoUodiondyedwith thisgreenprovedinfaottobesensitive
to Ughtdowninto the red.

"Thesensitivenessdecreasedgraduallyfromthe indigoto theyellowand
wasalmostnothingin the orange. Fromthis pointthesensitivenessincreased
becomingverymarkedin the redjust wherethe absorptionbandooourrod.

"Fromthèseexperiments1feeljustifiedin ooncludingwithagooddealof

certamtythat weare able to makesilverbromideseMM~cetoanyde8iredco~or,
ortotMCfeMeiteKMa~ seM~tt~tMSforcer<atM:co!<M's.jF<is onlytMCMaor~to
adda SM6s<amcewhiehwtHpr<W!0<ethe<~eoNtpoM(tOMofsilverbromideandwhich
0&SO)'&8<Aeraysin 9M€S<M?t,~H~ O~S pCWS.TheayCMtfO~~CM&yM
regard<othep~o<oyr<tpi!nct~ec<M'eK<Mofcertaincolor8appears(obea <MM0
<{f<Aep<M<

"This conclusionmet with Httïe favor at nrst. Distinguishedinvesti-

gatora,likeSchuttz-SeUack,'Monokboven,CareyLea~and Abney,tried to
showthat theauthor'aresultswerewrong. In theBritishJournalofPhoto-.
graphyfor1874.,the discoveryofthe authorwasjeeredat and madefun of.3
Thé Bernn Academyof Sciences,however,recognizedthé importanceof
theseresultsand madea considérablegrant to the author to enablehim to
carryonhisinvestigationsandto procuresuitaMespectrumapparatus.

"Théreasonforthe protraotedoppositionto theauthor'aresultsis partly
dueto thefactthat veryfewpeopleat that timewereolearas to theconnec-
tionbetweenehemicalactionandabsorption. Evenin 1876Abneyassumed
that thoserays acted the most on a photographieplate whiehweretrans-
mitted themostcompletely. AJso,therewasa widespreadignorancein re-
gardto absorptionspectra. Then, too, the majorityof those,whotried to
dupjicatetheauthor'sresults,failedbecausethey dyedthe filmstoo heavily

Ber.,7,386(t8M).Asthetextehow%thereiaabsolutelynotruthintheamumpiion
recentlyadvancedthatit wasSehuIt~SeHaek'ainveati~tiomwhichcauaedtheMtthorto
atudythéeffectofdyesoncollodion.

1 AlthoughLetfouahttheauthor'sresultsobatinately,heMnow,ouriouelyenough,
spokenofMonewhohetpedtodevelopcotoMeMiMvephotography.

1Photogr.Mittheilungen,II, too.
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andexposedthemformuchtoo shorta time. FmaUythé dyesavailableat
that timewereso impurethat the silverbathsor the collodionemulsion,as
it wasthenprepared,soonbeoamespoiled. Asfar as the introductionof thé

principleinto commercialpractieewas concemed,the prospectseemedat
firatabsolutelyhopeless.The author himselfonlyobtainedonegoodplate
to nve badones."

Thereisnoquestionnowadaysabout théexistenceofoptioalsensitization.
Sensitizingdyesare used in all formaof panchromatioor orthoohromatio

platesandin manyplatesusedforspecialpurposes. In orderto minimizethe
diffioultiesduetohazeinaerialphotographythéEastmanKodakLaboratory
hasperfeoteda dyewhiehsensitizesso wellthat it is possibleto take aerial

photographsthrougha red soreenwith exposuresas short as one one-hun-
dredthofa second. The theoryof the processhas not kept pacowith the

empirioalprogressofthé art.

There is no explanationat all for the behaviorof the différentsilver

halides,thoughVogelobtainedsomefaots. SUverchloridecollodiondyed
with naphthalenered "showeda sensitivenesswhiohcorrespondedalmost

exact!yto that of the humaneye for blue and red. Further experiments
estabNshedthe surprisingfactthat manydyes,whichworkedadmirablywith
sitverbromidecollodion,did not producethe sameeffecton silverchloride
collodion.Thisis truefor magenta,for instance. It makessilverbromide
verysensitiveto yeUow,and affectssilverchloridemuchlésa. Naphthalene
redactsequaUywoUwithbothsalta. Thesedyesact a!souponsilveriodide
but to a verymuchlesserextent."

Bothamiey'has givena pretty fair summaryof our knowledgein 1805.
"Althoughlarge numbersof dyes have been examinedsince Dr. H. W.

Vogel'sdiscoveryin 18~3,veryfewexertany markedeCectinmakinggela-
tino-bromideplatessensitiveto the less refrangiblerays of the spectrum.
Onlycyamnandthe dyesof theeosingroup(includingtherhodamines),with
perhapsmalachitegreen,chrysoidine,and alizarinMue~canbesaid to exert

anyusefuteffect.

"The mainpointsestabtishedby previousobserversmaybesummarized
asfoUows:(i) The dyesthat aot as sensitizersare readilyaffectedby Ught
whentheyarein contactwithfabric,paper,etc.; (2)in orderthat a dyemay
actasa sensitizerit musthavethepowerofenteringintointimateunionwith
silverbromide,formingakindof 'lake'; (3)andit mustshowa strongabsorp-
tionbandfor the partioularraysforwhichit is to sensitize. Althoughthese
statementsholdgoodforall thé dyesthat are knownto act assensitizers,it
is important to observethat the converseis not necessarilytrue. Several
dyeshavingall thesepropertiesshowno appreciablesensitizingaction.

"Experimentsby Dr. E. Vogelon the rate of fadingand the sensitizing
actionof theeosindyes,ledhimto the conclusionthat theorderofsensitizing
effeotcoincideswiththe orderof fadingwhenthe dyesare exposedto light.

BritishAaacciattonReporte,1SM,661.
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TheorderinwhichVogelplacesthe dyesdoesnot, however,oorrespondwith
the orderoffadingMobservedin dyedfabrics,and théexperimentalmethod
that he usedis opento oritioism.

"Theauthor'8observationson the fadingof the varioussensitizers,whon
exposedto Ughtin contactwithgelatin,ledhim to the conclusion,that al-
thoughat!the sensitizersare readilyaffeotedby light,theorderofsensitizing
effectdoesnot neoessarHycorrespondwiththé orderof fading,whetherthe
dyesbe!ongto the samechemioalgroupor not.

"Thereare two ohiofhypothèsesas to thé modein whiohthe dyesact,
namely:(t) the viewheldby Abneythat the dye itselfis oxidizedby the
actionof light, the oxidationproduct remainingin contactwith the silver
bromide;andwhenthe plateis treated withthe developer,the latter and thé
oxidationproductactingsimultaneouslyon thé silverbromidebnng about
its reduction;and (a) the viowfirstdefinitelyformulatedby Eder, and en-
dorsedbyVogel,namely,that the energyabsorbedbythedyedsilverbromide
ispartiallyusedup in bringingabout theohemioaldecompositionofthe silver
bromide,insteadofbeingalmostentirelyconvortedinto heat, as whenab-
sorbedby thé dye atone.

"Theauthorhasfoundthat the lessrefrangiblerayswillproducea photo-
graphieimageon the sensitizedgelatino-bromidephtes, whenthey are im-
mersedin powerfullyreduoingaotutiona,suohas a mixtureofsodiumsulphite
andpyrogallol. Thishoidsgoôdfor cyanin,the eosindyes,the rhodamines,
andquinolinered, whetherthe sensitizerbas beenaddodto the emulsionor
basbeenappliedto the preparedplatein theformofa bath. It is, therefore,
impossibleto attribute thesenmtizingenect to any intermediateoxidationof
thedye.

"Experimentswithvariousreagentasuchaspotassiumbromide,potassium
dichromate,mercunccMonde,and dilutehydrogenperoxideseemto show
that theohemioalnatureofthe latent imageproducedby the leu refrangible
rayson the speeiaUysensitizedplates is preciselythe sameas that of the
latentimageproducedbythémorerefrangibleraye in the ordinaryway.

"Furtherproofin thesamedirectionisaffordedbythefact that the effect
ofthesensitizersextendsto the productionofa visibleeffectby the prolonged
actionof light.

"The balanceofevidenceis thereforegreatlyin favorofthé viewthat the
dyeabsorbsthe particulargroupof rays, and, in somewaywhiohis not at
allclear, handsonthé energyto the silverbromide,withwbiohit is intimatety
associated, and whichistherebydecomposed.

"For the present,forwantof a better word,the phenomenonmightbe
distinguishedas pAo~o-co~aM,and thé senaitizermightbe describedas a
p~<o-M<a~<Magent. As yet no connectioncan be traced between the
chemicalconstitutionandthe generalpropertiesofa dye,and its senaitizing
action."

With dyesthat are bleachedby light in thé presenceofair, it is thé light
whichis absorbedbythé dyeinmostcaseswhichcausesthe bleaching. It is
thereforeprobable,thoughnot proved,that thé optioalsensitizerswhichare
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not fastto lightdepolarizethe silverbromidethemselvesor theirdecomposi-
tion produotsdo. Ofcourseit is neoessarythat theaesensitizetsahaUdyo
silverbromideand it is possible,thoughalsonot proved,that the different

behaviorof the sensitizerswith silverchlorideand silverbromidein some
casesMdueto a differencein the adsorptionofsomedyesbythe twohalides.

In the bleaoh-outprocesswe consideredanetholas a specialcase of a
ohemicalsensitizerforcertaindyesin presenceof air. If the anetholiaoxi-

dized,aswefeelsureit mustbe,it wouldbe legitimateto oonsiderthesesame

dyesasopticalsensitizersfor anetholinpresenceof air. Wagor'basstudied
whatseemsto be a alightlydifferentcase,in whiohcertaindyesactas optical
seMitusersfor the oxidationof iodide. "If stripsof paperaresoakedinsotu*
tionsofthe followingdyea–methylviolet,methylgreen,eosin,fuchsin,and
Buoreseein–andare then exposedto lightandafterwardstreatedwitha ten

percentsotutionof potassiumiodide,thé iodineis liberatedand the starch
containedin the paperis coloredblueor reddishblue,a strongreactionbeing
obtainedin all cases. Cyanin,on the otherhand, althoughreadilybleached

bythe light,doesnot givethis reaction.

"Expérimentemadewith narrowgtasstubesUnedwith a thin layer of

methylvioletand eosinshow,on exposureto light, that, duringthe process
ofMeaohiag,oxygenis used up, but this is not the casewithcyanio,whioh
becomescompletelybleachedwithout any appreciablerisoof water in the
tube. In the caseofmethyl greenandeoain,the absorptiondoesnot take

placeasrapidlyand isnot sopronouncedas in thé caseofoMorophy!
Thecasesstudiedby Wagerare relativelysimplebecausethereactioncan

bemadeto takeplacein two stages. It is quitecertain that wehaveformed
an oxidationproduetof the dye whichoxidizesiodideto iodine. It is there-
forenota splittingofoxygen,onehalf goingto thé dyeandthe otherhalfto
the iodide,thoughit wouldhave tookedlikethat if anamountofiodideequi-
valentto thé dyehad beenaddedto the paperbeforethe dye waableached.

Ofrecentyears some casesof optical sensitizationhave been studied
whichapparentlycannotbeincludedundertheheadofchemicaldepolarizers.
Atypicalcaseis theaBfectofchlorineonthe photochemicaldecompositionof
ozone. Griffithand McKeown~pointout that "the decompositionofozone

maybephotosensitizedby additionofchlorine,as shownby Weigert*andre-

centlyinvestigatedby Bonhûffpr*The effectivelight in this case (in the

régionX=416~) isstronglyabsorbedbychlorine,but practicallynotat all

by ozone. The reactionis zero-molecularwithrespect to ozone,and Bon-
hôfferbas foundthat each quantumabsorbedby the chlorinerésultain the

décompositionof twomoleculesofozone. Brominealsoacts as a sensitizer,
but hereabout thirty moleculesof ozoneare decomposedperquantumab-
sorbedbythe bromine."

Proe.Roy.800.,8?B,397(!9t<t).
'TMM.FaradaySoc.,20,598(t~.
'Z.E1ektroohemie,t4,59ï(1908).
<Z.Phymh,M,94(ï!M3).
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Bodenstein'basdiscussedthiscasemoreindotai!. "Wearefamiuarwith
severalso-oaUedsensitisedréactions. Theseare réactionsin the courseof
whicha substanceabsorbalightwithoutitselfundergoinganychange,while
anothersubstance,whichis alsopresent,undergoesa chemioalreactionat
the expenseof thé energyabsorbedbytheformer. Theoldestphotochemical
process,tho foundationofour veryexistence,thegrowthofplants,isoneof
these"seasitised"reactions. A numberof moretransparentexamplesare
nowknown,mainlyas the resultofWeigert'sinvestigations.'s

"Themoatthorougblyinvestigatedof theseisprobablythedecomposition
ofozonesensitisedby chlorine. Herechlorineabsorbathe lightwithoutre-
actingitself,and for eachquantumof this lighttwomoleculesof ozoneare
decomposed."Thisprovidesan extraordinarilysimplekineticequation:

d0,/dt =k.

"The décompositionofozone,whenplotted,showsa straightlinewhich
suddenlytums offhorizontaUythémomentthe ozoneis usedup.

"Thisprocesscanof courseonlybeexplainedbysupposingthat thechlor.
inemoléculecommunicates.its surplusenergyto the ozonemolecule,thereby
causingits decomposition.It is of no concernhowthe communicationof
energytakes place. But thé fact that the yieldis quite independontof the
ozoneconcentrationshowsthat thecMorinemoleculewith its surplusenergy
coUidesoftenwhenthe ozoneconcentrationissmauandlessoftenwhenit is
great,beforeit nnds an ozonemoleculeto decompose.(Thecollisionsmay
take placewith chlorineitselfor withoxygen.) This meanseither that it
cannotcommunicateits energyat allexceptto an ozonemoteculeor that it
canpossiblycommunicateit to anotherchlorinemolécule,whichthus simply
takesite ptace."

"A particularlyinterestingcaseofthiscommunicationofenergyis shown
by the dissociationofozone. Thisprocessbas beenthesubjectofextensive
expérimentawithultra-violetasweUasred light. Theresultswerenot very
transparent. NowDr. KistiakowsMbas takenupthe investigationagainin
my laboratoryand bas succeededin showingthat the contradictoryresults
givenin the olderpapersare due,to a very greatextent, to an unsuitaMe
interpretationof the experiments.Hisobservationsshowedthat the ozone
moleculesactivated by the absorptionof lightmuâtbe dividedinto those
that are decomposedwithanotherozonemoléculeaccordingto theequation.

0') + 0, = 30,
andthosethat communicatetheirenergyto foreignmolecutes.Thesecause
thereactionto bechecked. But energycannotthusbeconferredin thesame

'TtMB.FaradaySoc.,20,530(t?~).
Ch~~Ko~S' 59' (1908);Z.phyBik.Chem.,80,103(r9ia).
'Bonimeffer:Z.Phyaik,13, (~3).
Ch~ !?M('906);v.Bahr:39,598(t9to);We):ert:Z.physik.

~Ùi~'ï~ preues. Wi~tM3, 644;&MBth,'sSttMoWtme.J.Chem.Soe.,1M,t~a(t~t); 123,s~, 9~7(t~).
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mannoronall foreignmoleoules.Thocollisionspossessthé highestdegreeof

elastioityin the caseof héliumand argon,a amallerdegreein nitrogen,and
thé least in oxygen. Thus the kinetioeof the photoohemicaldecomposition
ofozonebearsa strongresemblanceto the fluorescenceof iodineandmercury
vapour. The individualgasesappearin a similarorderin the caseof the
extinctionof the fluorescenceas whenthey reoeiveenergyfromstimulated
ozonemo!ecu!es."

Allmand'has developeda chainmeohanismforthis casewbiohp!eases
himverymuoh. "Oneofthe mostremarkabletactsinconneotionwithcertain
photosensitisedreaotionsin whioha ha!ogenis the absorbingcomponentis
théwayin whiohthe rate of reactionis independentof the concentrationof
thédecomposingor reaotingconstituent. Asexamplesmaybementionedthe
oxidationofCCt:B)rin CC!<solutionby oxygenwhensensitisedby dissolved
bromine,'and the photodecompositionof ozonein presenceof bromine.'
The best-knowncase is the correspondingozone-eMorinedécomposition,'
whichwillbe brienyconsideredin this paper. Herethé Maotion,in respect
ofozone,is of zéro"order,and remainsso until decompositionis complete
withinthe limitaof acouracyofmeasurement.Sofaras the writerisaware,
thereis no knowncasein whicha non-absorbingcomponententersinto a
photoohemicalreaction with order other than betweenthé limits o-i,
tendingofcoursetowardszeroat highconcentrations.But theexamplenow
underdiscussionseemsrather too pronouncedto berogardedsimplyas an
extremecaseofa generalrule-one wouldcertainlyexpeot,judgingfromother
instances,someindicationin the experimentalcurvetowardsthe endof the
reactionofa changein orderfromzeroto unity."

"Themechanimnofozonedécomposition,undertheconditionspostulated,
willbe as foUows:–(ï)formationof activatedCI. molecules(C~)by light
absorption;(a)collisionbetweenC~andOtmoleoulesresultingin deozonisa-
tionandenergydegradation;(3) collisionbetweenC~and 0: moleoules,re-
sultingin the formationof aotivatedO. mo!ecu!es(<?});(4)collisionbetween
Ot and 0~ moleoules,resultingin deozonisationand energy degradation.
Otherprocesseswhichwillcertainlyoccurare:–(5) spontaneousdegradation
ofquantisedenergyheldby C~moleoules,and (6)spontaneousdegradation
ofquantisedenergyheldby 0; molecules.Collisionsbetween(y)0<andOs
moleculesand between(8) C~andCI,moleculeswillbeassumedto haveas
resuit,if any, simplythe transferof the quantisedenergyfromonemolecule
to anotherof likekind,' andhencenot to changethecompositionof thésys-
tem. Finally,as whena C'<;moléculeactivatesan 0) moiecuieby coUision,
it is likelythat the wholequantumis not transferredassuchto the O.mote-
cule,but rather that a portionof it is !ost as tow-graderadiation(î.e.,the

'Ttane.FaradaySoc.,20,603(tgag).
GrOsa:Z.EtektfoehenMe,29,t~ ('9~).

'BonhoeCer:Z.Physik,M,94(tg~).
<Ann.Phymk,24, (t9oy);Bonhoe~er:Z.Phyaik,H,94(t~).

Notofamtorder,asstatedbyNorriehandRideal.
'Ftanek:Z.Physik,P, 259(t9M).
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quantumassooiatedwithan0, moleouleis smaUerthan that assooiatedwith
a C~ mo!ecu!e),it seemsreasonableto assumethat (9)a collisionbotween
an 0; anda C!~mo!eou!ewillnot resultin Claformation."

"The meohanismhèresuggestedappeareto have two advantagesovor
those proposedby Bonhoener~and by Woigert.' Firstly,it takes intoac.
oountthé deozonisationof0, moteoutesby the 0<molecules,whiehthe work
ofNorrishandRideatbasshownto be, in all probability,formedunderthe
conditionsofthe experiment;andsecondiy,it aooountafor the courseof the
experimentalourve, whichotherexptanetionsfail to do. The assumptiono
involvedin processes(7), (8) and (9), appear reasonableenough,whilst
Bonhoefferhimselfwasforoed(unwillingly)to eoncludethat the lifeofa (%
moleoulemust be unusuanylong. Weigert'smeohanismof "isochromatic
nuorescence"'enableshim,ofcourse,to avoidthisconclusion."

Thereseemsto be noquestionbut that chlorineaotsoatalytioally,in thé
senséthat there is no permanentchangein the chlorineduringthereaction.
Instead of starting fromthe Einsteinhypothesisand inventingingenious
chainmechanismawhichseemnot to besusceptibleof proofin the présent
state of ourknowledge,onewonderswhetherit mightnot be wiserto start
fromthe tact of a zero-orderreactionand later to workout the quantum
relations.

In order to have a zero-orderréaction,the concentrationof everything
that oountamust remainconstantduringthe reaction. Weget thia, forin-
stance,whenhydrogenandchlorinereactat constantpressurein presenceof
liquid water,becausethe hydrocMoncadd is taken up by the waterand
consequentlythe concentrationofthe hydrogenandchlorinedo not change.
In the sensitizationof the ozonedecompositionby eMonne,the ozonecon-
centrationdoeschangeandthereforewhatwearemeasuringis not thé rate
ofdecompositionofozone. Thécombinedratesofactivationandde-activa-
tion of chlorinemust beslowrelativelyto the rateofdecompositionofozone
by activatedoblorine. Thismayproveto be an untenablehypothesis;but
it shouldbeconsidered.

It is clear.that we havetwoclassesof optioalsensitizers,one whiohis
merelya disguisedchemicalsensitizerand one,likethe cMorineand ozone,
wherethere is a transferof energyin someway withoutany permanent

'Z.PhyNk,M,9~(!9a3).
Z.phyaik.Chem.,106,407(t~.
ThefactreferredtoearlyinthiapaperthattheorderMeordm~towhichanon-abMfb-

ingcomponententeraintoaphotochemtcatreaottonatwftysMesbetweono-i Mofinterest
inconnectionwiththiaconeepUonofWetgert's.FortotakethecaoewhenaNtheincident
lightiBaMOrbed,a photoctMmMMreaotionratewNtthenberepresentedbyanequationotthetype–

K(1R&te=K(t-e-),
wherecintheconoentmMonofthenon-absorbingcomponentinquestion,andka reaction,
velocityoonatantsimilartott,k,, above.k thuahaa,inanycaee,a formatresomblance
to an ordmaryradiationextmetioneoeNcient,andofMarnemaatactuaNybe suoha
magmtudentheWeigertconceptionho!ds.WhetheranO.moteonieiedeoMnizedbycoMMonwitha "free"quantumorwithoneamooiatedwithamoteeutesuohasC!,or0, naturallymakesnodmerenoetothetypeofequationwMchexptesaestheresutte.
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changetakingplacein the sensitizer. Wedo not knowhowthe transferof

energytakesplaceandwehavenotheoryasyet as to whatkindofsubstance
wiutransferenergyin this or any simuarway. A ooppersulphatesolution
for instanceabsorbacertainwave-lengthsvery strongly. WiBit act as ari

opticatsenaitizerforanyréactionsand,if so,for whatreactions?
It is worthnoting,however,that in aUcases,nomatterhowinvolved,the

!awof Omtthussho!dsthat only thé lightwhichis absorbediseffective. A

very interestingcaseof thisis to befoundwithchlorophyllwhichshowsa

strongabsorptionbandin théred, dividedintotwointhe caseofchlorophyll-
& "The ohiefabsorptionis in the longerwave-lengthsand ispracticaUyin
thé positionofthe maximumenergyof the solarapectrum,duringthegreater
part of the day. 8. P. Langtey'smeasurementsof the positionof maximum

energygave650-666 forhighsun. Thelatternumberiseasyto remember,
as TimMazeSpointsout, beingthe 'numberof thé beast.' The middteof
the chiefbandofchlorophyll-ais, in solutionin ether,at 66a In colloidal
solutioninonepercentacetone,the bandisshiftedtowardthe red,so that its
maximumis at 678 Thisis the satneas that of its natural state in the
leaf. [Accordingto Wu!st&tter,cHorophyNprobablyexistsin the leafas an

adsorptioncompoundwitha coNoid,but notcombinsdwitha lipoid,assome
havestated.] Thé maximumenergyof solarradiation,also, wouldbe for
thé greaterpart of thédaynearerthered thanthe figureofLangley.Chloro-

phyllbasa considerableabsorptionin the bluealso,but praoticallynonein
the infra-red,nor in thoyeUow-green,andnot muchin the ultra-violet.

"It is remarkablethat someof the earlierobserversbelievedthat the
maximumphotochemicatchangeoccurredin thé yellow-greenregion,in
whichthe absorptionof lightenergyis minimal. Thiswouldbea dimcutty
in viewof Grotthuœ'law,and laterobservations,especiaUyby Engelmann,
showedit to be due to the incorrectestimationof thé absorptionof thé
screensused.

"A strikingdémonstrationof the faot that the maximumevolutionof

oxygenis at the placeof thegreatestabsorptionof lightwasgivenby Engel-
mann.' Thiswasdoncbythé use ofa baoterium,whiehwas verysensitive

to oxygon.Wateroontainingtheseorganismswasptaced,alongwitha thread
of a greenalga;on the stageof a microscope.In the sameplane,andalong
the threadof alga,a minutespectrumwasprojeotedby meansof a spectro-
scopioarrangementbeneaththestage. It wasseenthat the bacteriaacoumu-
latedpreciselyat the placeswherethe absorptionbandsof cMorophyUwere
situated.

"Anotherexperimentshowingthe samefaet, is due to Timiriazeff.' A
leafon a plantis deprivedofita storedstarchby beingkept in the dark. A
smallspectrumis projectedon to its surfaceand, after sometune, the leaf
is decolorisedby alcoholandtreated with iodine. The absorptionbandsof

chlorophyllare thenfoundto be mappedout by the actionof the iodineon

Baytisa:"PrincipleaofGenetatPhyaiology,"50 (!9t$).
'Ondenoek.Phymot.Lab.Utrecht,7,~t (!88a).
*PMC.Roy.Soc.,72, 0903)..
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the starch,whichbas onlybeenformedin theseplaces. Moasurementshâve
alsobeenmade,spectrophotometricaMy,oftheabsorptionof lightindifferent

regionsofthespectrumand comparedwiththe photoohemicaleffeot.There
are two maximashown;but, whenthe curveis correotodfor thé normal

spectnun,in whiohequalabsoissascorrespondto equaldinerencesofwave-

length,the secondmaximumin the blueendia foundto be comparatively
unimportant. Wemaytake it, then,that thé maximaleffectof thé

cMoKphyUsystemis inrelationto that partofthespeotrumwhiohisabsorbed
most."

Bayiiss'cat!sattentionto thefaet that "the absorptionof lightbychloro-

phyll is suchas to make the best useof the Hghtavailable. But a green
pigmentis, of course,transparent to the greenraye, whiehpreponderate
underwater,so that it wouldbe inefficientin that situation. Accordingly,
as Engehnann~bas pointedout, we find,in the seaweeds,red and brown

pigmentscorrespondingto chlorophylland havingthe samefunction,but
able to absorbeffeotivelythé greenligbtavailable. For oxample,the red
seaweedsshowa maximumof carbonassimilationin the greenand,spectro-
phototnetricaUymeasured,they showthe greatest absorptionin the same
region,althoughthereisabo considerableabsorptionbetweenthe linesB and

C, wheretheohiefbandofchlorophy!!lies. Theminimumofabsorptionisin
the orangebetweenC and D. This fact servesto illustratethefunetionof

chlorophyllas an opticalsensitiaer;thé sameeffectis producedby lightof
variouswave-lengths,providedit ia absorbed."

Eosinmay changethe wave-lengthof light necessaryto killbaeteria.'

"Althoughultra-violetlight bas so muohmoreactionon protoplasmthan
visiblelighthas,it bas beenfoundby severalobserversthat lightwhichbas
no actionbyMseaoninfusoria,bacteria,orbloodproducestheeffectofultra-
violetlightwhencertaindyestuffsare présent. Althoughthe dyesusedwere,
for the mostpart, fluorescent,this doesnot seemto be an essentialfactor.
For a completeaccountof the work,thé readeris referredto thémonograph
by Tappeinerandlodïbauer.*Thegoneralnatureof thephenomenonwillbe
ciear fromthe fewremarks following.Hertel'exposedcertainbacteriato

light of 448 This had no effecton them, either with or withoutthe

presenceof eosin,i 1200. Eosinbasnoabsorptionband in thisposition.
Ultra-violetlightof 280~t killedthemin sixtyseconds,withouteosin. A
third experimentconsistedin takinglightof s'B up, that is,in thé position
of the absorptionband ofeosin,and makingit of about the sameenergyas
the ultra-violetlight previouslyused. Alone,this light had no effect,as
wouldbeexpected,sinceit bas a longerwave-lengththan that foundineffeo-
tive in the mat experiment. Onthe otherhand, in the présenceofeosin,
whichhasnoactionin itself,as thefirstexperimentshowed,thebacteriawere

t"MMiptMofGenetatPhymotogy,"567(t~ts).
Ondenoek.Phymot.Lab.Utrecht,7,909(t88i).
B~yMee:"MnciptesofGenemtPhyaictogy,"s/t (!9t5).

<"DieseMibitimeteadetWHtungBaofeMietenderSabstNMen,"(1907).
Z.tUgem.PhymoL,S,95(!9os). ·
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killedin seventyto ninetyseconds.It appearsthat theactionof théeosinis

to be comparedto that ofan opticalsensitizer."

Whereit is possiblefora substanceto changeco!or,the effectofcoîored

lightshouldbe tochangethesubstanceto the samecoloras the light, provided
there is no disturbingfaotor. Thiscasehas beenrealizedby Wiener'with

photooHondes.WiththefulgidesStobbetfoundsthat"orangelightproduoes
an orangedye andbluetighta blueone. Thus, a substanceis formedwhich

doesnot absorbthe lightacting,so thet no furtherchangetakes place;at-

thoughif the productisexposedto !ightof a differentwave-lengthfromthat

under whiohit wasproduced,furtherchangeis effectedsineethe lightis

absorbed." BayUsshas gonea bit beyondbis facts. Bluelightmaybave

produceda bluedye;but thevisiblecolorwasbrown.

If wearedealingwitha livingorganism,the reactionmay be,andsome-
timesis, to producea pigment,or moreof a pigment,whichwillbecomple-

mentaryto the impinginglightandwhichwillkeepthe ligbt frompenetrat-

inginto the tissue. Light,whichisabsorbedby oMorophyU,tendsto bleacb

thé pigmentbut it alsostimu!atestheformationofit.* "Thereisevidenceto

showthat, under the influenceof light,the ohorophyllin a livingcellis con-

stantly beingdestroyed,but that undernormalconditionsthe !eavesremain

green,the cMorophy!!beingreconstructedas fast as it is destroyed.Thus
whenleavesare exposedto a strongerlight than usual,they becomepalerin

colour,probablyowingto thétact that undertheseconditionsthechlomphyll
is destroyedat a morerapidrate than it is reconstracted.Thisis frequently
observedin the leavesof shadeplantswhenexposedto brightsunlight,and

isalsoobservedin Algaesuchas Spirogyrawhichaccumulatenearthesurface
of waterin the intenselightofthe sunduringthe summermonths."

A moreetrikingcaseiscitedby BayMsa"whoseemsto bea littlepMi!z!ed

by the fonnationof the complementarycolor,apparentlynot distinguishing
betweenadaptationby a livingorganismand the normaleliminationwhieh
we get with chemicalcompounds."In certaincases,to whichEngehnann"

bas giventhe nameof 'complementarychromaticadaptation,'wefindthat a

pigmentis actuaUyformedunderthe actionof colouredlightand that the

pigmenthasa colourwhiohiscomplementaryto that of the !ightto which

the organismis exposed,se that thislightis then absorbed.Thealga,Osett-

laria sancta,as shownbytheworkofGaidukov,'occursin severalcotoutsbe-

tweenreddishpurpleandblue-green.Ifculturesaremade,aay,ofthereddish-

purplevariety,wefindthat underredlighta greenpigmentis produced.If

wetake the greenvariety;it becomesreddishundergreenlight,brownish-

W!ed.Ann.,SS,M5(t89S):Bfmr:Z.phyak.Chem.,45,613(!903).
Z.EMttMchemte,14,473(t9o8).
B~yNsa:"PnneipieaofGeneralPhyeio!<~y,"568(t9ïs).

<Watpr:Pfoc.Roy.Soc.,a7B,}87(t9!4).
'"PnncipiesofGeneMtPhymoto6y,"s67(t9!5).
'Ombmoek.PhymoLLab.Uttecht,7,909(t88~).
"UeberdenEinNuaBfarbigenLichteaufdieFârbanglebendenOMilhn-ien"(!9M~.
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yeUowunderbluelight,and soon. Theworkwasdonowithgreat careand
spootro~photometercurvesof the variouspigmentswerecomparedwith those
of the lightunderwhichthey madetheirappearance."

Theseillustrationsshouïdbesuffioientto provetheaocuraoyofthe original
postulatesthat onlythat lightwhichisabsorbedcanbeeffective,and that all
absorbedlight tendsto euminatethe substanceabsorbingit. It isentirelya
questionof chemistrywhetheranyréactiontakesplaoeor whatthe reaction
productsare. 1 findthat the sitvcrsaltabothersomepeopleunnecessanly,
becausethé sitversa!taare moderatelytransparentwhilemetaHiesilveris
quiteopaque. Theyoverlookthefact that lightis fairlyeffioientwith silver
saltsin presenceofa depo!arizer,wheroasit wouldbediSioutttospecifywhat
réactioncouldtake placebetweensilverandgeiatino.

Wesee that absorbedlight maydo oneormoreof threethings. Under
favorableconditionsit maycausevisiblechemioalchange;underunfavorable
conditionsthé absorbedenergymaybeconvertedcompletelyintoheat; under
conditionswhichwecannotspeoifyacouratelyat presenta portionof the ab-
sorbedenergymayappearas luminescence,eitheras NuoKsceneeor as phos-
phorescence.

Thislast paragraphcan be,andbas heen,saidat muchgreaterlengthif
onespeaksin termsofquanta. Wewillbeginwitha quotationfromBoden-
atein.~ "To developthe kinetiesof photochemicalréactionslet us analyse
the processcf light-absorptionandita resultingeffects. Nowadaysweknow
that theabsorptiontakesplaceinquanta;onemoleculeabsorbaonequantum
of energy. If the raysabsorbedare visibleorevenultra-violet,the energy
thusconferredon thé moléculeisveryconsiderable.It isofthe orderof the
averageenergyof moleculesat a temperatureof somethousanddegrees.
Neverthelessinmostcasesthe on!yresultis the transformationofthe energy
into increasedthermalmotion. It is not sufficientto stimulatea chemical
reaction.

"Yet,evenif this is thecase,everyactofabsorptionneedbynomeansbe
followedby a chemicalreaction. Eventhen thémoléculecancommunicate
its increasedenergyto othersin théshapeof thermalmotion,oragain it can
!oseit byfluorescentradiation,or it can indeedemploythe energyto effeota
ohemicalreaction.

"Asto the mannerin whichthisoccurs,themostobviousconceptionis
that théonergyiseniployeddirectlyto severanatomfromthemolecule;and
thisviewhas indeedoftenbeentaken.' But thereare gravereasonsagainst
the conception. First, the energythat can bo conferredon the molecule
withouteffectinga severanceisconsiderablygreaterthan theworkofdissocia-
tion.' Secondly,radiationof energyas fluorescentlightispossibte,whenthe
absorbingsubstanceisa verydilutegas. Thistact forcesusto conoludethat
themoleculetendstoradiateitasurplusenergy,inasfarasit hasnoopportun-
ity of communicatingit as "Bight"–energyto othermoleculesby couision

1TtMM.FMada.ySoc.,20,sa6(t~s).
Warburg:Sitzungsber.Akad.W!ae.BerMa,tMC,3~;1M8,goo.
StemandVolmer:Z.wisa.Phot.,M,e/s (t~o).
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sbortlyafter the act ofabsorptionhastaken place,or of accommodatingit-
selfto its incroasedenergyduringthécoUisionbydissociationorsomesimilar
chemicalréaction.

"TMe"competition"betweenfluorescenceand communicationof energy
to othermoléculesbasbeenobservedin the vapeursof iodine'and of mer-
oury.~If the periodbetweentwo collisionsgoesbelowthé orderof 10-8Bec.,
thé fluorescenceis extinguishedmoreand more. Other observationshave
alsogivento~ secs.as the approximatetermof Mfein thé stimulatedstate.

"Asimilarcompétitionbetweenfluorescenceand photocbemicalreaction
bas,sofaras 1know,not yet beenobserved. Photochemicalprocesseshave
not yet beeninvestigatedat sufficientlylow pressures. However,these in-

vestigationsaresoonto be expected,for they havebeenrenderedurgentby
the devetopmentof"dark reaction"kineties.

"Uptill nowonlysuchinvestigationshavebeenmadeasoou!dbecarried
out withhighconcentrations,i.e. shortperiodsbetweentwocollisions.So
herethereoanonlybea questionof compétitionbetweenchemicalreaotion
andcommunicationofenergyto othermolecules.Andhereit basbeenfound
that inmostcasesthe latter is quiteinconsiderable."

Itrdoesnotseemto methat Franck'ismuohmorehelpful. "Théresearches
ofE.Warburgttogetherwitha greatnumberofexperimontsofotherworkers
carriedout in recentyears,haveshownthat the Einsteinlawoféquivalence
boldsfor primaryphotochemicalreactions. By primaryreactionis under-
stoodthe firststageofa chemicalreaction,for examplethe breakingdownof
a diatomiomoleculeinto its componentatoms. Thisoccursif the molecule
basabsorbedan amounth!'>D, whereD is the workof dissociation.

"Sternand Vo!mer*werethé first to showthat fromthephysicalstand-
pointthe primaryreactionis not the firstelementaryprocess,whichconsists
ratherin the excitationof a molecule,e.g.,

Il + hy 1'2

The conversionof excitationinto chemicalenergyoccursonlyby couisions
of theexoitedmoléculewith any otheratom or mo!ecute,providedthat the
collisiontakesplaceduringthe periodofexcitation. Wehaveherea spécial
caseofa collisionof the secondkind. Otherwisetheenergywillbepartiyor

whollyre-emittedby radiationin accordancewith theBohrfrequencycondi-
tions,whenwehavethécaseof fluorescenceinsteadof photochemioataction.

"Indeedthe experimentson gas fluorescence'and on the excitationof
molecularspectraby impactsof e!ectroos/whichare in manyrespectsvery

WoodandFranck:Physik.Z.,t2,8t (ï~i); Wood:M,M~(!9M).
'Catio:Z.Phyetk,M,t8s(t922);8tua)'t:32,~62(t~s).
'TMns.FaMdaySoe.,20,536(~9~).
ForliteratureMeE.Warburg:"N&tutwiMensohaften"(!$34).

Stem andVojmer:Z.wim.Phot.,19,~75(!9<o).
For literatureeeeP.Mngaheim:"EtuoreMOMundPhosphûtescenz."
'For MteMtoreaeeJ. Framek:Phyaik.Z.,(t9t8);orFocteandMohler:"Originof

Speetta.
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similar,showthat at lowpressurea moteou!emaytake up many tunes its
dissociationenergy withoutdissooiating.For exampleiodinecan absorb
andre-emitasa resonancespeotruman amountofenergyfivetimesthework
of dissociation,wheniUuminatedby the !ino~1840.' Fromthe positionof
the longestwave-lengthmemberof the resonanceseriesweoandeduoethat
hereat thé maximumhalfthe energyofdissociationcanremainin theform
of nuoiearoscillations. A further exampleia to be foundin the hydrogen
moleculewhich,on excitationby electronco!tision,can omitas molecular
speotrumfour to five timesthe amountof the dissociationenergy. If we
consideraisothe experimentson the excitationofX-raysspeotrawhich,due
to secondaryonectssuchas expulsionof electrons,are not so easy to in-

torpret,wemay arriveat valuesof the excitationenergywhichmayexcoed
theworkof dissociationa thousandtimeswithoutleadingto dissociationby
a primaryprocess."

"The well-knownexplanationof thiseffectis that the excitationenergy
isprimarilyemployedinraisingtheelectronto a higherquantumstate, while
the oscil!ationand rotationenergiesareonlyalteredby the epupnngoftheir

periodswith thoseof the electronsystem. It is, indeed,possiblein hetero-

polarmoleculesfor the oscillationand rotationenergiesto changeby light
absorptionwithoutsimultaneouschangesofquantumnumberof the electron

system,but the energyof suchchangesis so smallcomparedwith that of
dissociationthat it maybeneglected.

"Consequentlythe questionwhethera photochemicaldissociationis

possibleinoneelementaryact, that iswithoutcollisionwithmoleculeswhich

chemicallytake no part in the reaction,is reducedto a considérationof the

magnitudeof the oscillationand rotationenergychanges,whicharecoupled
withthechangeswhichthe electronsystemundergoésonabsorptionoflight.
Onlywhenthis amountequalsor exceedsD for the state consideredean
dissociationtake place. Wewilldeallater with thé questionof into what

parts themoleculecandissociate.Wemustfirstconsiderwhetherandunder
what conditionswe can give large quantitiesof rotation and osouiation

energyto the molecule.

"Lenzbas developeda theorywhtchisconcemedwiththe couplingof the
electronwith the molecularfrequenoies,and concludesthat the rotation

quantumnumbercan onlychangehy ±ï, on the occasionof an electron

jump.' We may thereforenegteotthe influenceof rotation. He bas aiso
shownhowthe alterationin oscillationquantumnumbermaybe understood

by referenceto the correspondenceprinoiple.'

"We can considerthis questionmorequalitativelybut moregenerally.
Wemayassumethat, whenlightis absorbed,the nuoleieanonlyalter their

potentialenergy,as the raisingof the eteotronsystemto anotherquantum
stateattersthe strengthof thechemicalbindingofthemolecule.Thischange

0.Oldenberg:Z.Phyaik,M,(t9~3).
'Len!:Phymit.Z.,21,6g1(t99o).
'LeM:Z.Phyat,25,399(t~~).



DMFLACEMENT0FNQUÏMBBÏUMBTMOHT S49

may be largeor amall,positiveor negative. A sohematiodiagramof the

potentialenergyof the nuclei,u, as a functionof theirdistanceapart, r,
allowsus to reviewthé possiblecasesmoreeasily."

"Beforeweproceedtoshowthat théobservationsagreewithourexpeota-
tions,wemustdisoussintowhatparts the moleoulecanbreakdownon ab-

sorptionof light, whiehis thé samequestionaa whatpartsof the molécule
are oscillatingrelativeto oneanotherin therelevantexcitedstate.

"In heteropolarmoleculesweknowthat in thenormalstateoftheelectron

system,positiveand negativeionsare oscillating,andifweconsidersucha
moleculeto bodisruptedbyan adiabatioprocess,weshallhavea dissociation
into a positiveand a negativeion. ïn a higherquantumstate, wherean
electronof thé positiveionia raisedto a higherquantumorbit, the binding
willbe stronger,and wecan expectno dissociationbyabsorptionof light.
Whetherwecanremovean electronbyradiationfromtheanionwillremain
uncertainso longas an electronamnityspectrumisunknown. ln any case
it is a matter not of excitation,but of the completeremovalof an electron,
andas the bindingwillofcoursebeveryweakweshallhavea dissociation
intoa positiveion, an electronand a neutralatom. Theresult ia sufficient
for us that an adiabatioseparationof the moléculeon excitationinto its

componentatomsis notpossible.Afullerdiscussionofthe excitationof the
bandspectraof heteropolarmoleculeswillbe foundin a recentpaper by
Mulliken.'

"We knowat presentvery little alsoabout the bindingof homopolar
molécules.Wehave twopossibilitiesto discuss.

"Thefirstand simplerof the twois that in whichtheatomsof the mole-
culeareboundtogetherbythe vanderWaalsforces.AsDebye'hasahown,
freeatomsin the act ofcollisionmaypolariseeachother,or soarrangetheir

existingmoments,that anattractionensues. If thesameprocesstakesplace
in thesemoleculesthé orbitswillbe disturbed;butthéquantumnumbersof
theelectronsystemwillbepreservedin themolecule.Suchmoleculescan be

adiabaticallydisruptedintonormalatoms,andin thecasewherethe atoms
areofthesamekind,theworkofdissociationwillbeoftheorderofmagnitude
of thé atomicheat ofvaporisation.

"Whensucha moleculeisexcitedbylight,théelectronofoneof theatoms
willbe raisedto a higherquantumorbit,and withweakbindingsthé wave-

lengthsassooiatedwithsuchtransitionswillbe almostidenticalwith those
emittedby the freoatoms. In fact, ail verylooselyboundcompoundslike
Na; and Hg::showsucha relation,andthe bandsattaehthemselvesclosely
to the atomlines.

"In themerourymoleculenotonlythelinesdueto thetransitionst.5 8-

xp,andi.s S-aP exist(asoanbeseenfromthe tact that the bandsattaoh
themselvesto thèseabsorptionlines)togetherwithfurtheratomlineswhich
are foundaccompaniedin emissionby bands,but alsothémetastablestates

MtUtiken;Fhye.Rev.,2<,t (t9!tg).
Debye:PhyeBt.Z.,21,t78(t~o).
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ofthe atomaremetastablein thé molécule.' Plainly thèsetacts are related
withthe smallnessofthéworkofdissociation,whiohiBof theorderof i kilo-
calorie. In absorptionthesebandeare foundon the longwave-lengthaide
of the absorptionlimes,whiohshows,as mentionedabove,that the binding
is atrongerin the exoitedstate. Attachedto these unresolvablebandsare
continuousspectrastretehingin the longwave-lengthdirectionovera wide
region. Fromthis wemay oonoludethat not only the oscillationenergy
existingin the initialstatecanbeusedto raise théelectronSystemtoa Mgher
quantumstate,but that alsothe kineticenergyof twoimpactingfreeatoms
oan be calledintoservice.~Expressingthis in the formof an equationwe
obtain:–

Kin. relativeenergyof atoms + (heat of dissociation)Hg:
+ hf = (Energyof excitation)Hg<.

uHerewemayhavethen a photochemica!elementaryaot in whichtwo
collidingatoms, by thé influenceof light absorption, unite in an excited
moteoule,in the mannerto beexpectedfromDiagramIII.'g

"Converse!y,weshouldhave in moleculesin whiohthe potentialenergy
of thé nucleifollowsthe relationsshownin DiagramI' thepossibilitythat
the moleculemay take up so muchoscillationenergy throughabsorption
that it parts intoa normalandan excitedatom.

"Ofcoursesuoha prooessis onlypossiblein a molecutowhiehis capable
of separatingadiabaticallyinto thesecomponents,and it appearsthat the
halogenmoleculesbelongto this olass. Accordinglythey shouldbelong,
certainlyin the excitedandprobablyalsoin the normalstate,to the typeof
moleculeboundtogetherby vanderWaalsforces,and indeedtheir relatively
smai!*wor!tofdissociationis in completeagreementwith thisview."

"If ourassumptionsare correct,an aceurateanalysisof the termsofthe
halogenapectrawouldnaturaUylead to veryaccuratevaluesof the workof
dissociationof the halogenmolecules,frompurelyspectroscopiodata.

"Dymond,workingin my Institute, has, in a paper shortlyto be pub-
tished,givenfurtherreasonswhylightof a wave-lengthcoveredby the con-
tinuousabsorptionspectrumcan bring about dissociationof iodine. The
principalargumentis that weare forced to concludethat the emissionof
seriesof resonancelineson itIunuDationwith a seriesof wave-lengths,from
longwavesto the neighbourhoodof~sooo,consistaofmolecularfluorescence.

"Wave-lengthsshorterthan Xsooogivenotrace of fluorescence,although
they aremorestronglyabsorbedthan in the regionof bandabsorption.He
also deseribesa luminescencedue to recombinationof normalatomswith
thoseinthe metastablestate. That the transition2p2 zp,,maytakeplace

FromthieweeanexphinthélongafterglowofthemolecularHuoMSceneeofmeroury,SmtnoticedbyPhthm(Roe.Roy.Soe.,S9A,39(t~) anda)sothefactthatthelumines-
cencelaonlyemittedbytheinfluenceofcoUMona.&!eFraMkandGmtnM:Z.Physik,
4,89(t9~!).

BomandFranck(Z.Physik,3t,d!t (t9zs))maintainthatinthiacaseonlyunataNe
quMt-motecutescanbeformed.Thiatintitationianotnecemaryformoleculeswhiehare
builtupbynormalatomeboundtogetherbythevander-Waalsforcer.

'[Notgiveninthiareport.}
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spontaneousiyin the moleculealthoughforbiddenin the atom is to be ex-

plainedfromthe strongelectricaldisturbancesof the atomsof the molecule
oneaohother. Theworkofdissociation,andthereforethe electricaldisturb-
anoes,areheremuchgreaterthan in themerourymolecule.

"In conclusionwemustmentionthe secondpossibletype of homopolar
moleculeanda fewat~umentsfor its existence.

"In this oiassthe electronSystemof theatom is not onlydisturbedbut
quite neworbiteof thé électronsappearwhichbelongto totally different
typesofmotionfromthoseofthe freeatoms. Asanexample,let us take the

assumptionfrequentlymadethat twoormoreelectronsare commonto both
atomsofa diatomiomolecule;the orbitscroseinsomewayand encircleboth
nuclei. Suchmoleculesoancertaintynot separatefrom the normalstate
adiabatioaUyinto twoatoms,and the electronjumpaassociatedwith the
formationanddissociationof thesemoleculesoannotbe producedby radia-
tion processesbut only throughthé energyof collisions.Hère we should
expeota eonsideraMygreatervaluefor thedissociationenergy,as indeedis
thecasein nitrogenandoxygen.

"RecenttyBlackettand the author,in a papershortlyto be published,
havemorec!ose!yexaminedthehydrogenmolecule.Nopointofconvergence
ofbandabasbeenobservedinthe molecularspectrumofhydrogen. Together
withother reaeonswe cao take thisas indicatingthé impoasiMityof adia-
batioseparationof the atoms.

"Throughthe influenceofcollisions,whichas isknowncan causetransi-
tions of the électronorbits betweendifferentclassesof mechanicalorbits,
it bas beenshownin thé papermentionedthat the hydrogenmoleculecan
dissociateinto a normaland an excitedatom. An adiabatioseparationis
possibleas soonas a transitionof théelectronsysteminto that of the atom
basoccurredthroughthe collisionprocess."

Ot'nstem*saysthat "in thé photochemicalprocessexcitedmoléculesare
formedby light,collisionstransformthe energyabsorbedby the quantum
absorptionintochemicalenergy;inthe secondstagenewlyformedmolecules
losotheir onergyby wayofémission."

Roy' states that "molecularcollisionshaveno placein unimoleoularre-
actions. 'Aotivation'is a preliminaryprocessof 'looseningof the chemical
bonds'betweenthe twocomponentsofa moleculeandmay result. fromab-
sorptionof radiation(endothermicreaction)or emissionof radiation(exo-
thermicreaction)accordingtowhetherit isnecessaryforthebindingelectrons
to moveto higheror lowerquantumstatesto renderthe moléculesréactive.
Amolecule,presumably,passesthrougha seriesof quantisedstates by ab-
sorptionor émissionof somedefinitefrequenciesbeforecomingto a final
'reactive' state. A 'reactive'moleculesubsequentlyundergoesdecomposi-
tionby absorptionof radiationof ailfrequenciesgreaterthan a certainlimit-
ingvalue. Forthe steadycontinuanceofthereactionit isnecessarythat the

Ttans.FaradaySoc.,20,505(t~s).
'Tmna.FaradaySoc.,20,s~ (t9:5).
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procesaof 'aotivation'mustrun at a rate sumoientto furnishthe numberof
'reactive'moleculesnecessaryfor the réaction. A satisfaotorylaw of uni-
molecularreactionsoaneasilybe workedout~on thé basisof thesoideas."

Kautsky'bas discussedchenutuminescenoe."Haber and Zisoh'have

investigatedthe luminescencecausedby the combinationof sodiumvapour
withoblorineandhaveexplainedit theoreticaUy.My colleagueDr. Zocher
andIl gaveindependent!ya similarexplanationfor the extraordinarybright
ehcmuuminescettcewhiehis causedby the oxidationofsilikoneat roomtem-
perature. (Silikoneisa yellowsolidsubstance,a mixtureof siloxen(8ieO)H,)
andseveralcolouredreactionproduotsofsUoxen.)Thiaexplanationmaybe
expressedbneByin thé followingway. The energywhichis set free in any
chemicalréactionremainsfiratassociatedwith the réactionproducts. In the
simplestcaseof chemiluminescencethé reactionproductitselfmaygiveoff
itsenergy,orat leasta part ofit, in the formofradiation. In othercaseswe
may Srst bavea tranaferof energy without radiationfrom thé reaction
produotson neighbouringmolecules. Thesemoleculesmay be moleoules
whichtakepartin thereactionor moléculesofanotherkind. Bythistransfer
ofenergy,theyare transformedinto an unstableactivemodification,rioher
in energy,andlightisemittedwhen they retumto their normalstates.

"Chernihunineecenceis therefore the reversâtof a photoohemioalor a
sensitisedphotochemicalreaction. Here the absorptionof light causesdi-
recttya chemicalreactionor,in the caseofsensitisation,it causesa chemical
reactionin conséquenceof a transfer of energyon neighbouringmoteou!es'.
ChenuhuninescenceonlydiffersfromBuorescencoinsofaras the activationis
of a differentkind. In the caseof chemilumineseenceit is the energyof a
chemicalreactionwhichcausesthe radiation,in the caseofauoreaeenceit is
the absorbedlightwhichbasthe sameeffect.

"It thereforeoughtto bepossiHeto forcea substancewhichshowsnuo<
rescenceto givechemiluminescenceby usingsuitablereactionsf oraotivating
itsmolecules.Wemightexpeetthen that the spectrumofchemiluminescence
wouldbe identicalwith thé spectrum of fluorescence.Experimentswere
thereforemadeto forcefluorescentdyestuffslikerhodamineand rhodamine
sulphonatetogivechemiluminescence.In ordertoattach thisendthefollow-
ing conditionshave to be fulfilled. We nced a reactionwhichgivesthe
energynecessaryto activatethe dyestuffsand whiohdoesnot changetheir
émissionof light.Wefurtherneed conditionsin order that the transferof

energyfromtheplaceofréactionto the moleoulesofthe dyestuffsisthorough
andeffective.Tbeseconditionsare fulfilledbysomesoUdcolourlessdérivâtes
ofsilicon,forinstancesilico-oxalicacidsiioxenandsomecotourtessoxidation

Roy:ProeRoy.Soc.,11OA,543(ï!M6);Z.F&yaHt,34,499(t~s).
TtMM.FaradaySoc.,M,S9t(t~s).
H<tbe)-andZiMh:Z.Phymk,C,3M(19~).

'KautskyandZocher:Z.Phymk,9, 967(t~a); Z. Etectroohemie,29,308(tM3);
NatuntMMtMchaften,H,t~ (t~}).1Thecorrelationbetweenohemilnmïnaeence,sensitisationandphotoehemica1reaotionatMebeeninvestigatedbyKautdtyMdTMete:Z.'anot~.Chem.,t44,t9y(t9~5).
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productsofsi!oxen.'Theselatterderivativesofsiliconhavea strangemorpho-
togicatstructure.* Thoyarebuiltup of lamellaeoonsistingof layersofmole-
culesonlyoneor twomoleoulosthiok. Thèsetayers Heoveroneanotherlike
the leavesof a book. Theyadsorbbasicdyestuffsin water solution. The
adsorptioncompoundsare stronglycolouredand show fluorescence.The
lamellaethemselvcsmaybeoxidizedby addingsmallamountsof potassium
permanganatein acidsolutionwithoutshowingluminescenceand without
change in their morphologicalstructure. The energy of this oxidationis
easilytransferredto the dyestuffmoleculessince they are adsorbedon the
lamellae. They are, therefore,in the direct neighbourhoodof the placesof
réaction.

"The ohemiluminescenoewhich is causedby addinga solutionof per-
manganateto thèseadsorptioncompoundsMsuprisinglybright. The same
ohemitutninescenceis foundif these adsorptioncompounds,in a dry state,
are oxidiaedwith ozone. Thisshowsthat it is the adsorbeddyestuffwhich
causes the ohemiiuminescence.The dyestuffsworemade to Quoresceby
uluminatiogthem withultra-violettight. There was no différencebetween
the fluorescentspeotraof the adsorptioncompoundsand of the dyestuffsin
solution.

"The above-mentionedtheorywasverifiédquantitativelyin so faras the
ohemiluntinesoentspectraof rhodamineand rhodaminesulphonate were
foundto be identicalwiththeir fluorescentspectra."

Lindemann*considorsthat there weretwo totally différentprobtetnain
the discussionbeforethéFaradaySooiety. "The oneset of problemsis con-
neotedwith the secondaryeffeotsfollowingupon photochemicalaotivation.
Hèrewehavea long,oftoncomplicated,chainof reactions,whoseinvestiga-
tion ismorea matter forthe ohemistthan the physioistat the presentstage.

"By contrast the primaryreactionsoemato me to be comparativeiy
simpleand in goodaccordwithEinstein'staw,the so-eaUeddeviationsbeing
due to a misapprehensionofwhatis ctaimed. Whenonequantumoflight is
absorbedby an atomit movesthe eleotronfromonestationaryorbit to an-
otherstationaryorbit,or ionisesit completely,as in the photo-eïectriceffect.
The excitedatom oangiveup its storeof energyin variousways,eitherby
the return of the electronto the primaryorbit with émissionof radiation,
as oocursin the phenomonaof fluorescenceor phosphorescence,or by the
tranaferof thé energyto kineticenergyof someatomwith whichit collides
(S<o8aj!!Mw~Art), or by takingpart in somechemicalprocess. Einstein
claimedthat every atommuetbe photochemicallyaffected. His lawmerely
gives the maximumnumberwhichcan take part in thé primary reaction.
The chanceof a photochemicatreactiontaking plaoedependsupon the ex-
eessof the energyof the quantumover thé energyofactivation. Thuathe
emeienoyof the light willin generalincreaseas the frequencyis increased,

1Kaetaky:Z.anorg.Chem.,m, <09(t9:t).
KMtakyandHeMbetK:Z.anorg.Chem.,M7,81(t~s).

'TfMN.FaradaySoc.,20,607(t~s).



S54 WILDER D. BANCROFT
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`_. andmaybaveanyvaluebotweentobpercentandopercentas the longwave
limitisapproached."

1 do not myseKbelievethat it is possible,as .Lindemannand others
assume,to keep an electronlongenoughin an outerorbit to giverise to
chemiluminescence.If this cannot be donc,we must teoognizethat there
are twotypesof fluorescence,as indeedthere Me. The cathoderay Suo-
rescenceof merouriobromide,cadmiumsulphate,andleadsulphateinvolves

Í: theaetuatdécompositionof thesesalts intomerouryandbromide,cadmium
oxideand sulphurtnoxido,and leadand sulphateradicalrespectively;but
nobodywouldguessit fromthe discussion,and consequentlyI, for one,do
not feciinclinedto acceptat their facevaluethe viewswhioh1 have just
quotedat somelength. 1shouldliketo seea littlemoredefiniteknowledge.

Havingacquireda fairlydefiniteideaof the generalprinoiplesgoverning
photochemioalchange,we can Snishup thé nominalsubjeotof this report
inshortorder,becausethe theoryofthe déplacementofequilibriumbylight

S is quitesimple.' If weexposea systemto a given!ightof givenintensity,
the lightwhichis absorbedwilltend to eliminatethesubstanceabsorbingit
andwilldosoif the conditionsare favorable. Wewillsupposethat x grams

!i oftheabsorbingsubstancewouldbechangedin the firstsecondif therewere
no disturbingfactors. The two disturbingfactorsare the reversereaction

S in the dark and the reversereactiondue to the absorptionof light by the
photochemicalconversionproduots. If wepostulatethat thesetwo reverse
réactionsproducey andz gramsrespectivelyof the originalsubstancein the
firatsecond,the total conversionin thé first secondwillbe x-y-z grams.
Theoretically,weoaneuminatethe reversephotoohemicalchangeby using
onlythe wave-lengthswhichdecomposetheoriginalsubstance.In this case
the amountofconversionin the firstsecondwillbex-y gramsand willbe
zerowhenx==y. In otherwords,thefavorableconditionforgettinga marked
displacementofequilibriumis that the reversereactionshallbe veryslow.
The monomerioform of nitrogenperoxidebas a very strongband in the
morerefrangibleend of the spectrum;but it wouldprobablybe impossible
to producea perceptiblebteachingby the bluelight becausethe reversere-
actionis too rapid. Ozoneis formedphotochemicallyfromoxygenby some
of the wave-lengthslessthan zoo~t andis decomposedphotoohemieallyby
someof the wave-Iengths?longerthan Mo~. Sincewehave no ray filter
whichwilllet throughthe wave-tengthBshorter than 300~ whUecutting`
offthoselongerthan 300~, thé amountof ozoneformedin the first second
by anygivenlight is x-y-z grams. Sincethe temperaturecoenicientof
the reactionin the dark is usuallymuchgreater than the temperatureco-
emcientsofthe photochemicalreactions,wecanusuallydecrease relatively
to x-y or to x by loweringthe temperature. This isactuauythe casewith
ozone. At lowtempératureswe canget a fairlygoodyieldof ozone,while
thereis practicallynoozoneformedat aoo"becausethe decompositionis so

rapid.
1Cf.Sheppard:Chem.Rev.,4,~t<)(t~?).
Fordécompositionofozonebyredlight,aeeKMtiakowety:Z.physik.Chem.,tt?, 337

do~S).
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Violetlightconvertsthéordinarydissolvedsulphurl,8~,intothe insoluble
sulphur,8~. Thé amountof conversiondeereaseswithrising température
beoausethespeedofthe reverseréactionin the dark increases.Wigandwas
onlyableto geta loweringof the freeiang-pointofsulphurofa fewtenthsof
a degreeby expoaureto light;but it ispossiblethat onecoulddo better than
tbisbeoauseWiganddidnot use the mostfavorablewave-lengths.

Water is a mixtureof compoundshaving the generalformula(H~O)n.
8omeof themmustabsorbsomeraysin the ultra-violetmorestronglythan
théothermodificationsdo,in whichcaseit shouldbopossible,theoretioaUy,
to disptacethé freezing-pointof water. Whotheronecan get a measuraMo
displacementdependson the rate of the reversereaction. One couldun-
doubtedlyget resu!tswithsomeof thealdoximes.

Simitarlyit ispossible,theoreticaUy,to displacetheinversiontemperature
forthéredandyeUowmercuriciodides;but therearenodata toshowwhether
thedisplacementwouldbemeasuredindegreesor in thousandthsof a degree.
Dey~nndathat the orange-yeUow(HgS);.HgIgturns blackon exposureto
sunlightandrevertsin the dark. Onefactorin makingpossiblethe decom-
positionof merourousohlorideinto mercuryand merourioohlorideis that
the reversereactiontakes placeslowlyin the dark. SazaH' reports that
lightdisplacesthé equilibriumbetweenferroussalt and iodinetowardsthe
iodideside.

CoehnandBeckerhavestudiedtheeffectof lightonmixturesof sulphur
dioxideand oxygen. The effectiveBght doesnot exceed265~ in wave-
length,whichmakesit practicaUyimpossibleto useuviolglassand actuaUy
thereis almostnoeffectin uviolglass. Equilibriumwasreachedfromboth
sidesin presenceofultra-violet. Witha quartzmerourylampas sourceof
light the photochemicalequilibriumis at about 65% conversionat 160'
asagainst100%conversionfor thermalequilibriumin presenceofa catalyst.
Coehnand Beckersay that the photochemicalequilibriumis practically
independentof the temperatureup to 800°,wherethe thermalconversion
inpresenceofa catalystisonlyabout30%. Witha ratioof80: 0~ = i
theyobtaineda conversionof80%at 800°as againsta catalyticoneof44%.

Overthis wholerangeof temperaturethé rate of conversionor decom-
positionis practicaUyzeroin the dark inabsenceofa catalyst. Thé reverse
reaction,y, in the dark thereforedropsout practicaUycompletelyin these
experiments,asCoehnandBeckerthemselvesstate. Sincethe rate at which
equilibriumis reachedin the light increasesenormouslybetween160°and
800"witha temperaturecoefficientof 1.2,theonlywayin whicha displace-
mentof equilibriumcanbe avoidedis by postulatingthat one is measuring
the antagonisticactionof twogroupsofwave-lengths,just as we knowwe
doin thé ozoneformation. Thé eBectsof both sets of wave-lengtbsmust
inoreaseproportionaUywiththé température.

493' J. ~~°'" Wig~nd: Z.phyaih.Chem.,65,44~(~09);7y.423~,r9It).
'Nature,112,~40(t9:3).

'Z.Mom..Chem.,122,61~922).<Z.phy~. Chem.,70,88(t9M).
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Insteadof adoptingthis obviousexplanation,Coehnand Beokerassume
that there cannotbe antagonisticgroupsof wave-lengthsin this case,that

probablythere are not in any case,and that, conaequentiy,the ozonework

is wrong. They ignorethe faot that their positionis unsoundtheoretically
andthat it doesnotaccountfortheirownexperimentalobservationthat the

photochemicalequilibriumis not displacedappreciablyby changeof tom-

poraturealthoughthé rate of reactionis.

In the Cornelllaboratorywe haveobtaineda conversionof only about

25%at a little underaoo",passinga Teslaosaillatorydisohargethroughthe

gas,whichprobablygivesus a differentgroupofwave-tengthain the ultra-
violet. This is not inconsistentwith CoehnandBeoker'sexpérimenta;but
isquiteinoonaistentwith theirassumptions.

Chapman,Chadwiokand Ramsbottom'haveshownthat dry oarbon

dioxideat atmosphoricpressureis decomposed2.5-3.opercentby ultraviolet

light,whileat 36 mm pressure46 percentof thécarbondioxideis decom-

posed.Thémain reactionis, ofcourse,aCO:?~ :CO + 0;; butsomeof the

oxygenisconvertedinto ozone. Whenmoistcarbondioxideisused,thereis

practicallyno décompositionat aU. EMs and Wellsconsiderthat under

theseconditions"the catalyst (moisture)exertsa markedinfluencein de-

terminingthe modeof distributionof energyamongthe moleculesof the

reactingsubstances(the two oxidesof carbonandoxygen)." This sounds

weU,but do weknowthat watervapordoesact asa catalystat thesetem-

peratures? It is quiteas possiblethat the watervaporaotsas a screen. The

experimentshouldbe repeatedwith ooncentrictubesand the water vapor
in the outerone. Thenweshouldhavesomethingdefiniteto goon.

Coehnand Sieper*havealsostudiedthé actionofultra-violetlightoncar-

bon dioxide. Thewave-Iengthoftheactiverays!ieabe!ew254~. When
the pressureis suchthat the dry gas is decomposedto the extentof 18per-
cent,the merest traceof moisturereducesthe amountof décompositionto
0.1percent. Neither formioaoidnor formaldehydeis formedand the water

undergoesnochange. Coehnand Tramm*findthatpresenceofwatervapor
bas no apparenteffecton the rate ofcombinationof carbonmonoxideand

oxygenunder the influenceof ultra-violetlight. Thislooksas thoughthe
watervaporactedmerelyas a soreen.

The photochemicalformationof phosgenebasbeenstudiedby Boden-

stein4. "The chlorineusedcontained0.08per centoxygenand a trace of

water. Carbon monoxidewas made by the reactionof sulfuricacid and

formicacid, and wasfreedfrom oxygen,carbondioxide,and water. The
results with various mixturesof carbon monoxideand chlorineare very

complicated,and are innuencedby the moistureprésent. Experimentson

1J.Chem.Soc.,M, M(!896);91,94~(taoy);EUiaandWeih:"TheChemioatAction
ofUttt&viotetRayB,"nt (t<~s).

Z.pbyeik.Chem.,M, (t9!6;.
Ber.,54,U48(!9:!).

<Rec.Tt~v.chha.,41,595(t~a) and WeUs;"TheChemicatActionofUltraviolet
Raya,"113(t~s).
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the relationbetweenthe radiationsabsorbedand the amountof material
transformedshowthat oxygenretards the reactionand exercisesa rather
constanteffectuntiljuat at the end, whenils effectia suddenlydiminished
Oxygenis sensitizedby irradiatedchlorine. Carbondioxideformationisothorthingsbeingequal,proportionalto the oarbonmonoxidepressure,in-
creaseswiththe chlorinepressure,but moreslowlythan direotlypropor-
tionalto it, anddeoreaseswith inoreasingoxygenconcentration,but not eo
rapidlyas to boinversetyproportionalto it. The sensitizedreactionalso
showsa largeDrapereffeot.

"CoohnandBeoker'nnd that whencarbonylchlorideis paasedthrougha quartztubeat the ordinarytemperature,and at the sametimesubmitted.
to thé actionof rays froma quartz mercurylamp,it Mpartlydecomposedintocarbonmonoxideandohlorine. Wheni ceofcarbonylchlorideispassed
throughthequartztube(aooentimeterslongando.scontimetersindiamoter)
per minute,the amountof décompositionis 3.3-4percent. The effectis
chteSydueto the shortultravioletrays,sincetheuseof tubesofuviolglass,
whMhare transparentonlyto wavesof greaterwave.Iengththan a6s~ re-
sultedin a degreeof decompositionof only 0.46~.5per cent. In ordinary
glasstubesthereis nodécomposition.CoehnandBeckerremarkthat inaU
the caseshitherto,namely,the photochemicalequuibriaof sutfurtrioxide,
hydrogenohloride,and carbonylohloride,the actua!equilibriumis affected
onlybyultravioletrays. Rayaofgreaterwavelengthsimplyact catalyticallyon the attaimnentof equilibrium.Wherly~reportsthat whileexperiments
usingultravioletfor the productionof phosgeneby the unionof carbondi.
oxideandchlorinehavebeensuooessfullytried,the disadvantagesonacom-
moroMtsea!eare manifest. By far the greaterproportionof phosgeneis
manufacturedby passingoarbon monoxideand chlorineover platinized
aabestos,charcoalorboneblackheatedto redness."

The influenceof light on thé gaseoussystem, hydriodicacid, hydro-bromicaoid,bydrochloricacid, and their componentshas beeninvestigated
by Coehnand Stuckardt~at roomtemperature,equilibriumbeingreaohed
frombothsides. The experimentswerecarriedout in quartz glass,uviol
glass,and Jena glass. The percentagedeuompositionof the threeacidsat
eqmhbnumisas follows:

HydrochlonoaoidMquimaultra-violetlightof 990~ for decompoationand
evemthon thé rate of changeia amaU. Under aimilarconditionshydro-

*BM.,43,t3o(t9!o).
'CotmTmdeJ.,a,-(t9i8).

R&°'
91, ~~= "TheChemi~ActionofUltm~obtRaya,"1109~5)·

QaartzGtasa UvMGtass Jen&G!am

t, ~°~ ~S4~ 300~
Hydnodicaoïd t~
Hydrobïonucacid 100 ao 0
Hydmchlonoaoid 0.4 0 0
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bromicacidisdecomposedrapidlyandcompletely.Hydriodioacidis decom-

posedby blueandvioletlight.
Thé displaoomentof the hydrogen-oxygenequilibriumby ultra-violet

fi

light or by radiumis complicatedby thé possibleformationof ozoneor

hydrogenperoxide.Dickinson'foundthat "hydrogenandoxygonin contact j
withmerourycombineto formwaterat 45°0 or evenat roomtemperaturo

1

whenilluminatedby rayafroma quartzmerouryarc lampoooledby a blast

of air. This is saidto be due to dissociationof thé hydrogenmoleculeby
collisionswith merouryatoms exoitedby absorptionof thé merouryline, j
~S3.7W. absenceofany oneof the three substancesor of the exciting

radiation,no reactiontakesplace." Thisseemsto bea very olear-cutcase

ofan opticalsenaitMer.

"The equilibriumpointof hydrogenohloridein the dark liespracticaHy
1

at thepointofcompleteformationofthisoompoundfromits elements.This

equilibriumcanbe broughtabout in theabsenceof lightby submittingthe

mixtureofhydrogenandchlorineto thecatalytioactionof oharcoa!.Coehn

and Wassil}ewa?find tha.t,if pure hydrogencMorideis submittedto the

actionofultravioletrays froma quartzmerourylamp,it is splitup to suoh

an extent that, on oollectingthé gasesovora solutionof potassiumiodide,
about two cubiocentimetersof hydrogenare produoedin a quarterof an

hour. Thehydrogenchloridewaspassedthrougha quartz tube,whichwas

at a distanceof abouttwo centimetersfrom thé lamp, the tubingthrough
1

whiehthe gaseswereledawayfromthequartz tube beingprotectedfrom

alt!ight. Whenthé quartztubevas replacedbyonemadeof ordinaryglass,
or of uviolglass,no decompositionof the hydrogenchloridetook place."

Whena solutionof anthraceneis exposedto light,the anthracenepoly-
merizesto dianthracene*,whichmay or may not orystallize,dependingon

the concentration. Whenmelted, dianthracenegoes baok oompletelyto

anthraceneand it a)sogoesbaokmoreslowlyat lowertemperaturesin con-

tact with the solution. Thiabas beenstudiedexctusive!y',sofar as 1know,
as the baJancingof a lightreactionagainsta.dark reaction;but of course

theremustbe lightofsomewave-lengthwhichwillaoceleratothedepolymeri-
zationof the dianthracene.LutherandWeigertsay that the absorptionof

Ughtby dianthracenesolutionsis negligiblein comparisonwith that of

anthracenesolutions;but thisbasno spécialsignificancebecauseit is aques-
tionof thé absorptionofsinglebandsandthe statementcannotbe true for

thedianthraceneabsorptionbands. ]

Luther bas studiedthe réversibledecompositionof the silverhalidesby

light electrometricaHyand bas shownthat the electrioaleffectof eaoh in-
1

Proc.Nat.Acad.Sci.,M,409(iga4);EttisandWe!)s:"ChemieetActtonofUltraviolet t
Ray: ï0t (ï9~S).

'Ber.,42,~&3(!909).
'OmdotSandC~memn:Am.Chem.J., 17,6;8(t8M).
LutherandWeigert:Z.phyaik.Chem.,St,397;53,385(1905~Byk:Z.Etektfoehemie,

M,460(~908).
'Z. physik.Chem.,M,6!8(1899).
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Hartridgesays that it is ahnoatself-evidentthat the activerays corres-
pondto oneor moreof the absorptionbands. "Fourlittleglasstubes con-
tainingthe same mixtureof COHband femoyanidewerethereforeplacedin a speotrumprojeotedby a dMraotiongratingand Nernstlamp;one was
ptacedin the positionofeachband. Onexamination,it wasfoundthat the
Bohtttonptaoedin the ultra violet had changedto methaemogtobin,the
othersolutionsremainingpraotioallyunchanged. Thiashowedclearlythat
theultra vio!et rayahad beenresponsiblefor thé actionon the COHband
explainsthe vadueobtainedin the firstexperimentquotedforthé dissociation
causedby differentlight sources. Thosesourcesrich in actinierays, i.e.
sunlight,magnésium,etc.,causea bigdissociation,whileeJectnolight, lamp
light,etc., causevery m!e becauseof theirpoornessin theserays."In a laterpaperHartridgeand Roughton"workedwithsucha mixtureof
haemoglobin,oxygen,andoarbonmonoxide,that therewasno freehaemo-
globin. In oneexperimentat abouto", the equilibriumwassodisplacedby
hght to the oxygenthat there was less than onepercentcarbonmonoxide
haemoglobinin the light and welloveraixtypercentwhenequilibriumwas
reachedin the dark. Curiouslyenough,.oxyhaemog!oMnis apparentlyin-
sensitiveto light so far as dissociationis conoerned.

Dewarand Jones<hâvestudiedthedecompositionofliquidironcarbonyl,
Fe(CO).by visiblelight. Whendissolvedin dry etheror petroleumether,
lightcausesdecompositionto carbonmonoxideand to so~ed solid iron
carbonyl,Fe,(CO)~which separates as reddish-orangehexagonalplates.Thesectystabare practicaUyinsolubleinether,petroleumether,andbenzenebutare slightlysolublein methylal,acétone,andalcohol,andaremuchmore
solublem pyridine,forminga reddishsolution. Whenliquidironcarbonylisdissolvedin pyridineand exposedto iight, the solutiongivesoffoarbon
monoxideand turns red, but no solidiron oarbonylpreoipitatesuniesathe
solutionis very concentrated. This is, of course,whatone wouldexpeot.

1J.Phymotogy,20,so~(1896).
J.Physiology,44,M(t9M).

'Ptoc.Roy.800.,94B,336(1929).
'Proc.Roy.Soo.,7<A,558(t~os);yeA,68(t~).
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tonsityof light can be duplicatedin the dark bya suitableconcentrationof
the halogenin question.

Hatdane' foundthat whenair containingas muchasonepercentofcarbon
monoxideis shaken withbloodsolutionin brightsunHght,no pink oobr at
aUcouldbeobservedin thesolution;yet, whenthebottlewastaken into the
dark, the pink colorappearedat onceon shaking. Thiswasconfirmedby
Hartndge' whogivesthe fottowingdata for the displacementof equilibriumcausedby !ight:

PercentageCarbonMonoxideHaemoglobin
Dark 96 Dark 92 Dark 91
Sunlight 42 E!eotnc!ight88 Daylight 80
Sunlight 35 Sunlight 40 6"Magne8:um64
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In the ïight, the iron oarbonyldécomposeseven againsta pressureof ïoo

atmosphèresof carbonmonoxide. The reversereaotiontakes placevery

slowlyin the darkbut goesonevenat lowpressures.

"The velocityof thé reversereaction,Fe~CO). + CO -= :Fe(CO)t,

whiohproceedsin thedark,wasstudiedbyusingthe sametubesthat weused

for the examinationof thé directreaction. Theresultsshowthat this Man

extremelyslowréactionat the ordinarytemperature. Tube E, above,con-

taining petroleumether, bas a pressureof three atmospheresafter three

months,so that only73percentof the gas hadbeenabsorbedby the solid;

after elevonmonthsthe pressurewas still 1.68atmosphères,sothat 92per-

centof thé productshadrecombined.

"In linewiththisisthétact thatdissolved,Iiquid,ironcarbonyldecomposes

in thé lightevenagainsta carbonmonoxidepressureofonehundredatmos-

pheres,whilethe reversereaotiontakea placein the dark,evenat lowprès- a

sures,thoughveryslowly.
"In orderto determinewhatkind of lightwaamosteffectivein induoing

i
this deoomposition,smaUtubescontaininga ten percentsolutionof iron

pentacarbonyïin etherwereexposedin differentparts of a sotarspeotrum
J

and also to sunlightunderdifferentcolouredsoreens. It wasfoundthat

mostrapid decompositionoeourredin the blue,then green,closelyfollowed

by yellow,and lastlyred:exposureunder red glassproducedroughlyabout

one-tenththe amountof solidproducedunderbluegiassin the sametime.

Exposureofthe liquidinquartztubes to the eleotrioarccausesslowdecom- [

positiononly, and the acétylènename iastiUtess active." It is not quite

ctearwhy the red light shouldproducethe leastdécomposition.It is prob-

ably a questionofeneetivet.essrather than of absorption.

Solutionsof liquidironcarbonyïin nickelcarbonyï"areofa muchpaler

yellowcolourthansolutionsofequalconcentrationsin othersolvents.Thus,

forexampte,a tenpercentsolutionof ironoarbonylinetherbasjustthé same

intensityofcolouras a thirtypercentsolutioninnickeloarbonyl.Atenper-

cent solutiondepositsnosolidafter exposureto brightsunlightfor several

weeks;a twenty-fivepercentsolution(byvolume)depositsnosolidfromthe

liquid, but solidis depositedin the vapeurapaceabovethe liquid;a Sfty

percent solutiondepositssomesolid both in the liquidand in the vapour

space.
"That no moredecompositionoccursin dilutesolutionsof ironcarbonyl

in nickelcarbonylis shownby thé facts that no gas isevolvedfromthese

solutions,and that solidiron carbonylis only sparinglysolublein nickel

carbonyl. The absenceof any changeis not to be accountedfor by the

absorptionof the activelightbythe nickelcarbonyï,sincethe ironcarbonyl
1

basbeenshownaboveto besensitiveto ïightin thevisiblepart ofthéspectrum c

whichis not absorbedbynickelcarbonyl. Thistact wasfurther confirmed f

by exposinga smalltube full of iron carbonylimmersedin liquidnickel )

carbonylto ïight,whendecompositionwasfoundto takeplacerapidly." <

Dewaraccountsfor thisby assumingthé formationof FeNi(CO)<,ana-

logousto Fe,(CO)t. "A compoundof this kind, thoughunstablein itself
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(sincethe vapourabovethesolutionscontainsiron carbonyland the concen.
trated solutionsdepositsomesoMd),mayyet beunacteduponby light. The
existenceof thia compoundis renderedprobableby the faot that solutions
of iron carbonylin nickelcarbony!have such a pale colourcomparedto
solutionsof the sameconcentrationin othersolvents."Il

"Whensolidiron carbony!is heatedalone,no changetakesplacebelow

ioo"C at thie temperaturea solidand a greenliquidare formed. But if the
solidbe heatedwithliquidssuchasether,petroleumether,ortoluene,change
beginsat about5o"C,the soliddécomposesandthe liquidacquiresan intense

greencolour. The intensityofthé greencolouris so greatthat thé solutions
arealmostopaque,evenin thinlayers;inmoredilutesolutionsthe absorption
spectrumshowsa distinctband in the yetlow. Thèsegreensotutions,on

exposureto light, again deposityeUoworystabof the ao!idcarbony!,and
becomeoo!our!e8s."Il

The greencompoundappearsto be iron tetracarbonyl,FeCO4,or some
polymerof this. The decompositionof diferro-nonaoarbonyïin presenceof
solventssuch as tolueneand ether ia probably to berepresentedby the
equation

Fe<(CO), Fe(CO),+ Fe(CO)4

"Furthor evidencein supportof this wasobtained by carryingout the

decompositionin tubesnUedwithcarbondioxideand fittedwith a mercury
manometer. No changeof pressurewas producedby the deoomposition.
Onexposingthe tubes,afterheatingandnowoontaininga greensolution,to
light, the orangeorystab of diferro-monacarbonylweredeposited,showing
that during the actionof heat ironpentacarbonythad beenformed." The

decompositionof iron tetracarbonyton heatingcorrespondsapparentlyto
thé equation

aFe(CO)< Fe(CO)t+ Fe + 3 CO.

Stobbe'basshownthat theorange-yellowcryataUinepowderof tripheny!-
fulgide(A.form),for whiohhe writesthe formula

?~.0=0 CO

(C,H.). CH= C t CO"~0~Cii6l CH-= C C

isstable in the dark but changeswhenexposedto sunlightor to arc lightto
a light-brownmass whichconsistsat least in part of the B-form(formula
notgiven). If oneusesblueandvioletraysinsteadofwhitelight,the product
isdarkbrownandis probablymorenearlypureB-form.TheB-formgoesbaok
slowlyin the darkand morerapidlywhenexposedto redandyellowlightto
the orange-yellowA-form.

Stobbe'bas alsostudiedthe effectof lightof differentwave-l3ngthson
styrene, the cinnamicaeids, etc. "Thé polymerizationof styrene, which
takesplace apontaneoustyin the dark, oanbe acceleratedconsideraMyby

Z.EtektMohenHe,M,474(t~oa).
Z.angew.Chem.,3S,587(t~a)~Ber.,MB,~t: (19~$).



S<M WÏLDBB D. BANCROBT

exposureto sunlightorto thé lightofthe merourylamp. Ahard,glassymass
is obtained,whiohsweltsand then dissolvesslowlyin styrène,benzene,
toluene,nitrobenzene,or oarbontetracMoride. On additionof alcoholto
anyof thesesolutionsthere is obtaineda preoipitate,whichisat firstslimy <
but becomesbrittle after repeatedpreoipitationofpure metastyrol,a poly-
moleoular,saturatedhydrocarbon,(C,Ha)~.Theglassymass,whiohusedto
beconsideredaspuremetastyreneisa solidsolutionofthe polymerinamounts
ofmonomericstyrenerunningup to a s%. Puremetastyreneis notobtained
by polymerisationin the light (or by the other polymerizationmethods)
becausethere is alsoa depolymerizationunder the influenceof !ight. A
benzenesolutionofmetastyrene,after exposureto sunlight,containsunsat-
uratedstyrene,as caneasilybe shown. The pure,white,easilypowdered,
metastyrenochangesto the glassy, yellowproducton exposureto uttra- t
violetlight. Thereis thereforean equilibriumx(C7H<)i? (C~),, in sun-
light,just.as there is for the isomonzationof tho nitrobenzaldesoxybenzoins
andfor the atereomerisationof the differentethylenederivativesby ultra-
violetKghtas studiedby Stoermer.

d

"Like styrene, p.mothoxystyrene,CH,OH C<H4.CH CH:, is con-
vertedby sunlightinto a polymer(C~HmO),very similarto metastyrene.
Nopolymorisationoccurswhenthe monomerieether iaiHu!ninatedby the
quartz mercury!amp, and the potymerizedmetoxystyreneis completely
depolymerizedby the same wave-lengths. The equilibriumxCsHM
(CeHm)jcis thereforevery dependent on thé wave-length,more of the
polymerbeingformedwith longerwave-lengthsand moreof thé monomer 1

J

withshorterwave-lengths."

Stilbene'changesin sunlightto the distilbine(ietraphenylcyolobutane).
Theunsaturatedmonomencstilbeneabsorbsthe longerultra-violetraysand
is thereforepolymerizedbysunlight, whilethe distubeneat the samecon- 1
centrationabsorbsonlythe shorterultra-violetrayaand consequonttyis de- [
polymerizedby the lightfrom thé quartz merourylamp. It is possibleto
displacethe equilibriumvery much in either directionby a suitableohoice
ofwave-length. 1

Rice?findsthat "thé yellowmethyl and ethyl esters of benzoytaoryuc i
E

acidare transformedin the sunlightinto thé correspondingstereoisomeric
colorlessesters. The reversetransformationof the colorlessintothe yeUow
esterstake placeif theformerareexposedto the sunlightin solutionscontain-
inga traceofiodineorbromine. In a similarmannerthe yellowmethyland <
ethylestersof p-rnethoxybenzoylacrylicacidon exposureto the sunlightin 1
benzenesolutionare transformedinto the correspondingcolorlessisomeric E
esters. The reversetransformationof the cotorlessinto thé yeUowesters
againresuttswhensolutionsof the colorlesssolidscontaininga crystalof
iodineare exposedto the sunlight. Thé yellowmethylandethylestersof

'Stobbe:Z.angew.Chem.,3S,578(t9M).
'J. Am.(~em.Soo.,4S,M:(1923);4<a~, ~9 (t~~);EMiaandWdh:"ThéChemi-

calActionofmtraytotetRttya,"176(ï9as).
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p-ethoxy-bemioytacryticacidisomerizewhenexposedto thé sunlightboth as
solidsand in benzènesolution. The unstable,oolorlesaestersthus formed
are transformedquantitativelyboth in the darkand in the suntight,when
in benzenesolutionsoontaininga orystalof iodine,into the stableyeUow
isomers. HydrocMoricacidbringsabout the samechange."

"Accordingto Reimerlthe productsformedby the actionofsunlighton

methylbenzalpyruvateexposedin the dry conditionare a potymorioester,
meltingat ïS4"C.,obtainedin smaUquantity,andan oil,probablya mixture
of isomersanddecompositionproducts. Onexposurein benzenesolution,a
reactionwhiohin othercasesalmostinvariablygivesan isomericcompound,
the produotof reactionwasfoundto be a polymer,meltingat i!7"C. Re-
actionswith thèse twopolymericsubstaneeshave shownthat the higher
meltingbas thestruotureof thé truxiUicacidseries,whilethe lowermelting
oneis relatedto thé truxinicacids. The formationof the latter compouad
maybeexplainedontheassumptionthat in solutionisomerizationhadtaken

placeandthat the isomerioesterhad polymerized.The réactionis an un-
usualoneas butfewcasesofpolymerisationofthistype ofsubstancein solu-
tionhavebeendescribed.2$

"A compansonof thisester,I, with that ofbenzoyiaoryticacid,II,

CJ~CH=CHCOCOOCHs C,HtCOCH=CHCOOCH,
1 II

is of interest. Thesystemof 'conjugateddoublelinkages'in the twois thé
samebut standsin a differentrelationto the phenyland thé carboxylgroupa.
Theproduotsobtainedfrom1 are polymers,whileon exposureof II to the
sunlightno polymersare formedbut isomerizationtakes placewith the
greatestease. Whetherthé differencein reactionof thesetwo substancesis
dueto differencein thechemioateffectof the neighboringgroupsonthe un-
saturatedpart ofthe moléculeor to a differenoein the physicalstateof the

compoundsduringexposureis stillto bedetermined.

"Whenspecimensofcinnamioacid,meltingpoint42",obtainedfromthe

acids,meltingpoints68"and 58",are exposedtobrightdaylightduringtwo

years,the resultingproduotconsistedofunohangedacidand~.truxiUioaeid';
but whensampleshavingthe meltingpoints4:°, 58°,and 68"wereexposed
in quartz tubes to directsunlightwhichwas sufficientlypowerfulto cause

temporaryfusion, with conséquentisomerization,the produot consisted

chieflyof a-truxuucacidwith little jS-truxiUicacidand smallquantitiesof
trans-cinnamicacidandbenzoioacid. The lightreactionsof cis-and trans-
cinnamicacidhavebeenfurtherstudiedby Stobbeand Steinberger*.They
find,as did de Jong,6that exposureof cis-cinnamicacid to sunlightgives

J.Am.Chem.Soc.,4e,783(ï9:4).
'SeeCMmicimandBilber:Ber.,42,1388(tgo?);StobbeandRocke)-:Ber.,44,86o

(!9tt);ReimerandKetty:Am.Chem.J.,50,ts7(t9t9).
Stobbe:Ber.,52B,666(tQt~).<Stobbe:Ber.,5!B,2MS(t9M);Chem.Aba.,t7,549(t9Z3).

'Chem.Aba.,M,~683(t~a).
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besidesthe expected~-truxicicacidtrans-oinnamicaoidand a-truxiIMoaoid.
Exposurefor96 hoursof the liquidmeltofeis-oinnamieacid to thé rayaof a
quartz-mercurylampproducedextensiveisomerisationinto tranN-cinnamic
acid,but neitherjMruxinicnora-truxiUiois formed,thé melt thus behaving
like benzèneor methyl alcoholsoMons. It may be said in généralthat
irradiationofthe cinnamicacidaintbeiiquidstate(solutionor melt)produces
isomenzationbut no polymerization.The chiefaction ia ascribedto raya
from 270to 320~ althoughthé ehorterand thé longer raya are a!sonot
withoutinfluence <

"Theisomerisationreactionproceedsinthesamewayin both the meroury
arc rayaand in auniight,but thé yieldofdimersis very different. Taking
eachday of exposureas equal to sevenhours,cis-oinnamicaoid after aoo
hoursin thé mercuryarc ray gives4.4percent dimers,and after 196hours <

in thesunlight71.0per cent.FortraM-einaMnicaoidthevaluesare a percent <
after 364hoursin the mercuryarc rayand8~.7percent after 161hours in
the sunlight. Longultra-violetraysfavorpolymerization,whitethe shorter

(
rayshinderit, and exerta depotymerizingactiononthe truxinicand truxiUic (
acids. Comparisonof thèsesunlightexperimentswiththoseof de Jong' and
of Stoermer*showsthat ois-oinnamioacidyietda~.truxinicacidalways,and

generallyin predominantamount,but that, especiatlyon longillumination,
there is also isomerizationinto tran~oinNamioacid, and subséquentpoly-
merizationto a-truxillioaeid. Trans-cinnamicacid, on the other hand, is
almostexotuaivetypolymerizedto «-tanxiUioacid;ontyon longillumination
are thereformedrelativelysmat!amountsof~.truxinicacid,accompaniedby
considerableresinincation.

"Experimentswith mixturesof equalparts of ois-and trans-cinnamic
acidsshowthat the trans-cumamicaoidmixedwith thé cis- fonn produces
no increaseof~-truxinic,and that therefore,contrary to de Jong'8 belief, r
a-truxinicacid is formedonlyfromtwomoleoulesof cis-cinnamicacid. In a
agreementwith Stoermerand Schoitz*,Stobbeand Steinbergerconclude
that ~truxinic acidhaa a mesoand nota racemiestructure. Experiments
by Stobbeand Lehfeldthaveshownthat the ~-ary!acryMcacids,including
trans-cinnamicaeid,are dimerixedandautoxidizedto benzaldehyde,bothin
the solidstate and in aqueoussuspension.Both processesare accelerated
by a fewdropeof hydrochlorieacid,the oxidationto a greaterextent than
the dimenzation,andon longilluminationtheyieldof «[-truxillioacid dimin-
isheaand that of benzaldehydeincreases.Cis-einnamicacid behavessimi- [
larly,theyieldof~truxinic acidonlongirradiation,eapeciaUyinthe presence
of hydrochlorieacid,decreasingas théresultof the autoxidationof the cis-
cinnamicacid. Here,too, the formationof~-truxiaioacid is independentof
the presenceof admixedtrana-cinnamicaeid; both isomerspolymerize,in-

dependently,to their dimers,evenin suspension.

Chem.Aba.,6,~746(t9tt).
Chem.Abs.,M,58(!9ao).

'Chem.Aba.,tS,t8M(t~t).



N8PLACEMBNT0FE~UÏUBBmMBYMQHT 565

"Whenthe acid freshlypreparedfromthe sodiumsalt of trans-cinnamie
acidis illuminatedinsunlightinhydroohlorieacidsuspension,itunexpectedly
yieldsonly~-truxinioacidand no ~truxiUioaoid.

"în connectionwith the stereoisomersof substitutedethyleneStoermer~
states that tho conversionof the labileinto the stablemodificationby the
actionof light,particularlyin the presenceof a halogen,is not uncommon.
Tho conversechange,producedby lightalone,bas beenremarkedin very
fewcases. Perkinbas noted the conversionof methylcoumarinieaoidinto
methytcoumanoacid by sunlight,but Stoermerfindsthat in the coumaric
aoidseriesthe tendencyis thé otherway,the stableformchangingto thé
labileunderthe influenceofultra-violetrays. ThusPerkin'schangeooeurs
onlyto theextentof25percent,whefoaacoumarioacidyields7$percentof
coumarin,methytcoumarioaoidyieidsys percentofmethytcoumarinicaoid,
ethylaoumarioacid yieldsethy!coumarinicaoidquantitatively,and acetyl-
coumaricaoid is also quantitativelychangedto acetyîcoumannioacid.
That tho changesare causedbythe ultra-violetrays is provedbymeansof
light filters,the interpositionof a filterwhichabsorbsultra-violetbetween
thé lampandthé solutionpreventiagany changeof the stableto the labile
modification.Hencethe lessfusiblestableformsofstereoisomericcompounds
can be changeddirectly,under deSniteconditions,into the morereactive
labilemodificationsifenergyis suppliedbyultravioletrays. Thusthestable
formof o*anisy!cinnamicacid, whichcouldnot be ohangedinto the labile
modificationby Stoermerand Fredericibas beenconvertedto the extentof
5opercentby usinga moreintenseradiation. In the caseof stereoisomeric
of-atkylatedaoids,theconversionof thestableintothe labileformisa matter
of gréât difficulty. The case of cinnamicacid is interesting. A benzene
solutionofordinarycinnamicaoidwasexposedforeightdaysto the lightof
a uviol lamp,with theresultthat 25-3opercentofLiebermann'sisocinnamio
acid, meltingpoint 58",was produced. AUooinnamioacid in benzeneis
convertedinto ordinary oinnamieacid under similarconditions. Atso
fumaricacid changesto maleicacid in eight days, but the conversionof
mesaconioacidinto citraconioacid isverydifficult,thèsebeinga-methylated
acids. Whenstilbenem benzeneis exposedto ultravioletfor eightdays,
it is convertedto thé extentof about90per centinto isostilbene,whiehcan
be reconvertedinto stilbeneby heatingat i7o"-][8o'for onehour,by the
vaporof fumingnitrio aoid in a fewminutes,and quantitativelyby the
exposureto suntightof its solutionin carbondisulfidecontaininga traceof
bromine.

"Accordingto Stoormer,Frederici,Brautigamand Neckel~thostable,
tessfusibleformsof the followingoompoundsare transformedintothe labile
or morefusiMestereoisomerswhentheir benzeneor alcoholicsolutionsare
exposedto the actionof the ultravioletrays froma uviol lampfor several
days; coumaricacid 75; methylooumancacid 75;ethylcoumancacidover

'Ber.,4Z,4865('909);J. Chem.Soo.,Mïl,n~ (t~to).
*Ber.44,63y(!9tt).
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go;propytcoumaricacid85; methylcoumaramide,50;ethylcoumaramideioo,
propylcoumaramide95 methylcoumarate;coumarinacetylcoumaricacid
over90;methylbenzoytooumarate;methyl-o-nitro-o-methoxycinnamate80;
o-nitro-omethoxycoumancacid40, p-mothoxycinnamioaoid :s; sodium-o-
oblorocinnamateto; piperony!acry!ioaoid t?; maleicaoid;c-anisyloinnamie
acid35-40;o-anisylcinnauûdeyo;o-anisylcinnam-methylamide36; and the
correspondingethylamide40;~o-anisyi-oc.methyMnnamioaoid s, and the

correspondingamide5;cinnamicisooinnanuoacid,meltingpoint42~,30-40;
phenyltolylketoxime,40;phenylanisylketoxime. In mostcasesthe reaction
isa batancedone,and the numbergivenfor eachcompoundrepreseatsthe

percentagefor the lessfusiblecompoundwhichhas been transformedwhen

equilibriumiaestaNished. Crotonieaoidis not transformedto any appréci-
ableextent.

"The methodis recommendedas a suitableone for the preparationof
aMo~tereoisomersin severalcasesand alsofor the detectionof spatial iso-
merismbetweena pair of compounds.In a fewinstancesthe additionof

methyland ethyl alcoholto theunsaturatedcompoundsoocursduring the

exposureto the ultravioletbut the amountsof such productsare usually
small. It is suggestedthat the transformationand the percentagoamount
transformeddependon the energydifférencesbetween the stereoisomers.
Sodiumfumarateis not transformed,althoughthe correspondingaoid,yields
30 per centof maleioacid. Theseinvestigationsalso stato that o-oMoro-
cinnamicacid,or its sodiumsalt,whenexposedto ultravioletrays is partly
transformedinto the allo-acid,C~I~),C!,but whenglacialaceticsolutions
areused,partof theacidcombineswithaceticaoid,givinga product,CuHn
O~Ci,meltingpoint !:ia"t3' Whena sotutionof mesaconicacid is sub-

jectedto theactionofultraviolet,waterormethylalcoholappearsto combine
withthe acid. The changefromonestereoisomenoform intoanotherunder
the influenceof radiationis frequentlyobservedin the caseof compounds
containingan ethenoidlinkage. In someinstancesultravioletrays produce
changeswhichare tho converseof thisbroughtaboutby ordinarylight."

Heilbronand Wilsonlhâveshownthat "cinnama!dehyde-semicarbazone
exhibitsa typeofphototropywhichistheconverseofthat ordinarilyobserved.
Whenfirstprepared,it is coMess,and, if immediatelyplacedin the dark,
undergoesnochangeofcolor. If, howover,thé semi-carbazoneis exposedto
diffusedsunlightfor somehours,althoughno visibleeffectis noticeable,on
nowplacingit in the dark,a yellowcolordevelopson the exposedsurfaces,
whichagaindisappearson reexposureto light. This phenomenon,whichis

designatedas reversedphotography,bas beenfurther studied by Heilbron,
HudsonanS Huiah'.

"The methoxycinnama!dehyde-semicarbazonesand -phenylsemicarba-
zonesatl erystaHizefrom solutionas colorlesssubstances,and, with the

exceptionof m-methyoxycinnama!dehyde-dipheny!senncarbazonewhich is

1J.Chem.Soc.105,a~ (t9t4);EUiBandWdb:"TheChemicatActionofUltraviolet
R&ya,"ï~o(t9:s).

J. Chem.Soc.tM,2:73(t~).
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insensitiveto either sunlightor ultraviolet,aUexhibitreversedphototropio
properties. On the other hand, the thiosemicarbazonederivatives,wbich

maybe expectedto be quite simuarin charaotor,exhibitonlydirectphoto-
tropy,becomingyellowin diffusedsunlightandnot revertingto the colorless
modificationon removalfromthe sourceof Ught. A seriesof experiments
bas been carried out with the viewof obtainingevidenceof phototropio
changein solution,and for this purposesolutionsofthe intenselyphototropio
o-methoxycinnam-atdehyde-tMosemicarbazonein varioussolventswereex-

posedfor lengtbyperiods to sunlight. In no case,however,wasthere the
stightestindicationof the productionofany colorin thésolutionand it may
thus be reasonaMyconcludedthat phototropyis essontiatlya charaeteristio
ofthe solidstate.

"The phenomenonof thermotropyis very strikinglymanifestedby the
somicarbazooesexhibitingreversedphototropy. So long as any of these
romainsunaetivatedby Ught,risein temperatureproducesno colorchaNge.
On the other hand, after exposureto sunlight,in certain casesevenfor so
short a period as five minutes,the colorlessactivated substancebecomes
yellowalmost immediatelywhenplacedin a steam-oven.

"It willbe seenthat in a reversedphototropicchangethe firsteffectmust
beoneinvolvingthe absorptionofa certainnumberofenergyquanta,where-
by the tnoteculeis transformedfromits inactive,colorlessphase(A)into an
activecolorlessvariety (A'). Thislatter formisin tum transformedinto the
coloredmodification(B), phototropicequilibriumbeingestablishedbetween
the latter two phases:

Stobbebas shownthat in the case of the fulgideslthe activewave-lengths
involvedin the bnngingabout ofdirectphototropicchangeare thosewhich
the substanceitselfabsorbe. Asindicatedbelow,thisappliesequallyin the
presentseries. Anordinaryphotographieplatewasfixed,washed,and,when
ahnostdry, dusted overwith colorless,inactivecinïMtmatdehyde-semioarhar
zone. The plate wasthen ptacedin the speotrographandexposedfor about
two hours,an ironarc beingusedas sourceof radiation. On examiningthe
semi-carbazone,no visiblechangewas deteeted,but after leavingthe plate

'J.CI)em.Soe.,tM,M73(t~3)..
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overnight,a narrow,yellowbandwas olearlyindicatedat a8o thisbeing
the oharaoteristicultravioletfrequenoyof the substance.

"In orderto determinewhethorenergyis emittedduringthe transfonna-
tion in the dark ofthe active,cotorlessinto the coloredform,a photographie
plate coveredwith cinnamaldehyde-phenylsecucarbazonewas activated in
stronglightandthonplacedin thedark incontactwithanundevelopedplate.
Afterbeingleft overnight,duringwhiohtimethe phenylsemicarbazonehad
becomeyellow,theupperplatewasdeveloped,but nomarkwhatsoevercould
be deteotedon it.

"HeUbron,Hudsonand Huishbelievethat a phototropiochangesimply
representsan intermediatestageof an irreversibleohemicalreaotion. The
activephasesof higherenergycontentwhioharesimilarto Baty'sactivated
moleculestwouldtendeitherto !oseenergyand againpass into the inactive
phase(reorystauizationoffect),or, on the other hand, to undergocomplete
chemicalchangewithformationofa nowsubstance. ThusStobbe*basfound
with théfulgides,that, whenthé phototropiochangeis frequentlyrepeated,
the differenceof colorbetweenthe two formsbecomesgraduaHyless,the <
phototropicproeessgivingplace to a non-réversiblechemioalréactionin f
whicha substanceof differentconstitutionis produced. Similarly,Halban
and Geigel'haveshownthat, in the caseof tetrabenzoy!ethy!ene,an irréver-
siblechemicalchangerapidlyfollowsthe primaryphototropicprocess.

"Thephototrophyofothersubstanceshasalsobeenstudiedby Stobbe.~
The zoneof stimulationfor colorless~tetraoMoro~ï-ketonaphthaleneliesin
thé ultraviolet,whilethe reversechange is causedby yellowish-groenor
yeUowishrays. Redandbluerayshavenoaction."b <

"PhenylbenzyUdenehydrazine,whiohforms Ught yellowcrysta!sor a
whitepowder,becomesredonexposuretovioletor ultravioletraya,becoming
againcolorlesswhenexposedtoyeUoworgreenlight. Pheny!anisylidene-and
phenylcuminylidenehydrazinesbehave in thé same manner, as do also E
osazonesofthe benzusénés* Tetraphenytdihydrotriazine~andethyloxaliso- 0
butyrate8havealsobeenobservedto exhibitphototropy." L

Kailanebasdeterminedthéequilibriumwhichexistsbetweenfumaricand
maleicacidsanda!sothevdocityoftransformationineitherdirection."Thé
transformationwascarriedout in aqueoussolutionsof the acidsof 0.084N
and theseweresubjeotedto the actionof a quartz-merourylampin vessels
of glassand ofquartz. In the solidconditionfumaricacid is not converted
into maleicadd by ultraviolet,whilemaleicacid is convertedinto fumaric
acidonlyto the veryslightestextent. In aqueoussolutionwhetherthe solu-

PMt.Mag.,40,is (1990).
'Loc.oit.
Z.phy~k.Chem.,M,933(t~o). i.~Loccit. <
Seea!MStobbe:Ber.Verhandl.K.SachaGea.WtM.Mpzig,y4,t6t (1999);Chem. i:

AM..t7,MgO(!923).
'M~md Wmnanda;J.Chem.Soc.,V6,pto(t~).Watthw:J.Chem.800.,Ml, ma(t903).
° WielicennaandT.iesewetter:JSChem.800.,y4I,a4o(t8g8)'WtahcenusandL!eMwetter:J.Chem.Soc.,741,940(tSaS).

?' Chem.,8'l,333('9'4);EUMandWd!a:"TheChemioalActionofUltra-
vto!etRays,"ï74(ï9i!5).
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tionwascontainedin glasaor in quart:!vessels,an equilibriumbetweenthe
twoaoidscouldbe reachedfromeitherside. Thoequilibriumwasdisplaced
somewhattowardthe mateioacidaidewith inoreasingconcentration.Thus
at 45"-5o''with N/to solutionthéequilibriummixturecontained75per cent
of maleicacidandin 4N/ïo solution79percentofmaleicacid. Thevelocity
of transformationwasmuchgreaterin quart!!vesselsthan in glasavessels,
whilethe positionof the equilibrinmis uninfluenced.Maleicaoidis formed
whena mixtureofbenzoicandionnicacidsisexposedeitherto theactionof
ultravioletor to the penetratingratiumrays.l Fonnioacidisdecomposedby
the actionof radiationfroma quartz-merouryvaporlamp,and benzoicacid
is convertedintoformicaoidin the samemanner."

A detailedstudy of thé photolysisof acetaldehydebas beenmade by
Berthelotand Gaudechon,'whostate tha.t "ultravioletraya of longwave-
lengthdonot convertthealdehydeintoaceticaoidin theabsenceofoxygen.
Underthe influenceofmediumandextremeraysoxidationtakesplaceeven
in the absenceof oxygen,a portionof thé aldehydebeingconvertedinto
acetioacid. Theamountofacidproducedis far greaterwhenthe aldehyde
isintheformofvaporthanwhenit isliquid. Withrayaofwave-length250
polymerizationi8rapid,bothparaandmetaaoetaldohydebeingformed.No
resiniSeationrésultafromthe actionof longultravioletrays, and it is only
slowlyproducedby the mediumand extremerays. The presenceof water
checkspolymerizationandresinincation,but favorsacidinoation,formicacid
beingproducedin this caseandin amountalmostequalto that of the acetic
aoid. Of three compoundsstudied,viz.: acetaldehyde,ethyl aloohol,and
acetioacid,'oniyaoetaldehydeisdecomposedbysunlight(wave-lengthgreater
than 300?<). Raysfroma mercurylampscreenedbythin glasawbiohab-
sorbaall raya of wave-lengthlessthan 300 decomposeacetaldehydein
acoordancewith the equationCH<. CHO = CO + CH<. Frequentlythe
proportionof methaneto oarbonmonoxideactuallyfoundis somewhatless
thancorrespondsto tbisequation,forthe lightcausespolymerizationofsome
ofthealdehydeto paraldehydewMchis thenphotolyzedto oarbonmonoxide
and ethaneor morecomplexsubstances. Thèselatter reaotaonsare most
readilyproducedbytheextremeultravioletrays. Directraysfroma mercury
lamp,withoutany interposedsoreen,photolyzenot onlyacetaldehydebut
ethylalooholand acetioaoid. Ethyl alooholis deoomposedprimarilyinto
acetaldehydeand hydrogènebut usuallysomecarbonmonoxideandethane
are formedby thefurtherdécompositionof the aldehyde.Bythe photolyeis
ofaceticacida gaswasobtainedwhichoontained44percentofcarbondioxide,
17percentofoarbonmonoxideand39percentofcombustiblegases.' Thèse
resultsrelate to photolysisin absenceof air. In presenceof water the re-
actionstakesubstantiallythé samecourse,but thereis a tendenoytowardthe
formationofaoidproduota."

Ka!m:Monttsheft,4t,305(1920),Chem.Aba.,Ï~ttoo(t~t).
Compt.tend-,1M,933('9'3);NMaandWe)ts:"thé ChemieatActionofUltraviolet

R*y%'ïSS(t9~S).
Compt.tend.,tSC,68(t~tg).

4J.Soc.Chem.ïnd.,M,!o86(t9n).J.Soc.Chem.Ind.,20,to8t(t~M).
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LutherandPlotnikow~pointout that quite a numberof photoohemioal
reactions,whiehpeoplehaveoalledréversible,are not so in fact. Asimple
caseof thiais the ironoxalatedeveloper,whiohprobablyfewpeoplecanre-
memberhavingused. "Theredsolutionof ferrousoxalatebecomesmuddy
andthengreenonstandinginthedark,becausethe ferrousoxalateis oxidized
toferrieoxalateby theoxygenofthe air. If thisgreensolutionis exposedto
a sufficientlyintenselight,it becomesred againbecausethe lightconverts
ferrieoxalateintoferrousoxalateand carbondioxide. If one onlyeonsiders
the colorchange,onemightput this in the c!assof trulyréversiblereactions. r

This is ofcoursenot the casebeoausethe reversiblereactionia necessarity
tiedup withanirreversibleone,theoxidationofoxalioacidby the oxygenof '<

the air. The colorchangefromred to greenand baokagaincannotbere-

peatedindonnitety.It willstopas soonas either the oxygenor theoxalie
acidisusedup. SotnoyearsagoDr. Kuntze-Feohner,workingin thislabora-

tory,foundthat witha numberofthe so-caUedphototropicsolidstheappar- r
entlyréversiblecolorchangewasaccompaniedby an irreversibleformation
ofa stableisomer." Thisactuallyoccurswiththé triphony!fu!gide'towhich °

referencebasatreadybeenmade. The orangeand brownmodiNoationsare
identicalincompositionandgivethe samethingwhendissolved.Theydiffer

onlyinthesolidstate. If thephototropiochangeis repeatedfrequently,the
differencebetweenthe shadesof the twoformabeoomesless, owingto thé
occurrenceof a ohemica!changewhichresultsfinallyin the completecon-
vursionofthe fulgideintoa newsubstance,the photo-anhydride. (

Manypeopledo not liketo say therebasbeena displacementofequilib-
riumby a oatalystwhenalcoholdecomposesto acetaldehydeand hydrogen
withnickelandto ethyleneandwaterwithalumina,becausethe secondre-
actionis possiblynot reversible. We couldget roundthia by postulating
that thenatureof thecatalystdeterminesthe natureof the changefromone

stationarystateto otherstationarystates.

Followingthislinoof thought,1shouldliketo mentiona fewcaseswhioh L
donotat presentconstitutea displacementofequilibriumin the strictsensé
of the word. Berthelotand Gaudechon*foundthat ultravioletlightcauses

partialpolymerizationof acétylèneto a yellowsolid,presumablythesame
that the newspapersmadeso muohof an outoryoverwhenCoolidgeobtained
it by thé actionof his improvedcathoderay tube. Undersimilarexposure
ethylenepolymerizesto a liquidboilingabove ïoo". A mixtureofethylene
andacétylènegavea mixtureof the polymerizationproductaand nointer-
actionbetweenethyleneandacétylène.

AoryUcacid'in a sealedglasstube isapparentlynot affectedappreciably
by diffusedlight. Sunlightconvertsit slowlyinto a solidpolymer. When
sealedina quartztubeandexposedto ultravioletlight,it polymerizesrapidly
to the samesolid.

Z.phyak.Chem.,M,513(t9o8).
Stobbe:Ann.,3M,4(t9û8).

'Compt.fend.,t50,t!6~(1910).
Moureu,MuratandTampier:Ann.Chim.,(9)15,agt (t9~t).
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Quiteextraordinaryare the polymerizationproducts'of vinylohloride,
CH::CHC1,and vinyl bromide,CH,:CHBr. "The obloride forma an
amorphous,insolublesubstanceof speciSogravity 1.406,whiehmettsabove
][3o"C.with decomposition.'Thépolymerizedbromideis likewiseinsoluble
inwater, alcoholorether,andbas a specinogravityof 2.075. Thepolymer
beginsto décomposeat las'-i~C. It iestatedbyPIotnikov'that a solution
ofvinylohloride,as distinguishedfromethylene,polymerizesto a substance
thoughtto be (CHt:CHCI)"in theextremeultravioletof a mercurylamp.
Sunlightis eneotivoonlyin the presenceof catalyzers,suchas the sattsof
manganese,cobalt,nickel,copperand vanadium,and Mmost activewith
ur&nylsalts. The white preoipitateobtained dissolvesin many organic
solventsto formcolloidalsolutionsvaryingin characterfrompasteto solid.
Detailsof the productionof usefulproductsby thé polymerizationof vinyl
esters whenemployingthé mercuryvapor !ampare given by Klatte and
ToUott.~ The polymerizationcan be acceleratedby catatyzers,benzoyl
peroxide,ozonides,and anhydridesof organicaoidsin oonjunotionwith an
agentgivingoffoxygen(perborates,peroarbonates,silveroxide,etc.,being
mentionedfor thepurpose).

"The poiymenzationproducts,whiohform moreor less rapidlyin ac-
cordancewith the intensityof illuminationand the temperature,are solid,
colorless,and transparentcelluloid-likemasseswhichare odorlessand can
be turned, eut, planed,and otherwisemanipulatedto formvariousarticles.
Thesesolidsrenderedplasticin hotwatercan be moldedand,uponcooling,
thematerialbecomeshardagain. Chlorinatedestemmaybepolymerizedby
heat and lightas a two-stageoperationin the foUowingmanner: i kilogram
ofvinylcMoroacotateis mixedwithfrom0.5 to i gramof benzoylperoxide
and carefullyheatedin a largevesselprovidedwitha refluxcondenser.At
from 60" to 100"polymeritationtakes place, whilethe temperaturerises
rapidly. At this timcoareshouldbe taken to coolthe réactionvessel. The
violenceof the reactionmaybemodifiedby dilutingthe reactionliquidwith
an indiffèrentsolvent;for instance,in the presentexample,about300grams
ofchlorobenzenecanbeused. Thereactionproductis a viscoussyrupymass
whichcan be furthertreated by exposingto lightwithouta diluent,solid
massesbeingobtainedas the remainingunalteredvinyl esterpolymerizes.
The syrupy solutionor a solutionmadefrom the completelypolymerized
estermay beusedasa lacqueror othercoatingcompound.Whenatlowedto
dry in thin layers,colorlessfilmsofa celluloid-likenatureare saidto be ob-
tained. Vinylohloridemaybepolymerizedby ultravioletrays,but thepro-
ductderivedisnotassatisfactoryasthat obtainedfromtheestersmentioned.
Accordingto Kuhl'the polymerizationofvinylesters(vinyl acetateor vinyl
ohloroacetate)by ultravioletlightyieldssolidmasses,whichmay serveas
substitutesfor celluloidand whichare fireproofand odorless. The poly-

E)MaandWejfs:"TheChemioalActionofUltravioletRaye,"~6 (toas).
'Bammnn;A)m.,t63,3t7.317.
'Z.wMe.Fhot.,M,u7(i~).
<U.S.Patentt, 24!,798,Oct.a (t9!7).
RepoeteofthePic>giesaofAppliedChen,;str~rieeuedbytheSocietyofChemiealIn-.P°~ ~~?~ ~AppHedChenMtnrMeuedbythéSocietyo(ChemieatIn.

dustty,t,t9a(t9t6);J.8oc.Chem.Ind.,M,6~(t9ts).
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merizationis assisted by oatalytioagents (organioperoxides)to givetMok

syrupswhiohon illuminationgivesolidmasseshavingvaluableproporties.
"Thepolymerizationofvinylohloridein the extremeultravioletbasbeen

utitizedby Plotnikow' to.make "syntheticrubber." He exposeda a.5per
cent solutionof vinyl chloridein methylalcoholto ultravioletradiation.
Carbontetraohloridewasfoundto acceleratethe transformation.

"As a représentativeof thé v, ethylenioacids, phenylvinylacetie
acid in benzenesolutionwas exposedto ultravioletraya by Stoermerand
Stockmana.~The aoid resinifiedto a considerabledegree. Althoughthe
aUc-fonncouldnot be obtainedinorystaUineform,the erystaUineallo-amide
wasisolatedand convertedby rayinginto the stablevariety. Ostromuisten-
ski' obtainedby the polymerizationof vinylbromidea materialwhichhe
tennedcaouprenebromide. Thisexistain three form, <x, and-y. When
the a and formaare subnuttedto the actionof ultravioletthe 'y fonnis i,
yielded. StobbeandToepfer~reportthat p-vinylanisoleispolymerizedwhen

p!acedin glass tubes in direct sunlight,the extent of reaotionbeingabout
the sameafter four days' exposureas afterfourhoursat 100"C.in the dark.
If a little of the poîymerioformisadded,thé polymerizationproceedsas far
in oneday as it doesin four dayswith the puresubstance. Whenp-vinyl-
anisolein quartz tubesat 30"C. isalternatelyirradiatedby a quartzmeroury
lampandkeptdark, polymerizationappearsnot to proceedduringthe period
of raying,but duringthe followingperiodsofdarkness. It isconcludedthat

rays of wave-lengthlongerthan 330 causepotymerizationwhilerays of
shorterwave-lengthreversethe reaotion."

If weinterpret displacementofequilibriumin the broadsenséof passing
from one stationary state to another,we shall inoludeall photochemical
decompositions.It is not desirableto dothis at the presenttime.

Summary

So longas we confineourselvesto reversibleequilibriumthé theoryof
the displacementof equilibriumby lightis assimpleas oanbe. Thé condi-

1

tionsmust be such that a photochemiedchangetakes place and that the
rate of photoohemicalchangeshallbe greaterthan the sumof the rates of
the reversereactionin the dark andin the light. Sinceonecanusuallyin-
creasethe rate of the reversereactionin the dark considerablyrelativelyto
the rates of the photochemicalreactionsby raising the temperature,the
amountof the displacementof equilibriumby any givenlightusuallyde-
creaseswithrisingtemperature. t

CMtxHt/n<MrM<y.. 1

Z.wis.Phot.,21,tty (t~:); ïndiaRubberWorld,?Ï, 380(1925).
*Be)'47,t?93(t9]f4).
J.RuM.Phys.Chem.Soc.,44,ao~(t9t9).

*Ber.,<7B,484(1924);Chem.Abs.,t8,~503(t~).
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Bothofthèseotassesof reactionsmaybe profitablyconsideredfromthe
standpointof their quantum relations, the former through the Einstein
EquivalenceLaw,the latter throughthe principleof ionic-chemical.equiva.
lenoo. Theprimarystep of activationmaybe regardedin eaohcaseas in-
volvinga singleeleotronin a singlemolecule.Whi!ethe activityofan ionis
dueto thecompleteremovalofan électronfromthemoleouleactedon,photo-
chemicalactivationie attributed to the ahiftof an electronfromthe normal
orbit tooneofhigherenergy,or to a kindofinterna!ionisation. Theenergy
necessarytoionizeisgreaterthan that to excite,according!ythe latentenergy
possessedbyanionisgreaterthan that of theexcitedmolecule,andoneshould
expeottheactivityof ionsto be moreuniversaland possiMyto extendto re-
actionsFequiringmoreenergy. Neverthelesathe energyofexcitationisquite
suCicienttoaccomplishmanyvigorousandalsoquiteunusaa!reaotions.

QuaHtative!yonedoesnodsomedifférencesofthe characterjust indicated,
thoughperhapsto a Jessdegreethan mightbeexpected.Quantitatively,the
questionprésentsitselfinthe form ofcomparingthe yieldsper quantumand
per ion.

As iswellknown,the yield per lightquantumoftenexceedsthe direct
prédictionofEinstein'stawby very largeamounts.' It baslongbeanstMssed
byBodenstein,Stark,Warburgand othersthatthisdoesnotconstituteaground
fortherejectionofthetheEinsteinlawbutismerelyanindicationthat thelaw
holdsfortheprimarystepwhichmay beandoftenis thenfollowedbya ohain
or cyolicalreactionseries whiohmay multiplythe quantumyieldby a large
numberofcycles.Untilrecentlythis assumptionhad notbeentestedexperi.
mentally,as therewas no independentmeansof determiningthe primai
actionornumberofcycles.

Usingtwodifferentactivating agenoiesfor thé H: + CI, reaction,light
fortheproductionofquantaand a radiationforthe generationof ions,Porter,
BardweUandLind'recentlyshowedthat the quantity of HC!fonnedvaries
througha widerangeof sensitivitiesof reactionmixturebut alwaysin ex-
actly thesamedegreefor the two formsofradiation,hencethe lengthof re.
actionchainsseemsto be identicalfor both. In absoluteterms it wasfound
thateaohchlorineion(positiveornegative)producedabouttM~easmanyHCl
mo!ecu!esasonelightquantum8(blue). Thisresult showsthat, tracingbaok

A.J.AHmand:Tmoa.FaradaySoe.,2t, 4~6(!996).
J.Am.Chem.Soc.,«, 9603(!926).

t.. '9*?Pwasevensomeindicationthat thisdifferenceat ~5"mightdisappearat toc".
thoughthmfeqmresfurthereubstantiation.
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to the primaryunit fromtwoindependentdirections,its realityis established
in termsofréactionyield,thusansweringoneofthemostpersistentontioisms
of the EinsteinLaw.

Unfortunate!ythore isnota largenumberof reactionsthat bavebeenex-
aminedfor both photo-andionioaotivationin the samesystemsand none,
perhaps,wherethe identityofconditionswasinsuredto thesamedegreeas in
H; – CI;reaction.

Oneis thereforenot justifiedin concludingthat theparaUeUsmholdsfor
all orevena largenumberofreactions. Thisreaotion(H<+Cte)is the only
oneknownwhereanythingapproachingsolargea yieldperion (+ MucL/N
= 5 Xïo') basbeenfound. The oext largest,that ofpolymerizationof ace.

tylenc( –Mc,H</N= ao) ismuchsmaUerandbas noneofthé charaotenstics
of a chainmechanism,sinoeit remainsconstantunderaUoiroumstanceseven
in the presenceof inhibitiveoxygen~and alsoof positivecatalytiogases.' <

Uniikethe ion yield,departureof quantumyield (M/hc)fromthé Einstein

equivalenceseemto be the rulerather than theexception.
`

Taytor' bassuggestedthat the longchainmechanismof photo-reactions
is dueto the potencynot onlyof freeatomsbut offree radicats(likeCJït–
and CHO-) inmaintainingfeactionohains. ThereactionswhiohMarshaU~
basexamined,however,thoughtto be long-chained,baveprovedto berather
short with a yieldof the samegeneralorderas the M/N yieldof the ionic

reactions;for example:
forH, + CO:-M(H, +co)/tM'= 4.8; M(a,+co)/N ='3.

For Ha+ Os: + MH~/hf = 6.6;4+ M~o/N = 4; forzHBr = H~+ Br,"
–MBBf/h~= a; –Mm~/N'' 2.6;forNH, decomposition MNa~h~<='
0. 25; M~/N" = 0.8.

Otherpointsofsimuarityexistwithrespectto thedécompositionofNHtby
lightand by a partiotes–forexample,a positivetemperaturecoefficientdue
to an increaseofquantumyMd": MnnYhf -=0.4at 20",but 3.3at 900°; <
while MNBJN= 0.8at 18"but 2.5at 3ss'

It is not only the energyrelationswhichstrikeonein the photo-and j
radio-chemicalactionsbut-the fact that reactionsordinarilyrequiringhigh r
temperaturesare brought about readily at roomtemperature. This is no

longersurprisingwhenthe energyexpenseper unit of action is considered.

MuadandKoch:J.Phys.Chem.,30,289(t~6).
LmdandBardweU:J. Am.Chem.Soc.,48,tsys(t9:6). r
H.S.Taylor:Trane.FaradaySoc.,21,560(t996). )

4A.L.Marshall:J. Phys.Chem.,30,to~, t634('9~6).
LindandBardwell:J.Am.Chem.Soc.,47,2688(t~s).
A.L.MMahait:loc.cit.

'E. WMbmt::Sitzungaber.BerlinAkad.,t9,3!4(t9t6).
Lind:LeRadium,8,989(t?!!).

'E. WMbarg:a:tz<mgaber.BerlinAkad.,tMl,~46;1M2,t!6.
'"E.Wourtael:LeRadium,11,~89,33~('9'9).
"K.Kuhn:Compt.rend.,117,9:6;178,708(!
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Butthe directnessissurprisingwithwhichcertainfinalproduotsareobtained
whichwouldusuallybe possibleonly throughseveralsuccessivesteps; for
example,the directaddition'of H<+ O.toformH,0zor the splittingout of
Hj)fromtwo hydrooarbonsunder ionizinginfluenceto givethe hydrooarbon
withdoublethe numberof C atomsas: sC~He= C<HM+ H,

In thissameconnectionit is interestingthat whileammoniashowsnosuch
tendenoyas do the hydrocarbonsto doubleup witheliminationof hydrogen
under ionizinginfluence,Taytor"haa foundevidenoeof the formationof
hydrazinewhenammoniaiaacted onbyresonatedHgatoms.

Onthe wholetherearesomegreatsimilarities,but nolessstrikingdiffer-
encesbetweenthe photo-and ionreactionmechaniams.In ionisation,clus-
teringseemsto be the 6t8t step. Theoretica!!ythiswouldbeexpectedfrom
théstrongeteotrostaticattractionexertedby the freecharge. It maybe this
forcewhichpreventsdisruptionandshatteringof thémotecuteunderionizing
forces,whichis assumedto occurundercollisionswithphoto~enBitMedmer-
ouryatoms.<Clusteringthus preventschainmechaoistnand by the same
argumentweconcludethat the chainmechanismdoesnot beginin the H: +
Cl, (orC!~)reactionuntilelectricalneutralitybasbeenre-estabushed.~

Anewandstrikingcasein pointmaybegainedby comparingtherecent
resultsofMoDonald'onthe décompositionofN~Obyultravioletlight(Xt86o
to 1990Â.U.)with theearlieronesofWourtzelunder a radiation.MoDonald
findsthe quantumyield-Mt,2o/hv=.3.9,whileWurtzet'found-MNo/N =
1.74to If weusethe Mund Equation*for eatou!atingionization(N),
we are probably justifiedin multiptyingWourtzel'syield by 1.65,which
bringsit into otoseagreementwith MoDonald'squantumyield. The faot
that both are in accordwith the stoichiometricformula4 NtO = 3 N: +
3 NO.(orx NO + 0:) must suggest"stoichiometnc"c!~enM~'about an
ionizedN~0moléculeonthe onehandandan excitedoneontheother,which
iBa muchmoredirectmechanim than the steps that have beenproposed.
Ofcourseat ordinarypressurethe excitedmoleculewill exist long enough
for thesuccessiveclusteringcoIHsionsto occur. It is to beemphasizedthat a
quadruplacollisionisnot necessary.

Fromthis review,it appearsthat thereis great needfor theexamination
of morereactionsby bothmethodsof activation,ionizationand excitation,
underidenticalconditionsbeforeit canbestatedhowfar theparallelbetween
M/hf and M/N yieldswillextend.

!7!tMefat<y<~MtttMM<e.

1E.Wourtzel:LeBadium,H, 342(tgtg).
H.S.Taylor:loc.cit.
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LATENTHEAT0F VAPORISATIONASA FUNCTION

0F TEMPERATURE

BYRAM8BYM.W]NTER

It basbeenshownby Bugdenlthat fora numberofnon'aasociatedliquids
1the oiaaacatvan der Waalsexpressionfor thé variation of surfacetension

withtemperaturemay bewritten,

d) -y =r. (1 T,)~
1

where'yis thé surfacetension,'yoanempirioalconstantnot expMciUyderived <
fromthecriticaldataaain theoriginalexpression,andTrthe reducedtempera.
ture. It bas alsobeendemonstratodby Sugden'that for a largenumberof
liquidsthe differencein denatybetweenthe liquidand its saturatedvapour
may be predictedwith a highdegreeof accuraoyand over a widerangeof

temperatureby an equationofsimilarform,namely,

(2) D d =. Do(i T,)~
whereD and d are the denaitiesof the liquidandvapourrespectively. The
fact that thesetwo phyaioalpropertiesare thuspredictablein tertnttofonly
twospecifieconstantsoneofwhiohis the criticaltemperature,led the writer
to examinethe variationwithtempératureofthe latentheat ofvaporisation.
It wasfoundthat this tooeanbe expressedby anequationof the sametype,

(3) \=.(i-T~
i

In thisexpressionXis the <o<<~latentheat ofvaporisation,(not the interna!
latent heat as in the wellknownformulaof MiNsconneotinglatent heats
and densities),and X.is a constantto be determined. WhUe~iMsrelation
likeequations(i) and (a)mustforthepresentberegardedas purelyempirical,
it appearsto bequitegenerallytrue; itavalueliesin itsapplicationto thermo-
dynamiceatoaiation,in the closeconnectionbetweenlatent heat andvapour
pressure,and in the developmentof an independentseries of atome and

ù
structuralconstantsanalogousto the paraohorsthus openingup a freshUne
of attackon problemsof chemicalstructure. It is not proposedto disouss
thèseapplicationsherebut to reservethemforseparatetreatment.

For the purposeofverifyingequation(3),greatusehaNbeenmadeofthe
data publishedby Mitts in a longseriesof papers.~ The latent heats of

vaporisationof thirty-eight'liquidsat temperaturesranging fromo*'C.up
to the critical temperaturewerecaloulatedby him from Young'svapour
pressureand densitydata bymeansof the Clapeyronequation,

1J.Chem.Soc., MS, (t~). a
J.Chem.Soc.,129,tyso(!9a6).
Sogdeaandc&.workem:J.Chem.Soe.,t2S, tyy(t~); M7,t~s, '868,Z5!7;tM,

'39(t9~5).
J. Phy~Chem6,909(t9M);8,383,594(t~); 9,402(t~s); t0, t (1906);n, !3?,

594('907);M.SM(!909).
J.Am.Chem.800.,31,ï<x)9(tço?).
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(4) X
=T~(V-v).

To faoilitatecalculationhe expressedthe vapourpressuredata by meansof
a Biot formulaand computedvaluesof the differentialcoefficientaMtytic-
ally. The faotthat any empirieatequationis !ossreUaNenearthe limiteof
its range,togetherwiththe observationbyMi!t8that thevariationofvapeur
pressurein the vicinityof the criticattemperaturecannotbeacourate!yex-
preasedby meanaof a formulaof the Biot type,led himto concludelthat,
"Thevaluesato"andinthe immédiateneighbourhoodofthecriticaltempera.
ture muet,therefore,be exoludedfromconsidérationbecauseof erporsintro-
ducedbythe catcu!ation."Withthis limitationhe daimedforhiscatculated
latentheatsanacouraoyofat least twopercent,andstatedthat "usuallythe
erroris lesathan ï percent."

Expressingequation(3)in thé form
(5) ~'o = X~' (1 T,) X.~ T/T.

it is evidentthat shouldbe a linearfunctionof the température. This
basbeentestedwith Muta'data andfoundto hold,exceptfor thoserégions
wherethe data themselvesar&inaccurate. Thévaluesof and ofT. for
twenty-twôHquidshavebeenobtainedby plotting againsttemperature,
and bytaHngthe best straight!methroughthe pointa. Theyare setout in
TableI, the observedcritioattemperaturesbeinginsertedforcomparison.

TABLE1
\(oa)e/gMm.) t.C.(edc.) t.'C.(oba.)

ï74.4 33.3 32.:
B-PentM~ :3,.4 ~y~
Iaopent<me 187.8
n-Hexane 1~.4 234.6 234.8
n-Heptme 119.9 ~9.7 !:66.9
n-Oetane i~.t 1 ~98.5 ~.z 2
MethylFormate sia.o ~12.6 2:4.0
MethytAcetate 1~0.6 233.4 9337
EthylFormate 145.9 ~.s
Ethyl Acetate ~~g ,o.o 1
PropylFormate 133.5 265.3 264.9
Methy!Prdpionate 134.5 a~.y
Methyliso-Butyrate ng.y7 268.0 2676
MethytButyrate 121.66 283.5 28~33
EthylPropionate 125.0 273.0 27~0
PropylAcétate 126.11 276.22 276
EthylEther ~o~ 193~
CarbonTetracMonde 82.3!1 286.9 283f

S~CMonde 47.35 g~.4 318.7
MethylAtoohol 4~.9 ~o.o 2400
EthylAlcohol. 330.2 238.8 ..243.1
Mercury_ ~4.y~ 21:9

*J.A)n.Chem.8oc.,9t,tM3(t9o9).
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Therésultafor ethaneareobtainedfromthe observationsofParker,*while
thosefor mercuryare basedonthe vapourpressuremeasurementsof Smit!t
andMenzies.1In the latteroaeesincethe vapourdensitiesat highertempera-
turesare unknown,the"observed"latentheatshadto booatcatatedbymeans
ofthe approximateformof the Clapeyronequation,

(6) = RT' d log p(6)
~RT~.

Asthis is accurateonlywhenthe speciSovolumeof the Uquidis negMgiMe
besidethat of the vapour,théappUoaMMtyofequation(3)to merourycould
notbe testedabove65o"K.

The Mcuraeywithwhichthe expérimentaldata canbe reproducedfrom
thesmoothedvaluesof the constantsby meaneof equation(3) bas been
testedand the resultsgivenin Table II. It willbe seenthat for the range
overwhichthe "observed"dataare reliablethéagreementis good,the great-

TABLEII

Ethane Isopentane
T~K. ~ebt. DN. fC. M)* DMF.

226.2 99.95 102.0 +2.os o 88.86 87.50 –1.36
334.6 96.70 97.70 +1.00 20 83.41 83.68 +0.27
238.9 94.79 95.25 +0.46 40 79.M 79.54 +0.42
243.2 9' 76 99.89 +0.13 6o 74.35 75.o8 +0.73
248.6 89.56 89.50 -o.o6 8o 69.80 70.17 +0.37
253.o 87.30 86.70 +0.40 too 64.83 64.69 –0.14
2g8.8 82.13 82.8i +0.68 tao 58.62 58.38 -0.24
263.3 79.84 79.58 -0.26 140 51.07 50.87 –o.ao
268.7 75.75 75.44 -0.31 ):6o 41.27 41.'4 -0.13
273.1 72.06 7Ï.79 -0.27 i8o 24.65 25.43 +0.78
278.8 67.16 66.59 -0.55 185 16.47 17.94 +1.47
283.6 62.88 6ï.69 -i.ig
288.3 57.85 56.25 -t.6o

n-Pentane n-Hemne
fc. ~,bt. Die. t'c. x< ]~. ma.

o 93.36 92.8i -0.55 o 90.98 91.43 –0.45
40 84.31 84.76 +0.45 6o 80.82 81.25 +0.43
6o 80.07 80.28 +o.2ï 80 77.55 77.45 –o.io
80 75.M 75.37 +0.04 ioo 73.48 73.23 -0.25

100 69.94 69.93 –o.oï 120 69.29 68.68 –o.6i
Mo 64.48 63.77 -0.7I 140 63.84 63.59 -o.2S
140 56.58 56.54 -o.o4 i6o 57.63 57.82 +0.19
i6o 47-42 47.60 +o.ï8 i8o 50.93 51.05 +o.t!:
180 35-OI 34-9~ –0.19 !oo 42.75 42.54 –o.2t

ï95 15.66 15.15 -o.5i 220 30.37 30.14 –0.23

230 19.73 ï9.oo -0.73

J.Am.Chem.Soc.,48,2058(x926).
'J.Am.Chem.Soe.,M,t444(t9M). 1
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TABLE H (Continued)

n-Heptane
fC. ~,h,. Diff.

o 89.86 90.74. +o.88
80 79.44 78.8ï'1 -0.63

ioo 75.So 7S.39 -0.41
i:o 71.69 71.69 o.oo

140 67.13 67.70 +0.58
i6o 69.65 63.30 +0.6$
ï8o 58.sa S8.4ï -o.n
200 S3.I7 5z.8i -0.36
220 46.46 46.13 -0.33
~40 37.4S 37.54 +0.09
260 2ï.9o !:3'96 +2.06

Methyl Formate

t° C. x~ Die.

.0 122.2 119.9 –2.3
40 m.2 no.4 -0.8
6o tos.T 105.1 o.o
80 98.81 99.33 +0.5!)

xoo ga.3o g3.og -ho.p5!oo 93.30 93.05 +0.75
120 86.22 86.04 -o.i8

'40 77.97 78.05 +o.o8
t6o 68.3.6 68.6o +0.24
!8o 56.48 56.65 +0.17
200 38.80 38.70. -o.io
210 22.98 20.48 –2.50

Ethyl Formate

t'C. x~ ]~ Diff.
o 106.83 ï07.o6 +0.23

6o 95.89 95.08 -0.74
8o oo.9ï 90.5S -0.36

!oo 85.74 85.65 -0.09
t20 80.26 80.28 +0.02
140 74.18 74.30 +o.i2
160 67.2t 67.51 +0.30
i8o 59.44 S9.48 +0.04
200 49.28 49.76 +0.48
~0 34.47 34.52 +0.05
230 22.70 20.6ï –2.l8

n-Octane

t"C. Die.

o 89.46 87.98 -1.48
120 7î.43 7'.63 +0.20
140 68.28 68.31 +0.03
!6o 64.75 64.71 -o.o4
!8o 60.9ï 6o.8ï –0.10
aoo 56.61 s6-49 -o.t2
MO sa.03 5!. 57 -0.46
~40 45.97 45.84 -0.13
260 39.14 38-79 -0.35
280 a8.a6 98.93 +0.67
290 19-10 2i.ï9 +2.09

Methyl Acetate

t'C. x< )~. pM.
o 109.34 no.44 +i.io

.6o 98.59 98.o6 -0.53
80 94.07 93-37 -o.7o

ioo 88.39 88. a8 -0.11
iao 82.87 8:.73 –o.ï4
140 86.83 76.56 -0.27
ï6o 69.96 69.52 -0.34
t8o 6l.OO 6t. 30 +0.20
200 so.56 50.74 +o.ï8
MO 34.87 35.M +0.33
230 20.99~30.30 –0.69

Ethyl Acetate

t'C. DM.

o ïoo.6 ïoo.i -0.5
8o 85.78 85.78 o.oo

ioo 82.1$ 81.60 –o.ss
"o 77.53 77-05 -0.48
140 7~4 7~07 –0.17
ï6o 65.91 66.53 +o.6zx6o 65.gx 66.53 -1-o.6a
180 59.87 6o.t6 +0.29
~0 53.71 52.58 -0.13
320 4!63 4~86 +0.23
240 27.17 27.62 +0.45
a47 17.~ ï7.o6 -o.o6
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TABM!II (Continued)

PropylFormate

t"C. DMf.

o 99.63 99.79 +o.ï6
80 8?.49 86.46 -ï.03
too 82.66 82.58 -o.o8
Mo 78.ï4 78.4.3 +0.29
'40 73.74 73-92 +o.ï8
t6o 68.29 68.96 +0.67
180 69.8o 63.29 +0.59
200 s6.9ï 56.96 +o.o$
azo 49-62 49-~0 –0.42
~40 39.4S 38-95 -o.so
~o 31-99 31.8$ -o.~
ï6o 21.02 20.8t +0.79

Methyliso-ButyMte
t'C. ~bo. \c. DM.

o 9i.i6 89.69 –ï.47
too 74.77 74.40 -0.37
no 70 6s 70.yt +0.06
140 66.82 66.74 –o.o8
t6o 62.12 62.34 +0.22
i8o 57.19 57.44 +o~5
200 52.03 51'8a –0.21
«o 45-'6 45-08 –o.o8

240 36.06 36.34 +0.28
260 21.91 22.04 +0.13
~6$ 14-53 !4-9o +0.37

EthylPropiomate
t'C. DiC.

o 95oo 94.7ï –0.29
ioo 79.~3 78.91 -0.32
120 75.17 75-n -o.o6

140 70.~9 7~-03 +0.84
i6o 65.16 66.53 +I.37
ï8o 59-94 6ï.53 +I.59
200 54.66 S5-8S +ï.i9
220 48.54 49.H +0.57
240 40.23 40.6o +0.37
260 27.84 27.87 +0.03
265 ~3.15 ~3-09 –o.o6

270 1565 15-59 –o.o6

Methyl Propionate

t°C. ~xd.. Diff.
o ïoo.87 100.73 –0.14

80 87.07 86.8o –0.37
100 8z.75 82.7;! o.oo
iso 78.37 78.38 +o.ït
140 73-42 73-6a +0.20
ï6o 68.!$ 68.3: +0.17
t8o 62.05 6:. 34 +0.29
200 55.67 55.37 0.30
MO 47."4 46.70 –0.44
240 34.41 34-5' +o.to
250 94.3° 34.76 +0.46
256 12.70 13.58 +0.88

Methyl n-Butytate
t'C. Mff.

o 95.79 9~.83 –a.o6
100 77.8o 78.oo +0.30

t:o 74.31 74.47 +o.!6

!4o 70-84 70.69 –0.15
ï6o 66.53 66.58 +0.05
180 6a.oo 62.03 +0.03
aoo 5?.4" $6.93 –0.48
aao 51.31 5*'o! –0.29

~40 44.14 43.85 –0.29
260 34.44 34.29 -0.15

270 26.96 27.47 +o.5!

PropylAeeta.te

t'C. ~)m. DM.

o 96.03 95.76 –0.27
ioo 79.8o 79-98 +o.ï8
120 76.33 76.25 –o.o8
140 71-84 7~-ï6 +0.32
ï6o 67.66 67.72 +o.o6
180 62.8o 62.79 –o.ot
200 57.~3 57-M –0.03
220 50.78 50.64 –o.t4aao 5o.y8 50.64 o.Iq
240 4~-40 4~.46 +o.o6
260 30.70 30.77 +0.07
270 20.57 20.93 +0.36
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Table II (Continued)

Ethyl Ether
t'c. Dtff.
o 9~.5~ 9187 -0.75

ao 87.54 87.83 +0.38
40 83.83 83.64 +o.8i
60 78.44 79.n +0.67
80 73.50 74.t3 +0.63
!oo 68.42 68.6o +0.18
t3o 62.24 63.33 +o.o8
140 55.33 54.89 -0.44
!6o 46.07 45.53 -0.54
!8o 31-87 3i.7ï -o.i6

190 19.3~ 18.63 -o.75

StannioCMonde
fC. Xdb,. DM.
o 35.3~ 36.90 +i.5a

!0o 31.76 31.67 -o.o9
Mo 30.S4 30.47 -o.o7
140 39.13 29.17 +o.os
i6o 37.69 ay.So +0.11
iSo 36.39 a6.3i +0.02
3oo 34.51 94.68 +0.17
330 32.Sa 33.87 +0.05
340 30.86 30.83 –0.04
360 18.50 ï8.so –0.10
380 15-60 15-38 -0.33

Ethyl Alcohol
t'C. )~ DiS.
0 330.9 343.4 +33.5

20 330.6 335.! +14-5
40 3t8.7 336.1 +7-4
6o 213.4 9ï6.8 +3.4
80 306.4 306.7 +0.3

ioo 197.1 195.9 -1.2
130 184.2 184.1 -0.1
ï4o 171.1 t7i.o -0.1
!6o 156.9 1563 -0.6
i8o 139.2 139.0 -0.2
300 n6.6 117-? +i.i
Mo 88.2 88.1 -0.1

Carbon TetraoHoride
t'C \,h,. Xttb. DM.

o 51.87 52.38 +0.51
80 46.00 45.96 -o.o4

!oo 44.15 44.16 +o.oi
120 42.o8 42.19 +0.11
ï4o 39 9: 40.07 +o.ïg
ï°o 37.95 37.8o -0.15
180 35.40 35-30 -o.to
200 32.61 3~.48 -o.i3
Mo 29.4'! 29.26 -o.19
240 25.56 25.38 -o.i8
260 20.07 20.32 +0.25
280 10.43 ïi.75 +~32

Methyl Alcohol
t'C. ~.tm. ~.b. DM.

o 289.t7 305.9 +:6.7

20 284.54 a95.4 +io.o

40 277.78 284.6 + 6.8

6o 269.41 272.9 +3.5

8o 2;8.96 260.2 +1.2

ioo 246.oi 246.8 +o.8

120 232.00 232.0 0.0

140 2i6.i2 2ï5. -0.4

i6o 198.34 197-2 –i.i 1

i8o 177.'6 i75.8 -ï.3

200
ï5ï.84 149.5 -ï.3

220 U2.53 iï3-3 +o.8

230 84.47 8s.86 +1.4

236 6i.66 $0.53 -2.1

Mercury

t° C. aobe. Difr.
300 13.94 13-94 0.00
3SO 13.8o i3.8o o.oo
4oo 13 66 13.67 +o.ot
450 13-5~ 13.53 +o.oi
500 13.38 13.39 +o.oi
550 13-~4 13-24 0.00
6oo ï3'ïo 13.to o.oo
650 i!96 12.95 –o.ot
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esteonformitybeingfoundin the caseofpropylacétatestanniochlorideand

mercury. Exceptat the endsofthe temperaturerangethe latentheatscorn.

putedby equation(3) rare!yduïerbymorethanhalfa caloriepergramfrom
the "observed"values,and.the diNerenoeaare usuallyertatioin sign.
It is of interest to note that the relation(3)hotdsapproximatelyat higher
temperaturesevenfor assooiatedliquidasuchas methyland ethyl atcohob.
Thé departure from conformty to the relationwith fauing temperature
probablycorrespondsto the progressiveassociationof the liquid.

Byeliminatingthe quantity (i T,) betweenéquations(i) (a) and (3)
twointerestingrelationsareobtainedconneotingthe latentheatofvaporisa-
tion,the liquidandvapour densities,and the surfacetension. Thèserela-
tionsare,

(?) 'y = oonst.X X"

and (8) eonst.X (D d)~.
In conclusion1 shouldlike to expressmy thanks to Dr. 8. Sugdonof

BirkbeokCollege,London,forhis livelyinterest,encouragement,and sug-
gestionsin connectionwith thiapaper.

B!<!<*)~a<&,
jtjMM~,N.B.9,

DM!emtef~,Me7.



THESURFACETENSIONANDTHE STRUCTURE0F THE
SURFACE0F AQUEOUSAMMONIASOLUTIONS'

BY OSCAR KNBH.BB MCE*

Thesurfacetensionof ammoniasolutionsbasprevioustybeenmeasured
byDomke,'Pedemon/and Stocker.' Domkeusedon!ythreesolutions,and
bismeasmementswereadmittedlymacoufate,beingdoMin ope~c&piBanea,
sothat evaporationcouldnot be oontroUed.Asthe other twousedthe os-
ciHatmgjetmethodthe interpretationof theirMsuttsisnotunambiguous.'

The surfacetensionof aqueousammoniasoluiaonsbas thereforebeen
redetermined,andanattempt basbeenmadeto interpretthe results.

ExpetimentatMethodeandResotta
ln makingmeasurementsonammon-

ia soluëonsnot only does one have to
gaard against excessive evaporation,
but also, and this is apparently more

important,against thé action of thé
sohttioBon glass. Thia latter factor
preventsthé use of the drop weight
method,forin the time requiredfor the
formationofa drop the surfacetension

might be appreciablyaltered. It also
makesinconvenientthe use of a cathe-
tometerfor the capiHaryrise method,
thoughthe difficultiescould probably
be overcome. The method actually
adoptedconsistedm the use of a capil-
lary tube of fairly wide bore with a
scalebehindit. (8eeFig. i). The cap-
illary, C, approximatelyhalf a milli-
meter in diameterwas placed at such
an angleas to secure an increase in
sensitivenessofabout fivefold. Direot-
ly under it at nearly the same angle,
wasthe tubeB, wMchwas .464cm.in diameter. Thesewereconneoted,as
shownin Fig.t, to a widetube, A, about 2.5cm.m diameter,andso fixed
that theywereabsolutetyrigid. Sealesplacedbackof B and C enabledone
to read thepositionof the meniscusin eachof the tubes,first for distilled

ContributionfromtheChemicatI~bomtoryoftheUniveraityofCalifornia.'NttMMtKeaeaKhFellow.
~n~t.4~ ~).4Ped81'l1011:Phil.Trum,207A,341(I9og)a~a-: &ph~.Chem.t<i6 <o).SeeRIce:J. Phya.Chem.,31,toS(~7).
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water,then for ammoniasolution. Fromthe oaUbrationio be desoribed
below,thediNerenceinverticalheightof the capillaryeolunmsof water and
ammoniacouldthenbecatoutated.Theheightof theoapittarycotunmin the
caseof water(i.e.thedifférenceofcapillaryrise in C and B) wasdetermined
in a waywhichwillalsobe desoribedlater. Knowingthe surfa<!etensionof
waterand the densityofthesolutionit is then possibleto catcutatethe dif-
férencein surfacetensionofwaterandthe givensolutionofammonia.

The upperend of thé tube B oommunioatedwith the réservoirtube, A, t
to insureequalizationofpressure. Also,whenin use,the upperpart of C
wasoonnectedby meansof a pièceof rubbertubing to a sidearm on the

upperpart ofA,whileAitse!fwasdosedwitha rubberstopper. Thusevap-
orationwascomptete!yprevented. Therubbertubeat the upperpart of C

wasa!sousedtomanipu!atethe!iquidinthecapiUary.Whena reading was
to bemadefreshsolutionwasdrawninto the capillaryfromthe wideportion
ofthetube C,the meniscuswasbroughtupaboveitspositionof equilibrium
andaBowedtofaHto rest. In thecaseoftheammoniasolutionsthe meniscus
wouldbeginto ctimbafterabouthalfaminuteto a minute,ihdicatingan in-
oteaseofsurfacetension,probablydueto actiononthe glass,sincelongstan-

dingto insureequilibriumdidnot seemto preventit from oecumng.In thé
caseof water irreguJarmovementsof the meniscusand sMghtdeorea<iesin
surfacetensionsometimesoocurredaftervaryingtimes. However,the first

positionof themeniscusseemedto beperfecttyreproduoible,exceptoccasion-

aUywhenthe moniscusbehavederraticatty.~
Thetubes(mentionedbeforebutnotshownin théfigure)at the upperpart

oftheapparatuswereMraagedtosupporta coupleofapint leveis,wMchwere

rigidlysealedto the apparatus,andbymeansof whichthe apparatuscould

a!waysbe placedin theproperposition.
Thewhotewasplacedina waterbath,the temperatureofwMchwasread,

and taken to be thé temperatureof the substancemeasured. The eSectof

temperatureonthe readingswithwaterandconcentratedammoniasolutions
wastested,andit wasfoundthat thécorrectionwaswithintheUmitsoferror
the sameforboth. Athermostatwasnot used,but correctionmadefor the

temperature.
The apparatuswasfrequentlyoteanedduring the courseof the experi-

mentswitheoncentratednitricacid.

CoMro~MMt<~theappon~tMo~ occxrtM~<~therem<Sa.
I. CatibmttOBoftheMateonBintennaofverticalhetght.–Mercutywasptacedinthe

lowerpartofAtoeutoffBandC,andtheheightinAofaknownvolumeof~~ieffroma
pipettewaameasuredbyaeathetometer,ti!ow<mcebeingmadeforeUghtmovementofthe
metomy.ThenthemefeatywearemovedandUqotdftoma pipetteattowedtodrainin,
thedmerenceofKadingainBbeingnoted.TheerosasectionofBwaaknown,andafter
aJtowancewaamadefortheamountofwaterwhiohenteredBiteetftheehangeinvertical
heightfora)pvendifférenceofreadingeinBcouldbedetermined.Thiawaadoneforwi-
otNpartaoftheseate.1eatimatethattheremayhavebeenintroducedinthiswayaeye-
t~tnaticerrorof toMpercent,andanenorofperhapathesameamountwhichwouM
dmerinmagmtudeande<gafordJNerentpartaofthéMa!e.

ThelengthoftimetheMhttionatoodintheappatatnadidnotaeemtoinOuencethe
rettuKs,andMhtioninA,obtainedbyMtiMtheapparatua,had,withinexpérimenta!error,
thesameaurfMeteMionaethatwhtchhadbeenatandingmthénarrowertube,exoepton
oneoecaaionwhenthedMfeteneewaabaretyoutftidetheuauatexpemnentaterror.
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Il. Measurementof thedifferenoaofcaptttaryrisaintubeaCandB.–Krat thé vertf.
catheightoftheMthnatedoenterofthemeniMu)inCabovethe)owestpartofthémeniMus
hAwaBtMMUMMLTothitWMadded.o!cm.toponeetforthedteeMneombveïAandaa
tubeofwrytaMediameter.' ThedtameterofBbeinzknomthacateutatedcapiMaryHi'f'
tMBmbtMetedfMmtheabovereMite.testhaatethatthMeopemtionswereattended
witha poaaMeermrofMto apercent.

ThéabovepmoeduremvotveBthéaMmnpttonthat theshapeofthémenhcMSforwater
andanammoniasolutionareeuaie:ent!yat&einthestantingtubeB goasnotto oauseany
appMciaMeefror.Theloweatportionof the menisousin Bis readin eaehcaee,andwe
assumemémet that the capiUarycofrectionistheesmeineaohcase. Weestimatethat
theentheeapiMatycorrection,ifaddedsayte onereadingandaotto theother,wouldmake
anerrorofabout 4dyne. NowtheauffacetenNonofthemoateoncenttatedammoniaso-
lutionmeasuredieaboutM percentiemthanthatofwaterandits deneityi<about to per
tentteM. IfitadenNtywwea!so92peir centtemitwoutdbaveexaettythesamecmiuary
correctionaa water.Iatheaotua!MtuationitMobviouathatthediiïeMneein<~piUary
conwtMnwiNbeavetyNnauffMtionof.~dyne.

<

III. Readhtgtwithwatej'intheappatatua.–~romtitnetotimedunngtheooatMof
theexpetimenie,forpurpoMaofcaUbfation,andto ehechupon théatigmnentof the ap-
paratuawhenthe ecateshadto beremovedandtepiaced,manyMadinmweMmadeofthe
NtnuI~neoua~evebmBa&dCofpmewater.AMadinewouIdbetaken,eomewaterre-
movedbya droppet,andanotherreadingtaken,and Mon,downthelengthof the seatee.
!n thit waya plotofthe seatefeadin~eagainsttheupperftoateKadingwaamade,andthe
beBtcun~drawnthMughthepointe. SometeadingsweMahotaken&ythemethodused I
in the caseof theammoniaMtutionB,Mvera!Madingsbeingtakenwithoutchangingthe
amouatofwatermtheappat-atoa.It ie thoughtthat theourveis correctataMpointsto =
within.03or .0~dyne.

In readingthe scaleat B pataUaxwasavoidedbyuseofanotherscaleplacedeothat t
themarMwere<eenparttythroughBandpa)~tyoutmdett.Whentheyappearedatraight =
theMwaanopMaUax.TheMaieonC,!taeM,MrvedtoavotdpataUaxthere. ?

In order to test the accurMy of the apparatus a seriesof readings in differ- t
ont parts of the scale for a solution of sodium chloride (Kahibaum'a "fttr

Analyse") of concentration S.oomoles per liter of solution was made, the !S
valuesof Ay (whichwe shall use to designate the difference,taken as positive, ?

between the surface tension of water and a solution) being as follows: 0.38, g
9.35) 9.!6, 9.24,9.3o, 0.35, 9.38. The average. 0.32agréeswell with Harkins ?
and McLaugblin'svalue2of 9.37. An error of t per cent. in either of the cali-
bratioas 1or II, or in both together, if they were in suohdirections as to add,
wouldcausean error of about .04dyne in the finalresult.

A similar series of readings for.an ammoniasolutionof concentration 3.86 ¡,

molesper liter gavethe followingvalues: 6.90, 6.80,6.76,6.ys, 6.84,6.72,6.86.
By making the calculations it is seen that calibmtions 1 and II have ap-

proximatelyequal eSeets on the accuracy of the naal result, and that an error
in either 1 or II whiohwillincrease A'y in the case ofsodium chlonde will de-
crease it in thé caseof ammonia. An error in either basmore eneot:on the final
resjlt intha case of ammonia (causes about ï.g to 2 times thé percentage
error in Af). AIso, the effect of an error in calibration will vary, but not

much, for different concentrations of ammonia. The differencein the various
CMesis ea.usedby the way the density entera thé calculations.

On the wholeit seems safe to concludethat errors in the calibr&tionswill
not introduce an error appreciably greater than i per cent in the final A'y
values for ammonia solutions. Results from an earlier pièce of apparatus of
slightiy different design, which was broken so that the caMbrationcould not
be rechecked, show a systematic deviation from thé values here given, A'y

RichN-deandCoomba:J. Am.Chom.Soc.,37,t66a(to~).
Harkins andMeLaugMin:J. Am.Chem.Soc.,47,2085(t~s).
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beingabouta percent.!arger. ~*yvaluesforsalt sohttioMmeasuredin this

apparatus,however,are MnaHerthan thoaeof Harkinsand McLaugMmas
follows:2.goM.,o.t3dynes;z.ooM.,o.oydynes;1.00M.,0.06dynes.

As to non-systematieerrors,we may expeotoccasionatbut Mrequent
etforaupto about0.1dynes,sinceingenenda givensolutionwasmeasuredat

onlyonepartoftheMa!e.

Surfacetensionsweremeasuredon
U. 8. P. ammoniasolutions,and on a
C. P. ammoniaprepared bypassing
ammoniagasfroma tank intodistilled
water. Thisgas waspassedthrougbtwo
traps, one contamiaga smaUamount
of water which quioklybeoamecon-
centrated ammoniasolution,and one

empty. Thelatter solutionwaakept in
a Jena glass bottle until dilutedjust
beforeuse,and a!ImeaauMmentaon it
weremadewithinten daysafterit had
beenprepared.

The concentrationof the solutions
was determined from the density,
ammoniabeing poureddirectly from
the apparatusintoa pyhiometer. The
table used was that ofRuN({e and
Wiemik.TheMtativedemBityofammon-

iasolutionwithrespecttowaterwascotteetedto i8.5o"C.,whichwasdose to
the temperatureatwhichailthereadingsweremade,andthis valueusedinthe
caleulationof thesurfacetension.

The nnal resultsaregivenin Table1 and plottedinFig.a. Theydo not
seemto checktherésultaofpreviousexperumentem.

AdsorptionofAmmoniaat the SMface

Theamountofadsorptionisto becaleulatedfromtheéquation

= r W/~ (t)

whereir is the surfacetension,mthe concentration(wesbal!alwaysuseit in
molesper Hierofsolution),F the partial free energyof the solute,and r is
definedby LewisandRandall'as the amountofsolutewhichmustbeadded
tokeepthecompositionofthe bodyof thesolutionconstantwhenthesurface
is increasedby unity. SinceF = RT logp + const.,wherep is thepartial
vaporpressureofammonia,R the gasconstant,andT thé absolutetempera-
ture*,wemaycalculater if weknowp.

1ComeyandHahn:"ADtotionMyoîChemicalSotuMities,"M(!9:!).
LewMandRandaB:"ThennodynMnies,"aso(~923).r McaNedbythemt~

a Ammoniavaporit)nearlya perfectgM.Landott-BOnMtein:"TabeUen,"~69(t9~3).

Différencein SurfaceTemmnof Ammoaia
tmdWttterSotations t

1
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TABLElI

DiSeMncein SurfMeTea~OB,A%betweenWaterand AqueouaSotutionaof
Ammo!u&at i8.so"C.

i neaunacetensionofammoniasolutionsisalways!emthaathatofwater.
tMeaMMdmdNoMntpieceofappaMtusthanthatthaonbed.

AsthefigurewillbeofinterestlaterwehâveplottedïogMpagamstMinFig.
3. Thevaluesshownby the plaincirotesare partM pressuresby Pennan,'
whilethe valuesdesignatedbycMes witha tait are fromtotal pressuresby
Permam' fromwhichhavebeensubtractedpartial pressuresof water ac-
cordingto PeTm&B,extrapolatedwherenecessary. The crossesare from
Wilson'sdata' (Wilson'sobservedtotal pressures,conectedfor sHghtdif-
férencesin temperature,mmusWilson'spartialpressureof waterinterpolated),
and theX's arefromdata.ofSims/correctedbyusingthe nowknownvalues
of thepartialpressureofwater. AUthedata arefor20"C.,andit isnotworth
whiteto correctto 18.5. Theagreementbetweenthe varioussets of data is
verypoor,but to geta gêneraiideaofthesituationweusePerman'sashisob-
servationsare most numerous. Fromthe slopesin Fige.a and 3 we have
catculatedF, whichis givenfor severalconcentrationBin Table II. (For
smallconcentrationsa plotofpagainstn wasusedinsteadofFig.3).

Thereare otherouantitieawhieharemoreinterestingthan the quantity
r definedas above. Supposewedenoteby x the distancefromthe surface

PennMi:J.Chem.Soc.,M,nM(t~o~).
PennMt:J. Chem.Soc.,79, (toot).
Wilson:BuM.Eng.Expt.Stattoa,Univ.IMmois,14e,!&a6(to~s).

<Sim.:Ann.,U8,34?(t86.).

AnmMmia Concentration Density
(MetespN-Mte)- (t~/ts)

y
(Dynesper om.)

of solution)
s/ls)

tU.S.P..056 ––

tU.8.P..45 .9966 i.~
C.P. i.Sg .9866 3.89
U.S.P. i.s? .9863 3.98
C.P. 3.77 .97~ 6.yi
U.S.P. 3.86 .97Zt 6.80
V.S.P. 3.9~ .9717 6.7:
U.S.P. 4.~9 .9698 7-ï't
C.P. 440 .9683 7.3S
C.P. 6.56 .9536 96t
U.S.P. 7.39 948i 10.39
U'S.F. 7.39 .9481 to.39
~'S-P. 7-44 .9479 '0.3~
U'8.P. 7.45 .9478 10.39
C'P. 995 .9315 Ï3.63
C.P. 13.64 .9083 1560
U'8.P. 1381 .9071 is.Sa
U.S.P. 14.08 .goS5 l6.!0.9·L_t_a_
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ofthesolution*andby m,the eonoemttattonofammoniamoleoulesat a point
x. Thenwecan de6nea quamtitytt by the equation @

/*a)
M= Mjtd)! (2)

~0
whereut = – ?. Nowi*wi!!diffe~fromf, forwhilett ia theexceaaofao!ute
at the8Uj'face,and an amountofsoluteequal to u must be addedto thesolu-
tionto replaceit after the surfacehasbeenmereasedby unity,this willnot

VaporPteMuieofAmmoniaSolutions

be sumoientto bring the concentrationof the bodyof the aolutionbackto
itsoriginalvalue,forthe moléculesofsoluteadsorbedat the surfacehaved!s-

placedmoléculesof solvent,and enoughsolutemuâtbe addedin additionto
? to compensatefor this additionof solventin the bodyof the solution. If
onemoleculeofsolutedisplacesk moléculesof solvent,and if the molalratio
soluteto solventisr, thenwewillhave

r=~+&r) (3)

Nowfromthe densitiesof ammonia,solutionsit willbe foundthat overa

rangeof <Mncentiationagreater than we need to consider,that i molecule
ofammoniareplaces1.33moleculesof waterwithinabout 2per cent. Thua
ina 10moMsolution thereare 10molesof ammoniain a liter,and42.2moles
of waterinsteadof 55.5as mpure water. So 10molesof ammoniareplace
13.3molesof water. It seems,therefore,safe to assumethat theadsorption
of anammoniamoléculeat thé surfaceis attendedby praoticallyno change

ït isconvenientto letz o be takenMthepoeitionoftheceuterofanammonia
moleculewhenthemoleculela"at thesurface!'It mayberemarkedthatthismethodof
tMatmentaNumeethat themoleculesaremadomlyanangedat thesurface,andwould
beratherambiguous(thoughit mightbousedasanapproximation)iftherewereaCxed
filmofammoniamoleculesat thesurface.Latercatetuatiomwillshowthatthereisprob-
ablynotMeha film.

ThoughthisisapparentlynotrecognMedbyLewisandRandaU:toc.et<.
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in total volume,but that on an average1.33moleculesof waterare forced
backinto the solution. Thuswemaytake&~i. OatbisbaNiswehave
oatculatedthe valuesofu givenin TableII.

TABM!II

Valuesof A'y and the Adsorptionin AmmooiaSolutionsat ï8.so"C.

Discussionof the Resulta

If adsorptiontakes placein a monomolecuîarlayer, as is the usualas-
aumption,inorder to get the aetualnumberofmolesperunit surfacein this
layerweshouldaddtou thenumberof moleculeswhichwouldbepresentinaa
layerof this tiMctme~if noadsorptiontook place. Takingthe tMchiessof
thé tayerto be3.4X ïo~fromtheknownpartial volumeofammonia,wecal-
culateforthetotal numberofmolesperunit surfacethevaluesgivenunderU
in TableII. Forthe valueofUinmoléculespersq. cm.weget foi a <!oncen-
trationof 14M, 3.7 X 10'4,whichmeansthat thé distancebetweeneenters
ofadjacentammoniamoleculesM5.2X 10~cm.,whichwouldseemto indicate
that the layeria not filled,as is aboindicatedby the faot that U doesnot
approacha constantvalue.

Inspiteofthisfact,oneinfers,fromwhatisknownaboutmotecutarforces,
andfromthe numerousresearcheson similarphenomena,that the adaorbed
moléculeswiUbeverycloseto thesurface. The averagedistanceof the am-
momamoieculesfromthe surfacecould actually be detenninedif wehad
measurementsofthe dynamicsurfacetension,-y',whichweknewweremeas.
urementsof a surfacefonnedsorapidlythat noadsorptionhadtaken place;
butsoslowlythat equilibriumwasestaMishedthroughoutas farasthe solvent
waseoncemed.For,aswehâveahown*

= RT /~(~)<~
= /"°'W~

(4)~o ~o
whereWxis the workdue to the forcesof adsorptionof bnnginga moleof
solutefromthe bodyofthe solutionto a pointx (sothat MTog~/M) =
Wxfor dilutesolutions).'$

'Rice:<ee.<!«.,equat!on(7),(Theaignoftheint~ inpMenthesesinthiaequation
NiMOffect;)

'SeeHeMfe!d:Z.phyaO[.Che)n.,M7.74(t923).

AdM)'ption(Moteape)'Bq.em.)(Moteeperr.) (Dynespercm.) r Xto'" KX to" UX M'"
1 2.40 .8~ .8i. t.ts
2 4-ao i.~y t.gp
4 6.92 i.yo .M ~j~
6 9-o8 i.7M .52 3.56

10.93 1.79 .<tS 4'7
10 12.69 1.86 .41 4.81

ï4.3S ï-93 .37 5.45
14 i6.oi 1.99 .33 <.o8
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Nowsupposeweassume,in orderto get an ideaof the averagedistance
of the adsorbedmoloculesfromthe surfaceof the solution,that if x is lésa
than somedistancea then W<bas a constantvalueW., and for >a that
W~= o. Thenfora:<o it iaseenthat K~bas s~meconstantvalueM,,andfor

~*9e
><twehâvem~= M.Wethenhâve W~ = aW.,or

yo

d-y7a"cW. (s)

whileGibbs'aequation(i) givesus(einceforsmaUconcentrationBi + kr = t) j

d~/dm = RTtt/œ =- RT(n. n)a/n

=-RT.(e-) ) (6) 1
whiehgives twoéquations'foraand Wa.

Asit seemslikelythat it willbesometimebeforewecanmakean unam-

biguousmterpretationof the so-caUeddynamiomeasurementaofsurfaceten-
~'eo

Bton,weaha!!attempttomakeanestimateof théquantity W~d):fromthe
./oo

dataat hand. We are able to dothis beeausetheourveof Fig. 3 ia nearly
a straight lineover a largerangeof <!oncentïat!oDa.It unfortunatelyre-

quires,however,that wemakean extrapolationfromthis rangeof concen-
trationsto infinitedilutionwhichisnot entirelywithoutobjections.

Themoleculesat the surfaceare acteduponbyforcesof adsorption,and
havean energydue to theseforcesequal,per mole,as wehaveseen,to Wx.
Thiswillatwaysbebalanoedbytheeneot dueto theiaereaaeofconcentration,
whichwemayWritein generalas u~AF/A~, whereAF/Am is a measure
ofthe increaseofpartialfreeenergywithconcentration.:Wehave.

w~AF/A~ = W~ (y)
1

Equation(y)mayif desiredbeconsideredas denni~onalofW),,AF/A~ being
thesameforchangesinconcentrationat the surfaceas in the bodyofthé so-
lution. Nowin the regionin whichlogp or F basa straight une relation <

with equation(y)becomes

~F/~M = W. (B)'
inwhichcase,sinee~F/~Kdoesnotdependonx,

/.a. ~<.

~(~F/~t)dB ° MoF/~M
W,tb:

(9)
t/O ~0

Sinceit is seenbyFig.3that weaiwaya hâve 3F/~ AF/ Anwehavefro'm

(t),(3)and(?)

-d-y/dM/(i+&r)~- yw~c (10)
./o t

Equan~yocoMïswherelog~orFagainst~isastraightIine. (

in thesecoMMeratioMwehavetacitlyMeuntedthatonhronespecie?<~mamoma
moleculeiapMseat,buttheMnmdemtMnBremainnmdtetedNwèneeeetasaodaHenat
lowconcenttattona(meeemejustMedbythepartialvapojfMeamMofwater)andasMme
thategnilibrinmbetweenvarioushydrateais unâlteredat thesurface:'Wenegleotionisa-
tionoftheammonia,whiehNpemimtNeameeait themeMUMmenteosedweremadeat
concenttattoaawheMttiBnegttgibîe..
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Wehaveplotted d~/dM/(t+ kr) againstn inF!g. 4. It ïs aeenthat in

the regionwhereit iuapproximatelyequalto /'oeW~da:thé curveislinear
~oo

and near!yholizonta!. Aœmaingthat this rehtion hoïds throughoutthe
rangeof concentratioNSwehaveextrapolatedthe straightpart of the curve
to n= o,andobtainasthe limit8.8X to' ergcm.per mole.

Usingthisvalue,.and the valueof d-y/d~,whiohfromFig. a is :.? X 10~
dynespercm.,per moleperce.,weobtainfrom(4),(5), and (6)thevaluefor

/*<o
a of r.o X ïo- a is rathersensitiveto changes

in
W~c. Thusifwehad

~o
j~~ e'~t <t~used10.0X to'iostead of 8.8X ï<~we

wouldhaveobtaineda.as X 10~ fora.
Sowecannot&tthe valueofa withany
degreeof emetness,but the evidenoe
is in favorof the adsorption taking
ptaceclosetothesurface,i.e.withindis-
tances comparablewith thé aize of a

molecule,asweshouldexpeot.It should
be noted that the averagedistanceof
the conterofan adsorbedmoteoutefrom
the surfacewillbe<a,orabout ïo'<m.,
aocordingtoourestimate.1

In ordertocheckour workwehave
catculatedu for severalconcentrationstri 6
inTableIII. Todothis we&ndW~ fromFig.3,catcu!ateW~usethecurve
of Fig. a to pickout a concentration,?“ suehthat the diSereneein partial
freeenergyforthat concentrationandforthé concentration,n, of thebodyof
thé solutionjuatbataacesW.,and fma!lycoraputeu whichiaequaltoa(~
n). Thecheckforthe valuesof ?merelymdicatesthat theextrapolationfor

0 W~orWtObaposaibleoNe.anddoesnotexoladeothers.Thodifference

forobservedandcatculatedM'ain the caseof ? = zoiaa.nindicationofhow
far frombeingoonectour mmption is that AF/A~ = 3F/~t, and there-
forethat weeanusetheequa!aigain (10),for largem'a. It wouldputuain a

positionto geta secondapproximation
for

W~c,but ît isnot worthwhile

to dothiswithoutbettervaluesfor thevaporpMasuKS.
It is to benotedthat the va!idityof ourestimationof a dépendsonlyon

/*06
the extrapolation

for y
W~, andon theHnearityof them.îogp curve,and

not on the aohmtvaluesof the vapor pressure. From the valuesof in
TableIII it witibeseenthat the nneantymuâtextendabout6 or 7molesper

SeeMteteneet onp. sM.
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~w

titerbeyondthe highestconcentrationforwMohweattempt to
Sud

W~chc.
0

It maybe verifiedthat the pattioularset ofassumptionewemakeas to
the conditionsat thé surfacewill not greatlyaffectour estimationof the

averagedistanceof an adsorbedmoleculefromthe surface,whiohmay be
~e.

de6nedas(t/M)
a~txdc.Forexamp!e,supposethatfora;>owehaveW~==o,

~o
whileW~ieproportionalto o – x whenx is lessthan a. Workingthis case

yo&

ut, and usingthesamevaluefoc W~dratn =o asbefore,(8.8X !o') we
~o

findfor a the value3.6 X io-8. In the regionwherethé n-logp ourveia a

straight line,andapproximatelyelsewhere,wefindin tbiscasethat the aver-

agedistanceofanadaorbedmoléculeis0/3. It lsseenthat theagreementwith
the pteviouaestimateisveryclose.

Summary
The surfacetensionof aqueousammoniasolutionshaa beenmeasured

by a modifiedcapillaryriBemethodovera rangeofconcentrationsfromo to

t4 molesperliter.
The adsorption,definedinseveraldifferentwaya,of thé ammoniaat the

surfaceofthesolutionhaabeencaloulated.

Fromthesecalculationsit appeamthatthereatenotenoughammoniatooîe-
culesat thesurfaceto SI a monomoleoularlayer,evenat the highestconcen-
trationsused.

The work,W,, doneon a moleofammoniawhenit is broughtfromthe

bodyof thesolutionto adistancexfromthesurfacei8bataneedbythéchange
in partial freeeaergydueto that increasedconcentrationof ammoniaat the

pointx. Bya considérationoftheserelations,usingthepartialpressureourve

for ammonia,it ia shown
that

W~da;is a !inear,stightiydeereasing(in
~o

magnitude,disregardmgsign)funetionof theconcentrationin the bodyof
thé solution,forthe higherconcentrationsused. Byextrapolatingthis linear

relationshipto infinitedilutton,and us~ngthe lawsof dilutesotutions,it is
estimatedthat the averageadsorbedmoléculeis about 10'~cm.from the
surface. Moredefiniteinformationeouldbeobtainedon thia pointby the
measurementof dynamicsurfacetensions,if theycouldbe unambiguoualy
interpreted.
No'&eby,Ca!)~OntM.

TABLEIII

CalculationofMfrontthé ExtrapolationofMg.4 (a = t.9 X to"*cm.)
n ~"W deX !0-*W.X !0-" « X!0" «X 'o",oba.

(MoteBper1) (Etf;cm. (Etgper (Mo!eeper1) (MoteBpef (Mo!eaper
pe)fmo!e) mote) aq.em.) Bq.cm.)

2 8.3 4.36 6.11 ï.i6 t.ai

4 7.9 4.15 8.2 i.s6 1.54
6 7.4 3.89 8.6 ï.ûg ï.sa

M 6.4 3.37 8.2 ï.s6 t.4ï



BY JOHN JOHN8TON AND EDWIN P. JONES'

In two previouspapers it wasshownthat solutionsofthe threedinitro-
benzènes,'andof the three nitroanilines*aresubstantiaUyidealwithrespect
to thémutualeolubilityof the severalisomers;the presentpaperextendsthé
measurementato the other ninebinarySystems–namelyofeachnitroaniMne
witheachdinitrobenzeno–forit wasof interestto ascertainif thèsepairsbe-
havesimilarly,as in fact they do. The mutualso!ubi!ityin the threebinary
systemsof the ohlorobenzoioaoidewasabo determined;withthe resu!tsthat
thèsesystemsa!soprove to be substantiaUyideal in this respect. On the
other hand,thepairsoflikeisomersofthe cMoronitrobenzenesandbromonitro-
benzènesappearin eaohof the threecasesto form an unbmkenseriesofmix-
ctystab; p-nitrobenzoicacid and p-to!uicacid showonly partial orystal
miscibility.

The DMtrobenzeaeswiththe Nitto<mit!aes

The methodof purificationand the criterionof puritywas the sameas
previouslydesenbed. The experimentalprocedurewassomewhatdiffer-
ent in that the solidSystem,containedina tube surrounded,as before,by a
heatingcoiland a Dewarvesse!,<wass!oM~heated,and thetemperatureat
whichthe last crystal just disappearedwasobserveddireotty;duringthis
processthe mixturewascontinuouslystirredby the rotation,forwardand
reverse,of a smaHertube enclosingthe thermoelement. This procedure,
whencarefullycarried out, yietdsa resultentirely comparablewith that
derivedfrom a sériesof coolingcurves,properlyinterpreted,and is more
rapid; it is advantageousparticularlyfor systemsin whichthe stablesolid
phasecrystaUizesstuggisMy,as provedto be the casewitho- and ~nitro.
anilineand m-dinitrobenzenefromsomeofthe mixtures. Eachexperimental
datuminthe tablesia the averageofat leasttwo concordantobservationsof
the lastmeltingtemperaturet (centigrade)of the mixturecontainingthe mol
percentageÇAofsubstanceA.

DMCMaaMtt.In orderto seourea bettercomparativepictureof the several
sohbHitiesthe resultsworeplotted in termsof log N va.iooo/Tona large
sca!e,and valuesread o!fat regularintervalsof the reciprocaltempérature.

'ContributtonfromthéDepM-tmentofChentlstry,YaleUtuvetatty.FromthedMMrtattonprseeentedbyEdwinP.Jonesto theGraduateSehoo)ofYaleUniversityinJunet?~. incmdidMyforthede~e ofDootorofPhitosophy.
1 Andrews:J. Phye.Chem.,20,t<~t(t~$).
('9~~ ~9S~" Chem.,29, (1925).Compare ibid., '7(r925);30,70(1926).
ArrangedeothatthemixturewithincouldbeiHuminatedandobeerved.

SOLUBÏLITYRELATIONS0F ISOMERICORGANICCOMPOUND8

VII. Thé Mutual Solubilityof the Dinitrobenzeneswiththe Nitrnanilines,
and of the threeCMorobenzoioActds*
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Thèseare presentedin TablesIII andIV, alongwith valuesaimitartyinter-

polatedfromthe respectivedata ofAndrew~and ofKohman,'and the ideal

valueas denvedfromthe oalorimetriedataofAndrewa,Lynnand Johnaton*

AsthevaluesSnaMypablieheddiffer,owingte the adoptionof a bettervalue

for the speeinoheat of the mlverstandard, fromthoseused in the previous
similarcalculations,they are tabulatedbelow,togetherwith the coeffioients

derivedfromthemin the idealsolubilityéquation*

TABtB1

ExpérimentâtData on the Solubilityof the SolidPhaseA in Mixturewith

the SecondComponentB.

!ogNA=K.(~T)+&!og~+K,(TA-T)

TAdenotmgthé absolute meltingtempératureof pure A and T the last

meltingtemperature(absolute)of a auxturecontainingthé mole fraction

NAOfA(CA=tOoNA).

6J.Am.Chem.Soc.,48,M?4(~6).
Cf.Aadrew9:ref.<,p.1043.

(i) A = o-Dinitrobenzene

B o.Ntttoanitine M-NîtroaaHine p-NittOMiMne
CÀ t C* t ÇA t

ïoo.o 116.8 100.0 n6.8 too.o n6.8

76.s 102.9 87.5 109.9 87.9 no.~

56.0 87.5 74.9 !oi.8 7~.6 104.4

36.0 68.8 6o.ï 90.8 70.o 99.8

Euteotic 54.0 Euteotic 8t.aa Eutectic 93.33

(a) A '= m-Dinitrobenzene

too.o 89.8 ïoo.o 89.8 ïoo.o 89.8
75 S 7~.5 ~-8 82.2 89.5 83.6
S4.6 53.0 76.9 73.7 74.8 7~S
46.5 43.4 66.9 649

Eutectio 37 8 Eutectio 6!.o Eutectic 70-'

(3) A = p-DinitMbeazene
ïoo.o 179.8 ïoo.o 172.8 ïoo.o i7~-S
76.0 156.7 89.0 166.6 86.5 165.
55.9 138.9 78.3 i59-i 69.4 ï54 o
35.6 1146 6ï.8 145.7 SS.iIr 142.0
!8.2 79.0 49.3 ï33-* S~-S i39-o

36.6 ii7.5 44.4 i3'3
27.6 102.5 37-4 132.:

Euteetic 62.0 Eutectic 97 1 Eutectic 119 3
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TABMII
ExperimentalData on the So!uMMtyof the SoMdPhase A in Mixture with

the SecondComponentB.

(ï) A = c-Nitmaniline ¡

B.~DinittobeM~e ~DuuttobeMeM p-DinitMbM~
t C* t C~ t

too.o 69.9 ïoo.o 69.9 ïoo.o 690
~-? 90.3 63.1 9o.i 64.48ï6 59.3 80.8 s5.9

Eutecti. 54.0 69.0 47.3 Eutectio 62.0
6i.7 41.1

'Ëatectio 37.8

(t) A = Mt-NitManiliae
100.0 m.O l~.o 1~.0 ~o
°3'S 103.8 91.4 ioy.7 <)t.a ~8.0
7~7 98.7 89.4 106.7 80.7 iot8
65.8 93.3 76.3 98.1
~9 93.2 74.9 97.5
SS6 86.3 64.7 89.7
50.7 82.8 57.7 83.8

49.o y5<'
37.5 63.z

EutectM 81.22 Eutectic 61.0 Eutectic 97.1

(3) A==p-NitroaMiine
~-S ïoo.o 147.5 ~.o ~.5

~-3 ~7.1 90.8 t4i.5 9~.6 14~.3
~9 Mï.6 84.3 136.8 8~.6 1354

73.2 1273 70.6 125.2
43 4 too.a 6a.o n6.7

50.2 103.5
41.55 93.ï1

33.8 81.8
Euteottc 93.3 Euteet:c 70.11 Euteotio 1193

Substance HMtofmetting(ca!.)attt T~ K, K, K

~duutMbeMene4~45+.S.8it-0.0460 ~389.9 ~.964 -2o.6o 0.0~005M- IJ
M24+26.491-0.0565~ 362.9 5.556 -28.86 0.0:235

~)~ 5S93+3.4it+0.00771" 445.9-2.714 +o.40i -o.ooi68

~~ne
2773+.o.2t 0.038.t' 343.0 3.564 -20.67 0.00835u

4~4+19~-0.0650~385.1 3.330 -27.53 0.014~p- u
3oi5+23.ot -0.0630~ 4M.6 4.!39 –28.89 0.01377
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TABLEIII

Comparisonof the Solubility(in termeof CA,molpercentageof solute)of
the Dinitrobenzenesin varioussolventsat evonintervalsof iooo/T.

(a)A=cr~

icoo/T !.6o 9.70 3.8o a.90 3.oo
Boivent t m.5 97.3 84.0 71.7 6o.a

Ideal 90.7 69.2a 53.9 40.8 31.6
MwHmtrobeBzen~ 90.7 70. t 55.2 44.3
p 91.a2
o-nitroaniline 90.7fi 68.5g 5~8 39' z ~9S

M- go.6 68.5g 5~.0

P- 89.8 65.9

(b) A = KM<<t

Moo/T :.8o a.90 3.00 3.10 3.ao

t 84.0 71.7 6o.a 49.5 39.4

Ideal 91.5 74.8 62.o 5a.t 44.1
o-diaitrobenzett~ 91.6 75.4
P- 9t.ïi

o-nitroaniline 91.5 74.6 6o.8 49.6 40.4

9'.4 74.5

P- 91-' 73.8

(c)A=paro

looo/T 3.30 a.4o 3.50 3.6o 3.70 3.8o

t ï6t.y !43 6 136.9 iiï.s 97.3 84.0

Ideal 83.5 59.a 43.7 30.9 22.5 r6.4

o-dimtrobenzen~ 80.9 57.4 41.1 29.6

8!.77 59.3 43.9 33.0 34.8 t8.s

<~)NtroaBi!me 83.9 60.8 45.0 33.6 35.7 :o.t

M- 81.77 59.2 44.1 33.0 34.9

p- 8t.4 56.9 41.0

'D.H.AndMwa.toc.ott.
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TABMIV

Companson of thé 8o!uMMty(m ternM of C~, moi pereentage of soluté) of
thé NitroanHines in various sotveata at even mtervab of iooo/T.

'G.T.Kohm<m,toc.cit.
BetoweuteetictempeMture.

(a) A = or~o

looo/T 3.00 3.10 3.20
Solvent t 60.2 49.5 39.4

M~ 84.6 7o.i 58.4
Mt-nitroaniMn~ 88. o

P- 85.7
c-dioitrobenzene 83. o

86.0 y2.i 6o.3

{83.3J*

(b) A =)?<!<?

icoo/T it.yo 2.80 a.oo 3.00
t 97.3 84.0 71.7 60.2

~.1 57.1 43.7 33.6
o-mtroamtme' 73.7 55.6 1 324

73.7

o-duatrobenzene 72.1 52.5

74.S S8.o 45.1
P- 7~.8

(c)A=por<t

IOOO/T 2.40 2.50 2.60 2.70 2.80 2.90
t 143.6 126.9 Mi.5 97.3 84.0 71.7

H~t 94.6 73.6 57.6 45.5 36.1 28.9
~tro.niHne' 94.~ 7~.7 57.~ 45.11 35.3 27.7Pt

94.7 74.0 57.8 45.7
o-dinitrobenzene 938 70.s2 53.11 41.22

M.9 7~,6 57.0 44.8 35.s
p- M.9 7~.5



598 JOHN JOHNSTON AND EDWttt P. JONES

Thedata of TablesIII andIV showthat thereis a reasonablyclosecon-

cordancebetweenthe severalsolubilitycurvesfor eachsolidphasein thèse

binarySystems. In somecasesthe concentrationfora giventemperatureis
somewhatbelow,in othersit iaslightlyabove,the càloulatedideal;and in a
fewcasesthéexperimentalourveappeamto crossthe ideal. ïo general,thé

divergenceisgreatestwhenthe meltingtemperaturesof thepairofcompon-
entaare farthestapart;but theredoesnotappearto beanyspecinodifference
asbetweenSystemscomposedofa pairofdinitrobenzenesorofnitroanilines,
on the onehand, and of a dinitrobenzeneanda nitroaniline,on the other.

It isdoubtfulin howfar thislaet statementcanbe genoratiMd;fortherewill

almostcertainlyproveto becasesin whiehthesolubilityofan isomerA, in

mixturewithisomerB havinganotherpairofsubstituentgroupa,isnot ideal
eventhoughthe solubilityboth ofA and B issubstantiallyidealin binary
mixturesof the triadsof Aandof B respectivety.

Anotheriûustrativecomparisonis betweenthe eutectictemperatureas

observed,and that derivedby extrapolationto intersectionof the pair of

experimentalsolubility curves,as listed in Table V. The extrapolated

temperatureis, onthe average,0.8"higherthan the observedwhich,being
independentof the relativeamountsof liquidand aolid,Mmorelikelyto be

TABLEV

TheObservedEuteoticTemperature,andthe ExtrapolatedEutecticTemper-
atureand Composition(inmolpercentageto the nearest0.1%)

in the SeveralBinaiySystemsof theDimtrobenzenes(D)
andthe Nitroanitines(N).

Components Eutectio Temperature Eutecttc Composition

t < Observed Extrapolated DM. Ct Ca

o-D o-N 54.0 54.8 0.8 :5.6 74.4
o-D m-N 81.2 8~.1 0.9 so.o 50.0
o-D p-N 93.33 o4.o o.y 6i.i 38.9
m~D o-N 37.8 39.0 t.a 40.0 60.0

m~D M-N 61.0 62.4 1.3 63.1 3~9
m-D p-N 7<ï 70.7 0.6 ~.4 276

p-D c-N 62.0 6a.5 0.5 !3-o 87.0

p-D at-N 97'~ 9~.4 '-3 ~5-4 74.6

p-D p-N ~9-3 ii9'4 o.i 35.4 64.6

right. Thisindicatesthat theinethodofexpenment–namelyto observethe

temperatureat whichthe lastcrystaldisappearewhenthe systemis dowiy
heated–tenda to yield somewhattoo Mghtemperaturesfora givengrosa
composition;and this wouldbe expectedeineethe reatconcentrationof the

disappearingsolidphase in the liquidis aomewhatsmaHerthan the groBB
concentrationin the mixtureas a whole. Thisis just thé converseof what

happensin the moreusualmethodofobservingthe cooUngorfreezingourve,
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whereit is necessaryto aUowfor the amount of solidwhichbas separated
outat the momentwhenthe temperatureis read;otherwise,the temperature E
readas correspondingto a giveninitial compositionis toolow.1r

TheCMombeazoieAcMs
To parifyeachofthèsesubstances,it wasdissolvedin a solutionofsodium {;

hydroxide,whiehwasthen filteredandaoidiRed;it wasMCtyataUizedfrom
water, and thensubHmed.The productin eaohcaseshowedan acceptable
coolingourve. Theobservationaon the three binarySystems,togetherwith
a fewmadeinthe ternarymixtures,are tisted in .TableVI.

TABLEVI
Expérimenta!DataontheMutualSoluMIityoftheThreeCMorobeazoicAcids a

The data (fromtheaamesourceas inthe previouacase)onwhichisbased
thecatculattonofthe idealcurve,are asfollows:
Suba-

'Cf.
papernoftMBBm'ies.iBwMehtMacotMctioniediMUMedmdetMJ.

taxée aeatofmetthtf[(<)aL)att T* Kt K, K,

3303 + as.66t-o.038f 413.0 3.461 -~3.36 +0.0083:i
M 443i+5.46t+o.oi8t' 496.6-9.~4 +a.~oo -0.00303
p -1346+47.8: t 0.043 s".6 7.466 -35.88 +0.00940

Systèmes

t
~d

Systemc-p
i3olid

Syatemwt-p
solidM.t%.0 t phase Mol 0 t phase Mot%~ t p~

too.o 139.9 0 100.0 t39.9 e ïoo.o 153.5 M
90.4 ï35.i 93.3 t37.o 90.9 149.008o.t 128.5 88.9 134.3 85.3 I4S.33
~.4 ÏM.8 131.8 o-p ~0.0 ~p
po.y ïM.a 84.8 134.9 P ~.3 i454 p
58.3 ïï:.6 71.5 153.0 6a.9 176.0

ïo8.7 <)-<? 74.3 160.3 49. 196.2
5~.1 ïïi.3 !M yo.i tyo.i 459 zoo.a
So.i ti4.3 59.3 i86.9 35.0 z~.y
~-8 1~3.8 39.4 2°9.4 ~.8 222.7
30.9 132.6 a6.9 220.99 96 2333
23.5 138.7 a2.6 223.6 o.o 2395
ïS.7 '44.3 u

9.6 :33.5
9.8 Ï48.2 o.o 239.5
o.o 153.5

TomatySystemo-M-p
Mol

m p t aoRdphMe
62.a 17.9 19.9 ~6.6 p
49.6 ïi.4 39.0 ][82.3 p
M.3 48.5 39.2 ï82.3 p
69.6 a4.i 6.3 i2t.7 0

104.9g O-N~p
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Theidealvalues,computedonthisbasis,togetherwiththose interpolated
on a largesca!eourveat a seriesofvaluesof looo/T, aregivenin TableVII.
It ako containaresultsinterpotatedfromHolleman'sdata on the three~s-
tetas withbensoioacid as secondeomponent;thèseshowthat the behavior
in thesethreecasesis verylittledifferentfromthe threepairsofeMorobenzoic

aoids,difforinglittle fromthe ideal.8 Indeedthe agreementis in aUprob-
abilityconsideraNybetterfortheSystemswithbeniioioaoidthan is tndioated

by the ngutesin TableVII; for, to be striotlycomparablewith ours,they
shoutdberaisedby ï-s%. Thebasisforthiastatementis that HoUeman'B
resultson the pairsof cMorobeMoicaoids(whichhe atso investigated)are
lowerby !-i.s% (and,it maybe added,somewhatless regular) than ours;
the highertemperaturesrecordedby himfora givenmixtureare largelydue,
presumably,toa differencein methodof experiment.

TABLE VII

MubHity of the ChlorobenzoioAcids,in terms of ÇA(mol percentageof

solute)at evenintervalsof iooo/T

(a)A='or~o

looo/T 2.45 2.50 2.5$ 2.60 a.6$
Solvent t ï35-ïi 126.9 119.ï1 111.5 104.3

Ideal 91.6 78.7 68.0 $8.8 $ï.o
m 90.9 y?.? 66.6 $7.ï
P 90.4

benzoicaeid' 89.0o 7$ 3 64.00 $499 47 3

(b)A=mo<<t

tooo/T 2.35 a.40 a.45 2.50 2.55 a.6o
t 152.5 ï43.6 t35.i !96.o ïïo.t 111.5

Ideal 97.7 85.4 74.4 64.7 56.6 49.5
o 97.9 83.9 7T.8 6a.4 54.7 47.9
P 975 ~o

beozoMa<ad* 95.55 8i.o0 68.88 58.4 49.66 42.1r

(c)A=poro

IOOO/T 2.00 2.M 2.20 2.30 2.40
t ~96.9 203.1 i8t.4 161.7 143.6

Ideal 82.9 58.2 42.3 31.8 24.7
o 8i.o 54.8 37.3 26.3 19.0
m 81.4 56.5 40.8 29.8 22.0

benzoioacid* 83.88 57.66 39.5S 27.2a i8,y7

ThediyeMeneeinthecaseofp<tfobetweenideetandexperimentaliaprobablydueto
an enor inite heatofmetting,thia mtum beingduetoMmedeMmpoaitionat itamelting
temperature,whiohNKbtivNyNgh(:M.5°).

IntetpohtedftomthedataofHoMeman,(Rec.Ttav.cMm.3t,~(M!a)), onthebaeis
of the mettimj;temperaturese givenbyhim. Thisisnot a atnctty Mpcatmodeofcom-
pMiacn,but &howeverthe leastMbittary.
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In the ternary mixturesthe températuresobservedlie close to those
caloulatedforthe samepercentage,in binarymixture,ofthesubstancewhich
is the stable solidphase. The compositionof the temaryeutecticis about
48.3%<M~,44.0%m<<o,y.y%para.

SomeCasesof CrystalMisdbUity

In an earlierpaper it wasremarkedthat solidsolutionapparentlydoes
not ocourto any appreciableextent as betweenthe threepositionisomers
CtH<XY.Thisstatement,the validityofwhichis extendedby the data just
presented,impliesthat the crystallographioumts of thesethree substances
areunlike;as indeedone wouldexpect,exceptpossiblywhenX is a group
largeenoughto dwarfthe importanceof the ring. PresumaMythereforethe
occurrenceofmix-crystabasbetweenthe pairs of eomponentsC<H<XYand
CJItXZis limitedto thé casesin whiehthe relativepositionof the substitu-
ents is the same; in other words,we shaUnot with this type of compound
nndmix-Ctysta!sexceptweare dealingwitha pair ofor~o,or ofmeta,or of
paracompounds. Evenin this caseit is to be expectedthat solidsolution
wouldbe completeonlywhenthe groupsY and Zareverysimilar(e.g.both
habgens) but wouldextendover a narrowerand narrowerrange with in-
creasingdisparityofYandZ. Indeedourdataonthelikepairsin thedinitro-
benzene-nitroanilineSystemsshowthat thé groupsN0: andNU are in this
respectso uniikethat there is no appreciablemutualsotidsolubility. The
scarcityof relevantexpérimentaldata led us to makea few observations,
moreor lesspreliminaryin oharaoter,whichindicatethat there is complete
orystalmiscibilitybetweenlikepairsof the chloronitrobensenes-bromonitro-
benzenes,but incomplètemiscibilitybetween p-nitrobenzoicacid and
p-totuicacid.

Thé primaryfreezingtemperature(tj was observedvisuallyas that at
whichthe last orystaldisappearedwhenthé températureof the systemwas
raisedvery stowly;equilibriumthroughoutthe sample(thewcightof wbich
wasfrom0.9-0.4gram) wasassuredby the reciprocatingaotingof a me-
ohanicatstirrer whiehincludedthé thermoelement,a singlejunctionof #36
constantanandof«40copper. Thèseobservationsare,it isbelieved,acourate
to ~o. Thesecondaryfreezingtemperaturewasderivedfromobservation
of tho breakon a controlledheatingourve;in this case,owingto poor heat
conductionthroughthe solidmass,the accuracyis lessgood-of thé order
±o.3-o.S°.

Comparisonof thé observedeuteotiotemperaturewiththat extrapolated
fromthe solubilitycurvesshowsthat hereagainthe latteris slightlyhigher.

Components EuteotioTemperature EuteottcComposition
t a Observed Extrapoiated C. C,
o Mt 108.7 to~.o 54.2 458
o .P 13'.8 131.8 84.7 tg.a
m p 140.0 t4o.s 79.2 ao.8
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The CMotMtitMbeaMBe-BrMBomttfobeazenePaim

Themetapairshad previouslybeeninveatigatedby Kuater'"and laterby
Hasselblatt,"with concordantresults;we workedthereforeonly with thé
orthoandpara pairs. Subséquentto the completionofthe workit wasfound
that oneof the substancesin eaohpair had not beenpurifiedauBeienttyto
make the numerioalresultsof abaolutemgniScaneej;consequemttythey are
not reproducedhere. Theyindioatevery olearlyhoweverthat there was

completemiscibility(oftypeI) as betweenthé samplesinvestigated,in har-

mony with the previousresultson thé meta-pair. It wiUbe interestingto
ascertainif in aUcasesofthis type, whenone pair tonnaa completeseriesof
solidsolutions,the othertwopaimbehavesimilarly. Moreaocuratedata on
the liquidusand sotidaseurves,and on the heat of meltingof the compon-
ents, wouldenableone to makeanothertest of the validityof the van Laar
idealéquation"for the caseof completesoM solution.

ThePair p-ToluicAdd-p-NittobenzoicAeïd
Therésulta,presentedin TableVIII, showthat in thiacasethere is only

partial miseibilityoneithersideat the températurein question. Thisindi-
oates that in this respectthe groupCH<resemblesNOtmore oloselythan
doesNHt, but that the resemblanceis lésathan that betweenCl and Br.

TABMVIII

ExpérimentalObservationBof Mutual Solubility in the System
p-toluicaoid(A)-p-Nitrobenzoicacid (B)

"KOster:Z.phya&.Chem.,S,5??('8~).
HaMdbbtt: Z. phyaik. Chaa., M, t (!9t3).

YM
Ï~M: Z.phyaik. Chem., SS,435 (~906);cf. Bowen: Am. J. Se: 3S, $77 (!9!3);

Z. MMMt:.Chem.,N2,383 (t~).

~'Wt<itB <tMU\~t~tMUUCUM<m tWttt ~t~

Mo!%A tt. f* f*

100.0 1796

94.9 183.7 ï&o.4

92.3 ï88.o 181.3

90.9
–

~83.0

87.3 1~.7 –

84.9 Mï.6 ï86.o

8:s M4.9 ï86.o

75.6 a!t3.4 186.0

66.8 Mt.8 184.$ aia.8

63.8 M3.? 211.4

56.7 zz8.4 :n.6

$4.9 9:9.7 9Ï2.7

43-7 ~.o 211.9 M6.i

37.1 ~6.4 6

ï8.s 939.3 z38.o

o.o ~9.3

*t'Mdt'MesucMMtvebreatMObaettedonthehe<t<mf!CurvM.
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Investigationof eachof the 30solubilityourvesin the 15possiblebinary
mixturesof the dinitrobenzenesand nitroanilinesshowsthat the ourveis in
aUœaesnot far fromthe idealoaloulatedfrom the heat of melting; thèse
divergences,thoughsmaUandineitherdirection,arereat,butbearno obvious
relationtoany othermeasuredpropertiesofthe pairof oompoumda.Thereia
no appreoiableformationofmix-ctystabevenbetweenthosethree pairs m
which the relative positionof the substituentsia thé same. On the other
hand,the three likepairsof théohloronitrobenzeneeand bromonitKtbenzenes
form a completeseriesof solidsolutions;p-toluicacid andp-cMorobenzoic
aoid howevershowonlypartialmutualcrystalmiscibility.

yo<et/t<<MM<~
JV«fNat~t,ConM.

â~



THE VISCOSITY0F 8UPER8ATURATEDSOLUTIONS.1

BTÏ.K.TAtMNt

It iswellknownthat solutionsofmoatsubstancesoanbecooledbelowtheir
saturationpointwithoutorystallization,provideddueprécautionsare taken
to preventthe inoculationof thé solutionwith thé minutestcrystal of the
sotidpresentin the solution. But if the processof coolingis oontinued,a
temperatureis roachedat whichthe solidphasemakesits appearanceeven
thoughthe solutionbas beenproteotedfromintroductionof germ crystals
fromoutside. Thisphenomenonisknownas the spontaneousorystatlization
ofsupersaturatedsolutions.

H. A. Miersand FlorenceIsaac' examinedsupersaturatedsolutionsof
somesaltalikesodiumnitrate and sodiumchlorateand showedthat, corre-
spondingto everyconcentrationofthésait, therewasa definitetemperature,
at whichspontaneouscr~tallizationtook place. The Unejoining the tem-
peraturesat whiohsolutionsofdiSerentconcentrationscryatallizedout spon-
taneousiywasfoundto beapproximatelyparallelto thesolubilityourveofthe
sait and wascalledthe "supersolubilitycurve." An examinationof the re-
frativeindexof thé solutionsshowedthat, aseachsolutionwasprogtessively
cooled,ita refractiveindexcontinuedto increase,but, at a certain tempera-
turebelowthe solubilitytemperature,its valuereacheda maximumandthen
beganto fall. If the solutionswasallowedto coolat restinpresenceofgrow-
ingcrystals,this fall wasgraduai;but if it wasstirredduringthe processof
cooling,the fallin the valueof the refractiveindexwasabrupt and wasfol-
lowedbya ahowerofcrystaia. Whenthe valuesofthe températuresat whioh
themaximumrefractiveindexwasattainedwereplottedagainst the concen-
trationsof the solutions,a curveidenticalwith the "supersolubilitycurve"
wasobtained. The suddenfall in the valueof the refractiveindex waaat-
tributedby Miersto the suddenweakeningof the solutionas a resultof the
spontaneousformationof a large numberof orystalnueleiin the solution
whichrapidiygrowin sizeand producethe showerof crystals referredto
above.

It, therefore,followsfromthe workof Miersthat a definitechangetakes
placeat the temperatureof spontaneouscrystauization,a tefnperatureat
whiohthesolutionpassesfromthe "metaatable"into the "Iabue".8tate.

A numberof investigatorshaveexaminedvariousphysicalpropertiesof
supersaturatedsolutionswitha viewtofindoutwhetherthe solutionsundergo
somesuddenchangeat thesolubilitytemperature,a changewhichwillmani-
festitselfby theourve-representingthephysicalpropertyinquestion–show-
inga breakat the saturationpoint. Thus C. Heim'examinedthe electnc
conductivityand showedthat noneof the sait solutionsexaminedexhibited

J.Chem.Soc.,8M,~tg(tgoC).
sAnn.PhyaikChem.,(3)27,673(tM6).
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any suddenchangein their speoifiorésistanceas they passodinto the super.
saturatedcondition. W.W.J. Nicollexaminedthe speciScviscosityofsolu-
tionsofsomesaltsa fewdegreesbelowthe solubilitytemperature,and found
that theviscosityourvesareperfeetlyregularat thésaturationpoint,there is
nothingto indioateanychangeinthéconstitutionofthesolutionsastheypass
fromtheunsaturatedintothesupersaturatedcondition. Asimilarresultwas
obtainedbyK.Bindel'whoexaminedthe specifiogravitios,speoinoheats,and
heatsofsoluUonofsupersaturatedaaïtsolutions. Ftomthe aboveinvestiga-
tionsit isevidentthat a solutionwhiohis progreseiveiycooledundergoesno
suddenchangein passingthroughthesolubilitytemperature.

Mierswasthe firstto demonstratéthe existenceofa seconddeflnitecritical
point in the conditionof a coolingsolution. The nrst criticalpoint is, of
course,thesolubilitytemperatureat whichthe solutionpassesfromthe un-
saturatedinto thé "metastaMe"région,a regionin which the introduction
of a orystalfromoutsideis necessaryto start the processof crystallization.
The secondcriticalpoint is the "supersolubility"temperatureat whichthe
solutionpassesfromthé "metastable"into the "labile" region,a régionin
whichorystabbeginto formand growspontaneouslyin the supersaturated
solution.

Whilethé curvesrepresentingvariousphysioalpropertiesremainper.
feotlyregularinpassingthroughthesolubilitytemperature,Miersfoundthat
the refractiveindexcurvesof solutionspassedthroughmaximaat their res-
pectivesupersolubilitytemperatures. It was,therefore,expectedthat an
examinationof other physicalpropertiesof supersatul'atedsolutionsmight
revealsimilarirregularitiesin the curvesrepresentingthoseproperties. A
physiealpropettysuitableforan investigationof this kindIsviscosity. The
presentinvestigationwasundertakenwith a viewto measurethe viscosity
of supersaturatedsolutions.It willbe seenthat the viscosityourves,as far
as they havebeen traced,remainquiteregular.Weare, therefore,justi&ed
in concludingthat thé viseosityof a solutionundergoesno suddenchange
belowthe saturationtemperature.

Theviscositymeasurementsweremadebymeansofan apparatusdevised
by Scarpa'andusedbyF. D. Farrow'for measuringthe viscosityofsoapso-
lutions. It wasnecessaryto introducecertainmodificationsin thisapparatus
to preventthe inoculationof the supersaturatedsolutionswithgermcrystals
carriedby dust partialesor formedat the marginof the solutionthrough
evaporationof the solvent.

The methodconsistsin measuringthe time tt, taken in drawingup, by
suction,a Sxedvolumeof thesolutionthrougha oapillarytube,andthe time
t: whichthisvolumeofthe solutiontakesin flowingout throughthe capillary
tube underthe actionof gravity.

1J ChemSoc.,St, 389(t88y).
Ann.PhyeiitChem.,(3)40,370(tS~o).
GaM.,40,~t (ï9M).
J.ChemSoc.,Mt,347(t~M).



6o6 ï. s. TAtMN!

Givenconstantconditions,théviscosityofanyliquid,aocordingtoScarpa,

isproportionalto theexpression
–

(temeasuredin seconda).

or
~~=Kx(,) l\quld'\tt T t!/ )tqaM'

whereK isa constantwhichcanbe detorminedby calibratingtheapparatus
withwater.

Thegreatadvantageoftihismethodoverthe ordinarymethodliesin the
fact that it ianot necessaryto measurethe densityof the liquid. It is ex-
tremelydiHioultto avoid the inoculationof a supersaturatedsolutionwith
germorystalsin the processofthe densitydétermination,and henoethe or-
dinarymethodwhiohrequiresa knowledgoof the deneityof thesolutionat
eaohtempératureis praotioallyinapplicablein thé case of supersaturated
sotutioas.

Theworkof numemusinvestigatorshas shownthat the crystaHization
of a supersaturatedsolutionis broughtout by germ orystalsintroduced
fromoutside. Providedthévesselcontainingthé solutionhasbeenproperly
oleanedand the substancehaabeencompletelydissolved,the inoculationof
the solutionwithgermetystabcan take placeeither throughthe dust par-
tiolessuspendedinthe atmosphère,or throughevaporationofthesolventand
the comequentdépositionofminutecrystalsat the marginof the solution.
Modiocationswere,therefore,introduoedinto Scarpa'sapparatusto guard
againstthe inoculationof the solutionsin eitherof thèseways,and it was
thusfoundpossibleto coolthe solutionsfar belowtheir respectivesolubility
temperatures.Ofcourse,in somecases,erystaNizationtookplace,owingto
théformationofa fewnueleiinthe solutionitself,but evenin suchcases,the
oryatallizationwaaso slowthat it waspossibleto determinetheviscosityof
thé solutionat.temperaturessomedegreesbelowthe temperatureof spon-
taneouscryataHization.

Theviscometerand theaccessoryapparatususedare showninFig.i. Ais
a cylindrialg!aasvesselwitha sidetube F. Themouth ofthevesselis fitted
witha rubberstopperthroughwhiehpassesa gtasstube G connectedat its
lowerendwithaviscometerconsisHngofabulbBto whicha capillarytubeC
is attached. Theglasstube G can be put into communicationwiththe as-
piratorHand thussuotionappliedto Sa the bulbof the viscometerwiththe
solutioncontainedin the vesselA. The suotionexerteddependson the dif-
ferenceofwaterlevelin theaspiratorH andthe beakerplacedundemeath,
anditsvalueismeasuredbymeansof the watermanometerM. Beforecon-
nectingtheaspiratorH withtheviscometer,thepressureisaiwaysbroughtto
a constantvalue–3.0om–by adding to or withdrawing.water from the
beaker. The différencein thé manometerreadingbeforeand after eaoh
readingoftimeis not greater than oaemillimeterand thus thepressurero-
mainsptacticallyconstantduringthe processof fillingthe viscometerbulb.

The U-tubesD and E areconnectedwiththe two-waytap T whichputs
oneor theotherofthe U-tubesintocommunicationwith the aireontinuedin
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theaspirator8. Themouthof thieaspiratoriafittedwitharoséforproduoing
a finesprayofwater. This spray removesa!lthe duatpartiolesfromtheair
containedin the aspirator,and thus aHthe air comingintocontactwiththe
amrfaceof the supersaturatedsolutionis free fromcrystatgerma,whiohif
présentwillbringabout the releaseof aupersaturatiomevenin the ~'meta-
ataMe"region. It is not possibleto purify the air by paoeingit through
wateras thiawoulddiaturbthe pressure.

ApparatusformeasuringViMoatyofSupersaturatedSolutions

Whenthe solutionis to be auckedupinto thébulbof theviscometer,the
tap T is turnedsoas to put the U-tubeD into communicationwith the air
in theaspiratorS,the olipat P is dosed,and suoiaonappliedby openingthe
oMpat K. Whenthe bulbis to be emptiedthe dip at K isclosed,andboth
the U-tubesare gimultaneouslyput into communicationwiththe air in the
aspiratorS,byturningthe tap T and openingtheclipat P.

BoththeU-tubescontaina sma!!quantityofwaterwhichservesto main-
tain avapourpressureat the surfaceof the solutionhigherthan the vapour-
pressureofthe solutionitseK. This preventeanyevaporationof the solvent
fromthe surfaceof the solution and the conséquentformationof minute
orystalsnearthe marginof the solution. TheoreticaUy,waterahoulddisët
from the U-tubes,into the solution and decreaseits concentrationbut in
praoticethequantityofwater so carriedoveris sosnuMlas to be negligible.

TheaspiratorLandthe wash-bottleN serveto pasaa ourrentofdust-free
air throughthewholeapparatuswhennecessary.Thissweepaawayanydust
particlesthatmaybehangingin thé air enctosedwithintheapparatua. After
olosingtheclipat Q,wateris madeto flowinto theaspiratorLfromthe tap J.
Theairin theupperpart ofthe aspiratorisforcedout,andafterbeingwashed
in theWoM'sbottleN, ismade to circulatethroughthe wholeapparatusand
then ejeotedinto the aspiratorS. Whenthe aspiratorL becomesfullwith
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water,the oMpat Qisopenedandwatermadeto flowoutthroughtheopening
near the bottomof the aspirator. Purifiedair fromthe aspirator 8 nlb the
aspiratorLandoacbeoiroulatedthroughtheaspiratorasbefore.

The parts of the apparatussurroundedby a dottedUneareenolosedin a
gas-heatedwater thermostatwithglaasaides. For temperaturesbelowthe
roomtemperatureicedwaterwasaddedfromtimeto timeas required.

As solutionsof widelydifferentvisoositywereinvestigated,it wasneces-
sary to use viscometerswith oapillarytubes ofdifferentradii. With a par-
ticularsolution,that viscometerwaausedwhiohmadethe timeof flowcon-
venientto measure. Threeviscometerswereusedbutas thèsewereoaJibrated
with water, it wasnot considerednecessaryto measuretheir essentialdi-
menions.

For conveniencesaké,valuesofthe exptession{~i areplottedagainstHt-t-1;~
temperature. The absoluteviscosityis proportionalto this expressionand
canbeobtainedby multiplyingtheexpressionbythe "visoosityfactor"given
witheaoh ourve. The valueof this "viscosityfactor"wasobtainedby ali-
bratingthe partioularviscometerused with water. Asthe valueof the ex-

Pression
(tl(t`L'-rty/

varies to a slightextent with theheightofthe liquidin the(tT~) theheightoftheHquidinthe

vesselA, the "viscosityfactor" givesonlyapproximatelythé absolutevis-
costty. The relativevalueof theviscosityforeachsohitionis,however,cor-

rectlygivenbythe expression
j–~

becausetheheightof the solutionre-
(t, -1-ts)

mainsconstantthroughoutoneseriesofexperiments.
In carryingout an experiment,a solutionof knownconcentrationwas

preparedbyintroducinga weighedquantityof thesubstanceintoa smaUBask
andaddinga measuredquantityofwater. Themouthof the naskwasclosed
.witha rubberstopperwhichwasmadequiteseourein itsplacebymeansofa
pieceof string. The naskwas heated in boilingwatertill au the solidhad
goneinto solution. Therubberstopperwasthenremovedfromthe fiaskand
the solution-still muchaboveits solubilitytemperaturewasoarefuuytrans-
ferredto the bottomof the vesselA with the helpofa pieceofglasstubing.
Therubberstoppercarryingthe viscometerwascarefullyreplaced,the whole
apparatuswas loweredwellbeneaththe surfaceofwaterin the thermostat,andafter adjustingthe viscometerin a verticalposition,the solutionwasai-
lowedto attain theconstanttemperatureof thethermostat. Thetimestaken
in theascent anddescentof the solutionweremeasuredby meansof a stop
watch,severalreadingsbeingtakenforeachtemperature.

The timesofascentanddescentof the solutionareinnueneedby the tem-
peratureand the pressure,and experimentswerethereforemadeto determine
roughlythe extentto whioha slighterrorin themeasurementofthèseaSected
the timeofascentor descent. It wasfoundthat a differenoeofpressureof t
cmalteredthe timeofascentby aboutonepercent. Theerrorin themeas-
urementofpressurewhiohcouldatmoatbe .5mm,couldnot,thereforeaffect
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the timeofdescentbymorethan .05%. Theeffeotofslighterrorin themeas-
urementoftemperaturedependedto a verygreatextent onthe natureof the
solutionwhoseviacositywasbeingmeasured,but èven in the caseof those
Botutionswhoseviscoaitywaagreat!yaeFeetedby changeof temperature,an
alterationof .05~ did not affectthe time of ascent or descentby more
than s%.

Viacomtyof8o<NumNitMt~Sotutiona
ÏÏ. Mottoncontains5!%Satt
solutàon ooataine51%8slt

Solutionsof six subatancea-~odiumnitrate, sodium chlorate,oopper
sulphate,sodiumthiosulphate,tartMioacidand canesugar-were examined.
Twosolutionsofdifférentconcentrationswereinveatigatedin thecaseofeach
substance,in orderto obtain an approximateideaof the enectof changeof
concentrationontheviscosityofthesolution.

SodtMmNitrate, SadiamChlorateand CoppefSw~hate
Thecurvesin Figs.a and 3,whichare verymucha!ihe,ehowthe changeof yMcomtywith faHingtemperature for solutionsof sodiumnitrate and

sodiumoMotate.It willbe seenthat the curvesMnuunquitetegutarinpass-
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ingthroughthe temperatureofspontaneousoryataUizatiooasdeterminedby
Miers. It ~as not poedMeto measurethé viscosityat temperaturesvery
muohbelowthe temperatureof spoatfmeouscrystaUiz&tton,because,when

thesolutionsworecooleda fewdegreesbolowthis temperature,minuteorys-
taisbeganto appearinthe solutionandultimatolyblookedthecapillarytube.

Innocasedid thé orystalsmaketheirappearanoein the "metastable"region,

butonlyafterthe solutionhad beencooleda fewdegreesbelowthe tempera-

VMCcattyofSMtiumUMoMteSotMttoM
L. 8ot)H.iQneontNnss34%Satt
n. Mut!oBContaiM54.4%8att

VisecatyFaetor33XM'*

tareofapontaneouscrystaUMation.It fouows,therefore,that theappearance
ofcrystab wasdue tospontaneousfonnatiomofcrystalnacleiin the solution

itselfand not to the introductionofgênacrystalsfromoutaide.

Thecurvesin Fig.4for coppersulphatesolutionsare aimilarto thoseob-

tainedfor sodiumnitrateand sodiumchlorate,exceptthat thesolutionscoold

be cooledmuch belowthe aohibUitytemperaturebeforecrystalsbegan to

appear in thé section. While in the caseof sodiumnitrate and sodium

chloratesolutionsspontaneouscrystaUMationtook place rougMyabout 10

degreesbelowthe saturationtemperature,in the caseof coppersulphateso-

lutions,the Ërst crystaldid not formuntil the temperatureof the solution

hadbeen reduced~o'~o" belowthe saturationpoint. No definitesupersolu-

bilitydata wereavailable,but the curvea,as far as they couldbe traoed.re-

mainedperfectlyregC&r
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SodiumThiosulphate,TtutatieAcMandCaneSogaf
The curvesfor thèsesubstancesare givenin Figs.5-7 anddifferin some

waysfromthe precedingourves. Notontyiathe init!atviscosityvery much
greaterthan inthe caseofthépreoedmgthreesubstances,but it &boincreases
veryraptdtyssthetemperatureislowered.Forexample,the viscosityof 66%tartarioacidsoluttonat io<'is ahnostdoublethat at M' and theviscosityof
75%canesugarsotutionat !6' iaatmostthreetime9thatat !!6"

vMcotMyMuopper8u!phateSolutionsn S°y'3~y<tedSatt
.,°o~<"C9atMM3S.t%hydratedSatt
VMcosityFaetor33X

°""

AnotherpecuM&ntyin the caseofthèsesub~ncea iathe divergenceof the
concentrationsof thé samesubstance.ThMmeMsthatthe differencemvMoosityofthetwoeotutionabecomesgreaterandgreateras thetemperatureis lowered.In theCMCofsodiumthiosubhatesolutions,thedifferenceat 60~is about5 unitsandat 5"about35 units. Inthecaseof tartane acidsolutions,thedifferenceat 60"is aboutie units and
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at !o"about aoo umta. In the caseof cane sugar,the (MeMnceat 60"is
about:o unitsand at i$"it reachesthe remarkablevalueofabout1350units.

Althoughsotutionsof thesesubstanceswerecooled30'4S* belowtheir
respectivesolubilitytemperatures,noatgnofapontaneouscrystaHizationwas

vtMomtyet BootamimesmpBtueHotaMona
L 8oMoncontMM75%hydmted8att

tï. Solutionoontatns70%hydratedSàtt
VMcodtyFMtor94X M''

ob~ned. In somecases,after ~mahingthe viscositymeasurements,thé so-
tutiomswereplacedina freezingmixtureof iceand sait, but eventhen no

crystaUiz&tiomtookplace.
Theptesent investi~ttionwaapnmanly undertakenwith the objeotof

findingoutwhethertheviseosityeurvesofcoolingsolutionssufferanymarked

changein passing throughtheir reapecttvesupersolubilitytemperatures.
SapersolubtHtydata wereav&t!&Meonlyin the caseoftwosubstances,sodium
nittate and sodiumchlorate. Viecoattyeurves for sotattonsof thèse sub-
stancesshownobreakmpassingthroughthe supersolubilitytemperaturesas
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determinedby Miers. In the caseof the other foursubstances,BUpersolu.
bility data werenot available,but theviscosityourvesremainquite regular
even3o'4S" belowthesaturationtemperatures.

Of thesefour substances,solutionsofontyone,nametycoppersulphate,
exhibited anything like the phenomenonof spontaneouscrystatMimtion

yMcoaityofTN-tMMAcid
I. Solutioncontains6!.2%Aoid

II. 8otuMonconMM66.6%A:od
Viscod<yFaetor x M-'

minutecrystalsmakingtheirappeManoemthehighlysupersaturatedsolution
at su&cienttylowtemperatures. In thecaseofsodiumthioau!phate,tartaric
acidandcanesugarsolutions,therewasnosignofspontaneouscrystatMzation.
Either the solutionsofthèsesubstancesdonotshowthe phenomenonofspon.
taneouscrystaJHza.tionat aU, or the lowesttempératuresreachedwerestill
abovetheir supersolubilitytemperatures.Thisinabilityon the part of thèse
highlysupersaturatedsolutionsto crystatlizeout spontaneouslymay be at-
tributed to the highviscosityof thé liquid,on accoumtof whichthe nuotei
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formediu the solutiontake a verylongtimeto attain thé sizeat whiehtheybecomevisible. Thia latter explanationdoesnot, however,seemto be ten-
able,at least in the caseof sodiumthiosutphatesotutions,whiohin spiteof
beingvery viscousat low tomperatufM,crystdUzedout immediatelyon
inooulatingthesolutionswitha minuteorystalof thes&!t.

VMMmtyofCaneSagsrSolutions
J. SolutioneonttUBB75%SomrII. Solutioneontaimsyo%Sumr

VmoMM.y~otmraaX M'*

Sumauary

(i) Viacositiesof supersaturatedsolutionsof aix substances-sodium
!u~a.te,sodiumcMoMte,coppersutphate,sodiumthioaulphate,tartarieacid,and canesugat–have beendeterminedbymeansofan apparatusdevisedby
Scarpa,and modifiedby the authorin a suitablemannerfor measuringthe
viscosityofa supersaturatedsolution.

(2) It hasbeenshownthat the viseositycurves,in the caseof sodium
nitrateandsodiumchloratesolutionsremainquiteregularnotonlyinpassing
throughthesaturationtemperaturebut a!soin pasaingthroughthe tempera-turesofspontaneouscryataBiz&~onas determinedby Miers.

Therefractiveindexourvesof these solutions,accordingto Miers,pass
throughmaximaat the temperaturesof spontaneouscrysta!!ization.In thé



THE VÏ8CONTY 0F SUPEBaATUBATEO SOLUTIONS 615

casaofthe otherfoursubstancesexamined,no'supersotubiUty'dataareavail-
able but the viscositycurves,as far as they couldbe traced,(30'4S° below
thé saturationtemperature)remainedperfectlyregular.

(3) Out ofthe foursubstances,onlyone,viz:coppersutphato,exhibited
the phenomenonof spontaneouscrystalUzationat suNeienttylowtempera
tures. In thé caseofsodiumthiosu!phate,tartaricacidandcaneaugarsolu-
tions there wasno signof spontaneousorystaHizationevenwhenthe tem-
pératurewaalowered3o'45" bo!owthesaturationtemperature.

1désireto expressmythanksto ProfessorDonnanforhiBhelpfuicritidsm
and valuableadviceduringthecourseof this investigation.

y~ S<rW<<emN<tttMa«Jj<t<watoWM<~P~a<co<att<:~ttor~'M~Ct<M<<<
ClniveraityCotlege,l~on~on,

ofPhy&WandInorganuCh=Wry,
UM<tet-<«pCaB~e,LMMÎMt,
Décentrer ?67.



ANEXAMINATIONOF PATRICK'STHEORYOF ADSORPTION

DY 8ÏBNET J. OBBGO

Muchinterestingmaterialbas beenput forwardrecentlyby Patrick and
hiseo.workers,whiohis regardedas supportingtheoapiMaritytheoryofadsorp.tionproposedm1990byPatrickandMoGavack-1Thepîesentauthor'sinvesti-
gatMn"of the adsorptionof gaseaby charooailedhimto examineaîongwith
othertheoriesof adsorption,that of Patrickand MoGavack,and the result
ofthisexaminationisdetatiedbelow.

Patriokassumesthat adsorptionisdueto condensationofthevapourto the
liquidatate in the capillaneaof the adsorbent,thé neoessaryreduction in
vapourpressureoccumnginconséquenceof thesharpconcavityof the liquid
menMcua.The true measuKofpressurewiUthereforebe thé "relative pres-
sure"p/p., wherep is the equilibriumpressureof the adsorbedvapour,and
p. its saturated vapour pressureat the temperatureof experiment;the
amountof substanceadsorbedshouldbe expressed,not in weight,as is ous-
tomary,but in termsof its liquidvolume,whiohmusthoweverbe conected
for the fact that it is expandedowingto the negativehydrostatiopressure
exertedby the meniscus. This correctionPatrickempincaMyassumesto be
givenbyiatroduoingthesurfacetensionofthéUquidasacorreotion-faetor.since
in somecasesthe relationship =. a constant,is knownto hold between
thesurfacetension<rand thecompressibitity ofliquide. Sincethe correoted
volumeadsorbedat a givenrelativepressurep/p., shouldbe independentof
the natureof the adsorbedsubstanceand of temperature,Patrick arrivesat
the formula

v
K /p~r=iNV K~V\P./

v
(P Jo

whereV is the amountof substanceadsorbedexpressedas volumeof liquid,
pergramofadsorbent,and Kand i/N are constantsfora givenadsorbent,no
matterwhatthe températureor thesubstanceadsorbed.

HenceonplottinglogVagainstlogp <p~ aUpointsfora givenadsorbent
shouldfallon the samestraight Une,independentof temperatureand nature
ofadsorbedsubstance.

Thefirstcaseexaminedby Patrick,'viz.the adsorptionofsulphurdioxide
by silicagelat temperaturesfrom -80" to toc",fu!6usthis conditionfairly
weB,thoughthe presentauthorbasfoundthat thébestHnethroughthépoints
is notquitestraight.

But the questionarises,is surfacetensionthe onlyquantity whichwill
causecoinoidenceof the otherwisewidelyseparatedlogV-Ïogp/p. curvesfor

PatnekandMcG&vMk:J.Am.Chem.Soc.,42,946(toM).J.Chem.Soc.,tM?,t~
PatrickandMeGavMk:toc.cit.
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differenttemperatures? SinoeadsorptionfaUsotf withriseof température
any quantitywMchatsodecreaseswithriaingtemperature,will,Uke<r,bringthe ourvesolosertogether. If,for instance,the simplequantity i/T be em-
ployed(wheMT is absolutetemperature)and logp/p.T be thue plotted
againstlogVfor thé aboveexpenmeot,thé ourvesforthe differenttempera-ture Mebmughtolosertogether,thoughthe degreoof come:denoeis not so
goodasPatriok's.

PtotofI~V~imM~~MdL~V

agMMtï~;
~for CJïtOH,CCt<andHtO.

Onapplyingthe sametreatmentto the data forbutane*at o",ao"and30"it Bfoundthat equallygoodreauttsare obtainedwitheither<ror ï/T; simi-
tar~ withammonia,an equallygooddegreeof coincidenceis obtainedwith
either quantity,thoughin bothcasesthe bestlinethroughthe pointsis not
qu~ stMKht,showingthat they do not fit accurateiyan equationof the
Particktype.

WhenPatrick'sformulaMappliedto hismeasutements'forethylatcoho!,carbontettachlondeandwatervapouronsilica.gel,onecurve(that forwater)stillremainswidelydivergentfromthé others;whereason pbtting togp/p.TinsteadoflogP<p., a conaideraMygreaterdegreeof coincidenceiaobtained
".?' throwsmuchdoubton the validityof Patriok'sformula,in
aptteofhMspecialexplanationforthe positionof thé watercurve;he pointaout that in this experimentthéwaterwasslowin attainingequilibrium,and
moreoverexhibitedhysteresis( i.e.the sorptionanddesorptionourvesdidnot
coincide)wtnohindioatesthat the equilibriumwasnot a true one. This he
explainebythefact that the viscosityof waterbelow30",uniikethat ofmost
othersubstances,increaseswithfall of preasuM,so that owingto the large

PatrickandLong:J. Fhya.Chem.,29,336(t~s).PatdckandOpdycke:J. Phya.Chem.,?. 6oi(t~).



618 8t))NEYJ. GBEaQ

negativehydrostatiepressuMexertedby the memscua,the viscosityis in.
creased. This inoreasesthé timerequiredfor the attainmentof equilibrium
se that thetimeocoupiedbythe watormeasurementswaanotlongenoughfor
trueequilibriumtobeteached.

That thisexplanationisunlikelyisshownbythe followingeoMiderations
themagnitudeofthenegativepressureontheliquidat 30"whenp c' o.Tmm.,
say, (catcutatingaccordingto the Gibbs'formulaquoted by Patrick) is 130

Pbt~LoKVagaiMtLoK~-mdLogVagMMtPo

LoK~hrCOtfmdN.O.Po

atmospheies,whichwouldgiveriseto a viaoositychangeof lésathan 0.3%
(Cohen:"Piezochemie,"p. 2$?). It is dimoultto believethat this mall
changeinviscositycouldhâvesuoha largeeffecton the rate of movementof
water,for this movementwouldno doubtbe analogousto Sowthrough a

capillarytube, the velocityof whichdecreasesin a linearmannerwith in-
creamugviscomty.

A furthercase indicatingthe inadequacyof the Patrick formula,ia the
adsorpëonof nitrousoxideand carbondioxide'by silicaat o", ao"and 30",
wheretheplotof logVagainstlogp~/p. giveswidelyseparatedcurves.(Fig.
2). AgainPatrickusesa spécialexplanation,pouttingout that accordingto
Freundiieh*the surfacetensionofa liquidina concavesurfaceisamaUerthan
in a planeone,this effectbecomingappreciablewhenthe radiusofourvature
islessthan 10**cm. thenbyan applicationofthewell-knownKelvinformula
for the relationshipbetweenthe radiusofa capillaryr, and thevapourpres-
sureovera liquidin the capillary,viz.

logP/P. = !d<Dp~-

FMriekandMoGavack:loc.cit.,975.
1Patrick,PrestonandOwena:J. Phye.Chem.,2&,42 (t~s).
FrmmdHch:"K&pBhrchemie,"63(t~3).
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whereD and d are the liquidand vapourdensiticsrespectively,be obtains
the oorrectedvaluefor thesurfacetension. Thisproceedingmustberegarded
as questionaMe,however,for thevaluesof r dealtwith areofthé order5 X
10-'cm.,Le.approximato!ythe diameterofa singlen~6!ecute;and an extra-

polationdown to moleoulardimensionsof a formulawhich is essentiaMy
atatistioatinnature and appliesonlyto a substancein bu!k,seetns,as indeed
PatrickadmitsdsowheM,'scarcelypenoiMiMe.Theunsatisfaotorynature of
the method,is emphasMedby thé tact that evenafter thus correcting,ono
ourveatill- romainswidelydivergent..Onsubstitutiagï/T for oon the con-

trary,a!l théourvescomeveryolosetogether,nofurthermodificationsof the

formulabeingnecessary.(Fig.~).
Inviewofthe aboveexamination,theresecrnelittledoubtthat thePatrick

formulais unsatisfactory;the presencein it ofthe surfacetension<yisshown
to be unjustified,even the entirelyempirioatquantity i/T aecuringfor the
formulaa doseragreementwithexperimentaldata. Evenwhensoamended,
however,the formulacanberegardedonlyasa purolyempiricatrelationship,
whichdoesnotprovidea baaisfora theoryofadsorption.

Therejeotionof Patnck'6formulain the formsuggestedby himdoesnot
ofcourseruteout thé possibilityofcapillarycondensation,but it showsthat
the présentévidencefor Patriok'sviewia incomplète.

X~t CoH~<,
.3<KM<<,

Lottdw,W.C.9.,
B<tch~,

7Vo<'Ma6~'SO,M.M'.

PttnekandMoGavaett;loc.cit.,9M.



MOLECULARORIENTATIONATSURFACESOFSOMDS. 11. THE
WORKOFADHESIONOFTHE SATURATEDFATTYACÏDS

FORWATER*

BY A. H. NIETZ

The methodusedin oatculatingthe workof adhésionand the measuK*
meatauponwhiohit is basedhavebeendtMassedimthe previouspaper. In
faot thé measurements,repeatedm Table I, were there recordedwithout
commentand aremadethe subjectof a separatecommunicationhere,since
theyseetntoopenupBewqu~stioBB.

~°'?°~ ReamrchLahoratotyof theEMtmmKodakCorn.
pany. Read&ttheRtehmondmeetingofAmencanChemicatSMiety.

TABLE1
Acide 0 TR W Acida e Tp W
Caproie 45 30 Sy.o TndecyMc~ 95 40 36.55
Caprylie 60 38 66.2a Myristic 1:5S 35 ~a.oo
Petargomca 49 45 66. r PemtadecyUccf 73 31r 65.0o
PdMgonic~ 69 45 54.0 PentadecyUc~ no0 21 37.88
Caprio 85 43 45.1I Pahïutic ntx 6 43.88
Und<!<!y!ic 79 44 50.8 Marganca 77 0 89.0
Laurie m 31 32.6 MM-gttn< 105 9 54.92
TndecyKcct 75 45 50.4 Stearic 106 0 56.8
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ThèsemeasurementsaregraphioallyauoMnanzedin Fig. ï, inwhiohwork
ofadhesionisexpîessedas theordinateandn as the total nmaberof carbon
atomson the horizontalaxis. Thé points in aU cases representaverages
wheremorethan onedetennMationwasmade.

It is seec at oncethat the weU-knowna!temation betweenthe aeidsof
odd and even carbonatoms is very pronounced. The magnitudeof the
alternationis greaterfor workof adhesionthan it is perhapsforany other

phymoatproperty. The twoenantiotropiefonns of the odd acidebavebeen

measuredand therésultaare ehownin the figure. The lowercurveis for the
evenacideand thé<!odd aoidsfall approximatelyon this ourve,and thé

upperourveis for the a oddac!da. The etodd acideare stableonlyat tem-

peraturesrelativelyneartheirmeltingpointa. Thé oddacideofthe higher
membeMare theformestableat ordmarytemperatmea. The lowermembers
ofthé odd acidearestableonlyat relativelylowtemperatures. In orderto
measurethe j3formofpelargonicaoid(9 carbonatoms) forexample,it waa

necessaryto freezethé acidwithcarbondioxidesnowand to makethe meas-
uremen<BveryquicUyinwaterasnearthe freezingpointaspossible.

InFig.2 the detailedvaluesfor the contactangleof the acideareehown.
It is seenthat théextentof alternationexhibitedby the odd andevenacids
is verygreat. In Fig. 3 the percentagereduotionof the surfacetensionof
wateris plottedagainstthe numberof carbonatoms. Here, atso,a certain
amountof alternationis evident. It is thereforenatural to expeotthat the
valuesof workof adhesion(W -T(i + cosC) sbould showa considerable

degreeofalternation. In Figs.4-9therearesununanzedmoatoftheexisting
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dataoaotherphysic&tpropertiesof the saturatedfatty Mid8. Moatof these
showthealtematingeffectquiteolearly. Fig.9 is of partioularinteMst. It
is takenfroma recentpaperby Smithand Booneon "TheAttern&tiogBe-
h&viorofFatty Aoidsaddedto RubberCompounda. Theourveshownfor

RUBBER-TENStLE STRENGTH ALTERNATtON.

the tensilestmngth of rubber against the numberof carbonatomsof the
acideadded(1/15 mol.per 100gms.of rubber)representstheonlydata so
far discoveredwhiehseemto bear any relationto the resultaof the present
workonadhesionofthe fatty acide. In Fig.9theoddacidehavea maximum
at aboutycarbonatomsandtheevenacideat about t4. Thegêneraiaverage
maximumis in the neighborhoodof n carbonatoms. Thephenomenaex-

lad.Eng.Chem.,M,398(t~y).
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bibitedm Fig. 9 are undoubtedlyrelatedin somewayto workofadhesion
shownin Fig. i. It shouldeventuaUybe possibleto correhttethèseprop-
erties.

The explanationadoptedfor the alternationexhibitedby the odd tmd
evenacidsis that Srstsuggestedby Gamerand Randallin aKoentpaperon
the "Heata of CrystaUizatioa. They attribute the differencebetweenan
evenacidand the nexthigherodd aoidto a changein the crystalstructure.
The x-ray crystal struoturesuggestedfor thesevariousacidsis shownin
diagramin Fig10,inwhich1isthe structureoftheevenaoids,II that ofthe a

oddacids,and III thé j8oddacids. Thetypeofstructure representedby 1
basbeen thoroughlystudiedand verifiedby thé workof Braggand MûUer
andShearerandothers,aisoagreeingwithresultsof Langmuironthé dimen-
sionsof the molecule. The crysta!!izedacidsconsistof parallelchainsof
carbonatoms,theunitceUeomMftmgoftwomotecuiesplacedendtoendwith
their carboxylgroupaadjoirning.The anglebetweentwo adjacentcarbon
atomshaabeen definitelyshownto beabout too"or the sameas the angle
betweencarbonatomsin thediamond. Thispermit ofthe pattemindicated
eitherbythé full!ineor the dottedline. In 1andIII GamerandRandallas-
sumethat the carboxylgroupsface eachotheras ehown,in eachcasea hy-
dtoxylgroupfacingan oxygen. In caseII thehydroxyland oxygengroups
are ataggered,oneoxygenononeaide,and onehydroxylon theotherbeing
left relativelyfree. Consequently,weshouldexpectthat in cases1 and III
the residualvalencesof the oxygenand hydroxylgroupewouldbe rather

completelyaatMed. In case II wemightexpectthe hydroxylgrouponone
sideand the oxygenon the other to possessdefinitestray fieldeof forceor
residualvalence. Onthis basis1 and III shouldgiverésultaforworkofad-
hesionwhichfitin togetherwhoreasthe a oddacideas shownbycaseII, should
showmarkedlyhighervaluesfor workof adhesion. Thiapredictionis ful-

J.Chem.Soe.,1M,88t(t9:4).
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filledbytheresultsof Fig. i. It is thereforefelt that thehypothesisofGamer
andRandallMwellsupoortedbythesemeaeurementsandtheirexplanationof
the causeof thé alternationisadopted.

Thealternationbas thereforeseemedto be capableof elucidation. The
gênera!trendof the results,however,witha definiteminimumin the neigh.
borhoodof 13carbonatomsforthe evenacideand n carbonatomsfor the a
oddacids,and in partioular the markedinoreasein workof adhésionfor the
tugheracids,is entirelyunexpectedand diScutt to accountfor. The n~t
part of thé curve(Fig. i) fromsix to thirteencarbonatomsis inaccordwith

whatwesbouldexpect, it beingassumedthat an indefiniteincteasein the
lengthof the inaotiveportion of the chainwouldresultin fewermolécules
bëiogpcrfeottyorientedwith carboxylgroupatowardsthe water. Thisis i!-
îustratedinFig.i rwheK the motecolesandthe carboxylgroupeat theirends
areshownina conventîonalmanner. Whenthemoleoulesareshortandhave
acertainamountofmobility,it is relatively easyfora largenumberof them
totum theircarboxylgroupstowardthe water. Asthey inoreasein length
acertainnumberof them wouldbe likelyto lieat suchanglesthat othersare
preventedfromturning their carboxylgroupatowardthewater. Othersmay
bendoveras shownby the lowerfigure,producingthésameeffect. Thénet
resultis that a emaer numberofcarboxylgroupscorneincontactwithwater
and there is consequent!ylowerworkof adhésion. Thiacrudernechanical
exptana~onitnmediatetyfaUsdownafterwepassthe minimumpoint.

A hypothesisctfa pureîy spéculativenature bas beensuggeatedto the
writerby Dr.E. K. Carver. Usebas beenmadeof theenergy-temperature
relationin an attempt to construota picture satisfyingthé requitements:
Adiagramfor total adhesionalenergyand free adhesionalenergyagainst
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temperaturecanbedrawnina mannerexactlyanalogousto the relationsfor
total surfaceenergyandfreesurfaceenergy. Harkinsand his cottaborators
hâve ehownthat, liketotal surfaceenergyof a liquid,the total adhesional
energy,overa certainrange,is independentof the temperature,probablyin a
mannersimitarto theformer. They have further shownthat thé freeadhe-
sion&!energyorworkofadhesionvarieswiththe tempera.tureverysimilarly
to the freesurfaceenergyor surfacetensionof a liquid. It thereforeseema
quitecorrectto conatructthé diagramMindicated.

Unfortunately,anydatawhiehmightbeofhelpinestaMishingorrefuting
this hypothesis,are laoking. Theprécisionof contactanglemeasurentents

isnot yet gréâtenoughto allowthé measurementofthe temperatureco-effi-
oientof the adhesionalwork. Thisbas beendoncby Harkinsfor a number
of liquidsbut the measurementof liquid interfacialtensionscan be made
manytimesmorepreoiaethancan theresuItsforcontMtangtesofaoU~where
manyuncert&infactorsare involved. Consequently,weare unableto indi-
catefromexperimentaldata the exact natureof the energy-temperaturere-
lation. Fig. la representsa familyof curvesdrawnentirelyon an arbitrary
basisand representingreallyonlya pure gnessas topossiblerelations. Thé
upperset ofcurves representsthe total adhesionalenergyfor auocesaiveor
regularlyincreasinghomologues.Theothersetof ourvesjoiningthe extreme
endsof the first set showsthe relationsfor the freoadhesionalenergy. If
wenowtakea crosa-seetionof the latter setof corveaat the point shownby
theverticatline,the valuesof the freeadhesionalenergyor workof adhesion
showa relationwith thenumberof carbonatomsindioatedinFig. 13. This
is a eurvehavinga minimumpointbearingsomeresemblanceto the results
shownin Fig.i.

Thishypothesishaanotasyet beenfullydevelopedand admitted!ylacks
experimentalevidence.It wouldseemateoto bescarce!ysuSoientto explain
alonethe gênera!trendof the resultsfor the fatty acids. Nevertheless,it is
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felt that the explanationjust suggestedis at loastin part correctandispar-
tially responsiblefor thé greatchangein workof adhesionwith numberof
carbonatoms.

It is believedthat the effeotof the lengthofthe chainmust in somepart
beresponsiblefor the resultsobtained. Theshortchainaoidsare morepolar
than the longohainacids-that is, the oarboxylgroupseem to possessa

strongerresidualvaiencewhenattachedto relativelyfewmethylenegroupa.
The short chainacids,for example,poB8eœhighersolubilityand aremuch
morestronglyaoid. For purelymechaoica!reasons,these short moleoules
are a!soableto orientthemseiveswithmuohgreatereaae. A largenumber
thereforewillbc orientedwiththeir carboxylgroupain the samedirection.

Asthe lengthof the chaininoreases,theeaaeoforientationdecreasesand the
conséquenteffecton the workof adhesionmay be roughly indicatedby
CurveA, Fig. ï4.

At the sametime as the chaineinoreasein lengththere are twoeffeots
whiohwilltend to keepthe moleculesin placeoncethey are oriented. Thé
firstof theseis themeohanioateffectofthe longehainBiakingit moredi&calt
for thé moleculetomoveaboutor turn andthésecondisthe mutualattraction
of the methylenegroupsfor each other produeiogthe sameresult. Con-
sequently,as the numberofcarbonatomsinoreaseweshallhave a graduât
inereasein the numberof moléculeswhiohareorientedand remainso,and
this effeotmay be representedby CurveB, Fig. 14. The net resultof the
twoeffectsshownby CurvesA and B willbea curveof the shapeshownin
CurveC. It isseenthat CurveC, Fig. 14,andthecurveof Fig. 13,areboth
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in the directionof the gênera resultsfor workofadhesionshownin Mg i
It ts thereforebelievedthat botheffectsare jointlymponsiblefor thé shape
of thelatter curve.

Summary
l'

i. Whenworkofadhésionof the fatty acideisplottedagainstnumberof
carbonatoms,theadhesionalworkshowsa markedminimumintheneighbor-
hoodof 12to t4 carbonatoms, beyond whichthere is a verypronounced
increase.

a. The altematingeffeotshownby odd and evenacidsisverymarked,the odd acideahowingtwo enantiotropioforma. Thé oddand evenacide
lieon a singlesmoothcurve, the a odd modiaoationsehowingalternating
highervalues.

3. Thé alternationand two sets of values for a and oddaeids are
attributedto dMerencesin crystalstructure. (SeeFig. 10)

4. The generaltrend of the curvefor adhesionalworkagainatnumber
of carbonatomsis consideredas partly due to the gênera!nature of the
adhesionalenergy-temperaturerelationsand partlyto themechanicateffects
ofthe lengthof the carbonchain.



CATALYTICREDUCTIONOF NITRO.ORGANICCOMPOUND8IN

THELIQUIDSYSTEM

BY 0. W. BBOWN, G. BTZEL AND C. 0.
HENKE

Introduction

In thisinvestigationa studyofthe catatyticréductionofnitro-compounds
in the liquid phasewas undertaken. The compoundsreducedwere:nitro-

betMiene,a-nitronaphthalene, p-nitrotohtene,o-nitrophenot,p-nitrophenol
and di.nitro toluene.TheredactionBwerecarriedout with a nickëtcatatyst,
in ahydrofïenatmosphèreundera pressureof 200to ?oûpoundspersquare

A–AutoehvepMper,oapMtty80ce.,testedfor3000tbs.persq.in.
B–Stxm.piècet m.ngtdhy7dmuliononBtM.C–Union.
D–Eightft.pièce in.NMibbcopperhydraa!icpipe.
E–One-Mfin.e)bow.
G–Supportto&ttMhapparatuatothéceiiin);ofthéroom.
H–One-fourthim.eteetwife.
1–Fourft.piècet in.hydiaulioironpipe.
L–"T".

M–Ône-Mfin.nippte3in.long.
N–Onc-hatfin.nippteonefoot.tong.
K–One-haKin.hyQKmMeitonpipBoneft.toM:.
0–One-haMin.MaptorcanyiNgteft-handed<ematethteadB.

p–SmaUhydKtgentmk~m.indiMneterMdzsin.inheicht.
Q–HydKgemt~nk,aooeu.ft.capacity.
R–HydKxenpMamteKau~e.

inch (151to 47~ atmosphères). Im order to insare intimatecontact be-
tween hydrogen,oatalyat,and Mtfocompound,thé mixture was agitated



0. W.BNOWN,G.NTZBÏ<ANDC.0. HNNKE

vigorous!yby shaking. The variablefactorsstudied were temperature,
pressure,amountof eatalyst,timeofreduotionandkindofsolventused.

Borchet'statesthat he haacarriedout thereductionofsomenitro-organio
compoundsin the liquid phasewitha nickelcatalyst. A. N. Parret andA.
Lowy*havestudiedthe catatytioréductionof a-nitronaphthatenowith hy-
drogenunderpressuremprésenceofanickeloatalyst.

Apparatus
The apparatuaused in this investigationwasdesignedby 0. W. Brown

andC. 0. Henke. Fig. ï showsthéapparatus.
The autoclavewas abakenby meansof an eccentncarm wMchhad a

etrokeoftwoin. andwasdrivenby a 1/6hoKOpowerelectricmotor. PipeB
wastbreadedto the upperpartof theautoclave.The autoclaveproperwas
connectedto theautoclavecoverbymeansofsixbolts,in. indiameter,8.A.E.
threada. The flexiblecopperpipeD wasloopedonceat S. Thiatooptakes
careof the backwardand forwardmovementcausedby the oocentnearm.
The junotionbetweenthe coverand theautoclavewassealedbymeansofa
teadgaaket.

Headaj;B!enMat
The heatingelementcoasiatedofaneleotrioheatingjaoket. It waamade

bywtappingasbestospaperarounda atroagtincan. Thenaboutsixturnsof
No. ï8 chromelwirewerewrappedaroandthe paper,and the wholeoovered
withmoreasbestospaper. The endsof the wireweredoubledand twiated
tif~tty inorderto insuregreaterstrength.

MethodofProcedure
Knownweightaoforganiocompoundandofreduoedmcke!catatystwere

placedin theautoclave,and a deSnitoamountofsolventadded. Aslowour-
rentofhydrogenwaspaesedthru the pipestowashoutatlair whilethe auto-
clavewasbeingboltedto its cover. Theboitawerethen tightenedand thé
hydrogenpMsaumwastumedfromthe!ar~ tankuntilthé requiredpresaute
wasreached. The largetank wasthenoiosed.Theautoclavewasthen im-
mersedin waterto teat forleakage. Thepurposeoftheemalltankwasto aet
aaa réservoirandto iasureanuniformpressureduringthe reductionperiod.

Thé heatingjacket wasptacedin positionaroundtheautoclaveandcon-
nectedto a sourceof current (ï 10volt).

The temperatureof the reactionmixturewasdeterminedbymeansofa
thennocouplewhichwasinsertedintoa ho!edrutedintothe wallof the auto-
clave. Thisholewaaa in. in diameterborefromonesideto the conterof
thebottomofautoclave. Thepointat whichthe temperaturewastakenwas

in. abovethe outer bottom surfaceof the autoclaveand about one in.
belowthe reactingchamber. AnironcoBarwasusedto hooktheeccentrio

BMchet:BuU.,(4)H, (t~t~;is, 954(t?~).
A.N.l'NMtandA.LtWty:J.Am.Chem.Soc.,48,778-~(!9~).
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armto theautodave. Aholewasleft in the heatingjaoketforthe insertion
of the eooentrioarm. The temperaturerequiredwasobtainedby adjusting
an externalresistance.

Whenthedesiredtemperaturewasreachedthé motorwasstartedand the
apparatusehakenfora definiteperiodof time,usuanytwohours,at !so R.P.
M. At théend ofthis timethe hoatingjacket wasremoved,thé smaUtank
elosed,andtheautoclavecooledbysurroundingwithcotdwater. Thehydro-
genpressurein theautoclavewasallowedto escapethruthegauge.

The autoclavewas then opened,the contenteexaminedas to oolorand
odor. It waspouredintoa two-literbeakercontaining~oce.ofconcentrated
hydroohlorioaoid. The autoo!aveand the lowerendofthe pipeswerecare-
fuUywashedwithalcohol. Thehydrocbloricaoidsolutionwaadilutedto two
uters, mixed,and portionstitrated againsta standardsolutionofsodiumni-
trite.

Preparationof Catalyst
Thenickelcatalystwasprepared'byignitingthenitrateand thenreducing

the oxideiahydrogen. Thenitrate, witha ana!!additionof nittioacidwas
ignited ina samUporcelainevaporatingdishin an eleotricanyheatedmun!e.
The temperatureof ignitionwasmeasuredby a oopperconstantanthermo-
couple,théjunotionbeingin thé dishjust abovethe nickeloxide. Theniokel
oxide, aftercooling,waspowderedand put in the furnaceas describedby
BrownandHenke.1

Thé temperatureof ignitionof the nitrate was56o°C.The oxidewasre-
duced at a temperatureof 378°0with the rate of flowofhydrogen14Uters
per hour.

MaterialUsed
Nitrobenzeneusedwaspurifiedby shakingit withsodiumcarbonatesolu.

tion andthensteam-distillingit. The distillatewasdriedwith calciumchlo-
ride and thenredietilledtwice. The hydrogenusedforreduotionwascom-
mercialhydrogen:The a-nitronaphthaleneused wasa C.P. produetfrom
EastmanKodakCo.

ExpedmentalPart
A seriesofexperimentswasnrat made to ascertainthé best temperature

and pressure. The amountof nitrobenzeneused in eachexperimentwas
4.7354g. Theamountofbenzol,whiohwaausedasa solvent,was8ce. Be-
sultaobtainedaregiveninTableI.

TABLE1
e. -J~1 -11-

BtownmdHenke:J. Phya.Chem.,2$, t6t.t9o (t9M).

Amount (Mreduced mckel catalyst s. s g.
Tune of reaction 2 t~.

Temp~tuK PresatMetba.Amme%of Tempe~tuM Ptaxmretba. Amme%of
pet-eq.m. theoty C persq. in. theoty

190 soo 99.0$ 31$ aoo ~.04
aïS 500 ico.03 aïs 300 6~.45
~3 Soo 05.54 aïs 500 100.03

Soo 5~.53 sis 700 Mo.
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TheexperimentsofTablelindioatethat 2:5*0is the besttemperaturefor

the reduotionwhena pressureof 500Ibs.is ueed. Byohangmgthe tempera-

ture 2o''Caboveor below3is''C théyietdavaryslighily,whileby a constant

inoreasethey suddenlydrop. Byvaryingthepressureandkeopingtheother

factorsconstantwenoticethat as the pressureincreasesthe yioldsincrease,

500Ibs.persq.in. givinga quantitativeréduction.

Table II givesthe résultaof a study of the variationof the amountof

catalystand timeofreaction.
TABLEII

Experimentsdeseribedin TableII showthat the maximumyieMswere

obtainedwhenthe reactionwasallowedto take placefor the periodof two

hours,althougha goodyieldwasobtainedwhenthe periodwas onehour.

Twoandoneha!fgramsofcata!ysttôt4.7354g.ofnitrobenzenegavethebéat

reauMs.TheyieMsdecreasedquiterapidlywitha decreasein the amountof

catalyst.
ECfectsofdifferentsolventsonreductionofnitrobenzeneweretried. The

résultaaïe shownin TableIII.
TAB~ElII

u_0ri.

It is seenfromTable III that quantitativeyieldawereobtainedwithor

withoutsolvent.
A few expérimentawerecarriedout on the reductionof a-nitronaph-

thaleaeto a-naphthylamineat a pressuïeof 500Ibs. A. N. Pan'et andA.

Lowy'reducedthisaamecompounduaiaga pressureof50to 100tbs.andob-

'A.N.PartetmdA.Lowy:J.Am.Chem,Soe.,4a,778-789(t9~).

Temperature 3i5"C

Ptessure sooibs.

Solvent Benzol 8 ce.

Amountof Catalyst Timeof Reaction Amine of

g. minutes tbeory

a.S iS 396

a.S5 30 M'

2.5 60 99-t

2.5 IM 100.3

1. 120 43'4!:

.t MO !6.00

Temperature ~iS

Ptessute soolba.
Amountof Catalyst z. s g.

TuneofReaction ~hrs

SolvenHJsed AmouatofSotvent Amine%o[
ce. theory

None
–

99-94

Benzol 8 ïoo.o~

Absolute Alcohol 8 99 ?8

v y rtr _I- ~1.J._r_J ~!LL



CATALYTIC REDUCTION 0F MTRO-ORGANtC COMPOUND8 635

tainedwithnickelcata!yata maximumyieldofyo%.Tholesultsobtainedby
thewritersaregiveninTableIV.

TABLEIV

Botteryietdsweroobtainedwith.benzolassolventthan witheither ethyl
alcoholorglycol. The latterwasthe poorest.Brown,Henkeand 0. C. Cris-
wellreducedin this laboratoryp-nitrotoluene,witha pressureof500Ibs.per
sq. in. and 2is"C.. A quantitativereduotionwasobtained. 0-nitropheno!
p-nitrophenolanddi-nitrotoluenewerea!soquantitativelyreduced.Thecon-
ditionswereas foUows:temperaturea26''C,pressuresooIba.per sq. in., sot-
ventusedabsolutealcohol,catalystnickelmadebyreduoingnickelcarbonate
at378''C.

Conclusions

x. ExperimentawereconduotedBhowingthat iiquidnitrocompoundsand
nitrocompoundsin suitablesolventscanbe reducedquantitativelyto aminés,
withhydrogenunderpressure,andwithanickelcatalyst.

a. Quantitativereductionofnitrobensiene,a-nitronaphthatene,p-nitro-
toluene,o-nitrophenol,and di-nitrotoluenewasobtainedat zi~'C and at a
pressureofsooIbs.persq. in.

3. For the best resuttso. 52g. of nickelcatalystwasrequiredfor each
gramofnitrocompoundreduced.

4. Benzoland ethyl alcoholweresolventsthat permittedquantitative
reductionofnitrocompoundsstudied.

Loh)r<!<<M~~P~a<c<t!CteMM</tM&t<Mt'tttMfttty,BheM<ttj~))t

Temperature 2is°C
Pressure 500Ibs.
Amountof cataiyat 2. s g.
Amountof a-nitronaphthalene g.
Timoof reaction 2hrs.

Solvent AmountofSolvent Amine of
ce. Theory

Benzol 8 99.55
EthyleneGlycol 10 89.78
Ethyl Alcohol 10 98.31i
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PytMMtry.B:;W.P. Wcod J. j~. Cork.M X CM;pp. + .?7. ~<wyorJb
<i~<MM<tMt:afe<?mw-Boe<!CeMp<m~,tM7.P)<ceM.OO.In the prefacetha authore
say, p.v.: "whilethêtaare a fewrefeteneebooksonpyrometrytheremnoworkwhiohla
organMedineuohamaaneraeto beofBMatutuityaaa textbookforeoMegestudent~. In-
etruotonahavebeenforeedto handlethésubjectentirelyby lectureor by perMnatiypte-
pMedsetsof notée. TMsmanuBctipt,therefore,hMbeenaesembledwiththe needain
nundet thé etudentMwettMofthemanmoreexperiencedin the ueesandthétheoryof
pytemetty. QueatbtNmdpMMemaateadded&ttheendofMmeofthechaptem.Out-
'ia~ fw taboMtMyMpertmeataMeinetuded.TheMare hfgety sumeativeandmay be
<aod)Bedtemeettoeatcondtt!cM."

includod-Tbm am WPIY augg"ve ind may bc

Théhead~ ot thé ohapteraare: temperatureacatea;fluid thennometeK;thermo.
NectncpyrometeN!KtttstMMethermonMtent,opHeatpytometeta;total radiationpym.
meteta;tempemtmeMcotdemand contMttiagde~cee; trMMiMonpointeand thermal
MMlysia;tefraetotymatenab~tsedinpyrtnaetry.

"MoetBMMebeyBoyte'atawverydoMtyat tempecatmesdistantftomtheircondeMa-
tionpointe. Whenuaedfortempetatutesc!oMto the eondenaationpoint,theWtorin the
nonnatthennometN-isMrpnaiBgtyamaa.KatmMtiia~OnMstMtedthiBeCeetbycom.
paringa hydrogenthenMmetMwitha hethrnthemometefat tempeMtmeaoloseto thé
condensationpointofhydrogenandfoundthatthe errorwasnegtigiMewhendietantfrom

the<ndM~ti<mp~tby..s' ThéhydM~thwm.aMtwdeviatea 0.005'fromthé themodynamtcseaMat – too*and0.00~°at +tooo°,"p. !).
"Thefaot that the gaescaJeMfundamentalby agreementehouldnot be overlooked,

however,andainceit haanot beenusedabovetSSO'C.,MghettempeMintescanonlybe
measuredby exttapobtingcertainlawawhiohhavebeenfound to holdtrue belowtMa
value. Hencefor thèsehighertemperaturee,an etementof unoertaintyexistaand it iB
onlyby extrapolatingwithaeveraldiSetentiawe,~ioh haw beenindependentlyverified
mthe knownte~on,andbyobtainim:ineaohcaaetheeanMvalueat theMghertemperaturethat confidencelap!Medin the reault. Themeertaintyattendant uponexttapoMomof
this sortM'MMdioattatedby thefoNowingeMiyexperimentin Mgh-tempeMtMKmeasure-
mentcaniedout byWedgwood.lie attemptedto meaMMtemperatureby théahrinkageceusedbythat temperatureupona certainampleofc!a.y.ThemeaNnngo(thethnnkageforthe knowntemperatureintenrat&omthefteMtin:to thé boillngpointofwater9U<Bced
for a cahbtahonof thé inatrument.Bycompann<;this BtMintaeewiththat whichtook
placewhentheolaywasptaeedina furnaceat thetemperatureofmeltingiton,heMpteasedthemeltingpointofironasabouttaoco*C.,a valueaboutMgoe<'toolarge,"p. t6.

"The tengthot the couplewhiehlieswithinthe heatedzone ia of great importance.ThMNaomeHmesoalledthé"depthofimmeMion."If a coupleis inauSicientiyimmeMed
conduedontotheouter,eooteraecMoMisMbighth&tthereadingofthecouplewillbelow.
ItMagoodpMct!eetoinswtthBcoap!ej)]sta8faraspo8NMe.TMswOlinBUTeeatiafactoryireMttaasa nue, but incaaeewhereit isNBpeetedthat thé immersionianotrnSdent, the
temperaturesatom!the protectingtubeahouHbeexploredand if there is a auddendropnearthéhotendof thecouple,meanseheuMbetakento producea aueoientimmereion.

"SomecouplesarepmpoKtyimmmnedaninmNcientdiatanee. Thisiedonewhenthé
temperatureof thé funtMeis so highthat &Meia dangerof fusingthé coupleandtube.
Althoughthe temperaturereadb low,it is pMaibte,byconetati~nwithphyaicatchangeaofmatenatwithmthefumace,toobtaina fairlyaoourateideaofthé temperatureforfuture
operatMne,"p. 60.

"TheMMmptionamadein the deMtopmentofHanek'eformulaledto thénowfamoua
quantumtheory. Manypteciaeexpérimentahâvebeenmadeto test thé validityof this
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équationand the coneiuaionaeemeto be that it 6tsthe experimentaltacts veryolosely
throughoutthe entirewave-tengthrangeforthé temperaturesusedin the experiments,
whiohbavebeenfrom400te about!5oo''C,"p. 8$.

"In anoptioalpyrometer,brightnessmatchle obtainedbetweenthofilamentand the
imageformedby the objective,recardiessof thehistoryof the radiationbeforeoomingto
the objective. The radiationmight,therefore,comefroma refleotingsurfacewhiohis
itaelfcoM.Theapparenttemperatureof thebodywouldinthiscasebemuchgreaterthan
its truetempérature.Forample, a waUinsunlightmighthaveanapparenttemperature
of aooo'C. Heace,caremuetbe takenthat the bodywhosetemperatureis beingdeter-
miaediBnotreNectina;radiationfromanotherbrightMurce,"p. to~.

"Ima profp-eMreportonopticatpyrometryrecentiypublished,manyof the following
remartMare motuded:optioalpyrometryhasgrownto mean almostexoluaivetyhigh-
temperaturemeaMrementewiththe dieappeannK-niameattype ofpyrometer. Thistype
msimpleinconstruction,a<fordagreatacoaracyandleadaptedto a diveteityofconditions.
WhilethéoptioalpyrometermayttiMberegardedaea eeeondatydéviée,so muohexperi-
mentalconfirmationof the quantumtheotyand coMiatentexperimentalvaluesof thé
radiationconstantehavebeenobtainedthat it eeemsMMonabteto makeuseofit incheck-
ingthe high-temperaturegaeseate. TheprecMon,aoouraoyand widerangeofUMfuineM
ofthe disappearing.Biamehtoptioalpyrometerdependonpo-feetdiaappearanceof thefila-
mentwithhigh Ksotvingpowerand magnMeationby the eyepieoe.By deeigningthe
instrumentto avoiddMractioneffeots,FairohiMandHooveratate that it leposabb to
obtaina preoMonofo.C. orbetterat the meltingpointofgotd. To teatthe eomiNtenoy
of the hightemperatureSoateain uo in varioueresearohiaboratorieain this oountryand
Engtand,Forsytherecentlycompatedthe current-temperatureretationafor certainlampe
fotmdin~esevarMuabboratoties.TheaeMgh.tempeMtUMacaheaMbaaeduponaMump.
tionar~arding themeitingpointofa metalanda valueof thé<!<radiationconstant. Thus
thebaeieoftheocateat theGeneralEtectricRMearehLaboratoryandtheU. 8.Bureauof
Standard))Me. t~so andthemeltingpointofgold,to6~C. At the NationalPhyNeai
Laboratory,Eagtand,<, t<t,Moandthemeitingpointofpattadium,tMS'C. Theagree-
mentof théscaieswasfoundtobeverygood,différencesbeingonlya fewdegreesoverthe
rangefromtoooto a~co'C. p. to8.

"Anobjectionto an instrumentofthetotal-radiationtypeanaesfromthe faotthat the
objective!ens,if madeof ght~ absorbaa largepart of the radiationincidentuponit,
espeeiaUyin the infra-redspeotrattegion. Sineemostof the radiantenergyfrombodies
at tempemturesnot eMeedingiyhighlieuin the infra-redregion,the senai~vityof the
apparatusisgreatlyreduced.Further,thefourth-poweriaworanyothersimpleexpression
doesnot applyto the radiationtransmittedbythe giassiensea.Fluorite(caloiumfluoride)
basa remarkaMysmaiiandahnostconstantabsorptioneeemcientfor att wave-lengths
uptoM~,andwouidbeaauitablematerialfromwhichtomakethelensesof theinstrument.
Ite use,however,islimitedbyitsexpansé. ToovercomethisobjectionFéryin !004sug-
gestedthe use of a concavemirrorsimilarto the astronomieatrenectorto replacethe
!enses,"p. tt6.

WilderD. BotM~<

TheBeetronicTheoryofVaienty.By JVeM! ~MjftCt<A. X cm;pp. + 810.
I~Mt and ATetcYork:Oxfordt~f~y Pf<M,1987.P~ee.- ~)~; ?.<?. This
bookis uniformwiththe récentbooksin thesamesériesbyHinshelwoodand byPaneth
andHevesy;it is exeeUentiyproduoed,but isstilleueoientiyexpeasivein this eountryto
makeit worthwhileto placeone'sorderin England.

In the easeof the compoundsofoneof Maéléments,carbon,the chemisthàs,in part
at ieast,succeededinbringingorderoutofchaos,andthe resultingsystemis therealmof
organioohemistry. Imthe reslmof inorganioohemistry,however,the ohemistis still
oppressedbya heterogeneouseoiïeottonofdisordertyfacta. The thnetyandveryweicome
volumebeforeus hetpsto keepaMvethe hopethat, in the not toodistantfuture,the in-
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organioohemistmaybeableto ehowthat, bya deductivemethod,Mamytiadmoteoutee
withtheirpMpertiesandKactiomareentirelypredioablefromaknowledgeoftheretaUvety
smaNnumberofohemicatatomethat enterintothem.

In devdopingthétheoryof valénoy,ProfeMorSidgwiekadoptatheoonoeptaof atomie
phy~cs,and triesto explainthe chemtoalfaetain terms of thMe;teatiamghowever,as
certainothemhavefattedtodo, that oneshouldnot usethetermlnologyof physioaunteM
oneispreparedtotecogniseitshm. Writingtoday,the authorofa bookouthee<ee<rmt<c
theoryofva1enoymuetneedaantioipatéthe o-tMeismthat the newerwavemeohantM
haa<t)Kadyd~olved,ot at teaateadlyatienuated,the SMaUedeleotron. PtofeMorStd:.
wickmeetsthisentioMmin hMpteface,as SonmMffetd,tUohatdsonandothwehavedone
belorehim.

Theearlierohapteradeatveryconoiaelywithatomioettuetutet.ndte&dup toa tableof
structureseompiMwithhelpfromDr. Stoner. "Subgmupa"and "groupleta"are hère
carefullydMingaishedwithteferenceto thek andquantum numbers,beoause,of OMM-
aity, useia latermadeof thèseteraM,–tennawhichweNaatmowawhenG. N. Lewfa'a
bookonvabncywMpubtMted.

AsWMto beexpected,indevebpin~thefundamentalpdnciptesofvateneya veryeteat
présentationlagivenofwhatSid~wtokbasoattedthe "coordinateUnk." Forthépaatfew
yearetherevlewerbasdevotedtwoorthreeteotateaannuailyto Su~den'sparaohor.Here
for thé Sr8ttimeto hMknowted~the paraohoriadiacuMedin a textbook,andused,of
course,in évidencefor thé oeordinatSngtinhage. Uaingthe nomenclaturewhiobheMg-
ttMtedat the ~7 meetingof the BritishAsaornation,8idftwiokdittinguietea"donor"
from"aoceptor"atome,tenns whichproveaMf<din dMeuB~ng–withoutdiatfMBBthe
ehehte nn~ of Mortfan.aeMdatedliquidaandother topice. AnotherSid~wieMamcon
tnbaHoniadea!twith!a the ohapteron covatenoymMdma.Doeathe famoMoctetBttU
survive?YeB,mMtcertata!y,but itia no longera)t.important. HowdowenowexpMn
the BabstmiMtact that oarbonandaaioon,MotMetyaaalogousin their hydrogenand
hatozencompounda.MesoradioaUyMntikeintheirdtoxides?Lewiseu~Mtedthatsilicon,
beinganelementbeyondthesecondperiod,eouldnotformdoublebonds;SidgwiokM~Nts
that, by the eovateneymaximumrute,the maximumcovateneeof thé secondperiodete-
mentcarboneannotOMeedfour,whereaaa third periodelementUkesiliconmayh&Yea
covalenceof ix. Theconceptsof "pure" or "mixedvalenoygroupa"and of"eeeettve
atomb number"helpthe authorto catalogueand ctassitythe vatenoygroupewMoh,in
praetioe,are foundto bestable;and the last namedconceptionhetpsto makec!earthe
wondœtutpromiseofwoAlikethatofWeloandBaudisohonparamagnetMminoompteMs.

AmidefromMaowncontributtons,otherpeopb'aideaaate veryeteartypresentedinthe
diaousdonaon aotubaity,aetvathm,Wemer't theory of coordination,Fajana'vatence

theory,moteea!armtgneHnn,stereochemioatKitaHonsandehetateringe.ïtMvaattycon-
venienttohâveaomanyMtevantmodemideaamarshaHedtogetherina weB-dtgestedform.

Thebookcloseswitha ayetematioatudyof thepenodiogroupem the lightof the dis-
cugeionthat basgonebefote,involvingsomerepeMtionof thiabut ataoMmeanticipationofthe materialofa eeeondvotumewhiohthe authorpromisesandto wMoheveryonewho
haateadtMantstvoluntemusttookforwardwithpteaaare.

Theattentionofthéauthorwillbedrawntoanyen-otsorobMurttieethat havemetthe
obMrvatMtnof the groupofovera dozengraduateatudentawithwhomthe reviewerbas
goneoverthe book. ThèseerMMandobaMB-Mesare fewin number. At manypointa,
there is roomfordiCerenceofopinton;and anaia whatmakesthebookatimulating.For
example,Stdpnckrefusesto goas far as 8ugdenin the matterofsine etectronbonds,
but hoboldlytellsus thefaetsaato bivalenthydrogen,andthiBiaverywholesomeforthe
soubof the eomervaitve.

Weowea debtofgratitudeto ProfessorSidgwiokfor thb eobotartyandinspiringbook.

A!<mW.C. MeMtM
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TheTheoryof StrcngEiectmiytes. Cetera!DtM!<w<<wAeM Mefa~x~ ~ecfe~,
~p)«, M~7. X ~Mcm;pp.tf + 112. J~M<&Mt,~.?7. Pf~ ~e. M. TheFaraday
Societybasin thepastrenderedvaluableservicesto PhysicalChemistry,notonlyby thé
publicationofitsjMo~et,wMchnowappeaMmonthlyandpromisesto becomeevermore
usefut,butatsointhe promotionofaseriesofhighlysuccessfutgêneraidiscussionsonmat-
tersofeurrentinterest.Thepresentvolume,containinganaceountofa récentdiscussion,
Min everywayworthyofitepredecessors.Acomparisonofits contentewiththoseof the
volumecontainingthe(MMUfmoaon"EleotmlytioDhsociatton"whtehappearedin !9!9will
showhowtheaabjeotbasadvancedBtneethat date. ThepMMntvolumetacfMa geneM!
Moountof thewholediM~on, in whichthevariouspointeofvieware co-ordinatedand
anynewideaaoreupertmenteareemphaaiMd.It istobehopedthat futuredtacumionawill
alwaysbeaccompaniedbysueha summary. Muchof the matenatinthe volumeb in no
waynewandsomeofit (eepeciaityin the partsdealingwithaeMvity)hasappearedmany
timesbefore,sothat somelittledMoa!tymaybefoundinascertainingwhatMpresentedfor
the &Mttime. Thevolumeiadividedinto twoparte,onedealingwiththe MobU!tiesof
tons andthéotherwithActivité. In the firetpartDebyegivesa eummaryoftheMaump-
Momunderlyingbistheory,andthisisfollowedbya paperbyOnsagerin whicheomecor-
rectionswhichhebasintroduoedintoDebye'etheorytotakeaocountofthe Brownianmove.
menteoftheionsareexplained.Thenewequationsgivemoresatisfaetoryresultsthanthe
olderones,buttheyapptyonlyathighdilutions.Inmoderatelyooncentratedsolutionsthé
diacoK.yas tothepMOMeformwMehthevi<eMitycorMction(whiohMapparentlyregarded
aenecesary)takeswasfeltbyseveratauthora. Thisisoneoftheproblemsawaitingasatis-
fMtoryMtution.

It is etearfromtheresultequotedia severalpapersthat the initialhypothesisofcom-
pleteionisation,whiohseemedtomanyto besowellestabibbeda yearor twoaao,willre-
quiremodification.An"association"of theionsis neceNaryinmanycasesevenwhenthe
concentrationsare not Mgh,and there are papersby Fajans, FergusonandVogetand
MaolonesandCowperthwaiteinwhiehthe hypothesisofcompleteionisationa attaokedon
experimentalgreunds,althoughthe validityofFajans'argumentswascaNedin question.
Onsagerpointsout that in bistheorythe coefficientof the concentrationtermmay be
oaiotdatedfromthemobiiitiMwithoutanyassumptionsas to thé tonieradii,andit should
thenbepossibletodeterminetheeCectsbfotherthanetectrica!forces,forexample"aasocia.
tion." ThisisattemptedbyHartteyandBe)!,but thèseauthorshavemadeuseof theun-
modinedDebyeformulaandtheirresuttsare, therefore,notfreefromambigmty.

A communicationfromRemydea!swith"true" transportnumbeM(correotedforthe
transportofwater),andtherearepapersbyUtichandbyHartioyand Raikesonmobilities
in non~queoussolvents.Verylittlenewexperimentalworkis broughtforwardin thèse
papers.

Part Twodea!swithactivity.Muchfamillargroundi8 retraversedin this part but the
sectionis eniivenedby no fewerthan sevenexperimentalpapers. Bronsted,Rsnda!
andHamedcontributegeneralartioleson theactivityofstrongeleotrolytes,includingcon-
centratedsotntions.KrausandSewardandKingandPartingtondesoribeexperimentaon
theinfluenceofonesaitonthésolubilityofanotherinnon-aqueoussolutions.Kmusand
Sewardconehtdethat theexactsare not satisfaotoriiyaccoùntedfor on the basisof the
Debyetheoryand that "theteare nota fewfaeiathat indicatethat in solventsof lower
dMectrieconstantit willbenecoisatyto iet fall the assumptionthat the onlymotecutar
speoiespresentarethesimpleions." ThorearetheoteticalpapeMby Bjerrum,Chapman,
Fowter,Scatchard,AMnmndandLowry. BjemMndea!swith the interestingprobiemof
heatsof solution,whiohbasveryrecentlyreeeivedattentionelsewherewithoonaictingM-
sults. A)]mandandBurMge,FoxtonandShuttonandMilletcontributeacceuntsofexperi.
montson thesystemKC!-PbCtrH,0,on the activityof ZnCItin concentratedsolution
(aproblemwhich,it maybementioned,wasoneof themst to bedeattwithinthestudyof
thethermodyaamicsofsotutions),andonthéactivityofthéhydrogenionimmixedsolvents,
reapectiveiy.Thevolumec!Meswitha briefdiscussionandan index.
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AlthoughnonewfundamentaladdtMonto thetheoryofstrongeteetrotyteswaemade

duringthédiseuMion,thé sammaryofpresentviews,andsuggesttoMMto theirprobable
modificationwiththé advanceofexpethneatatknowledge,is useful,andthe volumemay
berecommendedm onewMchmostphysicalchemistewiUbewetiadvisedto poMess.

J. R. Por<n<e<(m.

LesOtites de la CMmtecoUotdate.B~PowtBe~. ~0 X Mcm;pp. ?. P<t)~

~'B.cp<t!M(<w8cilmtiJlqru.PWc<;C/rotM.ThéFrenchchemistshaverediMoveredBaudrt-

montina ratherinterestmgway. SomeyearaagoMr.W.A.Bendet,eMetohemhftofwbat

iitnowtheCertoCorporation,ea!tedtheïevhMMf'Battentionto the<tM<tthat Baudrimont

hadpabHshedsomeverygoodworkoneoUoidohemistryin t844-t846,longbeforeGraham.

ThereviewerpabUaheda shortnoteontheaubjectandtheinformationit containedwaa

apparentlyvanewinFhmceasitwaainAmerica.

M.BarybasnowpubBehedaveryweloomebiographicalsketchofBaudrimontwhowas

a remarkablemaninmanyways,bMideaboinga maawhoneverntiNeda Sghtevenifhe

hadto atatt it MmseM.Aceordingto Baudrimont'sownchmiScatienhepubMed aboies

on: the pMtMophyof seienee;eryataNoztaphy,atome,and the structu~of subetaMes;

<!OMMt<~yandceMBiedynaaMM;KBnMdphymM;chemietty;phydœ;mechanios;Matomy

andee!MtatphyStotoey;tmmanphyaiotofy;vetcetaMephyNoto(y;medieiM,pathotogy,phar-

maeohtfy,andtherapeutica:geology,mineralogy,andmeteoftozy;agMtogy:industty;MO-

ia!econemi<M:mathematiea;pMMogy;edueaMon:pyMtechntcaand batt~M)miMeManeoue.

Aooordingto BaudrimontthiswaaaveryeMymatter. Onecanmaeteranymbjeottn

twoyearaandeoMequemUytwentyaubjectawillonlytake fortyyeaM. TMawouldbe

ampleenoughifonedidnothaveto MmhieownUving;butBaudrimontdidhaveto, ao

onem~mtcon~dwtMaehowingMMmwhaMe.OfcourseHerbertSpencerdidsomething

~taaar.butheiBKeognhMdaaha~iBgbeenaMtMtkftbbmatt.
Beforehewasthirty,Baudthnontpubliaheda bookentitled"InttodacMon&HEtude

de la Chimiepar la théorieatomique," but thiswaeconaidetedMrevolutionarythathe

waaforcedh)teavetheCoUegedeFrancewhereTMnardhadgivenhimaportion. In tS~S
Baudrimontbecamea candidatefor thechairofchemietryin the sahoolofphannaoy,hiB

ehiefopponentbeingDumas. Baudrtmont'eonMdamofDmnaa'topiowaaaoManfying
that it preventedBaudrimonttromgettinganychairin Pariseitherthenor laterandhe

~~foreedeveat~~toacceptacaMto Bordeauxwneteheremainedtherest of his Me.

ThelatterpartofthmpampM~iettkenup~thexttaetafMmtheworkaotBaudnmont,
averydeaiMbtethingbecawMthéorifoxabareMareetyacceNibte. tftHefD. &M!<<

AmmatSnrvey AtoeticanOMmhtty. Vot.fjf. E<M~ C<o'<M«J. W~t. X ~4

cm;pp.4M. WewYork:TheCAe~tca!CatalogC'wtpe~, M~. Mee~<9.00.The first

volumewasentieiMdratherBeveretyleatyearby the reviewer(3t, ~78). Theaamere-

marksapplyto tMsvolumeandtherearenowmorepeoplewhosharethereviewer'eview-

point. UntMathèsevolumesareohangedradieaNy,it willnot be longbeforeeverybody
willbeapotogMtmgforthem. Theindividualwtitemhavebeense!ectedwithcareandhave

donetheirthanHeMtasksas wtNas couldbeexpected.
TheTWviewerwasmaohimtetestedmtheparagtaphbyWitbrow,p.t!5."Oneof the

mostmtereet~nt;achievementewhiehhaveeomato the attentionofthewriterduringthe

yearhasbeenthemanufactureofsmokedsatt. The sattttaedin pioklingiasmokedbefore

Meinpicklingméat,therebyMeunngagreaterpenetrationof amokeingredientsintothe

méatthaninthenormalpraoticeof truesmoking.It looksas thougharevotuMonaryim-

provementin meat "smoMnig"werothusavailable. Theproduetof this procès when

properlyconduetedbasa goldenbrowncolorwitha deUoioassmokedbaconorhamodor

andteste. M.oanbereaditydMn);).mhedin manywaysandpartieutartyby iteodorand

tastefromnumérossabsUtattsaheadyappear!ngon the marketwhieheontastmerelyof

mittreatedw&ha filteredpyrot~neonBMad,foHowedbydryingorevaporation.Contrary
to Mpernciatexpectationthe twoproductaarenotat auattkeeveninflavor. Themanu-

factureoftrue"amokedmtt"asdistinguishedfromtheimitation"smoked-satt"hasreached

aproductionamountingto manythouftHtdaof tonsandisa rapidlygrowingbustness."
WilderD.Bo<Mf<~<



THE DETERMINATION0F THE f-POTENTIALON CELLULOSE.-
A METHOD*

BY DAVÏD B. BRIGOS

EtecttoMneticPhénomène
The coUoideleotrioaleffeotswere named by FreundHch*"e!eotroHnetic

phenomena,"to distinguishthem froma kindred though not determinate
phenomenon,the "thermodynamicpotential,"whiohexists a!so acrossthe
interface.

The etectMkinetiopropertiesare very ctosetyrelated to other coUoid
properties. Adsorption,interfacial tension, aoccutation,etc., are kindred
phenomenaandmay, at least in someinstances,be partially explainedintermsof the electricalpotentialdifferenceexietingat the interface,and of
wJuohthealeotrokinetiophenomenaare a meansformeasurement. Freund.
hehhasshownrecentlythat suchmeasurements,whichdeal withtheso-oalled
t-potential,donot tell the wholestory. As wiUbe pointedout la.ter,the f.
potentialmeasurementsmaynotdealwiththe actualinterfaceprim&ruy,but
withthe fixedandmovablelayersof oneof thephasesin the immediateen-
vironmentof theinterface. However,the conditionsextant in thé interface
willhaveinmostcases,a determininginfluenceuponthesesoclosetyadjacent
layers,and wemayreasonablyexpectto findsignificantdifferencesby the
utilisationof thesemeasurements,whichare as fundamental,and probablymoreso,asarethoseobtainedfromadsorptionmeasurements.

The morecommonmethodsfor determiningthe chargeon a coUoidat
parholeare by meansof the cataphoreaisand eteotrosmosisphenomena.ThesemethodsareweUknownandhavebeenutilizedexteosivelyforcompara-tivemeasurementsof the chargeon suohvariouscolloidalmateriatsas are
Madilyadaptableto the conditionsof suchexperiments.After considerable
experimentalinvestigation,it wasfoundthat to useeithermethodformeasur-
ingthe t-potentialon cellulosewouldbe undesirable.

Ejuyt' andF~unduch'andRonahaverecentlypubHshedpapersdescrib.
ing their determinationsof the f-potentials oncapillaryg!asstubes bythe
streanung-potentiatmethod,whereina liquidwasforcedthrough the tube
underameasuredhydrostaticpressureandtheelectromotiveforcesetupacrossthetubewasmeasuredbypotentiometricmeans.Theyfoundthattheobserved
electromottveforéewasindependentof the area of crosssectionor lengthof

.ContributionfromtheDivisionofAgricu1turalBioohemiatry,UniveraityofMinne-sota.Publinhedwiththeapprovaloftheevautor,aspaperNo.745,Journat8eries,Min-nesotaAgricultura1ExperimentalStation.Revisédfroma thesiepresentedbyDavidR.Brigpto theGraduateSchooloftheUnfvereityofMinnesotainpartialfulfiumentofthe1'tJgUU'8mentafortheDegreeofDoctorofPhlloBOphy,June,1927,R.A. Cortner,thesisadviser.
1R-eundMeh:"CoftoidandC&pit!MyChemiatry,"(1926).
'Kruyt:KoUoid-Z.,22,8Kt9,$).
FfeundtichandRona:8,tz.pMttsa.Akad.WMa.,20,397(~M).
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thé tube. For a givenliquid,theeleotromotiveforceobserved,varicddireotty
with the hydrostatiopressureand variedwith the kind of glass,but M<M
constantforalt MM8andagapesoftubespreparedfromthesamesampleof~!oss.
It is by an adaptationof this method,modifiedto makepossibleits useon
materialeofsuchnatureaspaperputp,that themeasurèmentsuponwmohthe
present paperis basedweremade.

The chargeona coUoidisdueto the présenceofan electricaldoublelayer
in which,wemust assume,"thé electrioalforcesare arrangedin equilibrium
with osmoticor otherforcespresent,soas to be a minimum." Michaelis~'6

considerathat thereare three fundamentalsourcesof this electricaldouble
tayer. Twoare to be consideredas examplesof the actionof forceswith
whichweare familiarelsewherein ohemistryand physics. First, thé forces
of residualvalencieswhichcauseorientedadsorption,and second,the forces
ofdissociationwhichcauseexchangeadsorption. The third, Michaetissays,
is due to the spontaneousdistributionof ionsat thé freesurfaceandcomes
into play in those caseswherethe electricaldoublelayer is set up at thé
boundary of substanceswhichare totally unreactivecheinically,and are
incapableofdissociation.

An exampleof the firatcaseis that of AgIpreeipitatedin an excessof
eitherthe Ag+or I- ions. ThesurfacevalenoiesofthecrystalsateunsaHsËed.
TherearebothAgand1atomeonthe surface,and thèsewillshowa sélective
attraction for ions of oppositechargein solution,and the crystalwillthus
take on a positiveor negativechargedependingupon whichion, Agor I,
may be in excessin the solution. The iso-eleotncpointneednot be at the
point of exactneutralisationof Ag~-and l'ions in solution,however.

Of the secondtype,i.e.,exchangeadsorption,"there iaa largenumberof
evidentlyheteropotarcompounds,peculiartyprône to e!ectro!ytiodissocia-
tion, in whiohone of the ionsresultingfromthe dissociationis incapableof
existencejn the molecularlydisperseddissoivedstate." Anexampleisaiticic
acid or a silicate. Withailicicacid the dissociationtendencyis the sameas
withany aoid;however,thé sihcateiondoesnotdisperse,but remainsbound
to the colloidaiaggregate. Thé potentialdifferenceaorossthé interfaceis a
result of, andwill heproportionateto, thé dissociationtendeney. (Thede-
greeof this tendencyto dissociatedependsuponthe "intrinaio"naturesof
the solidmaterialandof the liquidphase.)

Thé third ctassis illustratedby substancessuchascellulose,collodion,or
air bubbles. In thesesubstancesthereis noorientedadsorption,nor is there
a tendencyto dissociate(certainlytrue in caseofair bubbles). Yeta charge
existsat the interfaceofthesesubstances. ThisMiohaelisexp!ainaas dueto
a dinerencein the capillaryactivityofH+andOH- ions. He assumesthat
the OH- is more capillaryactivethan the H+ionsand, therefore,thé OH-
entera doser to the actual surfacethan the H+,therebyCKalmga zoneof
potentialdifference.

<Mich&dia:p.~t, "CoNoMChemMty,"editedbyJ.Alexander(!9:6).
MichaetiB:"ESectaofIonsinColloidSystem,"(t~g).

`
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Thecharacteristicfeaturesof "electrokinetiephenomena"are thoseof a
heterogeneousnystem,one phaseof whiehmust be liquidand, in whioh,
relativemechamoatmotionoccursbetweenthé differentphaseswhentheyare
subjectedto an electricalfieldofforce;or,whenmeohanicalmotionisbrought
about in eitherphase,an electricalfieldof forceis setup in thesystem.To
the firstcategorybetongthé phenomena,e~roMMMMandc<t<op~<M'eMs.In
thefirstcase,the liquidmovesthroughafixeddiaphragm,whilein thesecond,
the colloidalpartiale movesthroughthe liquid, underthe influenceof an
etectrioalfield. To the secondgroup belongthe Btreamingpo<e)Mta!and
MM~ompt~t'~ (potentialof fallingpartides) phenomena,whereinme-
chanicalmotionof thé liquidor solidphase,respeotively,givesrise to an
eteetrica!fieldof forcein the system.

That solidmatena!simmersedin wateror other liquidashowa difference
of electricalpotential aerossthe interfacebas longbeenknown. This, in
fact, is to be expectedfromthe first lawof etectrostatics,wtuchstates that
all bodiescominginto contact with eachother becomeoppositelycharged
withelectricity. Reussain 1808,observedthat whenan etectnoourrentwas
passed throughan earthenwarediaphragm,water wastransferfedfromthe
anodeto the cathode chamber. In 1816,Porret' describedthe samephe.
nomenonwhen he useda sand diaphragm. Wiedemann'-and Quincke"
madequantitativemeasurementsofthiseteotro~endosmosisphenomenon,and
Quinokefiratshowedthat the watermighttravelineitherdirectiondepending
uponthe natureof the solidused,an observationwhiohledhimto the theory
of the existenceof an eleotricatdoublelayeracrossthe interface,the signof
whichmightbe duferenttyarrangedfordifferentsubstances.The theoryof
eteotrosmosiswasfirst quantitativelyexpressedby He!mho!tz"'12,andlater
by Pemn, M

by Lamb,~andby SmotuchowaM"withoutradicalchange.
Helmholtzdevelopedhis equationfrom the considérationof a single

capillarytube of the solidmaterialSMedwith the liquidand placedin an
electricalfield. He assumedthe electrioaldoublelayercoatingon the tube
tobeessentiaUya condenser,thé platesofwhichwereseparatedby a distance
equal to the diameterof one moleoule.Ferrin~, followinga suggestionof
Pellat, introduced the dielectrioconstantof the liquidas a factor in the
formulaandthus madepossiblethe assumptionof agreaterdistancebetween
the layers,than that assumedby Helmholtz.

Re<xs:M6m.Sec.deMoscou,397(tSo~).
Ponet:Gilbert'sADn.,66, (t8t6).

Wiedemann:Pogg.Ann.,a?,~t (t~).
Wiedemann:Pogg.Ann.,99,tyy(t8s6).
Qmnoke:Pogg.Ann.,tM,519(t86t).
vonBMmMtz:Wied.Ann.,7, ~y(~79).
vonHehnhottz:OesammteAbh&ndhmgen,t, 855(t882).
Pemn:J. Chim.phys.,2,6oï(t904).
Pemin!J. Chim.phya.,3,50(t<)os).
Lamb:B.A.Rep.,t887,495.

"vonSmoluchowski:But!.Acad.Soi.Ct-acovie,)[OM,m.
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Thefollowingdevelopmentoftheeteotm~ndosmosmformulaisessentialty
that givenby Perrin. Assumea singlecapittaryaotingasa diaphragm,across
the ends of whiohis imposedan ebctrioalpotential difference. Further,
assumethe existenceofan electrioaldoublelayeralongthe wathofthecapit-
lary, one layerofwhiohMfixedtightlyto the sotidphase,whilethe otheris
tocatedat a distance(S)fromthefirst,andin the liquidphase,beingfree to
move. WhenaneleetriealfieldiBsetupdueto &aappliedpotentialdiSerenoe
at the endsof the capillary,onechargetendsto movein onedirection)while
the other tends to mo~ein the oppositedirection. The chargeon thé solid
beingfixed,the ohargedliquidlayerwillbe movedalongthe sarfa~ of thé

capillaryat snoha rate that the McHonalforces(R) Meat equilibriumwith
the eleotrioalforces(E).

Theelectricalforce(E) actingonunit areàof aurfaceequaisthe produet
of the charge(e) on the doublelayerperunit of surface,and the applied
potentialdifference(H)over unitlength.

E = eH

Atequilibrium,thismust beequalto thefriotionalforce (R) whiehit bas
overcomeor balanced,

R=A)),

where=< coefficientof viacoaityand A = thé decreasein velooityof
Bowof the liquid in a directionperpendicularto the wallof the oapillary,
that is, the avoragevelooityof the layerof liquidtaken betweenthe layerof
maximumvelocity(u)and the layerofnomotion,i.e.,the fixedsurface.

Then A = u/S where(8) the distancebetweenthe 6xed and moving
layersand

R = u/$.

Themaximumvelocity(u) willbethe velooityat whichthe liquidleavesthe
capillary,sincethe mainbodyof the liquidin the capillarywillmoveat the
samerateas the layernearthe wall. (u)maybemeasuredthen, bymeasuring
thevolumeflowingin a giventimeandthediameter(orareaof crossseotion)
of the tube. Volume(v) emitted in giventime then, is, where (r) is the
radiusof the oapulary,

v = ~u
then

R- v?/<M*
therefore,

eH = ~/S~

Helmholtzand Perrin regardedthe doublelayersas Sat surfaceslying
parallelto eachotherand at a distanceapart (~). These8urfa<!e8can,there-
fore,be thought of as the twoplatesof a Sat condenser. 'Thecapacity(C)
ofa flat condenseris directlyproportionalto the quantity (Q) ofelectricity
it holdsand inverselyas the P. D. (f) acMsathé plates,i.e.,C = Q/
A!so,the capacityof a condenser,bya lawinphysics,is directlyproportional
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to the dielectrioconstant (e)of the materialseparatingthé plates,and to
the area (A)of théplates,and inverselyproportionalto their distanceapart
(8),and to a constant(4~), that is,

then

but

and

substituting

thon
~~H<

But, in a diaphragm,the areaof crosssection(q) takesthe placeof (~) in
the capillary,andt*= q/tr,
then

and

H = El, whereE = appliedE. M. F. acrosadiapliragm,and 1 = distance
betweenendsofdiaphragm.

E = iw, where(i) is the ourrent and (w)the résistance,and w = 1/qK
where1 ==lengthof capillary,q = crosssectionarea,and < = specifiecon-
ductivityof the Uquid.
Whence,

and

Thisequationatatesthat wherethe etectriccurrent(i) iskept constant,the
volumeof liquid(v)whiohwillflowin a giventimethroughthe diaphragmis
directlyproportioDatto the r-potentialaorossthe interfaceandto the die!ec-
trioconstant (E)ofthe liquidand inverselyproportionalto the viscosity()t)
andapecifieconductivity(<)of the liquid,but is tMJepetM~ttof the areaof
crosssectionor lengthof thecapillary.

C=~-
c 4 eAIrâ4wS

Q ~A 4~0
f" 4~°'' <A

Q/A = e, the chargeperunit aroa.

4?r&! {-<
=*–-orwS =–

e 4e

~=~

tltUe 4v'l

4~ r'He

v.~
4~

t 4~

qH<

~e
V ––––––

TT~fC

4~'nr
lE
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Wemaynowcorder theeleetromotiveforcesproducedby theflowingof

a liquidthrougha capillarytubeor aporousdiaphragm.Thisphenomononis
in a sensethe oppositeto electrosmosis.In the !atter~an externaleieotro-
motiveforcecausesthe flowofwater throughthe fixeddiaphragmwhitein
theformer,themecbanioalSowofwatersetsupan electromotivetorceacross
the twoends ofthe diaphragm.Beetz" gave the name"Strômungstrôme"
to the ebotrioourrentsogenerated,henceoatnethe name"streamingpoten*
tial" forthe E. M.F. observedacrossthe diaphragmundersuchconditions.
This subject has been studiedexperimentallyby Quincke, ZoUoer,"
Edlund, Haga, Ctark,~Dom," and Ebter,~ the generalobservation

beingthat thé E. M. F. obtainedwas proportionalto the pressureapplied.
The phenomenonisascribedasdue to a kindofeleotricalconvection,and to
bethere8ultoftheetectriBedlayerof the liquidcarrytngitschargealongwith
it as it movesthroughthe capiMary.In the caseofa straightoapiUary,this
resultsin a differenceofpotentialbecomingmanifestat the twoendsof thé

tube, whichis compensated,ifby no othermeans,by conductionbackwards

throughthe columnofliquidin the tube. Thesimplestexampleofstreaming
potentialis that inwhicha liquidis atreamedpastoneetectrodeimmeraedin
the liquid,whiteno motionof the liquidoccursMoundthe otherélectrode.

Hehnhoitz"inhiswettknownpaper oninterfacepotentials,firsttreated
the subject mathematicaUy.The followingderivationof the streaming
potentialformulais that givenby him.

He againconsidérathe simplercaseof a singletube nUedwith a liquid
whichis beingforcedthroughthe tube under a hydrostaticpressureand
acrossthe interface,solid-liquid,of whichthereexistaa potentialdifference.
Let (e) denotethe eleotricaldensityof the movablelayerat a distance(<)
fromthe wall ofthe tube. Thevalue of the velocityof motion0*)of the

liquidat the waHofthé tubebeingzero,then the valueof (p)at the distance

(<)willequal tt = S,
the infinitesimalrate of changeof velocitywith the distancecomponent
perpendicularto thé waU,timesthis distance. The amountof electricity
whichiscarriedalongby the liquidin unit time in the surfaceelementds. da
thenwillbe

Eo= e ~/aa o ds d5

Integratinga partof the expressionthrough<–

Beetz:Pogg.Ann.,tM,486(1872).
"QoiNeke:Pogg.Ann.,107,t (t&S9)-

QmMke:Pogg.Ann.,110,38(1860).
Zottner:PoM.Atm.,148,640(t873).
Edtund:Pogg.Ann.,t56,35'('N75).

"E<Nund:Wied.Ann.,t. t6t (tS/y).
Haga:Wied.Ann.,2,396(tSy?).

*<Haf~:Wied.Ann.,S,zSy(tSyS).
MCtar!c:Wied.Ann.,2, 335('~77).
"DoTB:Wied.ÂM.,10,46(t88o).

Eteter:Wied.Ann.,6,553(t~).
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Ve-S-dS = t/4ir a~/M = 1/4~(~i <~)or t/4~.

which,whenthe dielectrioconstante is oonsideredbecomesthe samevalue
M that obtainedfrom considérationof the doublelayer as a condenser,as

underelectrosmosis,

e8 = ~e/4?r,where is the P. D. aorossthe interface. This is the "same
valuewhichthe momentof the doublelayer wouldform if the opposing
electnoitieBof the systemwereall concentratedinto the interface. 80 it re.

sultsthat theentirecrosssectionofthe tubeofliquidcarriesalonganamount
ofelectrioityin unit time"

Eo {'e/4a- ds

whichis proportionalto theP. D. acrossthe interface,the dielectricconstant
of the liquid,the averagevelocityof the flowingliquid~< and to the sur-

faceof the layer (ds).
Integratingthe latter expressionof the aboveéquation

~/9S-ds = PA/nL

that is,the averagevelooitytimesthesurfaceareaofthe tube is proportional
to the hydrostaticpressure(P)andthe areaofcrosssection(A)andinversely

proportionalto the viscosityof the liquid(~)and to the lengthof the tube

(L). Thisexpressionis a formofPoiseuille'sLawgoverningthe flowofliquids
throughcapillarytubes. (Thenegativesignservesto indicatethat thedirec-
tion of flowofquantity Eoisoppositeto that ofEt givenbelow.) Then

PAf<
Eo = -–-

4~L

whichis the amountof electricitywhichis carriedalongthe tube perunit of

time,and whichwouldaccumulateat oneendof the tube if it werenot for
anelectricalconductancethroughliquidin the tube in theoppositedirection.

AneleotromotiveforceH, is thus createdbetweenthe ends of the tube
and the amountofelectricity(E)whichisconductedbackthrougheacharea
ofcrosssection(A)in unit timewillbe

Et = HA/<rL

where(<r)is the speciËcresistanceof the liquid.

If thereMno othermeansofconductancethan that throughthecolumnof
liquid,an equilibriumwillbeestabtishedwhen

E. + Et = o
then

H=~H=~
a 4~ 4~){

This equationshowsthat the E. M. F. (H) observedwhen a Hquidis
forcedthrougha capillaryacrossthe endsof whichthere is a differenceof
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hydrostatiopotential (P), is directlyproportionalto (P), to the potential
di~erenceaorossthe interfacesolid-liquid(~),andto the dieleotricconstant(e)
of the liquid. (H) {9inveraelyproportionalto the visoosity(~ oî the liquid
and to its speoiSoconductivity(<),but ? ~H<~e~t<!et~tofthe ~memsMMMof
the tubeor diaphragm,so longas the diaphragmmaterialhaanocoK~wc<î~in Thisequationwaamodifiedby Lamb'*to Includoa tenn deBningthé slippageof thé liquidlayeralongthé face of the solid.However,this
slippageisso smallas oomparedwith the relativemotionof the liquidover
tho filmofliquidwhiohis in contactwiththe soUd,that it isnegligible.

It willbenotedthat thé eleotrosmosisformulafor thevolume(v)flowinginunittimewhenthe current(i)iskepta oonstant,and thestreamingpoton-
tial formulagiven aboveare both independentof the dimensionsof the
diaphragm.

fie
( ..)v =
(electrosmosia equation)

4~tK

)
°

4~
(streaming potential equation)

4'Mx

If theseequationsale eorrectiyderivedand no term is omittedfromone
whiohisconsideredin the other,the relation

v/i = H/P shouldhold.

Saxen"determinedwith thesameapparatusthe oloctrosmotioallytrans-
ferredvolume(v)and alsothe potential(H)for the streamingcurrent. He
useda olayplateforthé diaphragmand,as liquida,solutionsofzino,cadmium
and coppersulfateswith électrodesof the correspondingmetab so as to
eliminatepolanzationdisturbances. The valueswhichheobtainedshowa
verycloseapproximationto the identityof theseratioswhenthé othervari-
ablesareheldconstant. Valuesfor thé ~-potentialoblainedby eitherthe
electrosmosisor streamingpotentialmethodthenshouldbe identical.

Kruyt'usedthé streamingpotentialmethodto study the comparative
effectsofeleotrolytesonthé ~potentialof a surfaceand oncolloidstability.
Heusedglasstubesofvariouslengtbsandareasofcrosssection,andstreamed
electrolytesof lowçoncentrationthroughthem undermeasuredhydrostatic
pressure. Hemeasuredthe E. M.F. set up aorosathe endsof the tube bymeansofnon-polarizableAg-AgCIelectrodesand a potentiometer,usinga
capillaryelectrometeras the nuit instrument. For a givensampleof glassand a givenliquid,he foundthévalueH/P to bea constant,but tobediffer-
ent fordifferentsamplesof glass. Ho pointsout that Grumbach"in some
studiesonthe influenceofnon~leotrolytesin a millimolarKCIsolutionuponthe streamingpotential,foundthat there wassomechangein the H/P value
given,asthe cellwasallowedto set fora fewdays. Kruytverifiedthis ob-
servation,but foundit sosmallas to benegligibleforall practicalpurposes.

LMab:Phil.Mag.,(5)25,5~(t88S).
SMen:Wied.Atm.,47,46(!892).
GntmbMh:Ann.Chim.Phya.,(8)M, (tt~t).
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Olderexpérimentaoitedby G. deVillemontee"stated that withsolutions
of copper,z!noand nickelsulfates,therewasnostreamingpotentialsetup.
Thesolutionsusedin theseexpérimentacontained10gramsof saltper liter,
howover,and their conduotivitieswere too high to allowany observable
E. M.F. to be set up. Therebas beena gooddealofdata obtainedby
electrosmosisexperimentswhichshowthat eleotrolytes,in général,deoroase
the f-potentialon colloids,a tact that is of significancewhenweremember
that eleotrolytes,in gênera!,aisodecreasethe stabilityofcolloidalsolutions.

Kruyt foundthat inverysmallconcentrationsofoleotrolytes,ofthe order
of ico~molaperliter,KCI,HCI,andBaCt:increaeed(!-)ong!as8,but quickly
thereafterdeoreasedit steadilyin concentrationsof thé orderof 200-1500~
moisperliter, thoughneverdischar~ngitentirely. A1C! the onlytrivalent
metatheused,showednoindicationof an inoreaseof but in verylowcon-
centrations (ioss than i~ano!per liter) totaUyreversedthe chargeand
maintainedit reversedthoughapproaohingthe valueof zéroagainin higher
concentrations.

Freundliohand hie ooworkers~' made use of the streamingpotential
methodsfor determinationof the t-potentialongtasscapiMariesin their re-
seareheson the relationehipbetweenthe "eîectrokinetiopotential"and the
"thermodynamiepotential"of interfaces.

Borenus"wasfirstto comparepotentialsmeaauredtangentiallyto those
measuredperpendicularlyto an interface. Forhis transversemeasurements
heuseda paraffindiaphragmand salt solutions,and for the tangentialmeas-
urementshe tookthe cataphoretiomeasurementofPowis(loo.oit.)onparaSin
oi!s.

FreundlichandEttisch"usedglasstubesforthe tangentialmeasurements
onthe {'-potentiaiand the thin glasseleotrodeofHaberandKIemensiewic~
for the measurementsof the e-potential,i.e., the trana~orsepotential.They
ahowedthat the t-potentialwasnevermorethana fractionofthe e-potential
andthat it wasgovemedverylargelybye!ectro!yteconditionsin thesolution.
Thec-potentiatwasfoundto be entirelyindependentof the eleotrotytecon-
centrationin theexternatsolutionwiththeexceptionoftheH+andOH"ions.
Thegtasselectrodeacts,then, as a hydrogenélectrode. In orderto explain
this disorepancybetweenthe two values,Freundiiohpointsouf that it is
necessaryto maketwoassumptions.Theyare, nrst,the existenceofa diffuse
doublelayer in at least oneof the phases(aspostulatedby Gouy~<')whioh

deVNtomont~:J. Phyo.,(3)6, (1897).
vcnEtNsafofT:Z.physik.Chem.,M,365(t~M).

"Burton;PM.Mag.,(6)11,~5 (t9o6);12,4~ (tgoC);17,583(1909).
"Ema:Z.physik.Chem.,M, ~t (tgn);80,S97('91~);M,145(t~s).
"Po~ia:Z.physik.Chem.,89,9:,i79,tM(19r5).
"FreundMohandEtttKh:Z.physik.Chem.,Ue,401(t92g).

BoKMus:Ann.Phy~k,(4)SO,447(~6), 53,~39(t~ty).
"HaberandKbmensiewiM:Z.physik.Chem.,6V,385(t909).

FMmdtieh:t~na. FaradaySoc.,M2<440.
«'Gony:J. Phya.,(4),9,457(t9M).
Gouy:Ann.Phya.,(9),6,s (t~tô) 7,M9,!49(t9<7).
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dirninisheain intenaty graduallyin the directionawayfromthe interface.
The secondis that a layerof the liquid is heldtightlyat the surfaceof the
solidand that the motiontangent to the surfaceis betweenthe movable

liquidphaseand this thin layerofliquidadheringto the wall. (f) thon can
be thoughtof as varyingwiththe fractionof t-potentialwhich is actually
moved;that is to say,porhapsonly a smallfractionof the total potential
froma point insidethésolidphaseto a pointinsidetheliquidphase(whichis
the t-potential)willexistacrossthé two layersof liquid,movableand non-
movable,and this fractionis A1sothe signof thepotentialacross these
twolayerscouldbe reversedbytheactionofeleotrolyteswithoutappreciaMy
changingthe e-potential. Thee-potentialis to be thoughtpfas a "thormo-

dynamic"-potentialand to be govemedby the Nernst formula. Thé
potentialwilltell nothingaboutthé e-potentiai;but the r-potentialwillbe
a closerfunctionofadsorptionandother colloidqualitiesof the systemthan
willthe .potential.

In Freundiich'sinvestigation,the action tifKCI,BaCl;, La(NOt): and

Th(NO))4Uponthe~-potontial onbisglasstubeswasobserved.KOlandBaC~
gave an increasein in concentrationsbetweeni and iop mols, and de-
creasedit to nearlyzeroin ~ooo~molarsolutions. The KCIcurve on the

graphlay weUabovethé BaCIicurve. La(NO))tcausedno increase in f,
but a steadydecreaseto notquitezéroin icoo~tmolarsolution.Th(NO<)4re-
versedthe chargein a i~ molarsolutionandreachedmaximumreversaiat
10~molarsolution,then deoreaamgagainto approximatelyzeroin a zooop
molarsolution. The changein the ~-potentialfor the samesolutionswas

relativelysmalland steadilyin onedu-ection,atl curveson the graph being
virtuallyparaM.

Assumptionauponwhichthe Electrosmoslsand StreamingPotential

Formulaesurebased

e-The dielectricconstantof the liquid in the regionof an interface is
assumedto beequal to that of the liquidin bulk. Récentmeasurementsof
the dielectricconstantofwaterin presenceofan eleotricalfieldshowthat e
forwatercan be loweredfroma valueof 80to a valueof i by placingthe
water in an electricalfieldof thé order of 500,000volts per centimeter.*
HehnhoitzandQuincke(loc.cit.)estimatedthe distanceacrossan interface
asof the orderof 10'*centimeter,that is, thé thicknessof onemolécule. If

the f-potentialwere thenof an orderof 0.2volts,it is easilyseen that the

liquidin the interfaciallayeris beingacteduponby anextremelyhigh elec-
trical fieldand its dielectricconstantmightbe greatlyreduced. According
to the theoryof Gouy(loe.cit.) on the existenceof a diffusedouble layer,
whichpostulatesa muchgreaterdistancebetweenthe centersof electrical

charge than that estimatedby Helmholtz,it seemsprobablethat the e!ec-
trica.lfieldextant in interfacialregionsmay not be highenoughto entirely

StatementmadebyDebyeina lecturebeforetheMinnesotaSectionoftheAmerican
ChemicalSocietyand8<MietyofNgmaXi,Apnt,t~y.
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eliminate(<)fromthéequation. Probablytheaotualvaluefor (<)liessome-
wherebetween80andi, and it mayvary withthéconditionsin theinterface.

Withdilutesaltsotutions,Emaynot remainunchanged.Waldon,Ulrich
andWemer~'haveofferedevidencethat the additionofa saltto a pureliquid
firstdeoreases<andthen,with increasedconcentrationofsalt, inoreasesit to
a valuegreaterthanthat of the puresolvent. Thisis theregularthingwith

organicsolvents,althoughwith water they observedonlythe initial drop.
Kruytand van derWiUigen"have drawn thé conclusionthat the so-called

antagonismofionsprobablydependsuponthefactthat oneofthé electrolytes
showsa maximumin apparent ~-potentiatwith increasingconcentration,
whicheffectis probablydue to its influenceonthe dielectrioconstantof thé

liquid. UnivalentelectrolytesusuaUyshowthis maximumwith increaeing
concentration,but its exactposition is not predictable;polyvalentions do
not alwaysshowit.

It is possiblethat there may be other effeots,also,on the liquidin the
interfacethan thosedue to the electricfield. For instance,the densityof
waterat the interfacemay be différentfromwaterin bulk. Data obtained

by Cudeand Hu!ett,«Harkinaand EwingyandWilliams*'showthat there
is a differencein theapparentdensityof charcoalindifferentliquidsand they
assumethis to bedueto differeneesincompressibiMtiesoftheseliquidsonthe
surface. LambandCooUdge"assumedthe totalheatofadsorptionto be due
to compressionof liquidin the interfaceand calculateda pressureof37,000
atmosphèresas thécompressingforceexertedthere. Rideat~refusesto bë-
lievethat thiseffectwillfunotionto a greaterdistancefromthe surfaceof the
sohdthan uponthe monomoteoularlayer on that surfaceand exptainsthe
anomalousresultsobtainedon charcoaldensitiesas dueto différencesin the

penetration(into thé pores of the charcoal)or wettingpropertiesof the
variousliquids.

~-Theviscosityof the liquid is assumedto remaina constantfor dilute
salt solutionsand to be equal to that of thé pureliquidin the bulk. That
the viscosityof the liquidin the interfacedoesnot varyfrom that value

ordinarilygivenfor the liquid is very probable,due to the fact that the

viscositymeasurementsare themsetvesmeasurementsof the résistanceto
shearingmotionat an interface. However,it is possiblethat evenin dilute

solutions,(~)maybeaffected,due to adsorptionof thé eleotrolyteinto the
interfaceand a conséquentincreasein the effectiveconcentrationof the

electrolytein that part of the system. Hehnhottz'sand Perrin'sequation
leavesoutofconsidération,also,anyeffectduetoslippageofthe liquidlayer

Walden,Mhoh,andWemer:Z.phyaik.Chem.,116,~6t(t925).
~?P'y~~ WitUgen:Versl.Kon.Akad.Wet.Amsterdam,M,M~o(t9ï6).

;~)tedbyKruyt,Roodvoeta,andvanderWilligen:CoUoidSympMMmMonograph,Vol.
IV).

«CudeandHulett:J.Am.Chem.Soc.,42,391(ig2o).
"HarkiMandEwing:J.Am.Chem.Soc.,43,ty~ (ig2i).
"WiHiMna:Pt-oe.Roy.Soc.,9M,a~ (t~o).

LambandCoolidge:J.Am.Chem.Soc.,42,t t~ô(t9<o).
"Rideat:"SurfaceChemistry",!76(t!)<6).
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alongthe surfaceof the sotid,assumingall motionto bebetweentwoliquid
layers,where wouidbe the onlyfaotor. Lamb, however,introducesa
term, 1/ into allthe equationsof Helmholtz,where the ooemoientof
slippageat solid-liquidinterfaceand 1 = linearmagnitudeof this slippage.
This isnot consideredof importancein later treatmontaof the subject.

S-Thedistancebetweenthe layersis not to be thoughtof as the aotual
distancebetweentwoplanesurfacesasHelmholtzpioturedit, but ratherthe
distancebetweenthe electricalcenters Qfgravity of two diffuse layers.
Lippmann~ fromoonaidotationsof the interfacialtension-voltageourveof
merouryagainstsulfurioaoid,as in a capularyeleotrometer,concluded(S)
wasindependentof the chargeaorossthe interface and of the signof this
charge. That thiswaaan exceptionaicasewaspointedout by Gouy"who
showedthat Swaanot constantandthat the doublelayerswere to be con-
siderednot as fiat surfacesbut as diffuselayers. This conceptionof the
doublelayer findsits theoreticalfoundationin the Mnetiotheory of heat,
whiohmakesit veryuntiketythat aUthe ionswouldbe distributedina single
planein the liquid. (SeealaoBiHiter)." Ridealstates, "At'the beginningbf
theprésentcentury,whenmoleoularmagnitudesbeoamomoreexaot!yknown,
it becameapparent that 8 wassmaUerthan an atomiodiameter. It was
thereforesuggestedthat thé. chargesof the doublelayermuetbe regardedas
separatedby a dielectriomedium. The thicknessof the double layeris in-
creasedeightyfoldif purewaterberegardedas the interveningmedium,but
evenif the dieleotricconstantofso thin a layerbe consideredtess than that
of waterin bulk the thicknesswillstaUbe of a possibleorderof magnitude.
Thevariationsin Smaythusbeattributedto a variationoitherin the thick-
nessof the doublelayeror in theeffectivedielectrioconstant,or to a com-
binationof both.

the distancebetweenthe doublelayers,then, is variable,and may, in
caseswherepolyvalentionsor otherverycapUlaryactiveionsare presentin
the solution,becomesosmallas to exctudeany great relativemotionsin the
twolayers,causingan anomalousloweringof e-potential.

In the derivationof thé equationsfor the determinationof it willbe
rememberedthat (5),the distancebetweenthe electricaldouble layers,was
equatedto (S),thédistancebetweenthe layerofno motionand thé layerof
maximumvelocity. It isveryunlikelythat thèsedistanceswillbe identioal
or that they willvary in the samemannerand degreewith changesin the
environment.It seemsprobablethat hereinliesthe principalfallaoyinhérent
in thèseéquations. However,at présentit cannotbe eliminated.

fc–Thespecifieconductivityfactor foundin the equationrefers to that
of the liquid. In thederivationof the streamingpotentialformulait willbe
rememberedthat the solidphaseis assumedto have a negligibleamountof

~'LippmanB:Sitz.Akad.Wies.Berlin,p.947(t88t),(Citedby Rideal:"Surface
Ch9miatty",p.an).

BiMtter:Z.phyeik.Chem.,45,307(t~o:).
Rtdeal:"8urfMeChemi<try",~M(t926).
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conduetivity. A!soany "surfaceconductance"is disregarded.Smo!uohow-
ski~haapointedout that "surfaceconduotivity"mightbeoomean important
factor in eteotroMnetiomeasurementswhenthe conductivityof the liquid
wasvery low. It wouldbecomenegligiblein salt solutionsof concentrations
highenough to give the liquid phase an appreciaMyhigh conductivity.
Stock"notedthat quartzpowderinsuchliquidaasnitrobenzene,aniline,etc.,
greatlyinoroasethe apparentoonductivityof theseliquids. MoBain"men-
tionsexpérimentaby Darke on the conductivityofdilute KCI in a quartz
capillarywhiehshowedconduetivityoverthat of thesolutionin bulk. From
theseconBiderationa,he stated that Darhewasattemptingto makeabsolute
measurementsof electrosmosis,noneof whichhad previouslyexistedso far
as he (McBain)knew. Fairbrotherand Mastin"performedexperiments
whiohindicateda smallinoreasein the apparentconduotivityof diluteaque-
ouaetectrolyteeinaporousdiaphragmoverthat inbu!k. Theseauthorsoffer
a methodfor electromosisdetenninationsof f, in whichthey eliminatethis
sourceoferror bymeasuringthe "ceUconstant"ofthediaphragmemployed,
usingN/io KCI solution,in whiohthey assumethe "surfaceconduotance"
to be very amaUin comparisonwith the "butk oonductance." Stamm"
foundthat water usedin electrosmosisexperimentson woodsectionshad a
speoinoconductivityof 5.43X io*' mho,whilethe specifieconduotivityof
theaveragetransversesectionofthe woodimpregnatedwith this water was
8.37X !o'~ mho. This indicatedthat the actualwaterin the woodhad a
speoinooonductivityofperhapsa or3 timesthat inbulk.

In the derivationof the streamingpotentialfonnuta the quantity of
eleotrieitywhiohis conductedbackthroughthe liquidin the tube in unit
time,is

HA H~r~-=–- = –-–
oL L

Thisis true whenthe conductivity(<) isuniformoverthe wholearea (~)
of thecrosssectionof the tube andequalto theconductivityof the liquidin
bulk. Whenthe conductivityis changedin the regionof the interface,a
newterm muât be introducedto takecareof thisvariation.

Let (R) denotethe radiusof the columnofliquid(inthe tube) in which
thé conduotivityis that of the liquidin bulk,and ? be the distanceper-
pendioularto the wallin whichthe conductivityis changed,and in which
the averageconductivityis Ks. The total radiusof the tube then willbe
R + <. The amountof electricity(E.) oonductedthroughthe volumead-

jacentto the wall (i.e.,the surfaceconductance)equa!s

'~on Smotuehowoki:Phyatk.Z.,e,529(1905);Ans.Aitad.Wies.Krakov,1903A,!8s.
Stock:Ans.Akad.Wim.Krakov,MÏ2,A,635.(CitedbyStMNn:CcNo!dSymposium

Monograph,VoLIV,p.246).
McBttim:Trans.FMadaySoc.,JointSympcMumofFMadayandPhyaicaSociétés,

IMt,150.
"MrbMtherandMaetm;J.Chem.Soc.,t2S,zgto(t9~).
"StMam:CoUoidSymposiumMonograph,4,246(t9z6).
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f
H(~R' ~fR' + yR$+

~) /Cej!<,s=–-–––––––––––––!–––f
L

=~(RS+S')K.
JL

Theamountofeleetncitycarriedbythé bulkof liquidwi!!be

p H~rR~
L

where thé specincconductivityofthe liquidin bulk.

Thetotalamountof electricityconductedthon,is

Er=EL+E8"(H~/I,)tR~+(M+~]
Whenthe speoifieconduotivityof the liquid(<[jis employed,the equation
givenabovefor thé streamingpotentialwillholdonlywhenthere is no sur-
faceconductance;otherwisethedimensionsof the tube mustappear in the
equation. That the surfaceconductancewasnegligiblein the caseof glass
tube experimentswithstreamingpotentialas carriedout by Kruyt and by
Freundlich(!oo.oit.)isevidencedby the constantvalueof H/P whichthey
obtamedwithany givensampleof glassregardleesof the dimensionsof the
tube.

If weooutdconsiderthe diffusedoublelayerof Gouy(toc.oit.)asextend-
ing to the centerof the capillary,then the valueof R in theéquationgiven
abovewouldbecomeequalto zeroand

L

woulddenotecorreotlythe quantityof electricityBowingbaokthroughthe
tubeinunit time. If weoouldthenmeasuretheaverageconductivityof the
liquid(<,)in the tubeor diaphragm,an absolutevalueof would be ob-
tainableby the atreamingpotentialmethod. Gouycalculatedthe valuesof
Sfora surface,the chargeoverunit areaof whiehamountedto ïo eleotro-
static unite,and obtainedthe following:(in thesevalues,8-standsfor the
electricalcenterofgravityof the diffuselayer)

o
Solutions N/ioo in ions o.o6j~t
Solutions N/icoo in ions 0.6~
Purewater (KoMrauach) 1010~

For lowpotentialsand dilute solutions,then, S may attain a considerable
value(comparedwithmoleoulardimensions),evencomparableto theradius
of the tubes in a tightlypackeddiaphragm. Determinationof the value
M maybe madeaccordingto the methodofFairbrotherand Mastan(ioc.
cit.) by measuringthe "cell constant"for the diaphragmwith N/io KCl
solutionand catculatingthe apecincconduetivityof any other liquidwhich
may bestreamedthroughit. The surfaceconductaneein thé caseofN/ioo
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KCtsolutionwouldbevery low,as they pointedout, in comparisonto the
bulkconduotivity. Gouy'svaluesforthé thicknossof the surfaceconduct-
inglayer (S)ina N/to solutionalsobearout this conclusion.

Anotherassumptionwhichwemustmake.whenweuse this equationfor
the streamingpotential,is that the conditionsof the oapiliariesof the dia-
phragmdo not differmuohfromthose postulatedfor the simplecapillary
picturedin the processofderivationof the equation.Poiseuule'sLawholds
forsimplecyundncaloapiUanesofnottoo largediamoter,andwithpressures
low enoughnot to causeturbulentnow. Wemust assumethat it alsoholds
forthéaveragecapillaryof thediaphragmandmustusepressureslowenough
sothat turbulentflowisnot produoed.

That the ~-potentiatappearato hâve a temperaturecoefficientis indi-
catedby workof Cruse'~whofoundthat with a ctaydiaphragmand dia-
tiUedwater, a maximumwasobtamedfor (f) at a temperature of 4o*'C.
Smotuchowski"c!aimedthis change to be due to the faot that thé
factor~K/<did not remaina constantwith changeof temperature. Briggs,
Bennett,and Pierson"say that theirinvestigationsshowthat the changein
rateofvolumeflowinelectrosmosisexpemnentsis a funotionof the visoosity
changewith temperature,and that no maximumcoeurs. Cruse's results,
theyolaimto be dueto the failureofthe diaphragmto cometo equilibrium
withthe liquidbeforethéreadingsweretaken. GeeandHarrison"measured
thévalueof (<)withchangein temperaturefor the watertheyused,adopted
valuesof (~)fromLandott-Bomsteinandvaluesof (e)givenby Drude, and
obtainedfor temperaturesrangingbotween15"C. and80°C.,values for ~x/e
whichwereverycloseto a constant,thus indicatingthat the variation ob-
servedby Crusewasdueto a variationin (f). It isof interestthat Geeand
Harrisonshouldobservea likemaximumof the f-potentialonwool,cotton,
andailkfibersat approximatelythe aametemperatureas that of Cruseon
olay,i.e.,3s"C.-4o"C.

The~-poteaaa!on Cellulose
Soatteredinstancesof f-potentialmeasurementson cellulosehave been

madeby meansofthe eleetrosmosismethods.Perrin"' in his atudiesupon
the influenceof dissolvedelectrolyteson variouscolloids,foundthat in an
electroamosisapparatusinwhichthevottagedropwas10voltspercentimeter,
a diaphragmofcottonfibers1.4oentimeterain crosssectiongavethe follow-
ingvaluesfor therate of flowinaoidandalkaliconcentrations:

N/so HCt oce.per minute

N/~ooHCIaoco.
Il

N/soo KOH70ce.
Larguierdes Bancels"'showedthat the negativecharge on ceUutose

increasedin alkalisolutionsanddecreasedin aoidsolutions,and, also, that

polyvalentpositiveions(Ca,Zn,Ba)decreasedthis chargewhilepolyvalent
negativeions (80~and Fe(CN)oincreasedit.

"CtuBe:Physik.Z.,<S.Mt(t~os).
Brima,Bennett,andPimMn:J. Phye.Chem.,22,M6(t9'S).
GeeandHMriaon:T~M.FMadaySec.,6 4~(t9to).
desBaneets:Compt.rend.,149,316(!90t)).
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GermanPatents"note thé migrationofoeUutosefiber8towardthepositive
poleunderstressof an etootrioatfield,but no measurementsof this effect
are given.

In allinstances,no attempt is madetowardobtainingabsolutevaluesfor
the chargeat the interface. They giveonlycomparativevalueswhiohahow
qualitativelythe eSectswhiehoteotroïyteshave onthe charge,valueswhich
are not necessarilyduplicableeven whonthe samesampleof celluloseis
usedagain.

Geeand Harrison,~and Harrison,"in developingtheir electrioaltheory
ofdyeing,usedthe streamingpotentialmethodfordeterminingthe t-poten-
tialon cotton,silk,and woolfibersagainstpure waterand againstsolutions
ofvariouseleotrolytesand dvestuSs. A descriptionof the apparatusused,
isgivenin the secondpaper referredto. Theyfoundthat: (a)acidsincrease
thechargeonapositivelychargedfiberanddecreaseit ona negativelyoharged
fiber;(b) all acidsact the samewhenthe H ionconcentrationis thé same;
(o)basesact oppositelyto acids; (d) whena salt is used as the electrolyte,
ionsof the oppositechargeto that of the fiberhavethe mosteffectandthe
chargemaybereversedby suchions; (e)polyvalentionshavegreateateSects;
and (f) the chargeon a negative fiber (cotton,wool,silk) againstwater is
greatestat the temperatureof 4o°C.

In their measurementsthey packedthé fibersinto a cellbetweentwo
platinumelectrodesand measuredthé electromotiveforceset up whenthe
liquidwasforcedthroughthis diaphragm.Dueto apolarizationofeleotrodes,
theyoouldnot usean ordinarypotentiometer,but hadto measuretheelectro-
motiveforcein a mannerwhichcalledfor no flowof ourrentthroughthe
electrodes.Thistheyaocomplishedby oharginga condenserfromthostFeanung
potentialceUandthen measuringthé dischargeof this condenserthrougha
baBisticgalvanometer.They meaauredthe specifieoonduotivityofthe liquid
byaconductivitycellarrangedto utuMethe liquidafterit hadpassedthrough
thediaphragm.Thèsemeasurementsarethemostaoouratomadeoncellulose
and approachmorenearly absolutemeasurementsthan thosemadeby use
ofthe electrosmosismethod.

DevelepaMotcf Method

Froma considérationof the reaultsobtainedby Kruyt' usingcapiUary
giasstubesand the streamingpotentialmethodfor the determinationof
it wasthoughtthat similar results mightbe obtainedby packingcellulose
tightly into a compartment between two electrodesand forcinga liquid
throughit. Kruyt obtainedconstantvaluesofH/P whiehwereindependent'
of the dimensionsof the gtass tube. The.valuesforH/P, usingcelluloseas
a diaphragra,shoutd!ikewieebe constantand independentof the tightness
withwhiehit mightbe packed.

GM!v<mSchwermandFarbwerkevorm.Meieter,Lucitm,andBrOnniM.D.R.P.
M4SC9,ï~sto, M8o8s.

"HMi-iaon:J. Soc.DyeKandColounsts,27,~S (191ï).
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Acccrdingly,an apparatuswaa pMparedand suohmeasurementswere
attempted. Asa cell, thé apparatus iUustratedin Fig. i wasused. This
cellhadpreviouslybeenusedin eteotrosmosiBexperiments,andwasvii'tuaUy
a U-tubewitha ohamber(C) in the horizontalsectionwhiohcouldbe SUed
with fibers,thesebeingretainedat eaoh endby a porousplatinumdisk (D
and D'). Theplatinumélectrodes(Eand EQwhichwereformerlyconnected
with a sourceofpotentialoou!dnow be used to conduotoffany potential
whichmightbe broughtabout due to the motionof the liquidthroughthe
diaphragm. The liquidwaaforeedthrough the cell in a directionfromA

to A', the diskD' beingoiampedbetweenthe jaws of the twohalvesof thé
ceU, and therefore,able to withstand considérablepressurewithout dis-
tortion.

It waswiththisceUthat an attempt wasmadeto usea LeedsandNorth-
rup Potentiometer(Type K) to measure the potential set up across the
diaphragm,but it wasfoundthat thé polarizationof the electrodesmadeac-
ouratemeasurementsimpossible.Calomelhalfcells,whieharenonpolarizing,
werethenconneotedto the cellthrough the tubes andstopcocks(T and T'),
but the addedrésistanceofferedby the longerpath throughwatermade it
impossibleto get enoughourrentthrough to causedeflectionin the galvano-
meter. It was thenthat the quadrant electrometerwassubstitutedas the
voltagemeasuringapparatus,and polarizationtroublesweredeoreasedto a
minimum,the originalplatinumelectrodesbeingused.

For allpreliminaryexperiments,the liquidusedwasdistilledwatercaught
direotlyfromthé stilt and having a specincconductivityof the order of
3 X 10-*mhos. Fordiaphragmmaterial, a bleachedsulfitepulp whichhad
been electrodialyzedfree of ash (ash content of order of .0: per cent) was
used. Thispulpwaskept wetin an airtight containeruntil readyto be used.

Amongthe firstexperiments,it wasfoundthat the ratioH/P wasnot a
constantwithvariationin P uniessthe diaphragmwaspackedtightlyenough
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sothat thehigherpressureacoutdcausenoappreoiabledeoreasein the volume

ocoupiedby the pulp. The followingtables showthis effect. Table 1 (a)
showsresultswitha diaphragmofpulponlyfairlytightlypaoked,andTable

1 (b)and (o)for a tight anda verytight diaphragm,respectively.

TABLE1 (a)

StreamingPotentialto Pressure Ratio not a Constant
for DifferentDiaphragmaofCetMose

Theeetablesshowanothereffect,that is, the valueH/P, whileit may be

a constantforanygivendiaphragmdoeanot remainaconstantfordiaphragma
of differentporedimensions.ThisiashownaboinTaMen. Sinoethevalae

TABLEII (a)

StreamingPotentialnota FunctionofRateofFlowforDifferentDiaphragma
at SameHydroataticPressures

TABLEII (b) (withKCl solution)
A. $0.5 25 .495 .3~ 80 39.6
B. 50.3 ..538 .4M 66 35.5
C. 501 3~ .638 .695 46 39.4

P H H/P R H/B H'
PXR

(em.Hg.) (mv) (cc./seo.)
A. 5r.9 81 ï.s6 .243 329 $1:
B. gi-9 M ï.S3 .309 308 s~

C. 519 "3 ~09 4S5 349 S~o
D. 51.9 izy.s 2.46 .57S M~ $45
E. si'9 '39-0 '-M .650 aï2 5~7

P H H/P
(om.Hg.) (mv)

51.66 ï3o a.52

37.9 ï07 a.Sa

28. 5 89 3.iz
16.0 52 3.25
M.a 3~5 3.14

TABLEl(b)

5t.5 106.o a.06

39.0 6a.s 2.15
lo.o ai.s a.i5

TABLEI (C)

51.9 81 1.56

38.9 62 t.59

26.4 43 1.63
M.o Y5.8 ï.s8
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H/P wasnot constantforvariousdegreesofpaoking,it seemedevidentthat
thismust be due to oneof the followingcauses. Either therewasa change
in the conductivitywith changein tightnessof packing,or eisethé rate of
flowof the liquid throughthe pulp camein someway into the equation.
TableII showsresultaofan experimentmadeto find whetherornot rateof
flow(R) playedany part. Thèse resultsare obtainedwith diaphragmaof
differenttightnesaof paoking,usinga uniformpressure(P) oneach.

In aUexperimentsahownin Table II, the tightest paokingof the pulp
occursas (A) and is progressivetytess tightlypaokedaa we proceeddown
thé table. In TableII (a) it appearedthat thefactor H'/P X Rwasalmost
a constant,but the other experimentsreversedthis indication. Table III

strengthensthe conclusionthat rate of flowdoesnot playany determining
part in the phenomenon.Table III showsa seriesof observationson the
samediaphragm,at differentpressures. The packingwastight enoughto
makeH/P constantat thesevaryingpressures.

TABLE III

StreamingPotentialsnot a Functionof Rate ofFlowforGivenDiaphragm
at DifferentHydrostatioPressures

Table III showsabo, that rate of flowis proportionalto pressuMfora
givendiaphragm(therewaaa slight constanterror made in this seriesof
observationofpressurewhiehbecameespeciallynoticeablein lowpressures).

-v~.v.v a. ~r.r,,aa.

P H H/P R H/R H'

(cm.Hg.) (mv) (ce./sec.)
PXR

55 '4i 2.56 .48: 293 ~o
47.9 'aa 2.55 .424 283 7~
38.7 ioo s.$8 .343 29: 754
28.2 75 2.66 .938 315 838
17.8 48.6 2.79 .149 33~ 9~6
7-5 2ï.5 a.M .060 3S9 10~8

47-5 iï8.o 2.47 -424 279 690
38.4 98.0 2.S5 .338 290 74S

TABLEII (c)
A. 48.4 98 2.03 .298 329 668
B. 46.2 101 1.19 .236 427 934
C. 47.6 lao 2.S2 .390 goS 776
D. 48.: 1:$ 2.6o .40$ gto 806
E. 48.0 t34 2.79 .~6 241 672
F. 47.9 145 3.04 .758 ~a 584

TABLEII (d)
A. 50.2 10$ 2.09 .gs? 294 6:4
B. 50.? ï:2 2.43 .47~ ~59 630
C. $0.2 t2$ !49 .S95 210 521
D. 50.2 ï3t 9.6i .595 sao jjyz
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Theseexperimentsindioatedthat (R)thé rateof flowoouldnotbeutilised
in obtaininga constantfactor in streamingpotentialmeasurements.The
other alternative, as mentionedabove,was that the conductivityof the

diaphragmwaschangingwithtightnessofpaoking. It wasmconceivablethat
cetMosewas actingas a oonduotor,and yet, whenthé amountof cellulose

paokedintoa unitvolumewasincreased,theH/P ratiodeoreased-aseeming
indicationthat K,the speciRoconductivity,wasinoreasing. In Table II (b)
a KC1solutionwasused. It wasthoughtthat thepaokingeffect,if it wasdue
to a différencein conduetivity,wouldbevery muchreducedor disappearin
a KCIsolution,wherethe conductivityofthe liquidwasmuohhigherthan in
the caseof the distilledwater. Table11(b), however,showedthe packing
effectas before. The workof Kruytongtasstubes wasrepeatedto seeif,
indeed,the value H/P was independentof the sizeof thé capillary. Table
IV showsthe resultsof such an experiment,wheretubesof the sameglass
but offourdifferentsizesofcrosssectionandlengthwereused,andat various

pressures. The rate of flow(R) is givento indioatethe largedifferencein
sizeofcrosssectionofthesetubes. The resultsofKruyt areverifiedand the

streamingpotentialthusshownto be independentof the sizeof the poresof
the diaphragm.

TABLEIV

StreamingPotentialto PressureRatioConstantforGlassTubes
of VariousDimensions

Theforegoingexperimentshavingshownaatisfactoritythat thestreaming
potentialwas independentof rateof flowor of the dimensionsofthe pores
of the diaphragm,it appeared,in spiteof the resultsof TableII (b), witha
KCI solutionin placeof water, that a changein conductivitywas being
broughtabout whenmore, or !ess,pulp was packedinto the diaphragm
chamber. Cellulose,beinga non-conductorof electricity,should,if it had

any influenceat all on the conductivitythroughthe diaphragm,decrease
thé conductivitybecauseof thedisplacementofconductingliquid. However,
the expenmentalevidencepointedtowardthe fact that whenmorecellulose

TubeNo. P H H/P R
(cm.Hg.) (<nv) (cc./sec.)

30-5 43?o i43 1.56
a:.o 3100 i4t ï.aï
ï44 ~i4o 147 089

B 15.5 ~~50 i4S OM
~6.75 3710 i39 o.~o

C 27.65 3630 137 i.s6
19.40 t7?o 139 1.35

D 13.70 1990 145 o.16
25.15 3605 143 0.30
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wasaddedper unit of volume,the conductivityinoreaMdinsteadof decreas-

ing, causinga loweringof the observedE. M. F. (H) instead of an in-

orease,as might be expeoted. A simpleexperimentto findwhetheror not
the presenceof cellulosefibersin the waterdidincreaseits conductivitywas
made. A thin suspensionof pulpin waterwasallowedto standin a corked

erlenmeyerfor severalhours to insure that an equilibriumwas attained,
shouldanysalts bepresentin the pulp. Thena largeconductivityoell.was
filledaltemately with the wateralone,and withthe watercontainingpulp
insuspension,andthe speoincconduotivitytaken. Theresultsareas foUows

i. Lightsuspensionofpulp–speoincoonductivity= 8.60X 10~ mhos
Water (nearlyfreefromfibers) = 8.39X ïo-~

3. Somewhatheaviersuspensionofpulp–apec.cood.=9.70X10'~
4. Water (entirelyfreeof fibers)- = g.eoX io'~

Theseresultsremovedany doubtsas to the causeof the failureof H/P
to remainconstant. Whensuoha great changein specifieoonduotivityis
indicatedwithsuchsmallamountsof fibersas couldbe suokedup into the

conductivitycell,it canreadilybe understoodthat in thé diaphragm,where
the nbersare verytightly packed,thé changeinconductivitymightbe very
largeand readilyaocountfor thé largedisorepanoyin the H/P values.

The new cell describedunder "Method" wasnowdesigned,the object
beingto measurethe specificconductivityof thediaphragm(«o)uponwhich
thestreamingpotentialhadbeenmeasured. Dueto thefact that the areaof
crosssectionof thenewcellwasgreaterthan thatofthe oldcell,it wasfound

necessaryto pack the pulpmoretightly intoit inorderto preventH/P from
varyingwithP. ThévaluesofH/P obtainedwitKthe newcellare therefore,
correspondinglylowerthan thoseobtainedwiththeoldceU. It wasthought
that the factorH~/P wouldbe a constantfordifferentdegreesof packing,
where (K.)is the specifieconductivityof the diaphragmas a whole. This
valuecouldbe calculatedfromthé valueof theoonductivityoeuconstantof
the ohamber(C) (Fig.3), whena N/ioo KCIsolutionwasusedtocalibrate
it, and thé resistanceacrossthe diaphragmitself. Weassumedthat when
the diaphragmmaterialwaspackedinto the compartment,the cellconstant
variedbut little fromthe value obtainedwithN/ioo KCI solution. The

electrodes,whichservedas retainersfor the cellcontentswereofgoldheavy
enoughto withstanda gooddeal of pressuresothat the dimensionsof the
cellwouldnot changewiththe tightnessof packingthe pulp in it.

Theresultsshownin TableV (a)seemto indieatethat thevalueH«./P is
a fair approximationto a constantfor a sulfitepulp. The packingis pro-
gressivelytighter fromAto D; aUcasesare,however,packedwithsumcient
tightnessso that H/P is a constant,withvariationin pressure,for a given
diaphragm.

Thisexperimentwasrepeatedwith somequantitativefilterpaper (Sch-
leicherand Schûll,No. 589). Table V (b) showsthe results. The value
H<fo/Pis approximatelyconstantfor the differentpackings,but is different
from that obtained for the electrodialyzedsulfitepulp. Sincethis value
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must be multipliedby a constant(~.0596X i<~)to obtain the f-potentiat,
it appearedthat variedwiththe kindor Mstoryof the cellulose.

ri

TAB~VV
~l

A MoreConstant Valueforthé ~-Potentia!obtainedwhenSp9ot8oCon- jj
ductivity of Diaphragm(<(B)is used in Place of Spec!6oConduolMiyof

Liquidin B~dkin the StreamingPotentialFormula

(a)Fora Sampleof SulfitePulp

Theseresultsindicateda sufficientconstanoyinthe valueHt~/P to war-
rant its use in comparingceUuloseafromvarioussourcesin orderto findto
what extent they might vary. Meaaurementswere,therefore,madeupon
severaldialyzedpulps anduponcotton, with the result that the valuesof

H~o/Pall lay between thevaluesgivenby the sulfitepulp shownin Table
V(a) and the 8. and S. filter paperofTableV (b). However,resultson these

samplesof pulp seemedto eastdoubt uponthe conataneyof this valuefor

any givenpulpwhen the tightnessof packingwasvaried. TableVI shows
this for a dialyzedshort fiberpulp.

(b) Fora Sampleof S. and S. FilterPaper1-

P H R/P fc.m* HtB.M'
--p

(cm.Hg.) (mv) (mho)

A 55.0 48.0 .872 z.5t 2.19
~1.2 37.0 .99 2.53 a.gt
26.2 24.5 .935 ~-$3 2.36
23.0 21.0 .9:3 2.59 2.36

B 32.6 3~° -92 2.52 2.32
44-~ 40.5 .92 2.52 2.32
24.0 t9 .794 2.8i 2.23

C 3S-6 29 .Sï4 2.75 2.24
49-7 41 .824 2.70 2.23
5'.4 39.5 .77 2.90 2.23

D 39.3 29.5 .75 2.90 2.18
27.7 2!.0 .76 2.90 2.M

P H H/P <)).!<)' Hfç.!0'
p-

(cm.Hg.) (mv) (mho)

A 31.6 345 m.9 6.o 6.52

29.96 253 t!.o 58 6.46

ia.7 ï43 11.1 57 6.30

18.4 aoo 10.9 5.8 6.36

B 14.9 159 10.7 6.3 6.y
20.2 213 io.6 6.3 6.y

27.3 28.1 10.3 6.3 6.5
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TABMSVI
Evidencethat SpeoiSoConductivityof Di&phragmis not the CorrectValue

to usein the Stï~antingPotentialFormulaforCalculationof f-PotentM

ThisdiCerencemightbe explainedby the fact that this sampleof pulp
stiUcontainedsomesolubleions,andthesewereleachingout intothé solution.

la thiscase,the concentrationofelectrolytewouldbe lowerinthe lesstightly

packeddiaphragmthan in the more tightlypacked diaphragm,due to a

fasterrateof flow. Then,if the ~-potentiatwerean inversefuncëonof this

ionconcentration,it mightbeexpeotedthat it wouldbe higherwherethe ion

concentrationwas low. But whilethis is a possibleexplanation,further

study of the dorivationof the streammgpotentialformulashowedthat a

discrepancymightbeexpectedwhenthéspeei6cconductivityofthediaphragm

(«c)wasused in the equation in placeof the epecifieconduetivityof the

liquid(«,)as it existain the diaphragm. The speciBcconductivityof the

diaphragm(<o)wouldgivea valueforf, whiohwouldmorecloselyapproxi-
mate the true value than if the specifieconduotivityof the liquid in bulk

(«t) wereused, as it couldbe whengtasstubes wereemployedas thé dia-

phragm.But the reaïvaluewhichshouldbeusedforthé specifieconduotivity
ia that ofthé liquid(<(,)as it existain thédiaphragm.

The<Mt'e<Mein ~Mc~ccon~MC~~yoftheliquidwhenthe~ers are placed
îMthetellis dueto a "sKt/aceco~we~nce"alongthesurfaceof thefibers. By

measuringthe "ceUconstant"of ~e diaphragmafter the streamingpotential
}HeasM)'emeM<<havebeenmade,andfromMeo~Mremen~of <Aere~htMeeacro~

<Aediaphragmsimultaneouslyw<hthestreamingpotentialme<MMretMeK~<,it is

poaMNeto findthisspecifiecoMdMC<tM<yoftheliquid(<.)in thepores.
The "cellconstants"of the diaphragmsused in calculatingthe specifie

conductivityof the liquidin the diaphragm(i.e.<(,)wereobtainedby the use

of N/io KC1solutionas the standardconductingliquid. It wasassumed

that at that concentrationof electrolytethe surfaceconductancewouldbe

negligible.In orderto détermineto just what extent this assumptionwas

correct,the followingexperimentwascarriedout.

If thesurfaceconductivitywithN/io KClwas,indeed,negligible,a series

of "cellconstants"madeon the diaphragmwith solutionsof KClof lower

normalityshouldapproachthe "cellconstant"obtainedwithN/ioKC!as a

p H H/P fc-to* HKD. !<)'

p

(cm.Hx.) (mv) (mho)

98.0 ico.o 3.66 ï.8o 6.~
iy.0 69.0 4.05 t.6o 6.5
14.8 53-6 3.62 1.56 5.6
ïo.o 36.7 3~7 ï-So S 9

Tinter pack–
ï6.t1 36 2.24 1.76 3.96

29.1 65 2.23 1.74 3-89
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limit,andthéconcentration,"ceticonstant"curveshouldshownoindications
ofattainingahighervaluewith increMein concentrationof thestandardizing
solution. A seriesof apparent "ceUconstant" were determinedon dia-
phragm "B,"inTableVIII (a),and "B" in TableVIII (b),usingsolutions
of KC1rangingfrom N/iooo to N/xo, thé specifieoonduotivitiesofwhieh
woremeasuredat the sametemperatureas that of the diaphragm. TaNe
VII showshowthe apparent "cellconstant"varieddue to surfaceconduot.
ance. The samevaluesare showngraphicaUyinFig. z.

Fto.e

ShowmgtheAmaKnt"CeUConstant"ofDimphragmBofTwoSamp!ef)of CeButose–
DetemumedwithKClSolutionsofVmiouBHoniMJMeeasStfmdMdCondaeMngSoittiona.

TABM:VH
Variation of "CeUCoostant'~ of Di~phragm with Spe<aacCondocti~ity of

Staadardiang Solution

*ANmeaMt~ent9waMN)adeingrat MomtempeMtuM.S4°C,eotbataamaUexpen-
mentalerror,duetotemperatureauetuatioMof ±t"C., wiMbepresentin allcondtMt~ity
meaMremeatemademtMawork.InmMtcaseatMsenorieofnogMatimportMMe.

KCtsolution "ceUconstanta"B (a) –B (b)

N/io .314 .g~
N/5o -2<)o .gi~
N/ioo .281 .984
N/aoo .974

N/goo .248 .lyp
N/looo .226 .~6
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Attempts to obtaina mathematicalexpressionfor the curvesgivenin

Fig. 9 showthat thèse curves are hyperbolasand may be expressedin

équationsof thé form-x/y = a + bx. The followingdata indicatehow

ctoselyan equationmay be approximated. N == normality, C. = "ceU

constant," C. = "oeUconstant"calculatedfrom the equation,and Athe
differencebetweenCoandC..

For ourve(a) B-

ç,_
N

o.00188+ 3.ai8N

Fromthisequa~onC. approachesthé value0.310 o. 0066as a limit.
Forcutve(b)B–

~a-f ()=o.ooe

C.-
N

0.00551+ z.SzgN

For this equationCoapproaohesthe value0.355 ± 0.008 as a limit.
In thecaseof curve(a) B [TaNeVII]plottedfromdata obtainedwithS.

and 8. filterpaper,the "ceUconstant"obtainedwithN/io KCImaybe taken
as the true value,whilewithourve(b)Bmadewith the sulfitepulp,the sur-
faceconduotanceof thepulpstulplaysa smallrôleevenin concentrationsof
that normatity.

Whonthe specifieconduetivityofthe waterin "bulk" (<tJwascompared
withthé speciBoconductivityofthisaamewateras it existsin the diaphragm
(~), it wasfoundthat in diaphragmaof the sulfitepulp the conductivityof
the waterincreasedin theorderof35to 65timesthé bulkconductivity,while
with the S. and S. filterpaperpulp it wasonly 8 to ïi timesas great, de-
pending,of course,on thé concentrationof the pulp in the diaphragm.

Theconclusionarrivedat fromthisexperimentis that the "ceUconstant"
ofa diaphragm,showinga highsurfaceconductanceeffect,cannotbe safety
assumedto be that obtainedwith N/io KCt as the standard solutionand
that a moreconcentratedetectrotytemustheused in the determination;but

N Co N/Co C. A
o too 0.353 0.2850 0.347 -0.004
0.020 0.314 0.0636 O.g22 +0.008
0.010 0.284 0.035: 0.296 +o.oi2
0.005 0.24$ 0.0204 o 255 +o.oio
0.002 o i?9 0.0112 o.ï79 o.ooo
o.ooi o.t36 o.ooy35 o.izo -0.016

SA t- 6 = o.oo8
~T

N Co N/Co C. d

o.too 0.314 o.gïSso 0.309 –o.oo$
0.020 0.2~0 O.o6t)00 O.JOI +0.0!I
o.qio o.x8t 0.03600 0.293 +o.otz

0.005 o.ay4 0.01825 0.2~8 +0.004
o.ooa 0.948 o.oo8o6 0.241 –o.ooy
0.001 o.226 0.0044~ o.zay +0.00!

<rA 6 = 0.0066
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with thosediaphragma,havinga relativelylowsurfaceconductanceeffect,
the "oeUconstant"determinedwithN/to KCImay betakonas the correct
value.

Meiaod

In Kg. 3 willbeseena diagramof the apparatusassemblageusedfor the
determinationof thé f-potentialon cellulose,or similarmaterials,by means
of the streamingpotential method. In orderto caloulate}*fromthe equa-

tion = it is necessaryto measurethreevariablessimultaneously,
pe

1

that is, (t) the hydrostaticpressure(P), (2)the eleotromotiveforce(H) set

up acrossthe diaphragm,and (3) the conduotivity(<)of the liquidwithin
thediaphragm.

Asa sourceofpressure,a tank (T) ofabout50literscapacitywasused.
Airwaspumpedinto this tank until the desiredpressurewasattained. This
air waspassedthroughwashingbottle (Bo)andinto thereservoir(R) whioh
containedthe liquidwhichwasbeingforeedthroughthe diaphragm. Pres-
sureonthe surfaceof the liquidin (R) wasmeasuredwiththe mercurymano-
meter (M). Toobtain thé valuefor the pressure(P) onthe diaphragm,the

pressure,due to the water columnbetweenthe surfaceof the liquidin (R)
and the point of émissionof the liquidfromthe ceU,had to be subtracted
fromthemanometerreading. Stopcocks,Siand 8:, wereusedto releasethe

pressurefrom the tank and the reservoir,respective!y.Stopcook,S<,could
be used to stop the flowof the liquid throughthe cellwhendesired. 84
wasneededto allowair to escapefromthe firstcbamberofthe ce!Iwhenthis
wasbeingn!ledwith liquid.

TheceUwhiohis used, is a combinationconductivitycelland streaming
potentialcell. It consistsof a g!asscentercompartment(C) intowhiehthe

diaphragmmaterialis packed,two perforatedgoldeleotrodes(E), and two

glassendcompartments(G) withheavyg!assflangesfittingup against the
electrodesand whichserve as supportsfor a otampwhichholdsthe whole
cell tightly together. In order to make the cellwater tight, thin rubber
washerseut fromdental dam rubberare placedbetweenthe electrodesand
thé glass,carebeingtaken that thèsedo not coveranyof the surfaceof the
electrodewhichshouldbe exposedto the contentsof thechamber(C). The
electrodesare disksmade of 14K gold,onemillimeterthick and 45 milli-
meterain diameter. The portionof the électrodewhichis exposedto the
centercompartment(C) is perforatedwithonemillimeterholesas thicklyas

possiblewithoutloweringits strength..

At a point onthe cireumferenceof eachgolddiskis soldereda platinum
wirewhichwilldip into merourycups (MC)and fromwhichcontact will
be made with the electrical measuringequipment. Facility with whieh
measurementscould be made waa increasedby the use of two six-point
double-throwswitches(Wt.andW:). Toinsureperfectcontactintheswitches,
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merouryoupsandcopperrockersworeused. Withswitoh(Wt)theceUoould
be connectedeitherwith the oonduotivityapparatusor the potentiometrio
apparatus.

Early in thé researchit wasfoundthat the ordinarypotentiometercould r
not beusedformeasuringthestreamingpotentialsinsuoha ceUasdescribed,
becauseof polarizationof the électrodesdue to passageof currentthrough
them while the nuUpoint was beingsought. Attemptsworemadeto use

s
liquidcontactsand non-polanzingeleotrodes(calomelhatf-ceus)with the i
potentiometer,but the added résistanceto the circuitwasso great as to
preventany denectionof thé galvanometeror evenof thé oapillaryeleotro-
meter, whiohis muohmoresensitivethan mostgalvanometers.It willbe
rememberedthat Harrison(loc.cit.) had similartrouble,and overcameit b

by using a condenserand ballistiogaWanometor.In the presentwork,a

quadranteteotrometer(Q)wasused. Thisinstrumentiaa capacitypotentio-
meterand requiresan àlmostinfinitesimalamountofelectricityflowingfrom
the eleotrodesto chargeit. With it, thé polarizationtrouble wasalways
eitherreducedto a constantfactoror totattyeliminated.

Switoh(Wj)is wiredto connootthe quadranteleotrometereitherto the
streamingpotentialcellor to a Leedsand NorthrupPortablePotentiometer
(L) whichservedas a oaubraMmginstrument. The deflootionon scale(F) of
the light reflectedfromthé mirrorattached to the needleof the quadrant
electrometercouldbe catibratedwiththe L. andN. Potentiometerand com-
paredwith readingstakenfromthéstroamingpotentialceU. The fiberused
duringthe presentmeasurementshada sensitivityof 135mm.per 100milu-
volts,at a scaledistanceof t meter. Thismadeit possibleto readpotentials
to an accuracyofapproximatelyonemillivolt.

The conductivityofthe liquidin the diaphragmwasmeasuredwith the
aid of a ten meter bridge(B), ear phonea(A),and high résistances(Re).
The cellconstant in the absenceofdiaphragmmaterialwasmeasuredwith
N/ico KCI andfoundto be 0.146. The ceUwasreassembledseveraltimes
andits conductivityconstantremeasured.Therewasa verysmallvariation
in this value. Thisvalueof cellconstant,however,is not ofsuchgreat im-
portance. Aswillbe seenlater, anyvariationin the oe!idue to differencein
assembungis eliminatedwhenthemeasurementof thé "cellconstant"of the
diaphragmis made. The importantpoint to be notednowis the tact that
resistancemeasurementeacrosathe diaphragmmay be made easilyat any
time. Most of theearlymeasurementsgivenin the presentpaperweremade
withoutactuallydeterminingthe "ceUconstant"ofthe diaphragm. In these
measurementsthe specifieconduotivityofthé diaphragm(«“)as a wholewas
taken,and the valueforthe cellconstantof the ohamber(C),that is, 0.146,
wasused. The valueH«./P appearedto be a fairlyoloseapproximationto a
constant,at anyrate, thisfactorismuohnearerconstant(fordifferenttight-
neaseaof packing)than the factor (H/P) whiehKruytandFreundlich(toc.
cit.)foundto beconstantforglasstubes. However,it waalater shownthat
there isa factorH<fe/Pwhere(~) is the apeoificconductivityof thé liquidin
the diaphragmdeterminedin the followingmanner,whichiamorenearlya



DETERMINATION OF THE {-POTENTIAL ON CELLULOSE 669

constantvalueundervarygréâtdifferencein tightnessofpacking(andthere-

fore,differencein dimensionsof the oapillariesin the diaphragm)than is

H«./P. In all futurework the value(x.) willbeused. Whenit is usedthe

valuesfor f becomeabsolute,in so faras certainfundamentalassumptions
discussedabovewillallow.

The value (~) iBdeterminedby measuringtherésistanceaorossthe dia-

phragmwhilethe liquid,againstwhichthe f-potentialis desired,is in the

diaphragmpores. Then after all streamingpotentialmeasurements are

completeduponthesample,the "cellconstant"of thediaphragmisobtained

by reptaoingaUliquidin the diaphragmwith N/to KCI (or a more con-

centratedsoin.,if needed),measuringthe resistanoeacrossit and oalculating
the cet!constantin the usualmannerfor any conductivityceU. Thenfrom
the measurementsof resistanceobtainedwhilethéexpérimentalliquidwas

présent,and the new"ceUconstant,"the speoifioconductivity(~) of this

liquidmaybe oaloulated.Caremustbe taken to usea standardsolutionof

KCI(orother e!ectrp!yte)whichis ofsuSicientstrengthto eliminateaUsur-

faceconductanceeffeotsfromthe diaphragm,whenit is present,inorderthat
the valueof the "oellconstant"may becorrect.

Fromthe valuesof (P), (H),and (~ thus obtained,{*maybe calculated.

The coefficientof viscosity(~)is takenas equalto 0.01. (e),the dielectric

constantof water,basbeenconsideredas havingthevalue80. (P), whichis

observedin centimetersof mercury,must be expressedin absoluteunits,
that is, in dynes. This is obtainedbymultiplyingthe cm.Hg. observedby
the specificgravityofmeroury,13.6,andthe forceofgravityin dynesacting
ononegram,i.e.,981. (H), observedin rniHivolts,mustbe dividedby 1000

to reduceit to volts'and by 209.86to reducevoltsto c. g. s. electrostatic
units. (i c. g. s. eteotrostatiounit = 290.86absolutevolts.) (<,),observed
in ohms"'must bemultipliedby 9 X 10" to convertit into o. g. s. electro-

static units. (i o. g. s. electrostatiounit = 9 X 10" absoluteohm-cms.)
Thévalueof f obtainedwouldbe in electro8tatiounits. In orderto obtain
thisvaluein volts;it must be multipliedby 299.86."

Then

{-= ~X 9 X 10" X 4 X 3.1416X .01 X 299.86

P
X

13.6 X 981X 10'X 299.86X80

= 1.0596 X 10~X

Where(~) is expressedin volts, (H)in millivolts,(K,)in reciprocalohms
and (P) incentimetersof meroury.

ResottsandDiscussion

Resultsshownin Table VIII, (a), (b), and (o),serve to illustratehow
constantthe valueHKa/Pbas beenfoundto be forthree samptesof paper
pulp. TableVIII, (a)and (c), wereobtainedwithsamplesofa quantitative
filterpaper (S. and S. No. 589). Thesetwo samplesof filter paper were
securedfromthé distributingËrmat differenttimesandwerenotof thesame

SeeInternationalCrittcatTaMef),1,ay(~6).
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batohof paper. For Table VIII, (b), the diaphragmaweremade of the
electrodialyzedsulfitesprueepulp used throughout the devolopmentof the
method. Toinsureuniformityof the pulpusedin eaohseriesofdiaphragma,
thèsewerepreparedfroma stocksuspensionof the pulpin water. )!

Fairbrotherand Varley~have shown by electrosmosisexperimentethat
sinteredg!asapowderbecomeshydratedon standingseveraldaysin contact
with purewaterand that thé f-potential deoreasesas hydrationincreases,
andit maybecomepositivelyohargedwithsolutionsagainstwhiohit formerly c
showeda negativecharge. A similar phenomenonis noted with cellulose. ,)
If a dry sampleof celluloseis allowedto stand a fewdays with water, a
markeddeoreasein {'-potentialfrom thé value givenon the now!ywetted
pulpis observed.This decreasein f-potential approachesa limit with time
and after a weekthe relativechange per day ia mall. However,if the a
celluloseis phcedin a baU-mUland beaten for a while,the f-potentialagain )
decreasesand the deoreaseseemsproportional to the degreeof beating.
Hydrationseemsthereforeto decreasethé ~-potentia!onwidelyvariedsub-
stances. Theexplanationprobablyliesin the variationin the fractionof the
<-potentialwhichis extant between the fixed and movablelayers of thé
liquid,the hydratedlayer forcingthe fixed-movableinterfacefurther into
the liquid.

In Séries(a)a comparisonismade betweenH <f./PandH ~P The
"cellconstants"of the diaphragmswhichwereused in the calcutationof Ka
weredetenninedwithN/io KCIas the standard conductivitysolution. The
cellconstantusedin calculatingKDwas that of the cellassembtedwith no
pulpin it, whichhadthé value,as mentionedbefore,of0.146.

Thedry weightsof thediaphragmaare givenin Series(b)and (c)to indi-
cate the relativetightnessofpackof the diaphragms. Thevolumeoccupied
beingequalin everycase,thé tightnessof pack is direetlyproportionalto
thé weightof thediaphragm. In Series (c) the specifioconductivityof the
distilledwaterin bulkis givenfor each diaphragm. Thisvalue, (xj, whon
comparedwith(~ showsthat the specifieconductivityof the wateris ic-
creasedfrom9 to ïo timeswhenit is in the diaphragmof 8. and S. filter
paper pulp. Thoughthe bulk specinoconduotivityof the distilledwater
wasnot measuredfor Series(b) it may be consideredof the sameorder of

magnitudeas thatusedin Seriea(c), in whichcaseit willbeseenthat in con-
tact withthe sutStepulpthé speoifieconductivityof théwater is increased
3Sto ~5times,dependinguponthe sizeof the poresin thé diaphragm. The
"ce!!constants"used in calculating<, for diaphragmaof Series (b) were
measuredwithN/s KCt insteadofN/io, due to the tact that, in caseswhere
the surfaceconduotanceis so high, this effectis stiU noticeableevenwhen
N/io KCIis présentas the liquidin the intersticesof thediaphragm.

Valuesof the {--potentialfor thé two samplesof S. and S. filterpaper
(ragpulp)andforthésumtepulp(woodpulp) are 0.02~ volts,0.0161volts,
and 0.0083volts,respectively.Ther-potential ona sampleof celluloseis a

"FaitbMtherandVMtey:J.Chem.800.,tM~,1584.



DETBBMÏNATtOM 0F THE ~POTEN'nAL ON CELLUMSE 67 ï

funotionof both its originand history,the latter probably beingthe more

importantof the two.

Theseresultsindicatethat, whilethe r-potentialon celluloseMa variable

from sampleto sample,it can be determinedacouratelyby the streaming

potentialmothod,provideda propervaluefor the conductivity(x) in the

streamingpotentialequationis obtained. Thie conclusioncarrieswith it

the corolarythat the assmnptioMuponwhichthe atreamingpotentialequa-
tion ia basedareaecurateand true withinexperimentalerror.

It isabsolutelynecessaryinmaking~-potentiatmeasurementson cellulose

and like colloidsthat foreignionsshaHbe absent. Traces of such ions,

espeoiallythé polyvalentpositiveions,willcausegreat variations in thé

potential. The acoompanyingFig. 4 showsthis e~eot with a sériesof

ohloridesof variouspositiveions(H, K, Mg,La, and AI) uponthe value

H~/P on diaphragmamadefromthe S. and S. filter paper. Theseourves

serve to illustrateoneapplicationof the methodfor measuringf given in

this paper,that is, the studyof ioneffectsuponcolloids. Theeeeffectshave

TABLEVIII (a)

Comparison of H~/P and Ht~/P for Various Diaphragma of a Sample
of S. and 8. Filter Paper

Cell
P H H/P fc.to' fft.to* Hfn.to' Hf,.to' Constant

P -P for«6

(cm.Hg.) (mv) (mho) (mho)

5.8 104 i7.9 s.7S ïi-7 '0.30 20.9 A
ia.9 220 ly.i s-74 9'7o ï9~ o.97
tS.i 9$3 ï6.8 s.42 ii.4. 0.20 i9.i

9.9S i<'o 16.11 s.87 12.6 9.4 20.3 B
i4.9 ~39 ~6-0 5-87 n.6 9-2 so.z 0.3~4
12.9 aï4 16.s 5-~7 t~-6 9.7 ~-9

10.3 150 î4.5 6.39 14.65 9.3 21.3 C
i8.4 276 14.9 6.M 14.0 9.1 20-S 0.335
14.45 216 ~4-9 6.10 t4.o 9.1 ~0.9
10.2 ïg3 '4 S 6.10 t4.o g.o ~0.8

ii.8 ï40 ti.9 6.84 16.7 8.1 19.7 D
17.2 205 n.9 6.84 i6.7 8.1 19.7 0.354
20.7 247 n'9 6.84 16.7 8.1 19.7

16.9 i95 "4 6.37 iS-9 7'~ i9.! E
22.5 264 n.7 6.32 ts.8 7.40 ï9-6 0.385
24.2 293 i2.i 6.32 is.8 7.60 ~0.3

Ave. =20.2a

{*=*2o.2 X to'~ X 1.0596X 10' = .0214volts.
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F H H/P x..to' H)f,.t~ CeUCQMtentDryWt.
–p– for<oxe Diaphragm

(om.Bg.) (mv) (mho) (mho) (gm.)

16.15 as.y i.s()

27.40 4~.5 ï.56

36.80 59.4 1.61

22.85 36.9 i.6i A
Average 1.59 4.94 y.86 .310 –––

i

ï3.8 9.6 .695
23.7 16.4 .692
34.3 23.6 .686
46.7 31.8 .680
36.4 25.1 .690
t5.8 ït.o .696 B

Average .688 io.8 7.43 .353 5.037

t4.6 18.o 1.23
23.7 28.s 1.20
32.6 40.5 1.24

24.a 31.2 1.29
'41 i9-7 ï-39
~58 35.3 1.37
37.3 48.6 1.30 C

Average 1.29 5.M 7.33 .313 4.t9o

140 i7.8 1.27
23.2 30.1 ï.29
34.3 46.6 1.36
23-9 33.8 i.4i
!5-5 22.8 1.47 D

Average 1.38 5.80 8.01 .32: 4.237

14.4 96 .666
:4.o 16.3 .656
37 7 35.9 .687
47.7 3* .651
42.4 28.4 .669

3o.o 21.2 ~686 E
Average .669 n.6 7.76 .375 5.426

f = 7.68 X !o-' X 1.0596 X ïf = .0083 volts.

Valuesof HKJP for Diaphragmeof Wide!yVaryingDoMiticsAre Con-
stant for a SampleofSulfitePulp

Average 7.68

TABLEVIII (b)
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TABt.BVIII (C)

Valuesof H~/P for Diaphragmaof VaryingDensitiesAre Constant for

a Sampleof S.and 8. Filter Paper

alreadybeenstudiedextenaivelyby variousmethods,oataphor~ia,electros-

mosis,adsorptionvalues, precipitationeffects,etc. The advantageof the

presentmethodliesin its easeofmanipulationand, webelieve,the absolute

characterof the valuèsobtained.

P H H/P )h..ïo' H<B.!Q' CeUCon- DryWt. "Butk"
––p– étant Diaphragm<t,.to'

(om.Hg.) (mv) (mho) (mho) for~ (gm.)

40.60 3ïï 7.68

3a.40 251 y.ys
aa.50 ï77 y.87
3ï.4o 169 7.90
ï4.3o "3 7.90 A

Average 7.83 19.ao 15.00 .394 6.8! i.8!

30.10 296 9.85
~3.90 ~37 9.9~
Bi.50 zï4 9.96
i5.ao i6o 10.50
ïo.o8 106 M.50 B

Average 10.14 15.02 i5 23 .370 6.36 :.6a

29.17 297 10.17
23.81 247 10.35
19.52 203 10.41
13.85 144 10.40
29.97 304 io.i6
24.37 250 10.25
18.56 192 io.33 C

Average ~0.31 15.22 15.70 .375 6.44 1.75

39. So 313 793
32.57 259 7.95
24.28 198 8.i6
18.65 156 8.36
31.90 254 7.96
24.41 ï97 8.o7 D

Average 8.07 18.62 i5 05 .393 6.86 1.67
Average 15.24

= 15.24 X io'~ X 1.0596X 10~ .oi6i volts.
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No discussionof Figure4 willbe givenin thé presentpaper,other than
to pointout someof the more interestingfeatures. It willbe seenthat thé
Al ion bringsthe celluloseto the iso-eleotricpointat a concentrationof
about 0.0007N, whilenone of the others, exceptpossiblythé H', showed
indicationsof reversingthe charge. The K' ion,invery dilutesolutionsap-
pearsto increasethe potential,whilelaterdecreasingit. Asmentionedbe-

fore, this effectmay be due to a largechangein the dielectricconstant in
lowconcentrationswithouta correspondingdeoreasem to neutralizethe
effect. It is conceivablethat at lowconcentrations,mixturesofK' and other
ions(Mg",A!) mightbefoundwheretherewasnoapparentchangein (~).
Thiswouldbea caseof ionantagonism. Withthe H' ion,theourveshowse

ShowingIonECectsuponthéf-PotentiatonCellulose

decidedtendencytowarddeoroasingup to a concentrationof.0005N, above
whiehit wasfoundimposableto makemeasurements,dueto the enormous
increaaein aarfaceconductanceof the diaphragmwhenHC1was présent.
Al" and La'" bothdefinitelydecreasedthesurfaceconductanceof the pulp.
Thiseffectwilla!80be studiedmorein détailtater. The limitingfactor in
this methodfor studyingion effectsis the conductivity. Whenthis factor
becomestoogreat,nomeasurementscanbemade. However,dueto the fact
that ioneffectsareusuallythoseofextremelydilutesolutions,this limitation
is in mostcasesnot of verygreat importance.

SmnnMty
A methodfor the determinationof {'-potentiabon colloidmaterialsof

suchnatureascellulose,bymeansof the"streamingpotential"measurements,
isdescribed.
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A reviewof the literatureand developmentof thé "straamingpotential"
equation,togetherwith thé assumptionscontainedtheroin,is given.

Considerationsare offeredwhich indicate that measurementsof the
specificconductivityof thé liquidin the diaphragm,whichmayvarywidely
fromthat of theHquidin bulk,may bomadewitha highdegreeofacouracy.
Thevaluesforresulting fromthe useof thisvalueforthe specifieconductiv-
ity in the "atreamingpotential" equation,are to be rcgardedas absolute
(not simplycomparative)in so far as the assumptionsrelativeto the other
fonctionsia theequationwiUallow.

Resultsindicatethat f varieswith the sourceand historyofa sampleof
cellulose.Anapproximatovalueof for twosamplesof a rag pulpand for
a woodpulp are given; thèse values are .0214,.ot6.[, and .0083volts,
respective!y.
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APHYSICO-CHEMICALSTUDYOFGUMARABIC*

BY ARTHUR W. THOMAS ANDHARRY A. MURRAY, JR.

Thereis very little in récent literatureconcemicgthé ehemistryofgum
arabioother than someisolatedexperimentaltacts. Thecomplexityof the
chemicalbehaviorof the gumsla frequentlyreferredto their eoUoidalnature,
and henceleft for the presentat least,asbeingnot capableof explanation.
Thisinvestigationwasundertakenwiththehopeofestablishmgsomedefinite
stoichiometricalrelationsinconnectionwiththe colloid-chemicatbehaviorof

purifiedgumarabic.

Gumarabiooccursin thevegetablekingdomas the exudateofthe Acacia

Senegal. It iaotassiBed'asa colloidalpolysaccharide.Suchdiversecolloids
asdextrins,glycogen,cellulose,starcb, mucilages,inulinandthe truegumsare
in thesameclassificationsincethey possessthecommonpropertyofyielding
upon hydrolysis,one or moresugars, generallypentosesor hexoses.Gum
arabiois a typicaltrue gum,i.e. it dissolvesinwaterto forma clearSiterabte
solution. Uponhydrolysiswith sulphurieacidit yieldsthe pentoseaugar,
arabinose,and relativelysmallerquantitiesof the hexosesugar,galactose.
The hydrolysiswith sulphuricacid, alsoyieldsthe so-oalledarabie aeid
nucleusto whichthe residuesof arabmoseandgalactoseare consideredto be
attaehed.*The "arabicacid"isof van&Mecomposition.Thespeci6crotatory
powervariesfromoverplus80to minus80accordingto the origin. Herzfdd
obtainedfromalevorotatoryarable acid15.3percentfurfuratandi i.spercent
mucicacid,and from a dextrorotatoryarabicacid, 5.9percentfurfura!and
41.7percentmucicaeid, showingthe acidto bea ga!actoarabanof varying
composition. Neubauera~gns the fonnula(CnHMOu).to arabic aoid,'
while0'SuBivan"givesit as CmHmOH.Arabinoseis the productof hydro-
lysisusingboth ditute and concentfatedhydrochloricacid. The ash is re-

portedto beabout 3.5 percent,and is mainlycalciumcarbonate,with sojrne
potassiumcarbonate.*

Arésumé,tooextensiveto includeinthispaper,of somequalitativetests
for gumarabicand its quantitative determinationare givenin a Bureauof
StandardsBulletin.

Themethodsofpurificationmay beroughlydividedintotwoclasseswhich
in tum maybecombinedaswasdone inthisinvestigation.The firstdepends
uponthe fact that gumarabicis insolublein asolutioncontahangmorethan
60percentatcohol,*and the second, that a membranemay be preparedto
whichthe colloidalgumarabicis impeumeaMe,andthroughwhichtheminéral

ions maypass. Accordingto Graham, arabicacidcontainingbuto.percent
ofashmay be preparedin fivedays bydialyzinga zo percentsolutionofthé

gumwith4 or s percenthydrochloricacid.' O'Sullivanpurifiedthegum by
dissolvinginwaterand addingtwo or threetimesas muchhydroohloricacid

'ContributionfromtheDepartmentofChemittry,ColumbiaUniversity,No.560.
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as was requiredto combinewiththe metalspresent. Herepeatedthe pro-
cedurefour times, waehingfree fromchloridewith alcohol. The specifie

rotarypowersofthefourpreoipitatesrangedfrom–25.710–zy.oindicating
a homogeneousproduct.

MaterlalsandMethodof PadScatiom

The materialused in this investigationwas "gumarabie"obtainedfrom

a jobberfromstockBhippedfromPortSudan,andis thereforethekindknown

as Sudangum. It waspurifiedasfollows.A ïoo gramportionof the com-

mercialgumwssdissolvedin gooceofwater,containingg ceof !2Nhydro-
chloricaoid. Thissolutionwasstirredmochanicallyforonehalfhour, after

whichalcoholwasaddedstowtyand withconstant stirringto completepré-

cipitation. In such a casethe precipitatewas fine,it settled and filtered

readily. The precipitatewas then filteredoff throughlinenusingsuction.

Thisoperation,i.e., solutionin wateraoidiSedwithhydrochtoricacid, and

subsequentpreoipitationwithalcohol,wasrepeatedfourtimes. Thematerial

thus obtainedwasdissolvedin waterandelectrodialyzedfor $0hours. The

solutionwasadjustedto pH = 5.0by meansofammoniumhydro3ddeand

theetectrodialyaiscontinueduntiltherewasno test forthetenaciousohloride

ion in the diffusate. This requiredbetween50-100hoursadditionalelec-

ttodialysis.

The electrodiaiysiswascarriedout ina three-compartmentwoodence!
eachcompartmenthavinga capacitybf about 1500ce. The membranes

consistingof a eoatingof collodionon linenwerefastenedbetweenthe sec-

tionsby meansofboltsandrubbergaskets. ThéE. M.F. employedwas240

volts,and the onlyrésistanceusedwasthat of thé solutionitself. Pta.tesof

carbonabout 12X 12cmwereusedas electrodes. Thecarbonanodedis-

integratedbadlyandformeda carbonhydrosolin the compartment,but this

introducedno complicationsincethecarbondid notpassthroughthe collodion

membrane. The diNcultyof testingforchlorideion in theanodecompart-
mentwasovercomeby the useofa platinumetectrodeat suc'i timesas the

testwasdesirable. Atnotimewasthetemperaturein theelectrodecompart-
mentsaUowedtoriseabove4o"C.

Therewasa traceof reducingsugarin the originalgum,onegramyielding
6 milligramsof ouprousoxideby the methodof Quisumbingand Thomas,'
but immediatelyafter purificationthe arabic aciddid not reduceFehling
solution. At the endof fourweeks,the stock arabieaoidsolutionreduced

Fehlingsolutionslightly. The amountof reducingsugar present was a

negligiblefactor for the followingreasons. Its removaldid not affect the

specifierotatorypowerofthegumarabie,for that propertywasidenticalbe-

foreand after purification.Furthertheoptical rotatorypowerof the stock

solutiondidnot changeevenon longstanding. The criteriaof purity were

thenegligibleamountofash,and the unifonnityof the productthoughthé
methodof purification(timeof dialysis)was varied,(50-100hours). Thé

purifiedproductthusobtainedwillbereferredto in thispaperasarabieacid.
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Fourseparatebatcheswerepreparedforusein thiswork,i.e.asonesupplywasbeingdepleted,anotherwasin the processofpurlfication.Thedata ob-
tainedusingall foursolutionswereconcordantand reproduciblethoughthe
supplyofa givensolutionwouldlastas longas fiveweeksduringan investi-
gation.

A onepercentsolutionofpurifiedarabieaoidshoweda pH valueof 2.70
whichis equivalentto that ofa o.o2Nsolutionof hydrochloricacid. This
seemedunusualand was deemedworthyof investigation. Both the com-
mercialgumarabicandthepurifiedarabicacidwereanalyzedfor phosphorus
and stuphurin the thoughtthat the presenceof these substancesas phos-
phatesorsulphates,eitherna.taraUyor by hydrolysiswouldaccountfor the
acidity. Sulphurwasnotpresentas shownby fusionwithsodiumandsub-
sequentapplicationof the sodiumnitroprussideand methylenebluetests.
The negativeresults were<!on6nnedby fusionwith sodiumcarbonateaud
potassiumnitrate with subsequenttest for barium sulphate." Hencegum
arabicis nota sulfurieaoidesterasagar-agarhaseenshownto be.M

The phosphoruscontentwasdetenninedby fusionwithsodiumcarbonate
and potassiumnitrate and subsequentttea.tmentwithammoniumphospho-
molybdatesolution. Thereis a traceof phosphorus,not morethan one
tenthofonepercentandnotenoughto accountfor thé acidity. Further the
natureofthe titration ourve,givenlater indicatesthat theaciditycannotbe
,due to an acid as weakas phosphoricacid. Matthews'says that gums
"nearlyalwayscontainphosphoricacid,whichit is impossibleto get entirely
separatedfromthe organicmatterwithouthydrolysis. The phosphoricacid
appearsto be in unionwiththe gummoleculeand it isnot impossiblethat
it playsa veryimportantpart inthe synthesisofthe gum." It wasfeltthat
if the gumdid yieldthe phosphateanionin solutionit wouldhavebeenre-
movedduringthé purificationprocess. If it werenot, its presencein the
amountindicatedcouldnotaccountforthe acidity.

Apparentlythe high-mo!ecu!ar-weightarabicacid, thegummyresidueso
résistanttohydrolysis,isa strongacid.

In Table1 is givena summaryanda comparisonofanatysesmadeuponthe commercialand purifiedproducts.

TABLE1

SummaryofAnalyses~MM~wMjf va j~jmtjoco

Commerciatgum Purified gum

HD –(one percent solution) –24.30 -24.go
Ash (percent) 9. yg ~08
Dextrin none none
Reducing sugar (mgm

CUsOfrom i gr. gum) 6.5 none
Nitrogen (percent) 0.36 0.33
Phoaphorus trace (less than trace (!ess than

0.1 percent) 0.1 percent)
Chloride ion none none
Sulphur none none
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Thé purifiedarabicacidmustbe kcptinsolution,for theproductondry-

ing, eitherwithalcoholorby heating(vaouumdistUIa.tion)is renderedprae-

ticaUyinsotuNein water. The concentrationof the stocksolutionwasde-

tennined, andthésamplesusedweretakenfromthisstocksolution.

FN.! 1

Titrationofarabicacidwithacidandalkali.
A A = HCI.0 0 = NaOH.0 D = &(OH),.
AbseiMae= pH.
Ordinates= cubiocentimeteNofo.tNbase(oracid)added.

TitrationwithAcidandBase

Sincethis investigationwasdesignedtoextenda chemicalviewpointtothe

colloidalgum,the first stepundertakenwasto findoutwhetherthesubstances

formedtrue ionizablesaltsin the presenceofacidsandatkalies. Aonegram
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TABLEII

Titrationofonegramofarabicacid*witho.iN acidandalkali

NaOH
.AT _J vor.U~ Observed pH o. i Nacid Observed pHoralkali E.M.F. oralkali E.M.F.

o.oo 0.3742 a.:5 8.49 0.7806 9.14
1.09 0.3894 9.4i 8.6o 0.8126 9.742.i8 0.406? 2.71 8.70 0.8534 ~.41
3.27 o.4ai5 2.96 8.8: 0.86:7 10.59
4.36 0.4359 3.21 9.03 0.8816 ïo.935.45 0.4523 3.50 9.25 0.8928 II.136.54 0.4707 3.82 9-46 0.9007 11.26
6-75 0.4733 3.86 9.79 0.9094 n.4i6.96 0.4776 394 to.34 0.9187 11.577-ï8 0.4838 4.05 M.88 0.9256 n.6:
7.4~ 0.49~ 4.19 11.97 0.9337 11.837 73 0.5037 4.39 13-06 0.9393 n.937-94 0.5183 4.64 27.20 0.9738 12.438.16 0.5357 4.94 38.08 0.9812 Ï2.568.38 0.5726 5.S8 54.40 0.9882 12.68

Ba(OH),
0.00 0.3764 2.i8 8.46 0.7416 8.44
°'~ 0.3881 2.40 8.67 0.8322 9.98
~7 0.3941 2.4~ 9.13 0.8974 11.172.12 0.4064 2.71 9.10 0.8796 10.79
~96 0.4173 2.89 9.31 0.8899 ~0.97
3.39 0.4218 2.97 10.57 0~47 n.39
4.23 0.4337 3.17 n.84 0.9257 ïi.5S
5-50 0.4505 3.96 ~2.69 0.9317 n.68
0.92 0.4586 3.6. 14.8~ 0.9372 11.78
6.35 0.4665 3.73 16.92 0.9456 1~.89
6.98 0.4803 3-97 t9.04 0.9502 12.00
7.6i 0.5030 4.36 21.12 0.9527 .2.03
8.25 0.5841 5.74

HCI
o.oo 0.3745 2.17 8.~0 0.33~6 1.45i.oi 0.3622 ~.07 ,16 0.3283 1.402.03 0.3536 1.82 20.26 0.3216 128
3-04 0.3472 r.71 30.39 0.3~ i.2ï
4.05 0.3424 1.63 40.52 0.3.44 I..76.08 "~S9 1.52 50.65 0.3126 1.13

t~ ~~SM~
stocksolutionwhiohtâe arabicacid,u~lly fmmiSee.tuaaec.
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portionofthe purlfiedarabioaoidwastitrated etootrometrioaily*with o.iN

solutionsofsodiumhydroxide,bariumhydroxideandbydrooMorioaeid. The

data obtainedare giveninTableII andplotted inFig.ï.

The curvesforsodiumand bariumhydroxidearepracticaUyidenticalin-

dicatingthat the arabioacidcombineswith alkaliinequivalentproportions.
The regionof aeutra!ity is betweenpH = 5.0andpH = 10.0andthe end

point (stoichiometrio)indicatesthat S.scpof o.iN alkali combinewith one

gramof acid. Thisresult yieldsnoo (t t~) as the equivalentweightof the

arabioacid.The eharppointofinflectiononthe ourvebéatsout theconclusion

that the acidis a strongone. Theourveforhydroohlorioacidsuggeststhat

the arabioaoidia notamphoteric,a conclusionconnnnedby furtherworkre-

portedlater in thispaper.

TheAtka!i-B!nd!ogCapacityofArabieAcid

7K<r<x!w<or!–

The titiation curvesusingsodiumand bariumhydtoxidesindicatedthat

thearabioacidcombinedwithbasesaccordingto the lawsofprimaryvalency,
in brlefasanysimpleinorganicacidand basecombine. The nextstep taken

to fixthe simplestoichiometricalbehaviorof arabioacid was a measureof

its base-oombiningcapacity. No attemptsweremadehere to detenninean

acid-combiningcapacityforpreliminarystudiesin workto be deBoribedlater

cloarlyindicatedthat thé arableaciddid not behaveasa base. Ifit couldbe

shownthat onegramofarabieacidwascapableof combiningwitha definite

amountof alkaliunderdifferentconditions,viz.,varyingconcentrationsof

alkali,it wasfelt that ourpurposeto showthé presenceof true ionizablesalts

wouldbereaHzed.

Procédure:–
The a!ka!i-combiningcapaeitywasdeterminedby a methodsimilarto

that descrlbedby Loeb'~and by Hoffmanand Gortner.ta

Varyingnormalitiesof sodiumhydroxidowereprepared in 25 ce volu-

metricflasksand thepH valuesdetenninedpotentiometrically.Thedataare

givenin Table111. Thehydroxylionconcentrationwascalculatedfromthe

observedpH using i X 10"~as the dissociationconstantfor water. From
thesedata a curve wasplottedforsubsequentcaleulations.Thiscurveisnot

givenhereforeconomyofspace.
A knownweightof gum wasplacedin a 25ce volumetrieSaskand the

solutionmadeup to a definitenormalltyof sodiumhydroxideby addingthe

sameamountof standardatkaii as before,that is whenno acidis présent.
ThepH valuewasdetermined,and thehydroxylionconcentrationcaleulated
as above. Bythé ionizationourvethen, plottedfromthe data inTable III,

ThehydA)genionooneentrattonsofthé equiMbriumsolutionsinaUtheworkinthis
paperweredetermimedpotentionMtricattyat momtemperature.Thehydrogenelectrode
usedwastheHildebrandtypeMmodifiedbyWilson.1aThecalomeldectrodeusedwasof
thé typedesoribedbyWih)on."SaturatedpotaMiumeMonde(4.ïN)wBaasedandoon-
eideredtoeKminatehqoidjunotionpotentiab.ThepotentiometerusedwastheportaHe
hydrogenpotentiometer«t76ss)manufaoturedbytheLeedeandNorthrupCo.,andsaid
bythemtohaveanaccuracyo plusorminus0.5millivolts.
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the equilibriumion concentrationobtainingin the sodiumarabatesolution
canbe changedinto normatity. The amountof baseboundby the arabio
acid in tema of normalitywas determinedby the differencebetweenthe

originalnormality(N)of thé sodiumhydroxidesolutionwithoutthe arabic

acid,and themeasurednormality(N') of the sodiumhydroxidesolutioncon.

tainingthe arabicacid,each havingbeenmadeup to the sameoriginalnor-

mality. Theamountofbaseboundbyacidanddesignatedby niethenequal
to N- N'.

In this methodofcalculationit is necessaryto assumethat thesamenor-

malityof alkaligivesthe same hydroxylion concentrationwhetherarabate
ionis presentor not. The lowconcentrationof arabateionpresentwould
not inallprobabilitymateriaUyaffectthehydroxylion.

TABLEIII
Potentiometriodeterminationof hydrogenion concentrationwith varying

normalitiesofsodiumhydroxide
Nnmmtitv KM! nït n~ MnMn&titv TBM1!' ntt n–Normality E.M.F. pH Coa. Normaitty E.M.F. pH Co.t-

0.0044 0.9267 11.57 0.00372 0.1502 1.0090 n.93 0.08511

0.0087 0.9433 11.83 0.00676 0.1670 1.0107 ix.gS 0.09550

0.0131 0.9533 11-99 0.00977 0.1879 1.0152 !3.oa 0.1050
o.o!i8 0.9671 12.21 0.01621 0.2297 1.0184 13.09 0.1230

0.0300 0.9738 !2.37 0.02344 0.2427 1.0200 13 t2 O.!3t8

0.0457 0.9827 12.50 o.03:62 0.2506 1.02:6 13.13 0.1349

0.0500 0.9846 12.52 0.03311 0.2923 1.0249 13.20 0.1585
o.o8oo 0.9954 12.72 0.05248 0.3341 1.0284 13.23 0.1698
0.1002 i.ooii 12.78 o.06026 0.3759 i 0300 13-29 0.1050

O.Ï044 t.oot8 12.80 0.063~0 0.4176 t.0320 13 32 0.2089
O.I2H ï.0032 12.85 0.07080 o.5on 1.0373 13 40 0.2512

Thedata obtainedon the solutionscontainingthearabieacid,and calcu-
latedasdescribedabovearegivenmTableIV.

~<KK<!<S;–
The errors involvedin the calculationof base-combiningcapacityare

largedespitethe fact that the potentiometricdeterminationsarewithinthe
limitof experimentalerror. The potentiometerused is said by the manu-
facturersto beaccurateto plus orminuso. millivoltsthoughit isnot gener-
allypossibletoremainin that rangein thestronglyalkalinesolutionsobtain-

inghere.
If in the caseof o.o5Nsodiumhydroxideonesamplegavean E.M.F. of

980millivoltsandthe other 98o.5millivoltsthe freesodiumhydroxidèwould
be 0.033molesand 0.036molesrespectivety.Thiswouldgive0.0170moles
and0.0140molesof basebound by a givenweightofacid,i.e.anerrorof 20

percent. Thevaluesfor molesof sodiumhydroxideboundby onegramof

gumgivenin the last columnof TableIV differby considerablymorethan
20percent,but they areconsideredto besignificant.Theyincludeda range
ofsodiumhydroxideconcentrationfromo.o!Ntoo.94Nanda rangeofarabic
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acid concentfationfrom 8.9$to 24.0gram per liter. The averagevalue
fromTableIViso.oo!o6molesper gramof gumfromwhichan equivalent
weightof aboutïooo (943)for arabicadd is caloulated. This 'ue is in

fairlygoodagreementwiththat obtainedfromthe titrationcurveoonsidering
the errorsinvolved.

TABÏ.BIV

TheaUotH-comMniMgcapacityofarabicacid

Theweightofevidencefromthe titrationandaïkaM–combiniagcapacity
data is that a truesalt,sodiumarabateexista.

Gramsof E.M.F. pH Con- Ong Free Combd Molesper
periKer NNaOH NNaOH NNaOH gmmof

(N) (N') (n) gum

S.95 0.9207 n.45 .0028 .ot~i .0050 -oo8t .00090

0.9534 12.00 .0100 .o2i8 .0110 .oïo8 .00:21

0.9635 t9.ï9 .Ot5S .0300 .0900 -OtOO -00!tS

0.9785 12.46 .0288 .0500 .0400 .oioo .oouz

0.99*3 J2.6y .0468 .0800 .0720 .oo8o .00090

o.99So J2.73 .0537 .tooz .0900 .oioz .00114

0.9977 !2.76 .0575 .1002 .0930 .0072 .00080

1.0023 12.84 .0692 .ï2n .1150 .oo6ï .00068

1.009t 12.92 .0832 .15~3 .1440 .0063 .00069

1.0!67 13.08 .1202 .2297 .2220 .0077 .00086

!.ot88 13-~0 -i~59 -S427 .2320 .0107 .00120

9.66 0.9623 12.19 .oï5S .0300 .0200 .oioo .00104

0.8772 12.49 .0309 .0500 .0430 .0070 .00073

o.988t 12.68 .0479 .o8oo .0740 .0060 .00062

t3.42 1.0082 12.94 .0871 .1670 .ï5*o .Ot6o .oono

1.0156 !3-00 .1148 .2297 .2120 Ot77 .00t32

16.00 0.9630 12.32 .0209 .0500 .0270 .0230 .oot44

ip.32 0.9459 n.9~ .0083 .0300 .0080 .0220 .00:14

0.9697 12.32 .0209 .0500 .0270 0230 .oono

0.9857 Y2.59 .0389 .0800 .0580 .0220 .oong

0.9904 12.70 -OgO! .tt02 .0780 .0222 .00115

t.0031 12.89 .0776 -i5<'3 -t3io .0193 .00100

20.00 0.9698 t2.28 .ot9t .0500 .0240 .0260 .00130

24.00 0.9657 Ï2.2I .0162 .0500 .0190 .0310 .00120
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OsmoticPKssttMas a P<tact!oaof pH
ProcedMre.'–

The methodof R. S. LiUiedesoibedby Loeb~was employedfor the
measurementof the osmoticpressure. Pywxylmbags weremade in a test
tube ofa sizemadebyouttingin hajfan ordinary6" by ï* test tube. The
b<tg8wereprepareduniformly,that is by fillingwith collodion(Merok,975
grainsofetherperounce,27percentalcohol,U.8.P. IX). The collodionwas
then pouredslowlyfromthe Bae!:by,rotatingthe latter. The processwas
timedto take 30seeonds. TheBaskwith iteadheringlayer of collodionwas
then aUowedto dry for afteenminutesat room temperature,after whioh

uamotMpressureesa funotion01pH.
A-A°HC!° HJ~)~X ° H~).0 0 =' NaOH.a a Ba(OH),

AbseifaaepH.
Ordinates°*OsmoUepKseureinmiMimeteMofsolution.

waterwasallowedto nm in a!ow!yfor fiveminutes. The bagawereolosed
bytying withstringtoaone-holerubberstopper.Thebagwasfilledwiththe
solutionwith the aid ofa smallfunnel,all air bubbteawereremovedanda
~aas tube waspushedmtothé bag,throughthe stopperto serveas a mano-
meter. The manometerand bagwere insertedin a 400 ce wide-mouthed
bottlecontaining350ceofsolutionbymeansofa two-holedrubber stopper.
Thesolutionsin the bottleand insidethe manometertubes wereproteoted
fromthe carbondioxideof the air by ïneamof soda-limetubes. The sur-
faceof the stopperwassoadjustedthat it lay in the surfaceof the solution
in the bottle. TMaapparatuswas kept at 25*Cby immersionin a water
thermostatduringthecourseofa measurement.
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The waterdiffusedfromthe outaidebottleinto the arabieacidsolution,
ahd the columnof liquid in the manometerrose to a maximumusually
reachedin about 10hours. Due to the fact that the pyroxylinbag ia im-

permeableto the gum, a changein pH willoccurdueto the Donnanmem-

braneequilibrium. It iatrue alsothat the solutioninsidethe bagia diluted

bythe entranceof waterinto thé collodionbag. Suoha conditionismet by

fluingthe manometertubeto a point indioatedas theosmotioequilibriumby

preliminaryexperiments. It wasnot thoughtthat suoha procedurewouldbe

advantageoushowever,sinceit wouldundoubtedlyretard uniformdiSuaion

of the insidesolution,andintroduceas greatan erroras that oausedby dilu-

TAB!<EV

Osmoticpressureas a functionofpH
·

Outaidesolution Insidesolution Obe.osmotic
E.M.F. pH E.M.F. pH presa.inmm.

ofsolution

NaOH

i. 0.5823 5-73 0.4457 3.37 33~
a. 0.5865 5.79 0.4608 3.63 363
3. 0.5892 5.83 0.4682 3.77 384
4. 0.7763 909 0.4958 4-24 396
5. 0.8343 ioo6 0.5156 4.58 384
6. o.8413 ~o-i6 0.5350 4.92 343
7. 0.8486 io.36 0.5383 4.96 292
8. 0.8768 10.72 0.5448 S.o6 252
9. 0.8705 10.77 o.s5o8 5.17 235

10. 0.8821 io.8ï 0.5629 5.37 "34
n. 0.8848 10.83 0.5688 5.50 229
!2. 0.8878 10.84 o.6ii3 6.i8 215
!3. 0.8857 10.88 0.6396 6.70 213
14. 0.8853 10.83 0.6502 6.86 208
15. 0.8813 10.74 0.7116 7-9ï 204
i6. 0.8934 10.97 0.7800 9-07 198
ï7. 0.8953 ii.oo 0.8022 9-46 187
i8. 0.8973 ii.ïï 0.8399 io.ï5 i77
19. 0.8960 H.09 0.8436 io.i8 164
20. 0.9013 ii.i6 0.8429 10.19 163
21. 0.9004 ii.i5 0.8615 10.46 156
22. 0.9085 n.a9 0.8800 io.8s ï37
23. 0.9142 n'37 0.8867 lo.ço ii2
24. 0.9157 H.4I 0.8927 ïi.03 103
25. 0.9083 ii.27 0.8793 10.79 125
26. 0.9220 11.60 0.9000 11.22 83
27- 0.9332 iï.40 0.9186 H.44 64
38. 0.9398 iï.90 0.9313 "-74 50
29. 0.9524 la.oi 0.9447 11.89 44
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TABMEV (cont'd)

Osmotic pressure as a funet!on of pH

Outeidesolution Inside solution Obs.omMt..
E.M.F. pH E.M.F. pH preNmmm.

of solution

H:0

30. 0.5567 s.38 0.4262 3.05 948

B&(OH)~

31. o.55ï7 S.i9 0.4322 3.15 244
32. 0.6072 6.t4 0.4443 3.35 247
33- o.57ï6 5.53 0.4828 4.01 19:
34. o.7i37 7.98 0.4752 3.88 205
35. 0.7628 8.84 0.5177 4.6i 145
36. 0.7858 9.19 0.5238 4.7ï ï42
3?- 0-7638 8.85 0.5476 s.io 136
38. o.8t6o 9.73 0.5708 5.53 no
39. ––– ––

0.6259 6.46 102
40. 0.8537 10.38 0.7791 9.07 88
4i. 0.8822 10.84 0.8426 io.i6 67
42. 0.8916 n.oo 0.8697 to.62 55
43- 0.9058 n.it3 0.8924 11.03 41
44. 0.9:41 n.38 0.9028 n.zo 36
45- 0.9275 ïi.58 0.9198 11.40 z3

HCI

46. 0.3323 ï.45 0.3322 t.45 14
47- 0.3396 1.56 0.3408 1.56 14
48. 0.3497 1.74 0.3508 1.75 ï4
49. 0.3668 2.03 0.3658 a.oi 15
50. 0.3736 2.2x 0.3738 2.14 i6
St. 0.3885 2.45 0.3840 a.32 3t
52. 0.4064 2.70 0.3928 2.47 32
53 0.4249 3.02 0.4026 2.64 60
54. 0.4400 3.28 0.4115 3.79 82
55. 0.4450 3.37 0.4143 2.84 98
56. 0.4373 3-24 0.4117 2.80 87
57- 0.4836 4.03 o.42i:3 2.98 174
58. 0.4764 3-91 0.4303 a.94 i59

H,PO,

59. 0.3544 ï.83
c.3538 i.8t 14

6o.
0.3610 1.93 0.3607 t.M 15

6t. 0.3790 3.24 0.3763 2.19 16

63.
o.40ï3 2.63

0.3903 2.43 30

63. 0.4393 3.26 0.4083 2.74 97

64. 0.4764 3 89 0.4185 2.9ï 189
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tion. The heights*in the manometertubeswererecordedand the pH values
of the solutionsdeterminedat theendof twenty-fourhours.

Table V gives the data for the omnoticpressureand pH of solutionsof

originallyone percent solutionsof arable acid, with two differentbases,
sodium hydroxideand barium hydroxide. This is shown graphicallyin

Fig.2.
Theosmoticpressureis a maximumat a pH of 4.25,in the caseofsodium

arabate and 3.35for bariumarabate. The pointsfor the two acidsusedlie
on the sameeurve. The osmoticpressureof 248mm.at pH = 3.05,is that
of the puregumsolutionin distilledwater,to whichneitheracidnorbasehad
beenaddod. There isno evidenceofan isoeiectricpoint as is foundin the
caseof proteins. At apH ofabout1.90the ourveisparallel to the abscissai
that is, the osmotiopressurehasbecomeconstantandis due to moléculesor

partiolesof gum. Betweenthe pH valuesof 5.0and 10.0,the neutrality
region,a nat portionofthe curveisobserved.

If thegumdidnotcombinewiththeacid,accordingto the picture

weshouldfind the concentrationofhydrogeniongreaterin theoutsidethan
in the insidesolutionbecausefromtheequationx2= y(y + z), must be

greater than y. Sucha conditionwasneverfound. Belowa pH of 1.90the

hydrogenion concentrationsof the insideandoutsidesolutionsare identical,
indicatingthat thegumdid notcombinewiththe acid.

The natureof the curvessuggestedthat the membranetheoryof Donnan
mightbe applied,sinceboth showa maximumosmotiepressureat a definite

pH and fall awayon both aidesof themaximumpoint whilethe curvefor
the bariumarabate fallsbelowthat ofthe sodiumarabate.

Onemayexaminequalitativelythe eCectsof addingacid or alkalito the
systembymeansof theosmoticpressureequation,-

o.p. = (2y+ z 2x)RT (I)
Pioturethe Systemas foUows:–

Thedifferenceinetaaticityof thepyroxylinbaga,subjeotedtovaryingpressuresat the
severalheightaataomtrodacesanerror,but thesmoothmemofthecurveplotted,wheMthe
heightain nuttimetemareowed,indicatesthat theerrorMnotgreat.

Ar+.

Cl-,

H~
Ch.
Inaîde

H~

CI-x

Outside

vdrntrcn inn m~a.ter in 1

(H+)Na+~x
OH-~

Outside

solution

(H+)N&+y

OH-y
(H+)N&+,

Ar-+H:Ar

a

Inside

solution
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Fromthé Donnantheory thenx~= y(y + z) or x = Vy(y + z). Sub-

stitutingthisvalueofz inéquation(I) above

o.p.==(:y + z 2Vy(y + z)RT

Ata pHof it.o,Fig. 3 and TableVI, x and y are equal,hencez mustbe

zerosmcez
~––––

and the observedosmotiopressureof 14

millimetersofsolutioniaduetoa. As increases,g inoreasesduoto theforma.
tion of ionizedarabioaoid, or sodiumarabate. At Srat. inoreasesmore

rapidlythany, or until i: basreachedits Umitingvaluefixedby the ongtaa!
concentrationofarabieacid. Fromequation(!) the osmotiopressuremust
be a maximumat this point, andwith increasingy, < becomesnegligiblein

compansonto y, and theosmotiopressurediminiahesapproachingzéroas its
limit. It wouldbe valuableto déterminewhetheror not a point mightbe
reachedwheioa?and y wouldagainbe equal,but the determinationwaanot
reaMzedexperimentaMy.The coUodionbags dissolvedin solutionsmore

stronglyalkalinethan thoseused. Thevalidityof the Donnantheoryis ap-
parentlyborneout furtherby thefaot that at the samepH (4.25)the point
onthé bariumarabatecurveieaboutonehalfas highas that on thesodium
arabatecurve,whichiswhatthe theorydemands,viz.fora monovalentcation

equation(1)expressestheosmoticpressure,whilefora divalentcationthe

o.p. = 3/2y + Z/2 3/ax.

There is no reasonfor thinking that the barium arabate is but half as

highiyionizedassodiumarabate.

Afewexperimentewereconductedto showthéeffectofvaryingconcentra-
tions of a neutral salt, (sodiumchloride)on the osmoticpressureof the
arabicacidsolutions. The resultaindicatedthat the osmotioptessurewas

depressedby the presenceof neutralsalt as wasexpectedfroma considéra-
tionof theDonnantheory.

Usingthe data in TableV, an attempt wasmadeto oaioulatetheosmotio

pressurebasedon the followingconsiderations. The inside solutionwas

separatedfromthe outsidesolutionbya membraneimpermeabletooneofthe

ions,nametyarabateion,existingin the solution,thusgivingrise,at equilib-
riumto anunequaldistributionofionsacrossthemetnbrane. Theobserved
osmoticpressurewasthen the diSerencebetweenthe osmotiopressureof the
insidesolution,andthe counteroamoticpressureofthé outsidesolution.

Theequilibriaobtainingin theseveralcasesare representedasfollows.

Whereboth the insideand outsidesolutionsare acid in the presenceof
sodiumhydroxide(orbariumdioxide)the pictureis

Na+(Ba++)Ar-
H+ Ar-

Inside

Na.+(orB~+)OH-
H+ COi,"
Outside
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Whereboth the insideand outsidesolutionsare acid in theprésenceof

hydrocHoticaoid,thé piotureis

In thé speoialcaseofa onepercent sotutionof arabieacid,whereboth
thé insideandoutaidesolutionsareaoid,the pictureis

Wherethe insidesolutionisacidand the outsidesolutionisalkaline,the

pictureis

Whereboththe insideandoutsidesolutionsare alkaline,thepictureis

Atypicalcalculationusingdatain the firsthorizontalrowofTableVis as
follows.In this caseboth the inaideand outsidesolutionsareacid in the

presenceofsodiumhydroxide.
InsMe Outeide

Ctt.~ = 52 X iO-6mp.l. fromFig.i 0~ = Coa'' = s.~sX 10-"
CH+= 42.7X ïo-'m.p.I. CH+= 0.10X 10-*
Cm~= 89.*oX io-42.7 X TO-*= Ccoa'-= 0.10X 10-~

46.3X ïo~ m.p.L
Totalioncono.inside= Total ioncône.outside –

141X 10-6m.p. 0.29X 0-5m.p.1.

Hencethe osmotiopressureofthe systemisdue to a concentrationofions

equalto 141 X to"* 0.29X ïo*~ 140.71X 10"*m.pl Ifthetheo-
reticalosmoticpressuieof a gramïnoteca!arsolutionis expressedin terms
ofa columnofwaterwegot, at 25"C,

22.4X 760X 13.6X 298/273= 2.s X io'' m.m.

or in otherwordsa theoreticalpressureof 2.5m.m. correspondsto a con-
centrationof10"*norma!. Thecalculatedosmoticpressureis then

[140.71X io-*][z.5 X io'] = 352m.m.

whereastheobservedvaluewaa331m.m.

Typicalresultsof the calculationsbasedonthe data in TableV and the

foregoingpicturesofthéequilibriaaregiveninTableVI.

TheeoneentmtmnofHAr=H*+Ar'= 89.0Xto'~m.p.l.calculatedfrompotentio-
'netno!neM)trementoft%aotut!on.TableVI.

H+ Ar-

H+ Cl-

Inside

H+ Cl-

Outside

H+ Ar-

1Inaide
H+ C(T,
Outside

N&+(orB&++)Ar-
H+ Ar

Inside

Na.+(orBa.)
OH-

Outside

N&+(orB&++)Ar-

Na+(orBa++)OH-

Na+ (or B&++)
OH-
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TABLE VI

htsideSot- OutoMeoot- CioMc Cale. Obs.
ution ution Coutside Osm. Oam.

'~HCône. pH6onc~ Xto-' Prese.Presa.
ions ions (V)X
o.p.t. m.p.t. 2.5X
XM-' Xt~ Xto-'

(I) (M)

y~

(Ht) (IV) (V) (VI) (VU)

H,0

3.05 89.0 5.28. o.y8 M.M Mi 248

NaOH

3.37 141.00 s.72 0.29 140.71 352 33i
3.63 ï49.oo s.79 0.34 148.76 37~ 363
3.77 tSS.oo 5.83 0.2: 154.78 387 384
4.24 tô3.oo 9.09 2.46 160.54 401 396
4.58 r66.oo io.o6 23.00 t43-oo 358 384
4.9~ 168.oo 10.16 28.80 139-~0 348 34"
4.96 169.00 jo.a6 36.40 132.60 33~ ~9~
5.o6 170.00 io.72 105.00 65.00 163 35~
5.!7 170.00 10.77 iï7.6o 5~.40 t3i ~35
5.37 171.00 io.8i 129.20 41.8o 105 234
5.5~ 171.00 10.83 135.20 35-8o 90 :29
6.18 172.00 10.84 ~38.40 33.6o 84 215
6.70 t72.oo 10.88 151-08 20.92 5~ ~~3
6.86 t72.oo 10.83 135 ~o 36.81 9~ ~o8
9.07 175.40 10.07 186.80 –n.40 –29 t98
9.46 178.76 u.oo 200.00 –2Ï.24 –53 '87

!o.i5 M3.oo n.ii 258.00 -55.00 -138 177
11.89 iy9i oo n.oï 2060.00 –269.00 –673 44

Ba(OH),
3.15 100.so 5-'9 0.97 io8.53 272 244
335 H3 50 6.14 o!i H3-39 284 247
4.01 124.00 5-53 0.44 !23.56 309 191
3.88 123.00 7.98 o.!4 122.86 307 ~05
4.6ît 128.00 8.84 i.os 126.95 3~7 ~45
471 i28.so 9.19 2.23 126.27 ~6 ~2
5.10 129.50 8.85 i.!6 128.34 3~i '~6

HCl
2.94 141.00 3-9ï 24.6o 116.40 29~ ïS9
2.80 M9.oo 3.24 ïi5-oo ti40o 285 87
~-79 235.00 3.28 105.00 t30.oo 3~5 82
2.47 589 oo 2.70 400.00 !89.oo 473 3~
2.ot 1865.00 2.03 i868.oo –3.00 –7-5 15
1.45 7on.oo' ï.45 7~oo.oo –89.00 -222.5 i4
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Asseenin TableVI, in the caseof the t% solutionofarabie acid in dis-
tiltedwater,the calculatedvaluefor théosmotiopressureagréeseloselywith
theobservedvalue.ThisagreementisgoodHkewiseintheSystems(i) where
in the presenceofsodiumhydroxide(orbariumhydroxide)both insideand
outsidesolutionsare aoid, and (2) wherein the presenceof sodiumhy-
droxide(or bariumhydroxide),the insidesolutionis acidand the outside
solutionis slightlyalkaline.

With increasingakalinity in the outside solution,the divergencein-
creases;and whenboth the insideandoutsidesolutionsbecomealkaline,the
differencesbetweenthé calculatedandobservedvaluesarevery large.

Thèsemarkeddifferencesmaybedueto a partialhydrolysisofthearabate
ion in thé strongalkalinesolutions,or to a reactionbetweenthé alkaliand
the pyroxylinmembranes,or both. It has beenstatedpreviousiythat the
membranesdisintegratedin the stronglyamatinesolutions,and evenin those
cases,whereresultswerereportod,the bagsbecametender in twenty-four
hours.

Whoreboth the insideand outsidesolutionswereacidin the presenceof
hydrochtorioacid,thecalculatedvaluesdonotagréewiththeobservedvalues.
This!ackof agreementis due probablyto the fact thatneither sohttionwas
anaiyzedfor chlorideand hencethereis no measureofthe equilibriumHAr
~=±H++ Ar- whichin distilledwaterindicatesa concentrationof 80.0X
to"' m.p.l.or a calculatedosmoticpressureofszi m.m.and in stronghydro-
chlorioacid, wherethe pH valuesof both insideandoutside solutionsare
identical,a calculatedconcentrationof 5.6X io-' m.p.l.from the observed
osmoticpressureof 14m.m.

Thecloseagreementof the calculatedand observedvalues in the cases
not complicatedby strongalkaliindicatesthe validityof the picturespre-
sentedto showthe equilibria. That is, there is an unequaldistributionof
ions across the semipermeablemembraneand the arabate ion combines
quantitativelywithbothsodiumandbariumions.

Viscosityas a FunctionofpH
7K<MdMC<0~–

In bisworkonthe proteins,Loebpointedout theverysimilarnatureof
the curvesobtainedwhenseveraloftheirpropertiessuchasosmoticpressure,
membranepotentials,swellingandviscositywereconsideredas a functionof
pH. That is,inalmosteverycase,startingwiththe isoelectricproteinhewas
ableto showa riseto a maximumon bothsidesoftheisoe!ectriopointwhen
thepropertywasplottedasa functionofpH,anda subsequentdecreaseinthe
vatueof the propertywith increasingacidityor alkalinity. Thecurvesob-
tainedin theosmoticpressurestudyofalkalinearabatesolutions,(Fig.2)are
similarin nature to thoseobtainedby Loebwith proteins,in so far as the
colloidalmoleculefunotionsas an anion. Viscoaityofarabatesolutionsas a
functionof pH isnot unlikethé osmoticpressurepH curve. In neithercase
wasevidenceforan arabiecationfound.
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Theviscosityofasolutionbasbeende6nite!yshowntobeafunotionofthé
volumeofthe solutein thesolution,"or whatiathesamething,a funotionof
thefreevolumeofthe sotute." The freevolumeis the differencebetweenthe ?
volumeocoupiedby thé molecules,and that volumeSHedby the molécules
on the assumptionof tetrahedralclosepacking. u

The inoreaseand decreasein viscosityof the gum arabioaoid solution
must dependthen uponsomemechanismwherebythe moleculesmay in-
creaseand decreasetheirvolume.

Whengum arabic is dissolvedin water,it swellsto someextent before
~oingintosolution. Further it is weUknownthat gumarabiomay be ren-

ï

ViseoattyMafunctionofpHandofneutralsaltconcentration. – W=*ECectof
sodiumohloride.0 – 0 *=e9eetofpH.

TopabscissM° pH. BottomabseMMe=-Concentrationofealt.
OrdtMttesVMcoaitymtio(water='100).

deredmsotuMeby extremedryingeitherwithalcoholorbyheating Whenit
is thus dried, thé gumswellsin water to a ;eUy-Ukemasswhichdoesnot
dissolveexcepton longstanding. We havehèreevidenceofswelling,hence
a.mecbaaismby whichthegumarabieacidmayinoreaseor decreaseita rela-
tivevolumein thesolution.

According-toProcterand Wilsonthe forcewhiehcausesswellingis an o&-
moticforce,i.e.thé diffusionofwaterthrougha membrane.In this casethe
membraneis the arabateionsor aggregates,and the forceswhichlimit the

swellingarethecohesiveforcesobtainingbetweenthearabateions.
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fMCedw~–
The time of the outflowof the gumarabioaoidsolutionthroughan Ost-

waldVMCometer,wasmeasuredat as~C.Tha quotientofthis timedividedby
the timeofoutflowofwaterthroughthesametubeandat the samotempera-
tureis referredto as theviscosityratio ofthe gumarableacidsolution. The

viscosityratiowas determinedfor onepercentgumarabioacidsolutionsover
a rangeof pH from 0.~4to 13.33obtainedby usinghydfooMoricacid,and
sodiumhydroxide. A serieswasnot run usinga divalontcation,Ba~ be-
causeof the experimentaldifficultiesinvolvedin the handlingof thebarium
arabatesolutions,containingan excessofbariumhydroxide.

In TableVII are givendata obtainedby measuringthe timeofoutflow

immediatelyafter the solutionswereprepared. InTableVIII aregivendata
obtainedby measuringthe timeof outflow15hoursafterthe solutionswere

prepared. Inasmuohas the purifiedstockof gumarableacidmustbe kept
in solution,the possibilityof learningwhethersweUing,henceviscosityin-
creasesonstanding wasprecluded. Sincethe data forboth serieslieon the
samecurve,Fig. 3, the resultsdo conSnnthe resisttmceof thegumarabic

TABLEVII

Viscosityas a funotionofpH

AoMor E.M.F. pH ViseomtyAcidor E.M.F. pH Viscoettyalkali ratio atkaU ratio
HC! 0.3892 o.y4 i.ï8 NaOH 0.5722 5.50 3.54

0.3167 .M ï.i8 0.6101 6.30 a.54
0.3216 .28 i.i8 0.6916 y. 2.52
o-3!'s6 .35 x.ï9 0.7248 8.ï4 2.49
0.3293 1.41 ï.i8 0.7757 9.00 2.~8
0.3615 .M 1.20 0.8296 9.85 2.39
0.3748 3.ï7 i.2ï 0.8456 10.17 2.37
0.3821 2.29 1.23 0.8694 10.56 2.23
o.39to 2.44 1.26 0.8926 10.96 2.02
0.4013 2.62 ï.35 0.9032 ii.ï4 t.8i
0.4062 2.70 1.45 0.9307 11.59 1.55

0.9424 n.79 1.46
HIO 0.4062 2.70 ï.44 0.9513 n.94 1.41

0.9726 12.31 1.32
NaOH 0.4123 2.8i 1.48 0.9849 12.52 .29

o.4ï66 3.88 1.57 0.9927 12.66 .28
0.4244 3.01 1.66 ï.oi67 12.98 .26
0.45~4 3 49 ï-97 ï.0247 13.07 .26
0.4583 3 59 2.01 ï.0332 13.19 .26
0/4826 3.99 2.25 1.0421 13.33 .29
0.4921 4.i6 3.3ï
0.5136 4.53 s.47

0.5172 4.58 3.54

0.5200 4.65 2.46
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acid to hydrolysis, In connectionwiththis workthe specifierotatorypower
wasmeasured&tthe differentpH values,and wasfoundnot to bcdependent
uponthem. The specifierotatorypowerts indeedidenticalwiththat ofthe

purifiedgmnarabie acidstocksolutionin everycase.

TABLEVIII

Viscosityasa functionof pH (is hours)

~es~Hs.'–
The data lieon a smoothcurvethemaximumpointofwhichisa viscosity

ratio of 2.54at pH = 4.58to 6.30.In the regionbetweenpH~ 5 and10this

curve, as wellas those of the titrationand osmoticpressure–pHcurves,in-
dicatesa graduaichangeinpropertywithmarkedchangein pH.

Since the Donnan theorywasappliedquatitativeh'in the caseofosmotic

pressureit wasattempted to makethe sameapplicationhere. The theory
demanda the presence of a membraneitnpenneaMeto at least one ion,a
conditionsatisfiedin the osmoticpressureworkby the collodionmembrane

impermeableto the arabate ion. In thecaseofviscositythe arabatepartides
themselvesact as the membrane. Theyare held togetheras suggestedby
coheaiveforces. They cannotdiffusethen, and henceeffectno appreciable
osmoticpressure. The Na+orH+ionsheldto thembyelectrostaticattraction
candiffuseandhenceexerciseosmoticpressure. Conditionsare rightthenfor
theestablishmentof the Donnanmembraneequilibrium.Let e representthe
osmoticforcewhichcausesswelling.Then

e=ay+zi!–x

an equationidenticalwith that forosmoticpressurediscussedin theprevious
section.

Nowfromthe Donnanequation

y
-z+Vz'T~Y~ 2

Subatitutingthis valueofy intheaboveequationwehave

e = M + V (~ + z!) (II)

Acidor E.M.F. pH Viscosity Acidot E.M.F. pH Viscosityalkali ratio alkali ratio
HCt 0.3026 0.96 ï.i9 NaOH 0.859~ 10.38 2.14

0.3290 1.41 i.t8 0.9008 n.oç 1.91
0.38:6 2.28 i.zt o.9:o6 n.38 1.64

0.9616 12.12 t.M
HIO 0.4072 a.y! ï.<t9 i.oot8 12.79 i.2s

I.O.~IÔ 13.30 1.22
NaOH 0.5186 4.60 z.so 1.0484 t~.si 1.29

0.5219 4.66 a.~i
o.6950 y.6o 9.S4
0.8534 to.26 2.47
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Wemay picture the system exactlyas wasdoneunder the discussion

osmotiopressure.
Startingat a pHof 2.0,Fig. z, asbefore,as xincreases,that isdecreasing

concentrationof hydrogenion, s alsoincreasesand at a faster rate than x,
until its limitingvalue is reached. The valueof is limitedby thé concen-

trationof gum arabioacid in the solution. If thé ionizationof gumarabic

acidorofsodiumarabateweresuBoiontlyrepressedby inereasingx (addition
of sodiumhydroxide)then would diminish. In any case, taking the last

termofequation(II) abovo

limit t/<t/~x:o 00'

fromwMch

limit
e ==o

x ==oo,

showingthat as a:increases,e increasesto a maximumand then decreases.

The conclusionwouldbe true whetheror not thé ionizationof thé sodium

arabatewasextensivelyrepressed.
The data. and curveshow very definitelythe inereaseof the viscosity.

ratio froma.minimumto a maximumwitha subséquentdecrease. This be-

havior,the change of viscositywith hydrogenion.concentration,is thus

qualitatitivelyin aceordancewith the Donnanmembraneequilibrium.

The Effectof NeutralSalts onViscosity

The properties,osmoticpressureand viscosity,of arabic acidsolutions

havebeenshownto be a functionof the hydrogenion concentrationsof the

solutions,and further the behaviorbas qualitatitivelyfollowedthe Donnan

theory. Sofar the behaviorof thecarbohydrate,arabicacid,hasbeenshown

to bevery like that of proteinsin respectto the conditionsand explanations
mentioned.

Severalobservers,Hofmeister,Pauli, Sackur,Lillie,and Loeb,have re-

markedthat neutral salta depressedthesepropertiesof proteins,and it was

shownby Loebthat whenthemeasurementsweremadeat the samehydrogen
ionconcentration,the resultswereexplainedby the Donnantheory.

Procedwe:–
To o.zs gram of gumarabic acid in a 25 ce volumetrieflask,sufficient

o.iN sodiumhydroxidewas added to bring it to a pH of 7.85. Varying
amountsof a sodiumchloridesolutionpreviouslybrought to a pH of 7.85

by sodiumhydroxidewerethen added to the 8asks. The solutionsin the

flaskewerebrought to volumeby the additionof waterhavinga pHof 7.85,
obtainedby usingsodiumhydroxide. In sucha manneronepercentsolutions
of arableacid, containingvarying concentrationsof sodium chlorideand

havingthe samepHvaluewereobtained.
Theviscosityratios of the solutionswerethen measuredin the manner

hithertodescribed. Thedata aregiveninTableIX, and areplottedin Fig. 3.
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~Mf«S.

Thoourveshowsthat the viscosityisdepressedby neutralsalts,the moïc,
the greaterthe coneentrationof the sait. This behaviormay beexplained
on the basisof the Donnantheoryusingthe pioturejust given. That ia, in
tho caseat hand,whensodiumohlorideiaaddedtoa sodiumarabatesolution
bothx andyareiacreased,that is,the Na+in the outsidesolutionandtheNa++

ionswhicharenot incombinationwiththéarabateions,inthe inaidesolution.
The concentration,< of Na+in combinationwith the arabateionsremains
the sameat the samepH (negteotiogrepressionofionizationofsodiumara-

bate). Furtherx, is greater than y atways. Asx increases,approaohing
infinityasa limit,the~iscositydecreasescontinuoualyto zero.

Againthe experimentalfactsconfirmwhatmightbavebeenprediotedfrom
a qualitativeconsiderationof the Donnantheory. The markedchangein

viseositywithchangein pH value,as wellas thé depressionof the viscosity
by sodiumchloride,indicatesthat gumarabMTexis~in thé formofmicells
likegelatin.

TABLEIX

Viscosityas a funetionof neutralsa!t concentration*at the samehydrogen
ionconcentration

SMMnaiy

A studyof certainphasesof the physico-chemicalbehaviorof the col-
loidalpolyaaccharide,gumarabio,is offered.In the reporta methodofpuri-
ficationhaabeendescribedand <ettainpropertiesinvestigated.

The equivalentweightof the acid wasfoundto be about 1200fromits

base-combiningcapacitymeasuredby titration withsodiumand banumhy-
droxides,andabout 1000wbenvaryingconcentrationsof alkaliand arabic
aoidwereusedin measuringthe base-combiningoapaoity.

The natureof the titration ourveand the agteementof the équivalent
weightof Mabicaoidcatcdated fromit, witb that valueobtainedfroma
memurementof the base-eomHningeapaoity,indi<!atethat the reactionbe-
tween MaMcacidand alkaliesis a simplechemicatcombinationinvolving
primaryvalenceforces.

Mohnty Viscosityratio Motar!ty Viscosityratio

o a.$o i/ï66 .(.0060) .S4

i/Sooo (.0002) 9.41 ï/i43 (.0070) 1.49
i/agoo (.0040) a.aô ï/yi (.0140) 1.38
T/MSo (.0008) a.o6 1/50 (.oaoo) 1.34
ï/825 (.0019) 1.97 i/ao (.0500) 1.27
t/625 (.00l6) Ï.QO Ï/ÏO (-ÏOOO) .i!4
t/500 (.0020) Ï.82 ï/5 (.2000) .22
ï/333 (.0030) i.69 1/3 (.3333) -M
1/250 (.0040) 1.62

'pH y.
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The cakutated values of thé osmotic pressure based on potentiometnc
measurements are in fair agreement with the observed values within the

Mmitsof acouraoy of thé technique and provided the solutions are not too

atka!ine. The qualitative appHcationof the Donnan theory to the results

obtained when osmotio pressure and viscosity were measured as a funotion

of hydrogen ion and neutral salt concentrations was euccessfui, and ac-

counted for the nature of thé ourves,in short its coMoidatbehavior.
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Thepresentpaperdesoribesthe preparationofa couoidalsolutionof lead

selenide.Assomeof the faotorsinvolvedarenotwithoutiaterestforcolloid

formationingeneralthe methodisdescribedindetail.

It wasdesiredthat thé sol shouldpossessthéfollowingproperties:-

(a) that it shouldcontaina fairlyhighconcentrationof cotloid(upto o.s5

percentleadas teadselenide.)

(b) that it shouldbe freefromany but negligibleamountsofioniclead.

(c) that it shouldbestableonboilinginthépresenceof1.0percentsodium

chloride.
Theusualmethodsfor the preparationofcolloidalmetaHiosulphideswere

firstused,employinghydrogenselenidein placeofhydrogensulphide;thèse

were:

(A) the actionofH~Seonaqueoussolutionsof leadsalta.

(B) the action of H~Seon freshly precipitatedleadhydroxideor lead

selenidesuspendedin water.

AsthedilutesolsthusobtainedwereHocculatedbyNaCl,gelatinwasused

asa protectiveagentand thesameexperimentswererepeatedin thepresence
of0.5percentof thissubstance.

TheactionofH~Seon PbSesuspendedin thé gelatinsotutiongavea sol

containingonly0.06per centPb (asPbSe). Withsuspendedleadhydroxide
moreconcentratedsolswereobtained,but theconversionof hydroxideinto

selenidewasslow. mtt'a-6!trationshowedthat bothsolscontainednegligible
amountsof ioniclead. The passageof E~Seintoa solutionof leadacetate

andgelatingavestablesolsbut ultra-filtrationshowedthat they contained

ioniolead in concentrationswhichincreasedwiththe initial concentration

of leadacetateused. This wasapparentlydueto the presenceof thé acetic

acidfonned.'1

Pb(CHj,COO).+ H<Se PbSe+ zCH~OOH

SuSicientsodiumbicarbonateto neutralisethe acetieacid producedwas

thereforeaddedbeforethe removalofexcessH:Se.

Expérimentât
Themethodusedwas asfollows. Air wasfirstremoved'froma boiling

solutionof lead acetate containing0.5 per cent gelatinby the passageof

nitrogenthroughthe apparatus. Aftercoolingthesolutionto roomtempera-

Befoteuttr~.6ttr&tMntheeMeaaHtSepresentattheendofthereactionwasremoved
bybubblingwithnitrogen.InthepresenceofacetieaoidcontinuedremovalofH)Sewould
leadtoareversaioftheabovereactionwithacomequentinereaseoftheamountofPb++
present.

TMaiarenderedBeeessatybytherapidoxidationofhydrogenselenidetoselenium
byatmosphericoxygen.

THE PREPARATIONOFA LEADBELENIDEHYDROSOL
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ture HeSe(generatedby the actionof H:0 on phosphorusselonideat 100°)
wasled into thé stirredsotution(300-400révolutionsperminute). Afterthe

passageof excessHïSethe <Mt!ctt!atedamountof N/z NaHCOtwasaddedto

neutralisethé aceticacidpresent. The excessof toxicgaswasthenremoved

by raisingthe solto boilingpoint during the passageof a furthorstreamof

nitrogen. Coarsepartiolesof PbSe were removedby centrifugingand the
leadconcentrationin thesolestimatedby the iodontetriomethoddescribedby
Fairh~Het a! Usinga so!utionof leadacetatecontaining0.4porcentPb,
approximatcly83percentof thePbSe.formedwasincoUoidaIfonn.

In thin layersthe sol wasa clearbrownish-yellow,in thick layersit ap-
pearedblack. Theparticleswerenegativelychargedand exceptfora very
smallamount of initial sedimentationremainedstable. The ultra-filtrate
containeda negligibleamountof ioniclead,andhada pHca.7.0.

It wasfound,onincreasingthe concentrationof the leadacetatesolution
abovea certain range,that the efficiencyof the processwasmarkedlyde-

creased,most of the PbSebeingin the formof coarseparticleswhichwere
removedon centrifuging.Theseresultsare containedinTableI. In thisand
othertablestheconcentrationofcolloidis that whichwouldbeobtainodifthe
solweremadeupto the originalvolumeof leadacetatesolution. Usinguni-

MedicineMonogrnphs,7,25(tgaô).
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fonnoondttioaathe tea~ta foraob1-4werereproduoibleto withingpercent,

forthe remainingsolslargervariationswerefoundin the smaHeyMnountsof

ooUoidformed. TheeurveinRg. i reptesentethecahmiatedvalues.

T&BMlI

In theeecasesthe NaHCO<addedto neutraMsethesolutiondecreasëdonly

slightlythe amountof colloidwMchhad beenformedprior to its addition.

(cf.TableV.)
Thefactorsresponsiblefor the deoreasein the percentagecooveîsioninto

colloidwouldappearto be concemedwiththe moreasedconcentrationofone

or moreof thé following(ï) Pb~, (2) CH~COO-,(3) H+, (4) CHaCOOH.

Therésultecontainedin TableII showthatacétateionorundisaooiatedacetic

acidin su~cientconcentrationoaninhibitcolloidformation.Theexperimen-

tal procedurewaesimilarto that describedabove. NoNaHCOawasaddedin

8andoasnoacetioacidwaaformed. CoarsepartiolesofPbSewereremoved

bycentnfaging.

TABLEII

Expia.8and 9ehowthe inhibitingeftectof thé acetateionin a casewhere

theconcentrationofPb~ waemiaUandnoacetioaoidwasformed. Thiabe-

haviourofthe acetateioncannotexplainalonethe deoteasein the amountof

colloidformedfromthe moreconcentratedsolutionsofleadacetate,aacanbe

Initial FiMtt
Sot. toocc. HtOcomtMn t~tM-tead

0.5gnn.gelatin (ascoUotdMPbSe)
<m<t pertooce.

ïgnn.LmdM

8. SospeDdedkadhydroxide o.a

9. Suspendedleadhydroxide,togetherwithsodiumacetate

at a conon.ofo.1M <o.o4

0.3gna. Leadas

10. lead acetate o.a8

11. Lead acetate, together with aceticacid at a conon.of

0.068M 0.09

Gnns.LeadMrKOoc. PereentoonvONtOn
intocolloid

SM. laitM FM
Mte&d Mtead Observed. Calculated
acetate setenide

i 0.1$ o.ï~3 95 99

3 o.as o.agy 95 97

3 0.33 o.3oo 9ï 9~

4 0.45 0.343 76 67

5 0.55 0.135 ~S 38

6 0.70 o.oj$ 7 8

7 i.o o.o<t 4 0
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seenfromconsideringthé caseof a leadacetate solutioncontaining1.0per

centPb (0.048M.). When70per centof the leadbasbeenoonvertedinto

PbSethe percentageionisationof the aceticaoidformed(0.068M.) wouldbo

approximatelya per cent. If thereforeacetate ion aloneinhibitedcolloid

formationtheremaining30percent oftheleadshouldfurnishasmuchcolloid

asa solutionof leadacetatecontaining0.3per centPb. Thisisnot the case.

Expérimenta10and i showhoweverthat acetioaoidofconcentration0.068

M. candecreasemarkedlythe amountofoolloidformedfroma solutioncon-

taining0.3percent Pb. Theseexperimentscangivenoinformation,unfor-

tunately,ofany effectof lead ion.

In viewof thèse resultsit wassurprisingto findthat the solsin Table1

werenot nocoulatedby lead acetate, sodiumacetateor aoetioacid in any

concentration.The particlesof thesesolswerenegativelyoharged. It was

foundthat actuallyduringthe formation(whenpassingthe H<8e)the charge

waspositive,presumablyby adsorptionof H+ derivedfromthe aceticacid

présent. Thereversaiofthe signapparentlytakesplaceonthéneutralization

of the aceticacidby NaHCOt. The positivelychargedsolbeforeneutralisa-

tion(containingexeessH<8e)couldalsonot be Socculatedby any concentra-

tionof sodiumacetate or acetioacid. Sincethereforeacetatehasnoeffecton

the colloidwhenonceformedit seemsprobablethat it innuencesthe prooess

of formation.

Thefollowingconsidérationsmaybesuggestedas an explanation.
In thé preparation of colloidsolutionsby condensationmethods thé

govemingfactorscan beconsideredto bethe relativevetocitiesof the forma-

tionof nuclei,the growthof the nuclei,and the flocoulationof the resulting

partioles.Alargevaluefor theratio resu1tpa lces. rgevaue or era
velocityofgrowthofnuelei

in the formationof smallparticles andvice-versa. In the presentcase it

seemsthat the velocityof nocoulationofthe resultingpartiolesis negligible.
It isgenerallyacceptedlthat the velooitieaof formationandofthe growthof

the nucloiare independent,and in the caseofgoldsoisthis basbeendemon-

stratedbyZsigmondyand his co-workets~It wasshownthat the presenceof

differentsubstancesduringthe reductioncouldalteroneprocesswithoutaf-

fectingtheother. Hiegehasfoundthat ammoniumohloride,potassiumferro-

andferri-oyanidesinhibittheformationofnucleiwithoutaffectingtheir velocity
ofgrowth. This resultedin the formationof coarserpartioles. The amount

of inhibition(measuredby the decreasein the numberof particlesformed)

inereasedwith the concentrationof addedsubstanceand finallyat concen-

trationsconsiderablylésathan the Hoccutationvaluescausedthe formation

ofcoarsebluesols. Ammoniawhichdidnot nocoulatoa goldsolshoweda

similarinhibitingeffectwhonpresent during the formationof the partioles
of the goldsol.

'Tanuamn:Z physik.Chem.,2S,44: (t898);Freundlich:"CoiMdmdCapiNMy
Chemietry",p.327(EnglishTMnaL).

'Zsigmondy:Z.physiJt.Chem.,5$,65,y7(t9o6);Hiege:Z.anorg.Chem.,91,145(t9!S).
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In the formationof PbSeit seemednot improbablethat a simi!areffect
was present,i.e. acetateionor aoetioaoidreducesthé velooityof formation
ofnuc!eiwithoutaffectingthevelocityoftheirgrowthand inlargeconcentra-
tions (i.e.withlargeconcentrationsof leadacetate)causethe nuoMto grow
to particleslargeenoughto beremovedbycentrifuging.

If aMthenuoleiin anygivencasegrewfinallyto the samesizeof partiole
the transitionfromcomplotecolloidformationto completepreoipitationas

thé concentrationof ieadacetatein the initial solutionwasinoreasedwould
be abrupt at the concentrationcorrespondingto thé formationof partioles
largeenoughto beremovedby centrifuging.Asthis is not so it is assumed
that in thé final statereached(beforecentrifuging)the sizesor massesofthe

particlespresentare governedby a distributionformulai i.e. eaeh mixture

containspartiolesofaUprobablemasses,and that in unitvolumethe number
whosejnassealiebetweenmandm + dmis dn,where

~(~)'<'(=)V't tr (/'

Hère is thé most probablemassof a particlein thé partioularmixturein

question.
The integralof (1)fromm =*oto m = equa!sn,wheren is the number

ofpartiolesofaUdegreasofdispersion'in unit volume. Themassof the par-
ticleslyingbetweenmandm + dmM

m.d~dm~.(~.e-d(~)
The total massofmaterialproaent,̀ comlprisingcolloidan`dnJon-colloidparti-Thé total massofmaterialprésent,eompriBingooHoidand non-coUoidparti-
ctesof PbSeisdenotedbyMandiagivenby

dm= M -:= (3)

i~°°
~= M

V1r
(3)

Whenthe mixtureis
7o

partieles

whose

ma~ exeeeda oertainlimitWhenthé mixtureiacentnfugedparticieswhosemasBexceeda certainlimit

are removed,whileau otherparticlesreinaininsuspension. It is considered
that thé materialremainingin suspensionis in colloidalfonn. The massof
this colloidalmaterialis denotedby M. and canbe evaluatedby integrating
(a)betweenthe Umitam o and m = mi, wheremlhas suoha valuethat

particlesofmassgreater thanmiare removedoncentrifuging. Carryingout
this intégration

~~r(~–(~)
Mo

J Jo
e-(l.II/)1 d

~[–(~–]
=

y;
1 e-cPIl/CI')'

or
e-Cm.).

= M
r e-<

(~Y
e- 1 (4)

'NordtMttd:Kolloid-Z.,26,t~t (!9M),usinf;(Mèn'smethodhMdetenmmedthedM-
tributionofaizeftin&mercurysol. Hefoundthattheshapeofthedistributioncurvevaried
withthemethodofMepM&tionoftheaot,MbpreparedeteetnoftUygivinga ourvewith
themostptonouncedtntHdmum.

ThéconcentrationofmolecularPbSepresentianegligible.
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As the initial concentrationof leadacetate is increasedthe most probable
mass of a partiel mustalsoincreaseto acoountfor the decreasedfraction

(M./M) convertedinto coUoid.
For the presentpurposetheupperlimitofthédiameterofa coUoidpartiote

(massm)) is takenas 0.2jn. Assumingthat the particlesare sphericatand of

density8 (approximatelythe densityof teadsulphide)the uppertinut of the

massmi willbo

ml = 4/3~rTt'pP whereri = o.i~t
= 3-35X 10""grams.

To evaluate(4) foreachinititalconcentrationof leadacetate it is neces-

sary to know<rforeachoaso. Thiscan be obtainedfromequation(3) if n,
the totalnumberofpartioles(priorto centrifuging)canbedeterminedineach

case.
Nowthe velocityof nueleiformationand hencethe numberof particles

finaUyformeddependson the concentrationof acetate ion or aoeticacid

présent. If thereforea relationcouldbeestablisbedfromotherdata between

the concentrationof inhibitingsubstanceand the numberof particlesand

appliedto the presentcasethe requiredvaluesof (rcouldbeobtainedwithout

a knowledgeofn. Thisprocedurehasbeenadoptedin the foUowing.
As alreadymentioned,Hiegebas determinedthé total numberof gold

particles(ofaUdegreesofdispersionsinceinthiscaseaUthepartiolesremained

in coUoidsolution)formedin a reductionmixturecontainingvariouscon-

centrationsof NILCI. It bas beenfoundthat Hiege'sdata fit an empirical

equationof thé form

log.,no/n= ac*' (5)

wheren. is the total numberof partiolesfinallyformedin the absenceof

NH4CI,n is the total numberofpartiolesfinallyformedin the presenceofa

concentrationc ofNH<0 (inmicromoisper litre)and a and b are constants.

Table III containsHiege'sdataandthe valuescalculatedfromequation(s).

TABLEIII

FlocoulationvalueofNH4CI'= 27000micromotsper litre

In the case of KaFe (CN)<whereonly two values (apart from Oa)are given
the exponent b equals 0.61.

The relation found to hold for the results of Hiege is now applied to the

present case. It is assumedthat the inhibiting effectof acetate ion and acetic

a=o.o<t44!b=*o.s6:

Conon.NH<Ct No.ofpartiotes No.of partMea
mtcromob/Utte obsvd.anat7f' calculated

o 90 =n.

38 64 64

76 52 54

~o 36 35

380 26 26
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aoidis the same,1hencethey oanbeoonsideredas onesubstancewithà con-

atantconcentrationequalto theconcentrationof acetate ion presentat the

commencementof the reaotion. For the presentpurposeit must atsobea&-

smnedthat theleadionMineffective.

Expressingequation(5)in theform

n =. n. e-

wheren. is thé numberof partioleswhiohwouldbe formedif the prooess
couldbecamedout in theabsenceofacetateandsubstitutingthe abovevalue

ofn in equation(3) it followsthat

= M~ (6)

°° 2n..e-~
b

theweightofthen. partiels beingM. The term M/n. is the averagemess

ofthe particleswhichwouldbeformedif the procesacouldbe carriedout in

the absenceof acetate. It mayreasonablybe assumedthat if twicethe

amountof leadwereuaedin the absenceof any inhibitingsubstancetwice

thenumberofpartioleswouldbeformed,i.e.M/n. is constant. Thus

<r k.e-~ Wheno =='o

k = <r.

Henee!og.– ae~
00

Bysuitable choiceofthe constantefo,a.andb suchvaluesof<rwereobtained

(in termsof theconcentrationsc of acétate) that on substitutingthemin

equation(4)résultafor the percentageconversioninto coUoidwereobtained.

Thèsehavealreadybeengivenin the finalcolumnofTableI. Theequation

wasusedintheform

log. = 4.95X lo- c~ (7)
<~e

where~o=*1.175X 10- gram.and c is the total concentrationof acetate

(acétateionandacetioacid)in millimolsperlitrepresentduringthe réaction.

Asshouldbetheoa~e<r<,(thé mostprobablemassofaparticleinthéhypothetical
caseof formationin the absenceof acetate) is less than m, (3.35 X 10'

gram.),the upperumitofthé jnassofa coUoidparticleofPbSe.

It shouldbepointedout that thèse résultafumishonly indirectsupport
of the theoreticatexplanationadvancedconcerningthe deoreasedyieldof

colloidas theconcentrationofthe initialsolutionof leadacetate ia inoreased.

Giventhe distributionofparticlemassassumedit bas beenshownthat a re-

lationwhichholdsfor the resultsofHiegeonwhat is bolievedto be a related

phenomenonlikewiseholdsfor the experimentalresults obtainedwith lead

selenide.
Froméquations(6)and(7)wehavealreadyseenthat

~=~
2no

=a1.175X ïo- gram.

Comparesole9.andn. inTablen.
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Tt ~M But–=m.
n.

=~r.'p p
3
~~s.0

V7r
Hencer. *=73~.

M/Bnis the averagemassof thé partieleswhichwouldbeformedin thé ab-

senceofanyinhibitingsubstance,andr. is théradiusof theaverageparticle.
If the upperlimitof the radiusofa cottoidparticlehad beenassumedto be

0.05~insteadof 0.1~,r. wouldhavebeen37~. Thesevaluesare not un-

reasonable.
In equation(5) relatingthe numberofparticlesformedto the concentra-

tionof inhibitingsubstancethe exponentrequired,viz:–t.89, ts considerably

greaterthan in the caseofthe goldsolalthoughwithPbSea protectiveagent
ia present,. A simuarequationwasusedby Marc' to expressthé influence

offoreignsubstancesonthevelocityoforystallizationofsupersaturatedsolu-

tions, thé decreasein velooity(logv./v) beingproportionalto the amount

adaorbed. In the presentcaseaobcanhardlyrepresentadsorptionsinceb is

greaterthan unity. It doesnot seemprobableon generalgroundsthat the

effeotof foreignsubstanceson nuoleiformationwouldbe connectedwith

adsorption.

AitemadveMethodofPréparationofLeadSelenideSol

Asthe abovemethodcouldnot givesolscontainingmorethan approx.0.34

percent Pb (asPbSe)solidleadcarbonatewassuspendedin the initialsolu-

tionof leadacetateandgelatin. Duringthe passageofHtSe,assumingasuf-

fioientlyrapidsolutionofPbCOain the acetioaoidformed,the concentration

of leadacetateshouldremainconstantas longas any PbCO<remained. By
thismethodthe amountofleadpresentcouldbeincreasedwithoutincreasing
thé concentrationofanionabovea valuewhichwouldresultin the inhibition

of coUoidformation. Afterthe disappearanceofthé PbCO)and the passage
of exceasHtSe sunicientN/a NaRCOtwasadded to neutralisethe acetic

acidpresent. Theprocedurewasthenthe sameas that previouslydescribed.

TABLEIV

GnM.leadper toooc.
Percent Reve.

Sol Initial mixture Final conversion per
asiettd Miead aseo!!oi<M into min.
acetate carbonate teadeetenide colloid

X2 o.3S 0.31 o.og ~4 1300

13 0.35 0.31 0.246 37 800

14 0.35 o.3i 0.429 65 300

15 0.35 0.62 0.156 16 1300
16 0.35 0.62 0.490 5' 300

Marc: Z. physik. Chem., M, 685 (!9io).
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It wasfound that a very rapid rateof stirringdeoreasedmarkedlythe

amountofcoUoidformed. Thérésultaaregivenin TableIV,the approximate
ratesofstirringarein thesixthcolumn. Withthe slowrateofstirringthedis-

appearanceofthePbCO!wasveryslow(requiringapprox.36hours.)
TheexpectedconversionintocoUoidwaa90porcent(of.sol.3, Table I).

In threecasesthe amountof colloidwaalésathan that whmhwouldhavebeen

obtainedfromthe lead acetate solutionalone,(approximately0.3~per cent

Pb.asPbSe). In thesethreecasesit wasfoundthat a decreasein the araount
of colloidpresent took placeafter the additionof the N/~ NaKCO:. In

TableV are given the concentrationofcolloidin sob :3, 14and 16before

additionof NaHCOs(determinedby withdrawinga portionof the soloon-

tainingexcesaH~Sebeforethe additionand centrifuging)and in the neu-

traasedsolsafter removingH~Sein theusualway. Forcomparisonsimilar

figuresfora leadacetatesolutioncontainingnoPbCO<aregiven.

TABLEV
y_&.t_1 I`..r_ TL

Initial Gnna.FbM
totatjtnpe. oolloidalPb8e Fmotion Rêva

Sol lead Before Alter pptd.by per
par 100ce. addtn.of addtn.of NaHCO< min.

NaHCO, NaBCO,.

13 0.66 0.415 0.946 o.~t 800

t<(. 0.66 0.439 o.4a<) o.oz 300

t6 0.97 0.493 0.490 o.ot 300

Lead 0.35 0.318 0.283 o.n 800

acetate

alone 0.35 03:3 o.3ï5 0.03 3oo

It wiHbe8eenthat the fraotionaldecreasein the amountofcolloidfoUow-

ingthe additionof NaHCOsisonlyappreciaMein thecaseofrapidstirring.
Theinfluenceof stirringon the procesaofSoccutationbasbeenoonsideredby
Smohtohowaki*and foundto increaserapidlywith thesizeof the partioles,
theeffectbecomingcoïMaderaMewhensomeof the partialesapproachmacro-

scopiosise. In the experimentswitha mixtureof !eadacetateand carbonate

thereis a considérableamountofPbSepresentin non-coUoidform(givenby
thé differencebetweenoolumnsa and 3 in Table V)beforethe additionof

NaHCO). This additionreversesthe signof the chargeon the colloidpar-
ticlesand it may be assumedthat they hâvea minimumstabintyat the iso-

electricpoint. It seemsnot improbablethereforethat rapidstirring in the

présenceofmacroscopicpartidesof PbSewouldremovesomeof the colloid

at this point. This is in agreementwiththemuohBmaBereffectofrapidetir-

ringwhenleadacetate alonewasuaed(cf.TableV) heretheamountofnon-

coUoidPbSewasaboamaU.

SmotuchowakiZ.phyaik.Chem.,92,tM(!<)t7),coMideredt stttionarypMtieteand
c&lMttttedtheratioofthénumberofpartiolesbroughtwithin!teephereofattractionby
stirringandbyBrownutnmovement.
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Thematterappearsto bemorecomplexthan the aboveexplanationwould

suggest. It canbeseenforexamplefromTableV, column3, that rapidstir*

ring decreasessomewhatthe amount of colloidpresentbeforeNaHCO;is
added.' Furtherit wasfoundif a rapidrate ofstirringwasmaintaineduntil
theadditionofNaHCO<and sloweddownduringand after the additionthat
tho deoreasein the amount of colloiddue to the additionof NaHCOawas

greaterthan if the wholeprocesshad beenconductedat the sloworrate of

stirring. Thisis dimcultto reconcilewith thé explanationgivenin the pre-
cedingparagraph.Furtherinvestigationisrequiredonthèsepoints.

FromTableVit can be seen that the yield of colloidwasleasthan the

expectedvalue(90per cent)evenbeforethe additionofNaHCOt. Because
of theslowrateofsolutionof PbCO<inthe aceticacidformed,HzSeaccumu-
lated in the mixturebeforethe PbCOshad disappeared. Directreactionof
H:Sowiththe surfaceof the particlesof PbCOsgivingleadselenidein non-
colloidformwouldexplainthe lowyieldofcolloidobtained.

LeadSelenideSots ofHighConcentration

It waspossibleto conoentratea leadselenidesol by longcontinuedboU-

ing. Amoreconvenientmethodwasto add an equalvolumeof a saturated
solutionof ammoniumsulphate. This precipitatedthe gelatinin tho form
of blaokftockscontainingaUthe leadselenide. On washingfree fromam-
moniumsulphatewith cold water, the precipitate couldbe redispersedin
warmwaterto givestablesols of any desiredconcentration. Owingtd the
simultaneousinoreasein the amount of gelatin the moreconcentratedsols
setto stifigelsonoooling.

Summary
I. Twomethodsfor the preparationof lead selenidesolsare described

usinggelatinasa proteotiveagent

(a) fromleadacetate.

(b) froma mixtureofleadacétateand leadcarbonate.
2. With the firstof thèse methodsthe percentagetransformationinto

colloidalleadseleniderapidlydecreasedas thé initial concentrationof lead
acetatewasinoreasedabovea certain limit. Thiseffectcouldbe attributed
to the presenceof acetate ion or acetioaeid into whichthe acetate ion is

mainlytraasformed. As thèse had no precipitatingaction on the colloid
whenonceformedit wasconcludedthat the effectwasexertedduringthé

processof formation.

3. It is suggestedthat acetate ionor aceticacid decreasethe velocityof
formationof nucleiwhiist leavingunaltered the velocityof growthof the
nuolei. Abovea certainconcentrationthé disparity in these velooitiesis
suSicientto produce,particlesof non-colloid(macroscopic)dimensions. A

quantitativetreatmentbasbeenattempted.

1FfeundUehandKroehZ.physik.Chem.,124,tM(t9:6)haveatudeiedthecoagulationofaCaOsolbyatirrinf;alone.Theyfoundthatthiscoagulationwaanotaccompaniedby
anychangeintheeleciro-kinetiopotentialofthepsrtMee.
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4. With the firstmethodof preparationthe rateof stirringhad a amall

effecton the amountcf ooUoidfonned. Onthe otherhandwith the second

methoda veryrapid rate ofstirringdeoreasedmarkedlythe yieldof colloid.

A provisionalexplanationiaadvanced.

5. A methodfor obtaininga colloidalsolutionof leadselenideof high

concentrationisdesoribedwithgelatinasstabiUsiagagent.
In conclusionthe writer wishesto expresshia best thanks to Professor

W. C. M.Lewis,F.R.S. underwhosedirectionthisworkwasoarriedout,and

to Dr. M. Jowettformanyvaluablesuggestions.

M<«pra«Loton!<M~of P~Oto!andJS!e<<fo<~eMt<<)~,
t7<t<fer«<~<~LtMfpoof,
Décerner ~~97.
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It basbeencommonknowledgefor a longtimethat somesubstances,for

exampleacetieacid,appear to havea highermolecularweight(asestimated

fromvapor pressurelowering)in benzenesolutionsthan in water solutions.

Sincewaterbas a wellknown"ionizing"actionitmayalsobesuspectedof a

dissociatingactionon neutre polymerizedmoleculesand is usuallyclassed

asa "dissociating"solvent. In contradistinctionbenzeneisoftendeaignated
asan "associating"solvent. In viewof the knownfact that aceticacid has

anabnormallyhighvapordensityandthat it canbeshowntheoreticaltythat

aHmolecularweightrésultaevenin solutionreferto the densityofthe vapor
it maybe questionedwhetherbenzenebehavesinany wayexceptas an inert

solvent.
Anotherpoint whiohrequiresconsiderationis that highresultsfor mole-

cularweightsobtainedby thé cryosèopicmethodmightbe due to déviations

fromidealsolutionconditionsand not to associationat atl. Thesequestions
canbest be answeredby obtainingcompletedata for thé partialpressuresof

solventand solute. Sinceit isnecessarytoworkindilutesolutioninorder to

applyanyof the lawsofsolutionat ail, sufficientaocuracycannotbeobtained

bydirectmeasurementof partial pressuresand it is necessaryto use thé in-

directcryoscopicmothod,whichisequivalentto measuringthevaporpressure
ofthe solventonly.

Theoretical

Thefundamentallawof solutionsforchangesin compositionat constant

temperatureand pressureis due to Gibbs~

~+~<~ 0 (1)
<anj) ofn:

whereFi =
9F p

aF

~tN)
,F2

~m~

Heremt andm:)are the massesin gramsof the respectiveconstituentsof the

solutionand F is thé total free energyof the solution. If the freeenergiesof

thepure constituentsare arbitrarily takenas zerothen F is the freeenergy

changeon mixing. Equation (i) is simplya mathematicalstatementof the

tact that the free energyof mixingdependsonlyon the finalamountand

compositionof the solution. The Duhem-Margulesequation is derivable

from(i) if the vaporsareperfectgases.
Theunit ofmassistaken as thegraminorderthat the introductionof the

conceptofmolecularweightmaybescrutinizedmorecarefully.

1Thisisanabstractofa thesisaubmîttedbyJ.M.PetemoninpartialMEthnentofthe
tequirementsforthedegreeof DoctorofPHtOMphyinChemistryat theUniversityof
mmoM.

GibbB:"Sc:enti6cPapem,"1,88(t9o6).

A CRYOSCOPICSTUDYOFBENZENESOLUTIONS
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If the subscripti referato thesolventwemayevaluatethe 6r8tcoomoient
of (i) in termsof freezingpointlowering.For equilibriumbetweenthé sot-
vent in solutionand the puresolidsolventwehave:

~ê~ MâT lJT am.
Thisequation(2)transformsinto:

~F. AH< aT aF AHf

~'='T~eT="S,A~=~
Hère AH<is the heat of fusionper gramof the solidsolventinto solution.
In dilute 6o!utionwe may assumeAHt independentof concentrationand
neglectthe temperaturecoefficientofFt. Substitutingin (i) whichisstrietty
an isothermalequation.

AH, aT
,i"

~F! = o (4)'T-~+~~=~
0 (4)T amg 3m9

Theappearanceof dT in an isothermalequationneedcauseno concernainoe
it representsthe amountby whiehthe temperatureof the «~~MWWMMbe
changedif its /re~~ point wereMeaaMred;The best physioalmeasurable
quantity to usein expressin<:the secondcoeSoientof (i) is the partialpres-
sureof the solute. Wehave

M2~Ps MIap. fil .8pl
m~~v~B'~dm~ atn< p aou

Wherep is thedensityand V, thespecifiovolumeof the solutevapor. Sub-
stitutingin (4)wehave

<,
AH. aT ma ~p! 0 (5)~'T-~+-p-aS=° (s)

Sofar nothingbas been saidof molecularweight. The apparent molecular
weightM isdefinedfora gasbytheequation

M=~T
P

whereR isexpressedin appropriateunite. Combining(5)and (6) wehave

M = /~p.amA
(~)

M
m,AH~'ahrm;~aT~

It is necessaryin order to catcu!ateM fromfreezingpoint loweringdata
aloneto makesomeassumptionas to the relationofp2andm:. Wemayas-
sumethat Henry's!awpt = kxlwherex<is the molfractionof the solute,
holdsfornonnalsolutesin dilutesolution.If the solutionisdilutethismaybe
writtenp: = k-m:and (y) becomes

M = RT~ am.
(8)~"m,AB,~ ?

It is commonpractice to substitutemt/AT for am<T where AT is the
freezingpointloweringbut this isonlyjustifiedif theloweringisa linearfunc-
tion of mt. Theequation (8)connectingfreezingpoint loweringwithmole.
cularweightisnot usuallygivenin the exactformand it is importantto rec-
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ognizeits exact eignificanco.Provided the assumptionof Henry's law is

justified,wecanoalculatetheapparentmolecularweightas definedby eq. (6)
in the vaporstate, for thesolute. Thé vaporisnot assumedto be a perfect

gas. If Henry'slawdoesnotholdthe catcutationswillbe inerror. It is im-

portant to note that the propervalue of ~m~T must be used for a given
ooncpntration.It cannotbeemphasizedtoostronglythat a moleoutarweight,
as doterminedin solutionby freezingpoint lowering,dependsonly uponthé

vapordensityof thé soluteandnot upon the vapordensityof the solvent.t

Severalquestionsareat oncesuggestedby the abovestatement. Whatdoes

a molecularweightmeanfora nonvolatilesolute,and howcan a solutehave

differentmolecularweightsin differentsolutions? A molecularweightde-
t––– <– ––t~tit~ ~-t..t~tennination for a nonvolatile solute

givesus a hypothetioalvapor density.
If a solutedoesnot givethe samemole-

cular weightin differentsolutionsthen

oneof twotbingsmuâtbe true. Eit&er
the solute bas a variable moleoular c

weight in the vapor state depending
onthe pressuree. g. acetioaeidvapor,or
the assump~on of Henry's law i8

notjustified. If Henry's law does hold t

and a solute showsdifferentmolecular

weights in different solvents at the
sameconcentrationthé partial pressures
over the different solutions must be

different to account for the variable

vapordensityindicated.This mayimply--r-- --&

a differentstate ofassociationinthe varionssolventsbut it doesnot giveany
exactinformation.

It is impossibleto avoidsomeuncertaintyas to the amount of errorin-
volvedin theassumptionofHenry'slaw. Evenin the casewherethefreezing

point loweringis a Unearfunetionof the concentrationso that ~m/~Tis

constantit doesnot followthat Henry's lawholds,unlessthe apparentmole-

cularweightof the solutein the vapor state is likewiseknownto be inde-

pendentof concentration.In general,Henry'slawcannotholdfor an asso-
ciatedsolute. At the extremesofconcentrationhowever,wherethe dissocia-

tion is either slightor nearlycompleteHenry'slawmayhold. In solutions
of appreciableconcentrationthe deviationfromHenry'slawwilldepend,in
the simplecasesat least,on the deviationof the Henry'slawconstantfrom
the idealsolutionconstant.' ThiawillbeevidentfromFig. i wherethedotted
lineindicatesthe idealsolutionpartialpressureandtheheavylinesthepartial
pressuresfor typicalsolutions. For positivedeviationsat anypoint ~pt/~m:
willbe lessthan p~/m:,whilethe reversewillbetruc fornegativedeviations.
Wehavethe identity

ContraatwithJ.KendatI:J.Am.Chem.Soc.,43,t~t (t9:t).
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~!npe ~pt/~tn!)
ahuMt pi/m~

If ap~m: < pe/m~thentheuseofthesimplifiedform(8)willleadto toolarge
a valuefor thémolecularweight. Forpositivedeviationsfromidealsotutiona
thenwemayexpecttoolargeavalueofthémolecularweightin a)texceptex-
tremelydilutesolutions.Anegativedeviationwillproducethe reversoeffect.
Thesetheoreticalconsidérationswillbe referredto later in connectionwith
thedata obtainedin thiswork.

Rtperimentat
Anumberoftheearlierworkerswiththecryoscopicmethodobtaineddata

onbenzenesolutions. Prominentamongtheseare Raoult,' Beckman,'Au-
wers,'Paternel and Rozsa."AUof this work,however,wasdonewithmer-
curythermometersand comparativetyarudeappamtue,so that a highper-
centageaccuracycouldnotbeobtainedin dilutesolutionwhereHenry'slaw
maybe assumedto hold. In the workdescnbedin this paper thé greatest
loweringmeasuredwaso~g~C.

~pporo~Ms;The apparatusconsistedessentiallyof two freezingpoint
bulbsAand B Fig.2 whichwereplacedinDewartubes. In thé top of thé
bulbswereopeningsfor theinsertionofthe thermocouple,air bubblingtube,
pipette,etc. Theseopeningsweremadetightbyperforatedcorkswhiohhad
beenextractedwithbenzene. Thispart ofthe apparatuswasenclosedin a

Raoult:Ann.Chim.PhyB.,2,66(t8&t).
BedoMB:Z.phymkChem.,2,yt~(1888).
AuweM:Z.,phyBikChem.,42,5~ (tgo)).

'P~temô:Ber.,22,t~c (1889).
RoM&:Z.Eteetrochemie,17,934(i9U).
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copperoanwhiohwasnearlysubmergedin a water thermostat. Thecover

of heavysheetcopperwasabcvothe water ipvelbut tbis bas beenshownto

give satisfactorytemperatureequilibrium.1The thermostat was heavity
insutated,cooledbythe iceboxHandheatedbythe lampL. Aconventionat

type ofmercuryregulatorwasusedand nodifficultywasexperiencedinmain-

taininganytempératurebetweens" and35"Cwithvariationslessthan 0.0!°.
The thermoooup!ewas a ten-junctioncopper-constantancoupleof resist-

ance 5402ohmsanda catibratede.m.f.of 396.6miorovo!tsper degreeat the

freezingpointofbenzene. Thee.m.f.wasreadon the self-oalibratingpoten-
tiometerdevisedbyRodebush,'witha precisionof0.02-0.03microvolt.

ExpérimentalProcédure
Theapparatuswasdesignedoriginallywith the expectationof following

the experimentalprocedureusedby Hovorkaand Rodebushon dilutewater
solutions. Surprisingdifficultiesweremet with howeverbecauseof the pe-
culiarwaxynatureofsolidbenzene.It cannotbebrokenupintoconveniently
sizedparticles,as can ice, nor canit be handledin contactwith the air be-
causeof the absorptionofmoisturewhichproducesa markedchangein the

freezingpoint. In order to get a satisfaotorytemperatureequilibriumin

freezingsolutionsit is necessarytohavea mushof finesolidparticlesin con-
tact with liquid. Theordinary laboratorymethodof producingthis mush

by supercoolingdid not produceenoughof thé solidto coverthe thermo-

coupleto a satisfactoryheight. This methodwas actuallyusedwithsome

success,by supercoolingthe benzènevery markedlyand it is probablythe

simplestand best method,but one day it suddenlybecameimpossibleto

supercoolbenzenemorethan a degreein the laboratoryandthe methodhad
to be abandoned. This sort ofexpérienceis of coursea commonoccurrence
in crystaHizationwork.

It becamenecessarythereforeto devisea newprocedureof obtaininga
mushofsolidbenzène. Themethodfinally adoptedwasasfollows:

The freezingpoint tubes werefilledwith pure benzene,stoppered,and

placedin a beakerofice wateruntil a thin layer of solidhad formedonthe
sidesof the tube. The tube wasthenremovedand warmedslightlywiththe
hand whereupon,onshaking,smallparticlesofsolidbenzenewouldbreakloose
fromthesidesandsettleto the bottomof the tube. By repeatingthis process
a satisfactoryamountof solidfreefrom contaminationwasproduèed. The

temperatureequilibriumobtainedwasnot as perfectas can be had withice
andwaterbut it wasusuallyconstantwithin0.001°.

Whena sufficientamount of solidhad beenobtainedin two tubes they
wereplacedin thé thermostatandthé thermocoupleand thevariousconnect-

ing tubesinserted. The tube B servedas the standardtempératurebathfor
the thermocouplewhilethe benzenewaswithdrawnfromAthroughthe bub-

blingtubeC. ThesolidbenzeneinA wasrinsedfreeof purebenzenebyin-

troducingsmallquantitiesof thesolutionfromF andwithdrawingit through

1White:J. Am.Chem.Soc.,48, n~g(1926).
2 HovorkaandRodebush:J.Am.Chem.Soc.,47,!6t~(t9:s).
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C. Whenthis had been repeatedsever&Itimes the tube A was6Uedwith
solutionand equilibriumobtainedby bubblingpurifiedair saturatedwith
benzènevaporthroughboth tubes. AUthe solutionswerehandledout of
contactwiththe air or any possiblesourceof contamination.Thesolutions
weremadeup by directweighing. ThesmaUamountsofsolutewerosealed
in glasebutbsfor weighingand the bulb brokenbeneaththe surfaceof a
weighedamountofbenzene,to makeup the solution.

<

Préparai ofMa<erM~a;Benzene. Verypurebenzenemaybe obtained
becauseofthepossibilityof freeingit frommostofits impuritiesbyfraetiona!
crystaUizationor freezing. Thiophene,it is true, canmotbeseparatedin this
waybut thiaimpuritycaneasilyberemovedchemioaUy.Ontheotherhand,
paraffinhydrocarbons,olefim,acetoneand mostother impuritiesarequickly
eliminatedfromthesuccessivecropofcrystals.

MaHinokrodt'abéatgradeof thiophene-free,purebenzènewaaused. This
waafraetioBaUycrystallized5 times discardingabout one-tenthof it each
time. It wasthen fractiona!!ydis~Uedtwice,uainga taU,eSoient,fraotion-
atingcolumn,the lasttimefromphosphoruspentoxidedirectlyinto thefreez-
ingpointtubes. ThedistiuingapparatusasweUas the tubeswerethoroughly
dried,bya streamofdryair,immediatelybeforeuseand wereprotecteddur.
ing the distillationby a phoophoruspentoxidetube. Thefirstbenzenedis.
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tilling overwas neverusedand thé !ast portion in the nask wasneverdis-
tiUed. The boilingpointof the benzeneusedvaried lessthan .os degreeC.
Furthertreatment appearodtohave noo6feotuponthefreezingpoint.

Aceticaoid. Kahibaum'saceUeacidtabeted toopercent"wasused.This
waarecryat&l!ized5 timesand fraotionallydistilledfroma smaUamountof
phosphoruapentoxide. Onlythe middlefractionwaaooUeetedforuse. Altho
the veryconstant readingof the thermometerwouldnot indicateany acetio
anhydridein the distillate,this possibilitywaaeUminatedby a furtherpuri-
ficationby freezing.

.Water. "Conductivity"waterwasused.
Methylalcohol. Ao.p.gradeofmethylaleoholwasusedwhiohwasdried

withmagnesiummethylateandfraotionallydistilled.

Ethylalcohol. Absoluteethyl alcoholwasfurther driedwith magnesium
ethylateand fractioned.

Benzoioaoid. The purityof the benzoioacid used was certifiedby the
BureauofStandards. It wasreorystaUizedanddriedinavacuumdesiccator.

TABMl1
A = gOM.solutein iooogms.benzène
B – freezingpointloweringin centigradedegrees

A B

Methyl Alcohol
0.168 o.o:68
0.364 o.oS70
o.7to 0.1078
1.062 0.1546
ï68ï 0.234!!

Ethyl Aloohol

0.3:9 0.0364

0.803 0.0878

1.089 O.ÏZ23

t.33? 0.1459

i.8.}o 0.2013
2.263 0.244~

Water

0.074 0.0214

0.159 0.04SO
0.021 o.o6o6

0.248 0.07:6

0.320 o.o<)oy

0.382 .0990

0.5 .0986
i.o .0984

A B

Toluene

0.610 0.0338

o.6s8 0.0366

o.QSi o.os49

Acetïc Acid

o.aoï o.ois6

0.399 o.o:yy

0.805 0.0539
!.6n 0.087$

2.804 0.14~2

3.923 0.1957

4.45' 0.2109

4.8oy 0.2401

Benzoic Acid

1.557 .0342

3.004 .0683
4.8o9! 0.1060

8.774 0.1897

11.236 0.2402
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Toluene. The toluènewas preparedby the acid hydrolysisof p-tolyl
sulfonicaoid. Theresultingproductwasfractionated.

~sMMs:TheresultaaregiveninTable1 andareshowngraphicallyinFig.3.
It willbe notedthat the freezingpointdepressionappearsto bea linearfunc-
tionof the weightofsoluteper 1000gms.ofbenzeneforail of thesubstances
exceptaceticaoidand methylalcohol. Theresultsin thecaseofethylalcohol
arenot sufficientlyconsistentto determineabsolutelythat nocurvatureexista
buta straight linefits thedataas wellas anycurvethat couldbedrawn. In
thécaseof the othersolutéstherecanbenodoubt,in dilutesolutionat least,
as to the linearrelation. Thereappearto benodata inthe literatureofhigh
accuracyfor very dilute solutionsof the substanceswe have investigated
exceptin the caseof water. Richards,Carverand Sohumb'determinedthe
freezing-pointdepressionofbenzenesaturatedwithwaterto beo.o95'*Cwhich
isdose to our valueof 0.0987*0.Wefindbyextrapolationthat thesolubility
ofwaterat the freezingpointis0.35gm.per1000gmé.ofbenzene.

The toluenesolutionswerestudiedwiththespecialpurposeofdetermining
the so oalled"molalfreezingpoint" constantfor benzene.Sincoevenin the
caseof Henry's lawcannot beassumedexceptas a limitinglawresultswere
obtainedonly inverydilutesolutions. Thevalueobtainedin thiswayis g.11x
but the experimentalerrormakesthe last figureuncertain. Thevalueoatcu-
latedby equation(8) fromtheheat offusionofbenzeneis 5.07but the most
probableheat of fusion30.4cat/gmasestimatedfromnumerousdetermina-
tionsin the literaturemustbeunoertainby percent.' The valuewhiehwe
shalladopt 5.10appearstogivesatisfaotoryvaluesfortheapparentmoleoular
weightsat inanitédilutionforthevarioussolutesand isprobablynot in error
bymorethan onepercent.

In Fig. 4 the valuesof ~m/9Tfor the varioussolutesare plottedagainst
thefreezingpointlowering. Thevaluesof &n/3Tareobtainedbygraphical
methodsfrom the curvesof Fig. II and are of coursenot of highaccuracy
exceptin the caseswherethe eurveis linear. Since,assumingHenry'slaw,
theapparent moleoularweightis 5.1X ~m/M*thisquantityis alsoshownon
the left sideof Fig.3. It shouldbenotedinadvancethat an apparentmole-
cularweightgreaterthan the formulaweightis easilyaccountedfor as due,
either to associationor positivedeviationfromthe idealsolutionlaw,while
a value lessthan the formulaweightprobablymeanserrorin the valueesti-
matedfor &n/aTsince negativedeviationsfromthe ideal solutionlawarenot
probable. In the case of water and ethyl alcoholthe apparent molecular
weightsare independentof concentrationandequalrespectivelyto 18. and
46.4indicatingnoappreciableassociationofthé vapors. Someassociationis
indicatedin the caseof methylalcoholand the limitingvalueof31.1maybe
dueto error or to one of thé causesnotedabove. Thecaseof acetioacidis
that ofa typicalasaociatedvapor. Thevalueof50at infinitedilutionisprob-
ablytoo lowbecauseoferrorinextrapolation.Undoubtedlyacetieaoidvapor
is eompletelydepolymerizedat lowpressuresandapproachesthé doublefor-

RichardsCarverandSchumb:J. Am.Chem.Soc.,41,aoto(Mtù).SeeLandott-BOmatein-Roth:"TabeUen."
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mulaat highpressures. OurmeasuremoatsooverpracticaUythe entirerange
fromcompletedissociationto completeassociationbut it is onlyat the lower

limitofconcentratedthat Henry'slawmaybeassumedto beanythingmore

thana roughapproximation.Mo!ecu!arweightscaieu!atedover the rest of

the rangemeasurementsmust be regardedM approximationsonly. The

caseof benzoioacidis somewhatdifferent. At theMgherconcentrationsthe

vapordensitycorrespondsto the doubleformulaor evena greaterdegree
of association,whilethe measurementshavenot beencarriedto sunicientty
lowconcentrationsto showthe completedissociationas in the caseofacetic

aoid. Theextrapolationtozeroconcentr&tioniswithoutsignincance.Henry's
lawcannotbeaasumedto holdin anypart ofthemeasuredrangeexceptasa

roughapproximation.In viewof thé smallvaporpressureof benzoicacid

it is seenthat the polymerizedmoleouleofbenzoieacidis a far morestable

affairthanthepolymerizedacetioacidmolecule.
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Fromtheforegoingconsiderationsonemaydrawthe conclusionthat for
aUof the solutesinvestigated,exceptbenzoioacid,Henry's lawholdeat least
in the moredilutesolutions;andthat wherethe freezingpoint depMsaionin-
dioa.tespo!ymeTiza,~onan abnormalvapordensity&ctu&Uyexista. The latter
conclusionis, as shownin the beginningof thia paper by thennodynamic
roasoDiog,a necessMyconsequenceif the firstiBtrue.

summarq
Anexactequationbasbeenderivedfromthormodynamioa,whiohrelates

thefreezingpointdepressionofa dilutesolutionto the vapor densityof the
soluté.

Data aregivenforthe freeingpoint lowenngsofdilutebenzènesolutions
fora numberofsolutes.

The vapordensitieaof thé solutesare caloulatedfromthe freezingpoint
data.

~fte<M,MtMH.



THE SYNTHE8IS0F WATEROVERNICKELANDCOPPERCATA-

LY8TS. THE MIXTUREEFFECTANDPROMOTERACTION

BY FRANCIS B. BMtTH

It basbeenshownin a previouspaperithat the meohanismof thecatalytic
syntbesisofwatervapor is esssntiallythe samefor bothnickeland oopper
catalysts. Startingin eachcasewithmetalpreparedbyreduoingthe oxide
in the formofporousgranules,the resultsshowedthat thecatalyticreaction
consistaof twoseparatestages. Thefirst,or initial, stage is oharacterized
by a relativelyhighrate ofsynthesis,a relativelylow,orzero,rateof leakage
offreeoxygengaspast the catalyst,and the gradualcoveringof thé reduced
metalby a layerofoxide. Thespreadingof this oxideoverthe oatalystcan
befollowedvisuaUyin the caseofcopper,and withbothmetab by the tem-
peratureeffectsproduoedat the oxide-metalboundary. The secondstage in
the catalyticreactionfollowsthé coveringof thecatalystbythisstableoxide.
It is characterizedby a lowerrate ofsynthesis,a muchhigherrate ofoxygen
leakage,anextremelyslowrateofformationoffurtheroxide,andtheabsence
of further temperatureeffects. Theseparationof the twostagesis lessdis-
tinct with copperthan withnicke!,but the generalsimilarityof behaviorin
the twocasesis quiteevident.

It shouldbeemphasizedthat onlyinthésecondstageistherewhatmaybe
called"true" cata!ysis,and that the initialstageis reaUy"catatysiswithde-
structionofthe catalyst." Whetherthis destructionisnecessaryto the syn-
thesisin thefirststage,orwhetherit istheresultofasidereactionwhichplays
littleor nopartin thecatalysis,wasnotdefinitelyshownbythe thenexisting
data,but thelatterhypothesisseemedthemoreprobable.

The interpretationgiventhèseexpérimentalresultswasthat the catalytic
mechanisminvolveda fast reactionbetweenan "indefinite"oxideandhydro-
gen,and that this wasinhibitedby the coveringof the catalystby the layer
of oxide. Thisinterpretationcanbe stated equallywellby Bayingthat it
involvesthe alternate,or moreprobablysimultaneous,formationofan "in-
definite"oxideandits reactionwithhydrogen. In viewof the provedin-
hibitingac<A)nof freegaseousoxygenonthe reduction,but little importance
wasattachedto the possibilityofa mechanisminvolvingalternatereduction
of the stable oxideand reoxidationof the metal surfacethus exposed,a
mechanismfirstproposedbyPeaseandTaytor'for the catalysiswithcopper.
Thèseauthorspostulated,on the basisof preliminaryobservations,an en-
tirelydifferentmechanismfor the catalysiswithnickel. Ourresuttsshowed,
however,that the behaviorof thèsemetalsis essentiaUythe same,and that
the most probablemechanismfor onemust be that for the other. In the

LamonMdSmith:J.Am.Chem.Soc.,4?,346(t9ts)-
PeaseandTaylor:J.Am.Chem.Soc.,44,!637(t9M).
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Fourth Reportof the Committeeon ContactCatalysis, the iuterpretation
of the resultsfor both niokeland coppergivenin our paper is aoceptedby
Taylorinpreferenceto themeohanisminvolvingthéstableoxide.

BentonandEnanett,*however,in an articleonthe watersynthesisover

nickel,attempt to showthat the stable oxide is an essentielstep in the

catalyticmeehanism.Whilethere is no disagreementregardingthé experi-
mentalfacts,thé conclusionsreachedby theseauthorsappear to be unjusti-
fied. Theirinterpretationwillbediscussedin a latersection.

Thepresentpapergivestheresultsof furtherexpérimentawithpurenickel
andcopperoatalysts,andextendathe investigationintothéfieldofmixedand

promotedoatalysts. Evidenceis presentedto showthat the physicalnature
of the catalystsurface,as wellas its chemicatproperties,is of primaryim-

portancein determiningthé oatalytioactivity. The resultsare, in general,
consistentwiththe theoryof the catalytiomeohanismgivenin the firstpaper,
andarepresentedasfurthorsupportfor it.

Pteparathmof CatalyticMaterial

AUthe catatysteusedin the present work,withbut oneexception,were

preparedby reductionin hydrogenof the precipitatedhydroxides,following
the proceduredescribedin the first paper.a Theseprecipitatedhydroxides,
whichworein theformofporousgranulesof8-14meshsize,variedsomewhat
in hardness. In the copper-niokelseriestherewasa gradualincreasein hard-
ïiessfrompurecopperto pure nickel. The copper-aluminawasmorefirm
than the correspondingcopper,and pure nickelwas firmerthan copper
alumina. Ofthe twoprecipitatedcopperhydroxides,that inthé copper-nickel
serieswaalesshardthan that inthé copper-alumina.

Theoneexceptionto themethodofpreparationbypreoipitationwasinthé
caseofa fusedcopperoxide/ Electrolyticcopperwirewasroastedin a to-

tatingfumacethroughwhicha currentof airwaspassed.The resultingoxide
wasfusedin anetectncauyheatedfumacein the presenceof oxygen. After

cooling,the fusedmasswascrushedand screenedto 8-14mesh. The oxide

granuleswerehard and dense,and wereblaokin color. Analysisshoweda

coppercontentof 87.3per cent., oorrespondingto thécomposition:10.6per
cent.cuprio,and80.4percent.cuprouaoxide.

The preliminarytreatment and reductionof the catalystmaterialwere

carriedout in st<Masdescribedin the nrst paper. The reduotion.at:i8'*was

continued,as inthepreviouswork,until analysisoftheeffluentgasbypassage
thru phosphoruspentoxideweighingtubes,showedthat it containedlessthan
0.1mg.ofwaterper6 litersofgas. Evidencethat thereductionofthe porous
oxideswascompleteispresentedin the nextparagraph. ·

Samptesof thé cataïysts,after réductionat 218°and operation(as de-

scribedlater)at temperaturesnot exceeding184°,wereheated at 444°in a

'T~ylor:J. Phye.Chem.,30,ts7-8(1926).
BentonandEmmett:J.Am.Chem.Soc.,48,632(ï9a6).
LMSonandSmith:J.Am.Chem.Soc.,47,346(t~~s).

Thisoxidewaspreparedat théHxedNitrogenReseamhI~boratoty,Washington,D.C.
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streamof purehydrogonfor one-halfhour. Additionalwaterwasobtained
inonly twocases,–fusedoopper'gave31.4mg.,andoopper-atumina,3.~mg.
In thé latter case,thewaterwasundoubtedlyderivedfromhydrated&lutni'
numoxide,sincedehydrationofthisoxideis notcomploteat 218°. Thefused

oopperoxidewasnot oompletelyreduced at 218",and fused nickeroxide
wouldnodoubt havebehavedsimilarly. This behavioris easilyexplained
as dueto the non-porousnatureof thé granules,whiohpreventedreadyac-
cessof hydrogento the interioroxide. However,the evidenceis conclusive
tbat the porousoxidesobtainedfrom precipitatedhydroxidesca.nbe oom-

pletelyredueedby hydrogenat temperaturesas lowas 218°.
Table1givesthe compositionsby weightof thé reducedcatalysts,as cal-

culatedfromanalysesof the originalgranules. No acoountis taJœnof the

presenceof someoxidein catalystNo. 3, the fuBedcopper,nor of the prés-
enceofwaterincombinationwithaluminaincatalystNo.2b.

TABLE1

Compositionsof theCa,ta!ysts,per cent. by weight

The amountsof shrinkageof the differentoxidesduring the preliminary
treatmentandreductionvariedwithinrather widelimits. The precipitated
coppersshrankmostofa!l,whilepurenicket,fusedcopper,andcopper-alum-
inashrankleast. Thecopper-nickelmixtureswereintennediatebetweenpure
copperandpurenickelinthis respect. Thevolumesof freshlyreducedcata-

lystwereingeneralabout3 ce. Thissmallervolumeas comparedwith that
usedin the previouswork(7-9co.)wasfound désirablein orderto decrease
tholengthsoftheruns,andin partioularthe lengthsof the intital stagein the

catalysis. With continuedusesomefurtherdecreasein volumewasusually
observed,butat no timewastheamountofcatalystlessthan 2cc.

ExperimentalPart

Theapparatus,showndiagrammaticallyin Fig. r, wassimilarto that used
in the previouswork,exceptthat noprovisionforhumidificationof the gases
wasmade. Thefinaldryingof the gaseswas effectedby their passagethru
tubesofphosphoruspentoxideandfusedpotassiumhydroxide. Oxygenwas
addedto thehydrogenfromtheelcctrolyticceU(i), and its concentrationwas

Théexpression"fu~edcopper"wiUbeusedtodesignatethecatalystpreparedbyre-
ductionoffusedeopperoxide.SimiJMty.'precipitfttedeopper"willmeana efttatyatpre-
paredfromtheprectpitatedhydroxide.WtenMdiatinguiBMngadjectiveisusedin this
conneetton,theprecipitatedcitalystwidbemeant.

Catfttyst Copper N:cke! Alumioa

!& Copper too ––– –––

ib Copper-Nicke! 88.2 n.8 ––

ic Nicket-copper 25.5 75.5 ––

id Nickel –– 100 –––

2a Copper 100 ––– –––

zb Copper-alumim os. s –– 4.5
3 Fusedoopper 100 ––– ––
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keptconstantat 10mg.water-equiva!entper $ minuteinterval. Theflowof
hydrogenwas!ooce.perminute(o", 760mm.). Weighingsof thewaterinthe
effluentgas wercmadeat suitableintervals,and whendesired,the rate of
oxygenleakagewas detorminedas in the previouswork. Further dotails
aregivenin the firstpaper.

Someof the runs werecontinuedovera periodof manydays, and the
catalysthad to boleft standingovermght. It wasfbundpossiMeto dothis
withlittle ornoréductionof théstable oxide,if the oompletelyoxidizedo&ta-
lystwascooledrapidlyto roomtemperatureandshut offundera slightexcess
pressureof the mixedhydrogen-oxygengases. The followingmomingthé

Apparatus

catalystwasflushedat roomtemperaturewith the mixedgasesfor about10
minutes,and wasthen heatedrapidly to the temperatureusedthe previous
day. In mostcasesbut littlewatervaporhad accumulatedduringthe over-
mghtperiod,andtherewasnogreatamountformedonheating. It wasthus
possibleto make"continuons"runswithoutreductionofthe oxide. Whena
run had beencompleted,the oxidepresenton the catalystwasdetermined
by shutting off the oxygenand passingpure hydrogenover the catalyst,
finalreductionbeingcarriedout in aUcasesat 184". Subsequentheatingat
highertemperaturesup to 444°,as alreadydescribed,showedthat the oxide
formedduringcatalysiscanbe compteHyremovedia thisway.

ExperimentalResults

Typicatresuttsof the presentseriesof experimentsareshownin Fige.2and
3. Fig.a showsthe characterofthe initialstageof thecatalystsfor thedif-
ferentcatalysts,whitein Fig. 3 emcienciesof conversionin the finalsteady
state areplottedagainsttemperature.

Asthe curvesof Fig. a show,there areapparently (but,as willbeshown
immediately,not really)twodistinct typesof initial reaction,onecharacter-
izedby a rather long,Sat maximumand a rapid decreasein the rateofsyn-
thesis,and the otherby a muchshortermaximumwithamoregraduâtrateof
decrease. The catalystswhichmay be consideredas beingof the longmaxi-
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mumtypeare purenickel,nickel-copper,and copper-alumina.Thosehaving
shortmaximaare the precipitatedcoppera,fusedcopper,andcopper-nickel.
In this respect,asin othersto bomentionedlater,theretsnospecifie"mixture"
effeotin the oopper-nickelaeries. In general the propertiesvariedgraduaUy
frompurecopperto purenickel.

That there is no essentieldifferencebetweenthe twotypes of eurvesis
shownbyanexaminationof the resultsat differenttemperatures. In thecase
ofeachcatalystthereisevidenceofa transition,withincreasingtemperature,
fromthe shortmaximumto the longcontinuedmaximumtype, andthisevi-

ltateaofwaterformMtomtntypicalruM

denceiaconclusivein twoinstances.Thus whenprecipitatedcopper,catalyst
No. ia, wMchgavecurvesof the shortmaximumtypeat temperaturesfrom

78"to ts6",wasrun at 164",it gavea maximumof 9.9mg. ofwaterper 5
minuteslastingmore than four hours,and then ehoweda rather rapidde-
creaseto 7.0mg.at the Snalsteadystate. Alsoin the caseof copper-atumina,
No.ab, at 94"the ourve(shownin Fig. 2) isevidentlyintermediatein char-

auter,sincethé fiat maximumat 6.8mg. lasts lessthan half anhour. At a
lowertemperature,79",there wasa sharp maximum,and at a highertem-

perature,107",therate ofwater formationincreasedslowlyfrom9.9mg.per5
min.at the endofthe firsthourto 9.8mg. at the endof15hours. Asimilar
inoreasein the rate of synthesisduringthe initialstagewasobservedfor the
othercatalystsofthis type,altho toa lesserdegree.

In au casesinwhichthere wasa continuedmaximum,the oxygenleakage
waszeroupto thepointat whiohthe decreaseinemcienoytookplace. Simul-

taneoustywiththé beginningof this decrease,thé oxygenleakageincreased
to a pointsuohthat thé sumof the synthesisand leakageaccountedfor ait
theoxygenenteringthecatalystchamber. Therateoffurtheroxideformation
isthereforenotmeasureableby difforence.
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It shouldbepointedout at this timethat it is notstriottycorrectto say
that thé eSciencyof the oatalyst duringthe initialstage,whenthere is no
oxygenleakage,is anythinglessthan toopercent. Theroarepresentunder
theseconditionstwo competingreactions,oneformingoxidewhiohremains
on the catalyst,and the other formingwater. If, for example,one-tenthof
the oxygenetrikingthe catalyst is permanentlyaxedas oxide,only nine-
tenths is teft for thé oatalytioreaction. If the oatalystconvertsthis com-
pletelyto water,it is doingaUthat c&abe expectedofit and tBin thé true

sense ïoo per cent. efficient. If leakagebegins,however,the catalyst is
clearlynot convertingaUavailableoxygento water,and to thoextentthat it
failstodothis, its efficiencyis lessthan ioopercent. It is correct,therefore,
to calculatecatalytieefficienciesonthe basisofthe oxyegnenteringthé cata-
lyst chamberonlywhenthereis completeconveraonof thisoxygento water,
orwhenthereialeakageofoxygengasthruthe catalystbed.

In a studyof the mechanismofa catalytioreaction,it is thesteadystate
conditionswhiehare of most importance. The curvesin Fig.3 showthe
changein efficiencywith temperaturefor the catalystsin this final steady
state. Thé pointaplottedare taken fromthe resultsof "continuous"runs
lastingmanydays, duringwhichtime the temperatureof the catalyst was
variedbackand forth severaltimes overthe rangeindicated. As already
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mentioned,continueduseoftheoatalystsresultedina decreasedvolume,and
thiswaàin generalaccompaniedby a decreasein thecatalytioemoiencyand
theamountofoxideformedina giventime. Successiveruas,however,gave

closelyreproduoibleresults,and the détériorationofthe oatalyststendedto

approacha limitingvalue,both as regardsefficiencyand oxideformation.
Thepointsshownin Fig.3 weroobtainedlate in the seriesof runswithany
oneoatalyst,andrepresentthereforethe emcienoiesof the catalystsnearthis

limitingstate.
Thosepointsplottedas toc per cent.emcienoyare, in a way,fortuitous.

Theoatalystin its oxidizedconditionwasheatedto suocessivelyhigheptem-

peraturesuntiltheoxide"broke,"i.e.,reductionofthéstableoxidetookplace.
Sinceheatingwaseffectedbymeansofvaporbaths,there wasneceBsantya

disoontinuityin goingfrom onetemperatureto another. In the casesof

catalystsNos. la and 10,reductionof thé oxidestarted immediatelyand

rapidlyat thé highertemperature. Withthe otheroatalysts,reductionpro-
gressedmuchmoreslowlyand in somecasesdid not start until sometime
afterthe highertemperaturewasreached. The resultsobtainedwithfused

copper,N. 3,maybegivenasan example. At 117"the emcienoywas37per
cent. Whenthe temperaturewasraisedto 131",théemoiencyinoreasedim-

mediatelyto 82per cent. Duringthe next 14hours,there wasa slowin-
creasein emcienoyto 99percent. andvisiblereductionof the oxidestarted
at thé top of the catalystbedwherethé concentrationof freeoxygenwas
least. Duringthe next24hours,the eSiciencywas100percent.,the oxygen
leakageremainednil, and reductionprogressedvery slowlydownwardsfor
a distanceofone-halfcentimeter.At nothnewastherate ofwaterformation

groaterthan 10mg.per5min.,andsinoetherewasnoleakageoffreeoxygen,
reductionmust have takenplaceat a rate too smallfor measurement.On

loweringthe temperatureto 117",the reducedportionof the oatalystwas

againoxidized. It is believed,therefore,that 131°is, withina smalllimitof

error,thé minimumtemperatureat whichthe stableoxideformedon this

catalystis reducedunder the conditionsof the steadystate synthesis. In
otherwords,it is the lowesttemperatureat whiohtheoatalystis 100percent.
efficient.

Similarpointswereob~funedfor catalystsNos. ib, id, za, and ab, altho
innoneoftheseoaseswasreductionasgraduaias intheexamplejustgiven.It
ispossible,andperhapsprobable,that thé minimumtemperaturesof reduc-
tionfor thesecatalystsare slightlylowerthan the pointsobtained,but thèse
lattercannot begreatlyinerrorsincethe extrapolatedcurvespasssmoothly
thru them.

The catalystsin orderofdecreasingefficienciesin the finalsteadystate
are copper-alumina/fusedcopper,nickel,nickel-copper,copper-nickel,and

pureprecipitatedcopper. Thereis no mixtureeffectin the copper-nickel
series,each constituentseemingto act independentlyof the other. At the
lowertemperatures,the nickel-copperis moreactivethan is purenickel,but
inailothercasesthereis a gradualchangein efficiencyfromnickelto copper.
It isofinterestto notethat theamountsofshrinkagein thepreliminarytreat-
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mentand reductionparaltelexactlytheefficienciesm thé finalsteadystate.
Precipitatedcopper,whichshrankmostof ait, is by far the poorestcatalyst,
whilecopper-alumina,fusedcopper,andnickel,wMchshrankleast,are tho
best oatalysts. Of the two precipitatedcoppers,that having the barder
originalgranule,No. za, shranklessandwassomewhatmoreactiveoataty-
tically.

A comparisonoftotal amountsofoxideformedby thé catalystsandtheir
efficienciesshowsanotherparallelrelation. The catalystswhiehare most
active catalyticallyare also thosewhichpossessthe greatestcapaoity for
formingoxide. Theamountofoxideformedby a givencatalystin the final
steadystate increasesslowlywiththolengthof time it isrun withoutredue-
tion,andthere isan accompanyingslowdecreasein the efficienoyofconver-
sion. Onthe otherhand,a froshiyreducedcatalystformsduringa giventime
moreoxideandis moreefficientthanacatalystwhichbasbeenusedforsome
time. Thisdifferenceis mostmarkedin the caseof the pooreroatalystB,and
isbut slightlyevidentin the caseofa catalystsuchas copper-alumina.Un-
doubtedlythis behavioris relatedto thegraduaishrinkageof the catalystin
useandtheaccompanyingchangeinthephysicalnatureofthesurface. That
theamountofoxidepresentis notdirectlyrelatedto the catalyticemciencyis
shownclearlyby the followingdata. Catalyst :b, copper-alumina,was 90

per cent.efficientwith92.2mg.water-equivalentof oxidepresent,and in a
subsequentrun at the sametemperaturegavea conversionof 8~ per cent.
withonly 4z.6mg. water-equivalentof oxideon its surface. Catalyst ib,
copper-nickel,gaveat differenttimesidenticalconversionsof zo per cent.
with48.: mg. and 25.0mg. water-equivalentof oxidepresentrespectively.
It can besaid in generaltbat a catalystwhichis activecatalyticallyis also
activeinformingoxide,but thereisnoevidencethat the formerisa resultof
the latter.

Becauseofthetendencyto continuethéformationofoxideforlongperiods
oftime,itwasdimcultto obtainquantitativedataonthe relative"saturation"
valuesforoxideformationby the differentcatalysts. Thedata are further
comp!icatedby the dinerencesin températuresat whichthe catalystswere
run, andthe resultingchangesin theirratesofoxideformation.Thefollowing
igures,obtainedfromruns lastingmanyhours,are given,therefore,not as
tbsolute,but withthe idea of showingrelativevaluesfor the differentcata-
!yats. The figuresrepresentwater-equivalentsof oxideexpressedas milli-
sramsof waterpergt~mof reducedcatalyst:copper-alumina,100;copper-
nickel,30;nickel-copper27;nickel,13;fusedcopper,12;precipitatedcopper,
No.aa, 4;andprecipitatedcopper,No.la, 2.5. Dueto thegreatdifferencein
densityof the precipitatedcatalystsas comparedwith the fusedcopper,a
comparisonof relativeoxideformationbasedon unit weightsbas little sig-
aiScancein the lattercase. Abettercomparisonis that oftotal amountsof
axideformedbythe threecatalysts:copper-alumina,fusedcopper,and cop-
per-nickel. The volumesof theseoatalystswereeach aboutoc., and the
amountsofoxidewere107mg.water-equivalentfor the copper-alumina,74
mg.for théfusedcopper,and 48mg.forthé copper-nickel.The catalystsin
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orderofdecreasingcapacitiesforformingoxideare,therefore,copper-alumina,
fused copper,copper-nickel,nickel-copper,nickel,and precipitated copper.

It isevidentthat thereishèrea distinctmixtureeffectin the copper-nickel
séries. The additionof either metal to the other inoreascsmarkedlythe

capacityforformingoxideduringthe catalytiesynthesisofwater. Moreover,
thé copperformalessoxidethan does nickel,thé mixturecontaining88per
cent. copperformsmoreoxidethan the one containing75 par cent. nickel.
This iethe onlyinstanceofa mixtureeffectfoundin thiaseries. That thereis

not a correspondingeffeotin the catalyticefficienciesindicatesthat thereis

nodirect relationbetweenoxideformationandthecatalyticmcchanism.

Thechangesin eSoienoyandoxideformingcapacitycausedbyheatingthe

oatatystato 444"are of interest in connectionwith changesin thé physical
structureof thé catalysiswhichtook placeat thistemperature. In ait cases

there was appreoi&Neshrinkageof the catalysts,a decreasedoxideforming

capacity, and with but one exception,whichwaein the caseof nickel,an

accompanyingdeoreasein catatyticefficiency. The catalyst least affected

by the heat treatmentwascopper-alumina,whichshrankonly slightly,with

noapparent sinteringof the separategranules. Theefficiency,as determined

by six-hourruns immediatelybeforeand after theheat treatment,wasprac-
ticallyunchanged,but thé total amountsof oxideformedduringthis length
of time were 42.6 and 35.6mg. water-equivalentrespectively. The fused

coppercatalystshrankaboutone-eighthandsomesinteringwasevident. The

changein efficiencywasvery great: beforeheating,a six-hourrun gavea
maximumof0.4mg.waterper 5min.decreasingto 7.5mg.at the end ofthe

run; after heating,the maximumwas 2.4mg. per 5 min.and the finalrate

only 1.3mg. The oxideformedin this time was13.0mg. water-equivatent
beforeand 7.4mg. afterthe treatment. Precipitatedcoppershrankto about

half its previousvolume,and the granulessinteredtogether, holdingthe

shapeof the catalysttube sothat considerablejarringwasnecessaryto sepa-
rate them. Both efficiencyand oxideformationdecreasedmore than half.
The copper-nickelmixturessuffereda largedecreasein both efficiencyand
oxideformingcapacity.

Thenickelcatalystshranknearly5opercent.and sinteringtook placein
a manner similarto that describedfor the precipitatedcopper. The oxide
formationin six-hourruns decreasedfrom 17.2mg. water-equivalcntbefore

heatingto 5.0mg.after;but the catalyticefficiencyincreasedfroma maximum
of 0.4mg. waterper 5min. lasting2 hoursanda finalvalueof 0.8mg.,to a
maximumof 9.8mg.per 5 min.lastingthe fullsixhourperiod. Subsequent
runs showeda graduaidecreasein eSiciencyand oxideformation, but thé

efficiencydidnot, in the entireperiodof20daysduringwhichthe runswere

continued,reach the low value obtained beforethe heat treatment. Suc-
cessiveruns gavemaximumratesof (i) o. 8mg.waterper 5 min.for nearly
6hours,decreasingto3.7mg.at theendofthe nexthour,and forming4.2mg.
water-equivalentof oxide;(2)0.8mg. per 5 min.lasting2 hoursand falling
to 2.1mg.insixhours,withoxideéquivalentto 3.0mg.water;and (3)o.8mg.
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waterfor t hour,faUingto ï.6 mg. in 6 hours,and forming3.0mg.oxide.
Thereis apparentagradualchangetowardthepreviouaconditionofthécat-
atystas regardscatalyticefficiencybut &otasregardsoxide-formingcapacity.

Discussion

The essentiattikenessofthe twoapparentlydifférenttypesofinitialreao-
ttonbas beenpointedout in thé !ast section. Whethertherewillbea con-
tinuedmaximumwithnooxygenleakage,or a shortmaximumwithleakage
startingahnostimmediately,isapparentlydependenton theratesofthetwo
competingreactionswhicharein evidenceduringthé initialstageofcatalysis.If the temperatureis sumoientlyhigh,the rate of synthesiswillrise togive
completeconversion,andthereis noreasonto expeota decroasein thisrate
unlessthe catalystdeterioratesdue to a physicalchange.

At a somewhatlowertempérature,wheretheconversionisnotquitecom-
plète andthe remainingfractionof the oxygenis completelytakenupbythe
metalto formoxide,the durationof the continuedmaximumwilldependon
the magnitudeof this fractionand on thé capooityofthemétalforfonningoxide. Asthe temperatureis lowered,the durationwilldecreaseowingto the
decreasedrate ofsynthesisandthe resultingincreaseinthe amountofoxygenavailaMeforformingoxide,but therewillbe a continuedmaximumas longas the rate of oxideformationandthe capacityof the metalaresumcientty
great to preventthé escapeof free oxygenpast the catalyst. Whenthis.
latter ocours,however,the catalystsurfacebasbecomecoveredwitha layerof oxide,and the rate ofsynthesiswiUundergoan immediatedecrease.On
theotherhand,whentheratesofsynthesisandoxideformationarebothlow,the oxygenleakagestarts immediatelyand a shortmaximumresults. It is
evidentfromtheexperimentaldata that theexpectedtransitionfromtheeon-
tinuedmaximumat hightempératuresto the shortmaximumat lowtempera-turestakesplaceat fairlyhightemperaturein the caseofoopper,but basnot
beencompletelyattainedat 34°in the caseofnickel.

Evidencethat the formationof oxideand the catalyticprocessare inde-
pendentandcompetingreactionsis to befoundin theobservedinoreaseinthe
rate of the latter duringthe initialstage. The catalystis, as aheadyshown,100per cent. efficientduringthis periodwhenthe formationofoxideispro-
gressingthru thé catalystmass;and the formationof water takes place
chieflyat, or just beyond,the oxide-metalboundarywherethe heatenectis
greatest. Nevertheiess,theoxidecoveredportionof the catalystis activeto
someextent in the synthesis,andsincetheformationoffurtheroxideonsuch
surfaceis extreme!yslow,the amountof waterformedon this surfacemust
graduallyincreaseas i<Blengthand area increase. Witha sufficientlylongcolumnof catalysta limitingstate willbereachedin whichaUthe oxygenis convertedto wateron the oxidecoveredsurface,and nofreeoxygenwiU
be left to extendit farther. Thishas aotuaUybeenobservedin the caseof
copperwhoseoxideisvisible. In the caseofan insumcientdepthofcatalyst,
however,the oxidationwillprogreasuntilthe wholesurfaceiscovered,andat
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this point there willbe a dropin the rate of waterformationexceptin the
marginalcasem whiohthe depthof catalyst is just sumcientto effectcom-
pleteconversiononthe oxidecoveredsurface.

The suppressionof thé oxidationréactionon thé oxidizedportionof the
catalyst thus causesan increasein the rate ofsynthesisin the first stageand
thismay reachthe pointwherecompleteconversionisattained. Onthe other
hand,the coveringofthe entirecatalystbyoxideresultsina markeddecrease
in the rate of synthesis,sincesucha surfaceis lessactivethan is oneof free
metal. In other words,the oxidelayeractsas a poisonby coveringthe more
active metal surface.

Furtherevidencefor the independenceof the catalytiomechanismand the
formationof oxideis givenby the absenceof any mixtureeffectin the for-
mer and ita presencein the latter. It seemshighly probablethat, if the
catalytic mechanisminvolvedthe stable oxide,an effectwhioholearlyin-
fluencesthe formationof the latter wouldhave a correspondinginfluenceon
the eatalyticemoienoy.

In the finalsteadystate, the formationof further oxidetakes placeat an
extremelyslowrate, and this reactionis, therefore,no longerin seriouscom-
petitionwith that ofcatalysis. Sincereductionof tho stable oxideis inhib-
itedby freeoxygen,whiohisalwayspresentwhenconversionis not comptete,
it doesnot seemprobablethat thisoxideia an importantfactor in the oata-
Iyticmechanism. Thereis anotherandfaster reactionmost in evidencedur-
ing the initial stage,and this undoubtedlycontinuesto play a predominant
part in the true catalyticmeohanismof thesteadystate.

The catalyst surfaceis probablyat no time completelycoveredby oxide;
copper(ornickel)nucleiarenodoubtpresentat isolatedportionsof the oxide
layer,and it is thesenuoleiwhicheffeotmostof the catalyticsynthesis. The
probablemechanismofthe catalysisseemsto be activationofan oxygenmole-
culeor atom byits closeapproachto anactivemetalatomwith the probable
formationof an "indefinite"oxidewhichis readilyattackedby hydrogen. It
is possiblethat thé hydrogenis aotivatedin a similarway, but the present
data do motshowwhetherthis isprobableor not. Whetheran oxide-metal
interfaceis necessaryto the synthesisis not definitelyshown,but it seems
likelythat this is not the case. Theapproaohofa singleoxygenmoleou1eto
an activeatomon a freemetalsurfaceseemsa!l that is necessaryfor its acti-
vation. At the beginningof the initial stage the wholesurfaceis probably
cataiyticaUyactive, and it is the formationof the stable oxidewhichde-
creasesthis activesurfaceand finallycausesthe decreasein emcienoy.

Therelationbetweenhardnessof granule,shrinkage,the effectofheating,
capacityfor formingoxide,andcatalytieactivitygiveimportantinformation
for explainingthe catatytic reaction. The experimentalresults showthat
thosecatalystswhichundergogreatestshrinkageinthe preliminarytreatment
and réductionare also lowestin catalyticemciencyand oxideformingoa-
pacity. Of the two precipitatedcoppercatalysts, the more activewas the
onehavingthe harderoriginalgranuleand undergoingthe lesseramountof
shrinkage.In the seriesof coppercatalysts,the emcienciesparalledclosely
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thé eneotsmentionedabove. The mosteffioientof thèseoatalystswasthe
copper-aluminaand this wasalsomostactive informingoxide,sufferedleast
shrinkage,and was least affectedby the heat treatment. Thefusedcopper
underwentbut slight shrinkageand formedlargeamountsof oxide,but it
sufferedgreat injury on heating. The poorestcatalysts,the precipitated
coppers,shrank largely, formedbut little oxide,and werefurther greatly
inactivatedby heating.

The behaviorof copper-aluminais especiallyinterestingwhencompared
withpromotedammoniacatalysts. It has beenshown'that the promoters
usedinammoniacatatysts (usuallyaluminumandpotassiumoxides)serveto
keep the surfaceof the reducedcatalyst relativelylarge. The functionof
aluminain the copper-aluminaseemsto be similarin that it preventsthe
collapseof the catalyst structure.

Thesefacts are in agreementwith the theoryof the catalyticsurfacede-
velopedby ProfessorH. S.Taybr~in severalarticles. Onthe basisof this
tbeory,a catalyst likecopper-aluminashouldbeveryactive. Owingto the
presenceofthe aluminumoxideas asupportingnetwork,shrinkageduringthe
preliminarytreatment andréductionshouldbeslight,andthereshouldbeon
thereducedcatalysta relativelylargenumberofcopperatomsin anunsatur-
ated condition. For the samereasonrearrangementof the copperatoms
shouldbe relativelyslow,and ovenhigh temperatureshouldhaveno great
effect. Pure precipitatedcoppershould,on theotherhand, be muchmore
affectedin theseways. Reductionshouldcauseshrinkage,andthe readymo-
bilityof thé unsupportedcopperatomsshouldleavea surfacewithbut few
exposededgesand corners. The fusedcoppercatalystshrankonlyslightly
in the preliminarytreatment and reduction,but heatingto 444"causeda
greaterchange. It seemsprobablethat the oxideremainingin the interior
of the granuleaoted as a supportto the atomsof metalon the surface,and
that the removalof this oxideresultedina collapseofthe catalyststructure.

Acatalysthavingactiveatomsin the sensepicturedbythe theoryshould
showa parallelrelation in the amount ofoxideformedandits oatalyticac-
tivity,andthis is borneout bythe experimentalfacts. Asimilarrelationship
hasbeenshownfor ammoniacatalystsby Almquistand Blaok.aThey find
that thosecatalystswhicharemost activein theammoniasynthesisare atso
theoneswhiehformthe largestamountsof oxidewhenexposedto nitrogen-
hydrogenmixturescontainingsmaUamountsofoxygenorwatervapor.

Nickelshrankbut little in the preliminarytreatmentandreduction,andit
wasmuchmoreactive than precipitatedcopper. The originalgranulewas
firmerandthe mobilityof thenickelatomis lessthan that ofeopper,–ailof
whichagreeswith the theory. The resultof heatingnickelto 444°is, how-
ever,entirelydifferentfromthat to be expected. Therewasa decreasein
oxideformingcapacityinagreementwithpreviousresultswithothercatalysts,

Wyeko9&ndCrittenden:J.Am.Chem.Soc.,4?,2<66(t9as).
$Taylor:Proc.Roy.Soc.,108A,io5(t9:s);FourthReportoftheCommitteeonCon-tactC~tatym,toc.cit. andothets.
*A)mquMtandBiack:J.Am.Chem.Soc.,48,2814(t9:6).
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but in apiteofa largeamountofshrinkageandthesinteringof théseparate
granules,the catalytioactivitywasconsiderablyincreased.Thepresentdata
do not warrantany definiteexplanationof this phenomenon,but it is ex-
tremelyinterestingtonotethat nickelbehavesabnonnaUyin respectto many
of its physicalpropertieswhenheatedaboveabout360". Thereis a change
inmagnetioproperties,inthecoeSoientofexpansion,andin the coolingourve
of niokelat this transitiontemporature. Theseeffoctsare not permanent,
and thisis inagreementwiththe observedtendencyof thecatalystto return
to its formerloweractivity.

BentonandEmmett'try to showthat the stableoxideis anessentialstep
in the catalyticmeohanismwith nickel. Their resutts,however,showthat if
the oxygenis shut offduringthe finalsteadystate, the rate of reductionof
thisoxidewithpurehydrogenisverymuchlessthantherate ofwaterforma-
tion 'duringthe synthesisimmediatelypreceding. Sincereductionof the
oxideis inhibitedby thefreeoxygenpresentduringthe synthesis,the rateof
waterformationshould,if the synthesisinvolvesreductionof tbis oxide,be
increasedbyshuttingoffthe oxygen. Thiswasneverthe casewith theoata-
!yst8usedby BentonandEmmett. Evenif the oxygenisshut offduringthe
initialstage,beforetheoxidebas spreadentirelyoverthe catalystssurface,
therateofinductionis innowaycomparablewiththerateofsynthesis. Thesé
authorsadmitthat "unlessthe rate ofreductionMtthecatalyticprocessismuch
greaterthan the rateshereobserved,successiveoxidationand reductioncan
haveonlya minorsharein the catalyticmechanism."Theratesof reduction
referredtoare for a partiallyoxidizedsurface,havingthereforea largeoxide-
metalinterface,andarewithpureoxygen-freehydrogen. In the steadystate,
thecatalystsurfaceiscoveredwithoxide,thusgivinga muchsmallerinterface
betweenoxideandmetal,andappreciableamountsoffreeoxygenareprésent.
Sincereductionof nickeloxidetakesplaceat the interfaceandis inhibitedby
freeoxygen,it doesnotseempossiblethat its rate canbegreaterundersuch
adversesteadystate conditions.

Theseauthorssayfurther,"there is no reasonto supposethat the inter-
facialareabetweentheoxideand the nickelwasof thesameorderofmangni-
tude in thereductionasin the catatyticexperiments,"and"an 8-or io-fold
inoreaseisaMthat isnecessaryto makethe observedreductionratesequalto
the ratesofcatalysis." But here they fail to distinguishbetweenthe initial
stageandthe true catalysisofthe finalsteadystate. It ishardlyconceivable
that shuttingoffthe oxygenin the finalsteadystatecandecreaseby 8-or 10-
foldthe interfaoialarea,anassumptionnecessaryto explaintheobservedfacts
onthe basisoftheir theory. On the contrary,the interfaceshouldat firstin-
creasein area,sinceoxygengas isnolongerpresentto"heal"the breakin the
oxidefilm. Therefore,ifreductionof thestableoxideaccountsformostofthe
water formedduring catalysis,there shouldbe aU cases (provided,of
course,sumcientoxideispresent)a considerableincreasein the rate ofwater
formationat the instantof shuttingoffthe oxygen. This is contraryto the
observedfacts.

1BentonandEmmett:J.Am.Chem.Soc.,48,632(i~6).
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In referringto the interpretationgiveninourfiretpaper,BentonandEm-
mettstatethat it was"not ïeaU~d(byLarsonand Smith)that the réduction
ofniokeloxideby hydrogenis an autocatalyticprocess." This is incorrect.
Whetheror not the reductionMautocatalytiois of little importanceuniess
reductionisfreeto take place. That it isnotfreeto dothis in the présenceof
gaseousoxygenat the temperaturesin questionis wellestablished,and it was
thisconsiderationthat led to ourconclusionthat thé stableoxide"probablycontributeslittle to the total waterbeingformed."

It wasfoundin ourearlierwork,however,that undercertainconditions,
shuttingofftheoxygenin the finalsteadystatecauseda considerableandim-
mediateincreasein therate of waterformation. Wereit not forthe known
inhibitingactionof freeoxygenonthe réduction,and the evidenceof a much
fasterreactionin the initialand later stages,this wouldsupportthe t~eory
involvingthe stableoxide. In view,however,of thesefaotors,as wellas of
thefact thatthereis notin aUcooMBuchanincrease,thismeohanismdoesnot
appeartobea probableone,andthe theorypresentedin thé firstpaperseems
to requirenomodification.

It is neeeesaryto recogoi~,however,that the most probablemeohanism
as postulatedin that andthe presentpaper,maydifferfromthat of alternate
oxidationandreductionmerelyin degree. The distinctionis analogousto
that betweenan isolatedmoleculeor atom ofoxygenadsorpedon a ctean
metalsurface,and an extendedfilmofmetaUicoxide. It is commonlyrecog-mzedin the latter examplethat thereis nosharpdividinglinebetweenthe
two. It seemsimportant, nevertheless,to distinguishbetweenthe stable
oxideanda moléculeofoxygenwhichbecomesaotivatedbyits closeapproachto anactivemetalatom. It is nodoubtdueto its capacityforformingoxide
that thecatalystisableto activateanoxygenmoléculeand renderit capableof readyunionwith hydrogen.

The mostprobablemechanismfor the watersynthesisovercopperand
nickelcatalystsappears,then, tobeaotivationofoxygenmoléculesor atoms
with the resultingformationof an "indefinite"oxide,by which they are
openedtoattackby hydrogen. It seemsreasonablycertainthat the synthesisinthesteadystate ismuchmorerapidthan canbeaccountedforbyreduction
of thé stableoxide,andfor this reasonthe mechanismpostulatedby Benton
andEmmettappearsto playbut littlepart in thetrue catalyticreaction.

Theauthorwishesto thank ProfesserWilliamC. BrayforMsinterest in
this problemand the manyvaluablesuggestionshe bas made, both duringthe experimentalpart andin the writingofthispaper.

Summary
Thefollowingcatalystshavebeenstudiedinthe watersynthesisreaction

at temperaturesbetween75°and 180°,and withan oxygenconcentrationof
2.4percent.:copper,nickel,twomixturesofthèsemetals,a mixtureof copperandalumina,-allpreparedbyréductionoftheprecipitatedhydroxides;anda
sampleof copperpreparedby reducingthe fusedoxide.
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Themostefficientoatalystsin the finalsteadystate synthesiswerealso
thosewhiohformedthe greatestamountsofoxideduringthe catalysis,and
whiohunderwentleastchangeinphyaioalstructureouréductionandlaterheat
treatment. The catalystsin order of decreasingcatalytioeSicionoiesare

copper-alumina,copper from fused oxide, nickel, nickel-copper,copper-
nickel,and copperfromthe precipitatedhydroxide.

Nomixtureeffeotwasfoundin thé coppernickelseriesas regardscatatytic
eSBeienoy,but onewasclearlyevidentwith respectto the amountof oxide
formedduringcataiysis.

Heatingthé catalysteto 444"for one-halfhour causeda decreasedeS-

ciencyexceptin the caseof nickel. It is suggestedthat the anmalousbe-
haviorof the latter maybe relatedto the existenceof a transitionpoint at
about:6o° whiohcauseschangesin the physicalpropertiesofthe metal.

Theimportanceofthephysicalnatureoftheoatalystsurfacebasbeenem-

phasized.The experimentalresultsare in agreementwiththe theoryof the

catalystsurfacedevelopedby ProfessorH. 8.Taylor.
Theprobablemechanismof the catalysisappearsto be interactionofhy-

drogenmoleoulesand aotivatedoxygenmoleculesor atoms,probablyin the
formofan "indennite"oxide,at pointsof greatestactivityon the catalyst
surface. It basbeenshownthat the stableoxideprobablyp!ayabut little
partin theaynthesisandthat, therefore,the theorypostulatedbyBentonand
Emmettinvolvingthis oxide,ia not supportedby the 'experimentaltacts.
Theformationof the stableoxideseemsto be an unavoidablesidereaction
whichultimatolyrésultainpartialpoisoningof the catalyst.

Depa~M~n~fjfCAeMt<<
Ptttmr~<~Ca~~mKt,
BerMey,Californias.



Pre!Ma<uyDiscussion

Probablythe most satisfaotorystatement of the proposedthird lawof
thermodynamicais that of Lewisand Gibson':"If the entropyof eachele.
ment m somecrystallineformbe taken as zero at the absolutezero,the
entropyofany purecrystatat theabsolutezérois zero,and the entropyof
anyothersubstanceisgreaterthanzero." The last portionof thisstatement
waspromptedpartly by theoreticalconsiderationsand partly by evidence
adducedfromthe data ofGibson,Parksand Latimer~on the specifieheats
ofethyland n-propylalcoholsandtheirequimolalmixture. Fromthesedata
itappearedthat at o"K.theentropyofa solutionprobablyexceedsthat ofthe
pure componentsby a smallfinitevalue and the entropy of gtasayethylalcoholmaypossiblyexceedthat ofthe crystalsby about ï.o8 unitspermol.
Morerecentlythis comparisonbetweenthe glassyand liquidstatesbas been
madein a moreconvincingfashionin the caseof glycerol. In studiesuponthis substanceby Simon',by Gibsonand Glauque~,and finallyby Simon
."°~ heat capacitymeasurementshave been carried downto
10.6K.with the resultthat the estimatedentropy of the glassat o"K.ex-
ceedsthat of the crystalsby4.6( ±0.3)unitsper mol. Newdata onthe heat
capacitiesof the glassandcrystalsin the casesof both ethyP and n-propyl'alcoholpoint to the sameconclusion:namely,that the entropyof a glassat
theabsolutezeroexceedsthat of thecorrespondingorystallineform.

Considerationssuchas thèsehaveled Eastman' to suggestthat a pure
crystallinesubstancebasa positive,tho probablysmall,valuefor its entropyat the absolutezero,if the unit ofstructureof the crystal containsa largenumberof atome. In this respectsucha compoundwouldbear a general
resembianceto a glassandwoulddifferfromit merelyin degree. Suchcom-
poundswith complexceMunitsandfinitepositiveentropiesat o"K. would
probablybefoundtargetyin the fieldof organicchemistry. However,more
recentlyPauldingand Tohnan',applyingthe methods of statistical me-
chamcs,bave deducedthe conclusionthat "the entropy of a perfeotcrystal

and Gibson:J.Am.Chem.Soc.,42,1533(r~o).
Gibson,ParkaandL&time)-:J.Am.Chem.800.,42,1542(tmo)Simon:Ann.Phyiik,(4)68,26o(t~M).
<GtbsonandGiauque:J.Am.Chem.Soc.,45,93(tn~).SimonandLange:Z.Physik,M,M~(ï~6).

Parka:J.Am.Chem.Soc.,47,341(192;).
ParkaandHaffman:J.Am.Chem.Soc.,48, MOt(tQa6)
'~atman: J. Am.Chem.Soc.,46,43(~4).

PauJinxandTolman:J.Am.Chem.Soc.,47,zi56(t~s).

THE APPLICATIONOFTHETHIRDLAWOF THERMODYNAMIC8
TOSOMEORQANICREACTIONS

BY 8EONOE S. PABK8 AND KENNETH K. KBLLEY



APPMCATMN 0F THtBB LAW OF THERMODYNAMICS y}S

at the absolutezeroisnot dependentonthe complexityof the unit ofcrystal
structure", indistinctcontradictionto this suggestionby Eastman.

Froma practioa!standpointthe firetportionof the precedingstatement
of the third lawof thermodynamics,that providingfor zeroentropy fora
pure crystallinesubstanceat thé absolutezero,is of such importanceto
physicalchemistrythat it shouldbe thorolytested experimentally. This
may be donein the caseof a givenreactionat a definitetemperatureby
comparingthe entropychange,AS, caloulatedfromheat capacitydata on
thé assumptionof the third lawwith the correspondingvalue for AS cal-
cutated indirecttyfromthe freeenergychange(AF) and the changein heat
content (AH) by meansof the fundamentalrelationship,

AF = AH TAS. (t)
Sucha comparison,in orderthat it mayhaveany realsignincance,requires
veryaccuratedata; sinceseveraltypesofexperimentallymeasurablequanti-
ties are involvedand even moderateerrors in these, if cumulative,may
produceastonishingdiscrepanoies.For inorganicreactionsinvolvingpure
crystallinesubstancesa considerablenumberofthèse tests have been made
and in generalit bas beenfoundthat the morereliablethé data obtainable
the better is the agreementwith the requirementsof thé third law. Thus,
for instance,Lewisand Gibson'in 1917,reviewingthe data for nine such
tests, found an averagediscrepancyof t.6 entropyunits; whilea fewyears
later Lewis,Gibsonand Latimer*,usingtheextremelyaccurateelectromotive
forcemeasurementsof Gerke,foundin the caseof three of these reactions
involvingchloridesthat the averageapparentdeviationfrom the third law
had been reducedtenfold. Hence,insofaras simple,crystalline,inorganic
compoundsare concerned,the third law as stated at the beginningof this
paperseemsto havebeenplacedona veryfim basis.

In the fieldoforganicchemistrythe situationis quitedifferent. Organic
oompoundain généraldonot lend themselvesto simple,reversiblereactions
involvingthe élémentsand suitablefor the measurementof equilibria.Still
fewerof them are involvedin suchreactionsasmay be studied by electro-
motiveforcemeasurementswitha réversiblegatvaniocell. Hence,the third
lawof thermodynamics,ifvalid,servesas a veryvaluabletool for the caleu-
lation of the freeenergiesof organicsubstancesby the sole use of thermal
data, suchas heatsof combustionandlowtemperatureheat capacityvalues.
We say "if valid" becauseit is precisetyin the fieldof organic compounds
that the tests of the third lawhavebeenfewestand least satisfactory. In
1923,whenthe presentinvestigationwasundertaken,the onlyearlier work
on this questionwas that of Gibson,Latimerand Parks*dealingwith the
followingthree reactions:

(I) CO+ H~O= HCOJI
(II) Ha+ 0, + C = HCOJÏ
(III) aH~+ ï/2 0~+ N<+ C = CO(NR!.),

t LewisandGibson:J. Am.Chem.Soc.,M,2580(!9!?).
1Lewis,GibsonandLatimer:J.Am.Chem.Soc.,44,tot~(MM).
Gibson,LatimerandParka:J.Am.Chem.Soc.,42,tSM(!9M).



7~ GEORGE 8. PARKS AND KENNETH K. KBÏ.LEY

Forthe purposesof themomentwehavenowrovisedandoorreotedtheirdata
in the hghtof the later informationgivenby Lewisand Randall. Thefinal
resultsareaummarizedin T&MeI. In the caseof thé Brattwo reactionsthé
valuesfor AF~ calculatedby Lewisand Randallhavebeencorreetedbymeansofvaporpressuredata recent!yobtainedforformioacidby Ramspergerand Porter. The ASMavaluesfound by Equation t appearin the fourth
columnof the table. The eon-espondiogvalues (Column5) c&tcutatedon
the assumptionof the third lawhave beonobtainedby useof the latest table
for theentropiesof thé elements.3In aUcaseswehave attemptedto estimate
the maximumerrorsin theseAS ngoree.

TABLE 1

SujMaariiiedData for EarlierTestsof the ThirdLaw

A comparisonof the AS resuttsobtainedby thé two differentmethods
showsthat in the caseof aUthree reactionsthe agreementis within the
limitsofmaximumerror in the quantitiesinvolved. However,thèsepossibleerrors are verylargeand fromthe data just givenwe are only justined in
condudmgthat the third !awis roughlyvalidfor organicréactions. This
situation,in viewof the iacroasingtendenoyto assumethe exact validityofthethird lawinthecaseof organiereaotions,caUsforfurtherand,ifpossible,moreaccuratetests. Thé présent study bas been undertakento partially6!i the need.

Perhaps,beforeproeoedingfurther, it willbewell to analyzethe problemso that wemaysee whereinthe uncertaintiesin the AS values are apt to
anse. AS calculatedby Equation i obviouslydependsupon the acouracyof the valuesforAF and AH. NowAF in thesetests is ordinarilythe resutt
of equilibriameasurementsand in somecasescan be determinedwith a
fairlyhighdegreeof acouracy,especiallyif onlyone reactionis involvedand
the temperaturesconcemedare closeto that of the room. If on the other
hand, as in reactionsII and III, the valuefor AF is thé result obtainedbythe additionofseveralequationsand their correspondingAF quantities,the
errorsmaybe cumulativeand the unoertaintyin the finalvaluewillmount
with surprisingrapidity. Thus,in reactionII a possibleerrorof 210calories
in the free energyof formationof C0<alone contributesthereby an un-
certaintyof0.7entropyunit in the finalreault. Equally importantareerrors
in the AH values. In somereactionsthe changein heat content, AH, may

re=~S~~A~
Hereandthruouttheremainderofthiapaperweahallemploytheirnotstionanamethods.

RaBMpewwdPorter:J.Am.Chem.Soc.,4S,~7: (t9a6).
a Lewis,GibsonandLatuner:J.Am.Chem.Soc.,44,tot6(1922).EMtmMandEvans:J.Am.Chem.Soc.,4$,902(t~).

R~on
by~M~

Iteaction ~asl~ cal~ byequationi by tbird1aw
1 +4,100 -5,aoo -31.2(~6) -28.4(d=4)

il -85,000 -99,700 -49.3(=b7) -44.5(~4)
III -47,!8o -?8,8oo -105.7(~8) -88.7(-f-io)
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be obtaineddirectlyby a calorimetriemethodor indirecttyfrommeasure-
mentaofthé e.m.f.ofa gaivanioceuorofequilibriaover a rangeof tempéra-
tures. Thèseindirectmethodsare frequentlyofgreater accuracythan the
oaiorimetrio.Especia!lyisthislikelyto betrue inthécaseoforganioreactions
in whiohheatsofcombustionareused,becausemostof the combustiondata
nowavailaMeis fromearlyworkandmay involveerrors of oneper centor
more. Thus,in the caseof réactions1and II an errorof 600calories(:%)
in the heatof combustionof formioacidproducesan equal errorin the AH
valuesandan errorof 2.0units in the entropychangein Column4. Onthe
other hand,consideringthe AS valuescalculatedby the third law,wefind
that they are probablygoodto about one or two per cent whenentirely
dependenton acouratespecincheat data. However,in casessuchas the
entropiesof formioaoidand urea the experimentaldata did not go below
liquidair temperaturesand it wasnecessaryto usethe "n formula"of Lewis
and Gibson1for extrapolationto o"K. This relationshipwhenappliedto
organiccompoundsconstitutes,we believe,onlya first approximationand
may involveerrors of even 25% in estimatingthe entropies belowoo°K.
Thus, for inatance,weestimatethat the entropyofformicaeid, obtainedby
this formula,maypossiblybe in error by3.0units.

In viewofau theseconsidérations,the reactionwhichwein 1923selected
foragaintestingthe thirdlawwasthe following:

(CH,),CHOH,liquid = (C&)~CO,liquid+ H:, gas.

Sabatier~had shownthat this reactionin the gaseousphase wasréversible
and later RideaPhadmeasuredtheequilibriainvolvedover a rangeof tem-
pératuresby meansof a statio method. Ris results,however,wererather
uncertain,owingto the great possibilityof sidereactionswith sucha pro-cedure. Wein thepresentstudyhaveemployeda dynamicmethodandhave
obtainedtheequilibriumconstantat severaltemperatures. Fromthis series
ofequilibriumconstantswehavefinaUyobtainedAF°Msand AH: for the
above réaction. Wehave alsomeasuredthe heat capacitiesof iso-propylalcoholandacetonefrom70"up to zoS~K.and in this way wehave been
able to caloulatethecorrespondingentropiesat 298°onthe assumptionof the
third law. Of course,in estimatingthe entropy increasesfor these com-
poundsfromo" to 7o"K.wehavebeenforcedto employsomeextrapolation
method and so havehad recourseto the afore-mentionedformulaof Lewis
and Gibson. However,as weare laterconcemedwiththe differencebetween
the entropiesof thèsetwocompoundsin obtainingA8~, any error arisingfrom useof the "n formula"is minimMedin this caseand is probablynot
greater than r.o entropyunit. Theentropyof a molofhydrogenat aoS'TC
? a!so involvedbut this is probablyknownwith considérableaccuracy;in
fact, Lewis,Gibsonand Latimerconsidertheir figureto be goodto better

LewisandGibson:J.Am.Chem.Soc.,39,2565(t?!?).
Sabatier(Reid):"CatatyeiBinO~nicChemistry,"p.236(t9M).

'RHe~:PMc.RoySoc.,MA,!53(~).
P-'3~'9~.
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than one-tenthof a unit. AHin a! then, this organioreactionservesaaa
very promisingtest of the third lawl.

Withinthelast fewyearssuNoientdatahaveMoumuiatedin theliterature
to provideforanothervery goodtest in the caseof the reaction:

C.H4(OH)<solid = C.H<0,,solid + &, gas.

Thiaohemicalchangeisverysimilarinprinoipleto theprecedingone. There-
fore, weshaUbrienyconsiderit after firstpresentingour data for the iso-
propylalcohol,acetoneréaction.

Eipedmentat
Theexperimentalworkowingto the natureof the problemresolveditse)f

into twodistinctparts,whichherewi!lbeconsideredseparatety.
M<t<ena!s.Duringthe courseof the investigationseveralsamplesof iso-

propylalcoholwerepreparedandused. ïn ourpurificationprocess"refined"
iso-propytalcoholwasfirst dehydratedby twosuccessivedistillationsover
!imein the ordinarymanner. ïn each instancethé resultingproductwas
carefullyfractionatedand the middleportion,about 60%of the total, was
selectedforthemeasurements.Theaveragedensityofthesemiddleportions
waa0.78093at as"/4°,whiohcorrespondsto 99.96%alcoholon thebasisof
the critena*previouslyemployed.

Pure,absoluteacetone,obtainedfromthe NationalAnilineandChemicat
Company,wasused without further purificationfor the heat capacityde-
terminationsof Part I. For the equilibriummeasurementsof Part II the
ordinaryC.P.acetoneofcommercewaspurifiedby treatmentwithanhydrous
calciumchlorideas in the workof Parksand ChaSee.' Afterthe finalfrac-
tionationprocess,themiddieportionrepresentingaboutone-halfofthe total
wasselectedforuse. It distiHedbetwcen$6.!°and s6.3°C.andhada density
of 0.7855at a5'4°.

Part I: Heat CapadtyData

In principle,the methodofNernstwasemployedwithananeroidcalori-
meter indeterminingthe "true" speciacheatsand thefusiondata. Ameas-
ured amountof heat wassuppUedby an electric'currentto thé substance

1InconnectionwiththistestofthethirdlawthereMonepointwhichshouldbenoted.
If theentropyofhydrogenato"Kbetakenaszero,thenacoordingtoEMtmm'targumentitMconceivablethatthetwoeompcundsinqueetion,iM-pMpyiàlcoholandacétone,mayhaveamUpositiveentropiee,pomtMyoftheorderoftwoorthreetentheofamit,at theabsotutezero. Furthenaote,if thiabe tme,theaevalueswillmoreor tesecaneelone
anotherinthesubséquentcatoufatioaofAS~)andtheresultwillnotdifferappreciaNyfromthatobtainableonthebasiBofzeroentropiesat0°K. Henee,ourpresenttestcannot
beusedtoeitherproveordieproveEaatman'eapecoiatioas,aethépcmiNeexperimentalerrorinourAS<mvalueobtainedfromtheheatcapacitydataMat leastt .0entropyunit
or,perhapa,fivettmes~themagnitudeofanyauohhypotheticale<feot.However,EaaHnan'a
argumentMreaUyof theoretlcalratherthanofpraettealinteteatimotaraathesimp!erorganiceompoundsareconeemed,andinthepresentpaperweareprimarilyinvolvedwith
thequeetionoftheappttcabthtyof thethirdlawasa fairlyaccurate,UMfuttoolforthe
ealculationoffreeenergiea.CertaMyforsucha practicatpurpoeetheabovereaction
serveaverywellfortestingme(atteaatapproximate)vatidityofthethirdiawinthefield
oforgamechemistry.

ParkaandKeUey:J.Phya.Chetn.,29,7~ (tos~).
ParkaandChaNee:J. Phya.Chem.,31,440(toay).
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containedin a coppercalorimeter,whiohwassuspendedin a vacuumand
aurroundedby a sitveredcoppercylinderin orderto diminishthé conduction
andradiationofheat to and fromthe surroundings.A thermocouplein thé
centerof the calorimetermeasuredthe rise in temperature. Theentireap-
paratus and détailsof experimentalprocedurehave beenfullydescribedin
otherplaces.' In viewofthé acouraoyofthe variousmeasurementsinvolved,

TABLEII

Parka: J. Am.Chem. Soc.,4?, 338 (1925);aho Parka and Ke!tey: J. Phya. Chem.,30,
47 (1926)..

Temp.K
Cryotab

Cppetgram Temp.K
Liquid

Cppergfam
70.1 0.172 to5.4 0.443
76.6 o.t82 198.5 0.446
~.7 o.ipa 199.1 0.447
88.s o.:oi 2~7.0 o.47!
M.9 o.Mt 2753 o.SM
~.a 0.208 ;:yg.6 0.554
9~-7 O.M7 284.0 0.576
93.o 0.208 287.6 0.582
9S S 0.212 290.2 0.59~
9S 9 o.2ï2 2oo.3 o.59o
99.7 o.2ï9 293.t o.601

100.9 0.221
101.3 0.220
!o6.5 0.227
ni.6 0.235
152.5 0.307
153.~ 0.308

Temp.K.
CryNtab

Oppergnua Temp.K
Liquid

CppN-~am
69.9 o.2!8 10~.9 0.480
74.2 0.227 ig6.6 0.480
79.9 0.237 zoo.t 0.482
85.6 0.248 ato.g 0.485
90-8 0.256 2175 0.485
9'-9 0.258 276.9 0.505
95-s 0.264 279.3 0.505

loo.i o.a7t 283.4 0.507
t04.3 0.277 286.4 0.510
105.3 o.8o 289.4 0.510
151.2 0.349
'53.0 o.~i

SpecifieHeatValuesfor Iso-PropytAlcohol

TABLEIII

SpeciRcHeat Values for Acetone
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the absoluteerror in thé experimentalvaluesis probablyless than 1%
Thusinthecaseof iso-propylalcoholtwosampteswerestudiedwithdifférent
thermocouplethermometers,lead-wireconnections,etc. The resultsof the
twosetsofdéterminations,madeovera yearapart,agreedto 0.5%or better
and servedto indicatethe reproduoibilityof thevaluesobtained.

The speciËcheats and thé fusiondata, expressedin terms of thé ts"
calorieandwithattweightsreducedto a vacuumbasis, appearinTablesII-IV.

TABLEIV

FusionData

Part n: TheEquNibtiumMeasutements

Method.lAsstated before,a dynamiemethodwasused in studyingthe
equilibriumbetweeniso-propylalcohol,acetoneandhydrogenin thé gaseous
phase. BrieByit was as follows. Pure electrolytichydrogen,stored in a
cylinder,waspassedslowlythru two dryingtowerscontainingphosphorus
pentoxideand theninto an emptycondensingtube immersedin liquidair, a
precautionarydeviceto extract impuritiessuchas carbondioxideor hydro-
carbonshowever,noneof thesewerefound. Fromherethe hydrogenpassed
thru twobubblers,eachcontaining:$ to 40ceof iso-propylalcoholor acetone
orof a mixtureof the two, dependingon the directionfromwhichthe equi-
libriumpointwasbeingapproached.Thesebubblerswerekept at the tem-
peratureof the meltingpointof icewhenthe iso-propylakohotor a mixture
wasusedandat thé boilingpointofliquidammoniawheafilledwithacetone.
Thereweretworeasonsfor this: first,it wasdésirableto havethe concentra-
tionsof the iso-propylalcoholandacetonelowso that the partial pressures
wouldfollowthe perfectgas law;and second,it wasfoundby experiment
that equilibriumcouldnot be obtainedwith a convenientrate of gas flowif
theconcentrationswerehigh. Thèsebubblersaumcedto saturatethe hydro-
genwiththe vaporof the liquid. After saturationthe gaspassedinto the
reactiontubewhichwillbe describedsubsequently.Hère in the presenceof
the catalystthe reactiontookplaceand the resultinggaseousmixturethen
passedintoa condensingtubeimmersedin liquidair,whichsolidinedthe iso-
propylalcoholandacetone. Aftera t or 2cesampleofthesehadbeenformed
bycondensation(a processwhichtook six to twelvehours),it wasremoved
and analyzedby the refractometermethod previouslyused by Parks and

.!jh3' T~~ thismvett)MtiMoftheequilibriumbetweeniso-propylS~ hydrogenwerermoftedTyoneofus(K.K.K.)ina paperreadbeforethechemteatsectionmeet.M thePacifiedivisionof théAmericanAseociationfor theAdvancementofScienceatMiihCoHege,CaMîomi.,Junet8,~26.~°c"MM
torMe

Substance MettiM point Heat of fusion (oat. per )!Mm)
Mtresutt adresutt Mean

Iso-FropytAtcoho! tS~.ë 2~03 21.14 21.08
Acetone 177.6 23.47
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ChaNee.~This methodinvolvedsimplythe déterminationof thé indexof
refractionof the sample by a Zeiss-Putfrichrefractometer. The resulting
value,whénreferredto a charton whichwehad plottedthe refractiveindices
forknownmixturesofacetoneand iso-propylalcoholagainstthe correspond-
ingmolalcompositions,gave themolalcompositionof the oondensatesample
to within0.6%. As this analyticalprocedurewas ea&yand rapid and re*
quiredlessthan i ce of liquid,it wasidealforour purposes.

The ~ac<tOMTube. The reaction tube consistedof a Pyrex U-tube
about90cm.longand 1.2cm.indiameter. Theside thru whiehthé reactants
enteredwasahnost completelyfilledwithcatalyst,whilethat thru whichthe

produotspassed out wasone.thirdfull;by this arrangementthe emerging
gaseswerewell removedfromthé oatalyatbeforeany temperaturechange
wasencountered. The reactiontube wassuspendedin a longMonelmétal
oanwbichservedas a containerfor thé vaporbath and the boilingliquidin
equilibriumtherewith. This cylindricalcanwaa woundwitha heatingcoït
and coveredwith sheet asbestosand a 2.5 cm. layer of "85% magnesia"
inaulation. The bath liquid washeatedpartly eleotrioallyand partly by a
microbumer. The temperatureof thevaporaroundthe reactiontube was
measuredwitha singleelementoopper-constantanthermocoupleand a White
potentiometer.

Fmetydividedcopperwasusedas a catalyst, sinoeSabatierhad found
that it didnot appreciablycatalyzeaidereactionssuchas dehydration. This
catalyticcopper was preparedpartly fromcuprous oxideand partly from
coppergauzeby repeated oxidationsandreductions. The first réductions
weremadewithhydrogenand the tast withiso-propylalcohol. Airwasused
as the oxidizer. Theserepeatedoxidationsand reductions,about twenty in
number,were made at progressivelydeoreasingtemperatures,the final one
beingat about ioû<'C. This processgavea catalyst whichprovedto be
sensitiveand made it possibleto obtainthe equilibriummixtureof gases
fromeither the iso-propylalcoholor theacetone side, altho at the lower
temperaturesthe equilibriumpointlieswellover towardthe alcoholsideand
moreconsistentresultswereaiwaysobtainàMeby startingfromthis direction.

The E?M~&rtMMC'MM<o?~s.The equilibriummeasurementsweremade
byuseofaniline,naphthaleneandethyleneglycolas bath liquids. Of thèse
substancesthe first two wereverysatisfactory;the ethyleneglycol,however,
decomposedmore or lesson prolongedheatingwith a resultingrise of the
boilingpoint. Above iQo'C.thegas enteringthe reactiontube consistedof
eitherhydrogenand pureiso-propylalcoholorof hydrogenand pureacetone.
At the temperatureof boilinganiline(iS~C.), on the otherhand, it was
not possibleto obtain equilibriumby usinghydrogenand pureacetone,so a
mixtureof molfraction0.11acetoneto 0.89iso-propylalcoholwasplacedin
thésaturationbubblerswhenapproachingequilibriumfromthe acetoneside.

PM~mdCtmffee:J.Phys.Chem.,31, (t9:7).
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In thévaporof thismixtureat o°C.acetonewaspresentat least to théextent
of 50molper centas indioatedby thé resultsof Parkaand Chaffee. Whon
equilibriumwasapproachedfromtho alcoholaide,hydrogenand 'pure iso-
propylalcoholwereusedas at thehighertemperatures.

Underour experimentalconditionsaUthegasesinvolvedapproximatetothe perfeotgas behaviorand theirfugaoitiesareequal to the corresponding
partialpressures. Hence,the equilibriumconstantfor the reaction

(CH,)<CHOH,gas = (CH,),CO,gas + H., gas
is givenbythe equation,K=. P<P,/PtwhereP,/Pt is thé ratio of the partial
pressuresof acetoneand iso-propylalcoholandPais the partial pressureof
hydrogen,measuredin atmosphères.Theratio,Pa/Pt, is equal to the molal
ratio ofacetoneto iso-propytalcoholin the condenaateand wasevaluatedbythe refractometeranalysis. Thepartial pressureof hydrogenwasfoundby
subtractingfrom the total pressure(barometrio)the vapor pressureof the
liquidemployedin the saturationbubblersbeforethé réactiontube, as the
changein compositiondueto thé reactiondoesnot affectthe third mgni&oant
figureof the hydrogenpressureobtainedin thismanner. Our resultsappear
inTablesV-IX. In ai!casestheprenx"a" beforethenumberofa detennina-
tion indicatesthat equilibriumwasapproachedfromthe alcoholsideandtho
prefixb" that it wasapproachedfromthé acetoneside.

TABLE V

EquilibriumConstantsat i84.3"C~tMttMM~ ~VUOMMA~BNb104.3
DeterminationTotalP~auM P,/p, Pa !f = PP,/P,in mm.of Hg K=P.P./P.

a 1 ~S 0.342 0.997 o.g~
a 2 766 0.351 0.999 0.351
a 3 7~ o 4o6 0.999 0.406

4 7~4 0.360 0.996 0.3~9
a 5 764 0.368 0.996 0.367
a 6 764 o.34a 0.996 0.341
a 7 762 0.360 0.993 0.357s 8 762 0.360 0.993 0.357"99 7~ 0.368 0.993 0.363
a ~4 0.368 0.996 0.367
Meanof the "a" values
b 1 766 0.406 0.986 0.400
b a 7~ o.368 0.986 0.363
b 3 766 0.342 0.986 0.337
b 4 7~ 0.389 0.986 0.384
Meanof the "b" values o
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TABM5VI

EquiUbnumCoBatantaat at8.o"C

TABLEVII

EquiMbnumConstantsat a MeanTemperatureof i96.4°C

Determination Tot<dPrefNUfe P,/Pt P, K -= P,Pt/P;
in mm.orHg.

ai r 756 1.14 0.986 t.ï2
ait::1 756 t.14 0.986 i.iz
a 3 7$8 ï.t2 0.988 ï.ït
a 4 758 i.ï2 0.988 i.tt
as5 760 ï.oy 0.991 r.o6
a 6 7S9 !ï4 0.989 1.13
a y 760 i.ia o.99t i.tï
a 8 y66 !.os 0.999 1.05
a 9 766 t.t9 0999 ït9
a 10 765 1.17 o.99y 1.17
aïi 765 1.19 0.997 1.19
a 12 7~s 'ï9 0997 ~'ï9
Mean ofthe "a" values i. tg
b 1 763 t.17 0.993 i.i6
b a 762 t.14 0.992 i.i~
b 3 762 1.22 0.992 1.21
b4¢ 761 i.t9 0.99l i.iS
b S 759 ii4 0.988 t.ï3
b 6 7~8 1.17 0.987 ï.is
b 7 7s6 1.19 0.984 i.i7
b 8 760 i.ig 0.989 i.i8
b99 759 ii8 0.988 1.17
bio 759 i.i8 0.988 i.i7
bu 7S9 ii7 0.988 i.i6
Mean of the "b" values i. 16

-r_ _T

DeterminationTotalPK~ute P,/F, P, K = PiP,/P,
in mm.ofHg.

ai 1 y6o 0.509 0.99~ 0.504
a 2 ~6o 0.542 o.9{n 0.537
a 3 ?6o 0.532 o.99i 0.527
a 4 ?6a 0.54~ 0.993 0.538
a 5 7~4 0.532 0.996 0.530
a 6 763 0.553 0.995 0.550
a 1 762 0.542 0.993 0.538
a 8 762 0.542 0.993 0.538
Mean o.~
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TABLE VIII

EquUibnum Constants at a Mean Temperature of aoo.i'C

TABM) IXTABLE IX

Equiltbrium Constants at & Meaa Tempe~tute of zoi.8''C

Catcalations and Discussion

ASMt 6y the TAtrd Z~tc. Aocordmg to thé statement of thé third law of

thermodynamics at thé beguming of this paper, thé entropies of thé pNM

ctystaHine acétone and iso-propyt alcohol are zero at thé absolute zero. Then

thé entropy of each compound in thé liquid state at 298" K. (i.e. !S° C.) is

given by thé equation,

S~f~.
(.)

For convenience in thé calculations this may be oxpanded as foMows,

S~=r~
dT+

r Cp(c~tab)

AH (fusion) < /M Cp (Hquid)

T'' <
––––?p–––

\3/)

T-

where T' is thé melting point. The first intégral in this expression,

Cp (crystab)

DeterminationTotalPfessme P~/P. p, K P.P$/Pt
in mm.of Hg.

&ï1 762 o.6y8 0.993 0.673
a a y6o 0.613 0.091 o.6o7
a 3 y6o 0.587 o.99t o.s8i)
a 4 758 0.650 0.~88 0.642
a S 762 0.692 0.993 0.681
a 6 762 0.686 0.993 o.68i
&77 764 0.667 0.996 0.664
Mean 0.648

DeterminationTotalPressure P./P,

r

Pa K P,P,/Pt
inmm.ofttg.

b 1 760 0.69:! 0.980 o.6y8
b 2 ~Ôo 0.692 0.984 o.681
b 3 759 0.650 0.980 0.63?
b4 ?6o 0.664 0.982 0.653
b 5 762 o.6y8 0.989 o.6yï
b 6 759 0.692 0.987 0.683
Mean 0.667

~~<~<M ~«~ T~!«~t~~
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oannot be evaluateddirectlyfromthe experimentaldata and thereforethe

"n formula"ofLewisandGibsonbasbeenutilizedfor the extrapolation.By

applicationof their methodsto the data for iso-propylalcohol,the values

n =. o.3s? and S~ = ïo.4i caL/degreehave beenobtained. Thisentropy

result is undoubtedlytoohighandpossiblythe absoluteerror in it is twoor

three units. However,for thé purposesof a comparativestudyof the en-

tropiesof iso-propylalcoholand acetonethe valuewillbe retainedas given

above,sincewithoutdoubttheapplicationof the Lewis-Gibsonextrapolation
methodto thiaalcoholand to acétoneinvolvescomparableerrorswhichwill

be largelyeliminatedin obtainingAS, the entropyincreasein thereaction.

The remainingthreotenns on the nght-handaideof Equation3 can be

evaluated with muchgreateroortainty. The quantity AH (fusion)/T'is

obtainabledirectlyfromthe experimentaldata of Table IV. The twoin-

tegraleweredeterminedgraphicallyby plottingthe valuesof Cppermolas

ordinatesagainst!n T as abscissasandmeasmingthé area underthe curve.

The resultsforboth substancesappearin Table X.

TABLEX

EntropyData
Subatahee EntMmespermotSubatance

CrystatsC Fuaion
r

S~t
o-yo° Above70

Iso-PropylAlcohol to.~i 14.5? 6.86 14.28 46.1
Acetone 14.35 iS-90 7-~5 14.76 52.7

The entropyof a molof hydrogenis 20.4units at 208°K. accordingto

Lewis, Gibsonand Latimer. Therefore,for the reaction (CBMtCHOH,

liquid (CH~sCO,liquid+ Hi!,gas,ASM<= s~-7+ ~9.4 46.1 = 36.0

cal./degreeonthe assumptionof the third law. The error in thisvaluefor

AS is probablyless than 1.5entropyunits.

ASaMfromtheF~aKMMmData. Weshall nowconsiderthe equilibria
data and comparethe valuefor ASaxtherobyobtainedwiththe precedingoce.

The rate of changeof AH (i.e.the heat absorbed)with respectto the

temperatureforany reactionis givenby the equation,

?),
(4),ÔTp'" boCp (4),

where ACp in the presentcaseis the heat capacityof one molof gaseous
acetoneplusthat of onemolofhydrogenminusthe heat capacityofonemol

of gaseousiso-propylalcohol,sinceherewemust considerthe reactionin. thé

gaseousphaseas in the equilibriameasurements. The equationsfor the

heat capacitiesofacetoneandiso-propytatcoho!as functionsof the tempera-
ture are not known. That for hydrogen,calculatedfrom valuesgivenby

PartingtonandSMUing,'is permolCp = 6.65+ o.oooyoT. Althothe heat

capacity of iso-propylalcoholis probablysomewhatlarger than that for

acetone, it seemsreasonableon the basisof existingdata for varioussub-

stances to believethat the différenceis not gréât. Therefore,in the present

PMtintttonandShiMaf!:"SpeciacHeataofGases,"p.206(t~4).
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reactionweshalltake ACp as equal to 4.0calories. This procédureis ad-
mittedlysomewhatarbitrary. However,it doesnot greatlyaffeotour oal-
cu!ationsof AS or our conclusions,as any errorin ACp causespractically
compensatingerrorslin AF and AH. IntegratingEquation4 on this as-
sumptionfor ACp,weobtainthe expression

AHT AH. + 4.0T (s),

whereAH. is the oonstantof integration.
For thé freeenergychangein a reaction,the followinggeneralrelation

exista,

ra(AF/T)1 AH (6).
L <T Jp "T~

Substitutingthe valuefor AH givenby Equations, integratingand then
multiplyingthru by T, weobtainthe expression

AFr = AH. 4.0 T!nT + T (y)

where1 is the constantof integration.
Theconstants,AH. and I, can be evaluatedby use of twovaluesfor

AFr obtainedat dinerent temperatures. Thèsein the presentcasecan be
ca!ou!atedfromthe measuredequilibriumconstantsat thérespectivetempera-
turesofboilinganilineand boilingnaphthaleneby meansof theequation

AFr -R T !nK. (8) iTheessentialdata are:

K ° 0.36at 184.3"C.or 457.4°K.; AF = 933cal.
K =.1.15at aï8.o''C. or 401.1"K.; AF = -137 ça!.

Substitutingthesevaluesof6F inEquationyandsolvingthetwosimultane-
ous equations,we obtain 1 =- -2.6 and AH. =. 13,3:0cal. Therefore <
Equations5and 7 become [,

AH-r = !3,3to + 4.0T (9) and
AFï = t3,3!o 0.21T logT 2.6T, (10)

fromwhichthe changesin heatcontentand freeenergyfor thereactionmay
be obtainedat any temperature. As a checkupon the validityof thèse
equationswe have abo used the equilibriumconstantsobtainedfor the
ethyleneglycol temperaturesto ca!ou!atethe correspondingfree energy
changes(AF), whichthen anordus a!tematevaluesfor1 whensubstituted
in Equation10. Fora completeconsiderationoftheproblemwehavetreated
RideaFsdata obtainedby bisstatic methodin thesameway. Anthèsere- <
sultaappearin TableXI.

~T~'for"MtNtee,wehaveabocarriedoutaMoureateutationaonthéammnptionthat
ACp= 6~)cal.(animprobablybighvalue,webetieve),withtheresultthatournmten-
tropychangebecomea34-9,inateado{35.9asehownanbaequentty.

r



APfMCATMN 0F TtUBD LAW Of THERMOOYNAMtCS 747

Examinationofthevaluesfor1showsthat our data obtainedby the dy-

namicmethodare very concordantand that Rideal'sdata over thé tem.

perature range448"-593"K. inclusiveare in fair agreementwith our own.

However,thisisnot truefor bis twolowesttemperatures,and hisresultfor

the highesttemperatureis also indicativeof an inoreasingdeparturefrom

-2.6, our meanvalue. Webelievethat thé correctexplanationforthissitu-

ationis to befoundina failureto obtainequilibriumat the lowertempera-

turesand to secondarydecompositionof the acetoneat the highertempera-

tures. To quotehisownwords,"it wasfoundin gêneraithat stightdecom-

positioncouldnotbe avoidedand that, althoughthe decompositionourves

couldbe repeated,thevaluesobtainedforthe processofhydrogénationwere

by nomeansregular. If sumcienttime weregivenfor the systemto arrive

at equilibrium,secondarydecompositionocourredrelativelyrapidlyat high

temperatures,andaftertwoor threehourscontactat lowtemperatures."

Therefore,usingEquations9and 10,weoatcuta.tefor the reactionat 298°

K. and i atmosphèrepressure,

(a) (CEb)tCHOH,gas = (CH,)tCO,gas+ H:, gas,

AH = 14,500'cal.
AF = s,?5o

However,it iscustomaryto takethe liquidstateas thestandardstateof

iso-propylalcoholandaoetone,sincethat is theordinaryformforthèsesub-

stancesat 298"K.andi atmospherepressure. Nowforthe process,

(b) (CH.).CHOH,liquidat i atm. = (CH,)tCHOH,gasat t atm.,

AH~M= 10,620 300 = 10,320cal., where!o,6:!ocal. is the heat of

vaporizationtofiso-propylalcoholat 95°Cunderits ownvaporpressure,44.0

mm.ofmercury,and 300cal.is ourestimateof the Joule-Thomsoneffect

for compressingthe resultingvapor isothermallyfrom44 to 760mm.; and

AF:M= R T m 760/44= i6oooal.

ParkaandBarton:J.Am.Chem.Soc.,S?,26(t~8).

T K AF<- 1

ParhsaadKeHey 457.4 036 +933 cat. -2.6

49t.ï t.!S -137

469.55 o-S33 +5~7 -~S5

~3.2 0.648 +407 -2.7

474.9 o.66y +383 "2. s

Rideal 378.1 o.ooozS +4t4'o +0.2

4:3.1 0.0204 +3.~70 +oS

448.1 0.~7 +t,54o -t8

473.1 0.5:3 +6io -2.3

498.1 ï.35 -300 -2.4

5:3. ï 4.Sa -1,640 -3.5

S48.I iz.o –a,7!o -4.0

TABM!XI

EquiUbnaData and thé Constant1
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In likemannerforthe process,

(c) (CH<),CO,gasat i atm. = (CH),),CO,liquidat i atm., La

AHiM= – 7590+ aoo = 1,390cal.,where7,590oal. is the heat of t
vaporization' of acetoneat 95"Cunderits ownvaporpressure,226.5mm.
and + 200cal.Mourestimateof the Joule-Thomsoneffeotforexpandingthe
vaporisothermallyfrom760to 226.5mm.;and AF~ =' R T tn 226.5/760
= –7:o cal.

Finally,combiningEquationsa, b ando,weobtainfor the standardstate
reaction,

(CH,),CHOH,liquid= (CHs)~CO,liquid+ Ha,gas,

AH~M= 17,430ça!.and AF°M< 6,7aocal. Fortheentropychange,these
resultsgiveby Equationi AS~M= 35.9cat./degree. Thisvaluefor AS:
isprobablygoodtowithin2.oentropyunitsandisinexcoUentagreementwith

i

thereault,ASNs= 36.0(+t.s), obtamedbymeansofthe third law. Whi!e
1the oheckin the present instance is undoubtedlysomewhatfortuitous,it

seemsreasooaNetoclaimthat thisisamuchbettertestof the third lawinthe
caseofan organicreactionthan anyheretoforeproposed.

TheRydroquinonesQaiaoneReaction

Asmentionedbefore,the reaction, t

C<;H<(OH),,solid = C<H<02,solid+ H,,gas
i

providesus withanothertestof the thirdlaw.

Lange'bas determinedthe heatcapacityof orystallinehydroquinoneand
quinonefromliquidhydrogentemperaturesupto that ofthe room.' Without
doubthis reauttsare reabonablyacourateand willserveexcellentlyfor esti-
matingthé respectiveentropiesof thèsetwosubstancesat28s°K. (i.e. i2°C)
on the assumptionof zeroentropyat zeroabsolute. Thus, by plottinghis
values for the moM heat capacityof hydroquinoneagainst the natural
logarithmsof the correspondingtemporatures,weobtainby graphicalinte-
gration3ï .3units forthe increaseinentropybetween2<)°and 28s"K. There
arenoheat capacitydatafor thissubstancebelow:o" but the workofSimon4
bas indicatedthat theDebye'P Jawholdsfororganicsubstancesup to about
t2°K and that abovethis point the heat capacitychangesgradually so as
to becomeat first proportionalto the squareof the temperatureand finally,
in the neighborhoodof liquidair temperatures,directlyproportionalto the
temperature. Withthis informationwehaveestimatedthe entropyincrease
forhydroquinonebetweeno"and 2o"Kto be 0.8unitpermol. Then,on the
assumptionofthe thirdlaw,the totalentropyat :8s''K is32.1unitsper mol.

FeMngandDm-bm:J.Am.Chem.Soc.,49,a893(t~6).

*ParksMdC!!aNee:J.Phya.Chem.,31,4~(tM7).
Lange:Z.phymk.Chem.,110,350('~).
S!mon:Ann.Physik,(4)68,:6o(1922);Z.Phyatk,9S,297(!9a6).
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In similarfashionwehaveestimatedthé entropyincreaseforquinoneto be

1.4oai./degreein goingfrom o"to ao'K. From20°to 28s°Kthé increase,

obtainedby graphicalintégration,amountsto 36.4unitspermol. Thus thé

totalentropyat 28$"KM37.8oal./degree.
Asstatedbefore,the entropyofa molofhydrogenat so~K is29.4units.

Cpfor hydrogenat roomtemperatureis6.85oat.andhenoeStM 20.4 – 6.85
!n 298/285==29.1cal./degree. Bythé third lawwethen findfor the above

réaction,ASMt= 37.8+ ao.ï 32.1 =34.8(±t.o) caL/degree.
Theetectromotiveforce,E, anditarateofchangewithtemperature,dE/dT,

havebeendeterminedby Conantland by Schreinet~for a galvaniooeUin-

volvingthis particularreaction. Theseresultshave not beenobtaineddi-

recttybut representindirect determinationsfrom a study of the quinone-

quinhydroneand the quinhydrone-hydroquinoneélectrodes.However,inall

probabilitythese valuesare very reliable,aa thé ceUsemployedwererc.

versibleand reproducible. Conantobtained0.690voltsfor the e.m.f.aaao-

ciatedwith the reaction under considerationand 0.000~2for dE/dT at

28s.6°K.Simi!artySchreinerfoundE o.6pogand dE/dT = 0.000770at

28$". ThetwovaluesforE are in excellentagreement,althounfortunately
thérespectiveresultsfor the temperaturecoefficientdifferbyover6%.

ASforareactionisrelatedtodE/dT bythesimpleequation

AS =
rspi

(11)AS =
23,074~ j

(n)

Hence,forthisreactionAStM 33.2accordingtoConant'sdataand35.5cal.

/degreeaccordingto the data of Sohreiner.Themeanof thesetworesults,

34.4,isprobablyaccurateto within2.ounitsandisinexcellentagreementwith

the valueprevious!yobtainedfromthe heatcapacitydata onthe assumption
of the third lawof thermodynamics.Thuswehavehèreanothervery good
cheekonthe third lawin the caseofanorganioreaction.

SuDMnary

i. The presentstatus of the proposedthird lawof thermodynamicsbas

beenreviewedwithspecialréférenceto its applicabilityto organioreactions.

In thisconnectionit basbeenpointedout that noneofthe earliertestsofthis

principlein the fieldoforganiochemistrymaybeconsideredadequate.
2. In viewof this situation,wedecidedin1023to againtest the thirdlaw,

usingthereaction,

(CH,)2CHOH,liquid (CHa),CO,liquid+ &, gas.

Aocordingty,wehavemeasuredthe heatcapacitiesof iso-propytalcoholand

acetonein the crystaUineand liquidstatesfrom70"to 2o8''K.Wehavealso

determinedthe heat of fusionofeachsubstanceat its meltingpoint. From

thesethermatdata AS~sbas beencalculatedonthe assumptionofthe third

law.

ConantandFieser:J.Am.Chem.8oc.,45,2198(t923).
SehreinM:Z.phyak.Chem.,lt7, 77(t925).
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Theequilibriumconstantsforthis reactionin the gasoowphasehavebeen
measuredwithoopperas a catalystoverthe temperaturerange,i84.2!8"C.
With thé aid of thèse resultswehave caloulatedAF:Mand AHM~for the
reaction involvingliquid !Bo.propy!alcoholand acetone. The value for
A8M8therebyobtainedMin goodagreementwith that oalculatedfrom the
thermaidata. This cheokindioatesthe validityof the third lawin the field
of organioohemistry.

3. Recentdata pertainingtoanotherorganioreaction,

C.H4(OH),,soUd= C~O~, soHd+ H,, gas,

have beenutiiizedm obtainmga secondveryaocuratetest of the third law.

~S«n~M~<<wrM<Co~t~o,
Ar<M~)-S,?'



THE OPTIÇAL8ENSITIZÏNGOFSILVERHALIDEEMULSIONS

Part I. The Adsorptionof OrthochromeT to SilverBromide

BY 8. E. 8HEFFABD AND H. CBOUCH

CommunicationNo.337fromthéKodakReeearehLabomtoriee

The problemof optical sensitizingbas receivedmuch attention on the

practicalside,and the numberof valuablesensitizingdyesbas beengreatly
extended. The theory of the actionbas beenattaekedmainly fromquali-
tative experimentalevidence,or in pure spéculation,but very little quanti-

tatively.

Thefirstquestionsare,howmuchdyeisattachedto silvcrhaudeandwhat

iathe natureof thecombination?

Earlierstudiesbyoneof theauthorsonthe isooyaninedyestindicatedthat

spectMphototnetncdeterminationin non-aqueoussoïventsshouldafforda

satisfactorymethodofestimatingthesedyesevenin quitesmaUamounts. A

study was made thereforeof the partition of an isocyanine-orthochrome
T-bromidebetweenaqueoussolutionsandchloroform.

ThepartitionwasmeasuredbetweenomoroformandbothM/zo(.0$molar)
andM/xoo(.oo66molar)phthalatebuffersolutions.In theseexperimentssce.
chloroformwereshakenwith 20 ce. of aqucousbufferand the dye deter-
minedspectrophotometric&Uy.It waafoundthat therewas a largespecifie
salt effect,in that the partitioncoeiHcients,

c concentration io aqueouslayer
concentrationin chloroform

weremuchhigherin thé weakerbuffersolutionsofthesamepH.

1S.E. Sheppard:Froc.Roy.Soc.,MA,ag6(t909).

TT

H,c~

~J .jL.c==~
~N-c.n

N

C~ Br
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Themechanismof thissalt effect,whetherasaltingouteSèctonsolubility
or otherwise,requiresfurther investigations,but is probablyaimilarto the
dépressionof solubilityof non-electrolytesby strongelectrolytesin générât.

It appearedto be of interestto ascertainthé effectofsoluMehaUdeson
thepartitionbetweenwaterandchloroform.

TABLE 11

TABMil1

PartitionCoeiSoient

Again5ce.chloroformcontaining0.0010gm. dye wereshakenwith20ce.
aqueoussolution.

Thesefiguresmay representthe relativesolubilitiesofthe ohloride,bro-
mide,and iodidedye salts,on whichis superposedthe isohydncdépression
of solubilityby a commonion, but requireextensionto detennma.tionsat
variouspH values.

Stateh Solutionand AbsorptionCurves

The isocyanines*are convertedby acids into a coloriéesform. At any
givenpH thereisanequilibriumbetweenthe coloredand cobriessform, and
thiacanbefollowedby the absorptionspeotrain the visibieand uttra~viotet.~q

S.E.8heppMd:J.Chem.Soc.,M,17(!909);Phot.J.,48,300(t~o8).
<y.deoR.Brode:J.Am.Chem.Soc.,46,581(t~).

“ Watef+Aeid
P" M/zo M/tgo orAthaM
t.

2. –
0

3- ïï.s
3 a .064

40 2.7 .i~
4.0S .0~

S.oo .003 .i~
5.40 .89
6.oo .003
8-oo .io .03

10.00 o.

Molar Partition of Dyein

t??" to AqueouaLayerofDyete ConcentMtton
Hatide otIMide NaCt KBr Kl

-o .19 .19 .ip
!:ï .oooiN .173 .i~ .008
!:TO .OOtN ––

.040 –

1:100 OIN .o8l .005 –

1:1000 IN .oyo – –
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The ourvesin Fig.a showthevaluesobtainedinaqueouesolution. It will

be seen that as thé "colorless"forminereases,the ultra-violetabsorption
inoreases.

The solubilityff the dye in waterdiminisheswithincreasingpH, because

whilethe colorlessformseemsto be quite soluble,thé coloredfonn is very
little solublein true solution,but readilydispersesto colloidalsolution. In

aoidsolutionthe dyemigratesto the cathode-correspondingto its dissocia-
tion intoa largeorganiccation,anda halideion. Inalkalinesolution(pH13)
no migrationwasobservedin the electricfield,but the experimentsrequire
extending, as the colloidmicellesare probablycharged. The tautomeric

changeis supposedto consistin the reatignmentofvalenciesin a conjugated
ohainof doublebonds.

ïn organiesolventsthe solubilityofthe coloredformisgreater,the location
ofthe absorptionmaximumslightlyaffected.
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It is importantto notethat thé partitionsbetweenaqueoussolutionsand
chtoroformindicatethat the coloredfom is very little solublein water,and
alsoismuchlesspolarthan tho colorlesaform. Thepartitionmaycorrespond
to thefollowingequilibriumsystem:-

or ahydroxylmayreplacebromide(Br)withincreasingOH-ionconcentration.
Insotubilizationof the coloredformby salts, and halides,wouldgivehigher
concentrationsofdye in chloroform. Thenatureofthe aqueousand chloro-
formsolutionsrespectivelyis of great importanceforthe adsorptionandsen-
situdngprocesses.

Adsorptionto SilverBromide

Themethodusedwasas follows: Asuspensionofsilverbromidewaspre-
pared giving nucroscopicaUymeasuraMegrains. The grain-sizefrequency
wasdeterminedbymethodsalreadydescribed.' Toreduceinterférenceofthe
gelatinwith the dyeadsorption,the absorptionexperimentswerecarriedout
at 5o"C,the gelatinbeingonly i percent inconcentration.Thisprocédureis
not entirelysatisfactory,and a methodofenzymestrippingof the gelatinhas
beendevelopedforusein later work. Fivece.ofthe silverbromideemulsion
containinga knownamountof the silverbromideweredilutedto 25cc.with
water,adjusted to a knownpH with alkalior acid,and containinga known
amountofdye, wereaddedas concentratedalcoholicsolution.

The reactionsystemwas placed in stopperedambergtass bottles in a
thermostatat so"Cand shakenforoneto twohours. Themtverbromidewas
then separatedbycentnfuging,at about5o"C.

Theresidualdyein the liquidwasdeterminedby extractionwithCH.C!:
and spectrophotometricdetermination. The dye actuallyadsorbedto the

1Cf.S.E. SheppMdandA.P.H.TrivelliinVol.III.,Eder'aHandbuohPhot.,PartI.,
Luppo-Cmmer,"DteGrundlagenderphotographischenNegattwerfahren."

Water
CMoroform_

+ +
D Br Cotor!es8 D Br (VerysUght)

+ t

-SH OH i
i r+1 colored
0 LDj Br iomzed j

1
1

[D Br] Colored –––t- [D Br] Coloredform
nomonized -<–––

aT'"f"
D Br solid
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TÂBMIII

pH5.5 Data forAdsorptionCurves
Mixtureused:
5 ce. precipttatc (.4N AgBr, .o8NKBr 400sq. cm. projectivearea

peroc.)
20ce.water.

i ce.MethylAtcoho!with Dye.
Totat

vv.
Hnat Dyeë MottUtty

Dye Concentration Adsorbed Moteeates ofDye
Used GcM.Kept to5ce. Adsorbed left in
Gms. in Sot. Ppt. perem* Solution
.oot .00039 .ooo6t 3.s X ïo" .343X ïo"~
.002 .0012 .00080 4.6 i.o6
.004 .00313 .oooSys 5.04 a.y6
.01 .oo68 .oo3t8 18.4 6.
.02 .0084 .on6 66.6 7.4
.04 .oi!44 .0286 t68. 10.
.004 .003:3 .000875 $.04 2.76
.008 .00659 .0&I4I 8.1 5.8
.0[6 .00925 .00675 38.8 8.t5
.00002 .000015 .000005 .03 -0134
.00005- .000015 .000035 .2 .0134
.oool .00002 .ooooSo .46 .oty8
.0002 .0000~4 .000126 .73 .064
.0005 .ooool? .000330 1.96 .15
.coi .000556 .000444 2.55 .49
.00002 .000005 .000015 .09 .005
.00005 .0000t4 .000036 .2t .0!2
.0001 .000020 .000080 .46 .018
.0004 .ooo!i .ooo2p î.6y .097
.0008 .00031 .000488 2.8i .274
.ooi .00045 .00055 3.16 .39
.ooî .00040 .00060 3.46 .35
.008 .0045 .00352 20.2 3.96
.008 -0039 .00418 23.7 3.42
.ot .0036 .0074 42.6 3.2.
.01 .0035 .00755 43-5 3 i
.001 .000468 .000532 3.06 .41
.ooi -000473 .000527 3.03 .42
.ooi .000475 .000525 3.02 .42
.008 .00445 00355 88.5 X io' 3.9 X 10"~
.008 .00465 -003355 92.5 4.1
.008 .00448 .00052 89. 4.0
.oi .00552 .00448 no. 4.9
.0! .0049 .00510 97.5 4.35
.oi .004 .00600 80. 3.6
.02 .008 .01200 161. 7.1
.02 .0069 .01310 137. 6.1
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TABLEIII (Continued)
Data forAdsorptionCurves

pH3.0(HC1added)
Mixtureused:

S ce. pn'cipttate(.4N AgBr,.08N KBr 400sq. cm.projectivoarea
perce.)

~oce. water.
i ce. MethylalcoholwithDye.

Total Fina! Dye Motarity
Dye Concentration Achorbed Moteoutes of DyoUsed Gme.Kept to$cc. Adsorbed Mtm
GnM. rnSo). Ppt. perem' Solution

.00005 .0000333 .ooooloy .096X10- .ozoXto-~
.0001 .0000762 .0000:38 .137 .067
.ooot .0000763 .0000237 .ï3y .o6y
.0003 .0001638 .0000362 .zo8 .1~
.0004 .0003476 .oooo5t4 .302 .30$
.0004 .000348 .oooos~o .300 .306
-oot .000812 .oootSSo 1.08 .7~
.ooi .000828 .ooot~'2 .<)9 .73
oos .001068 .000332 '.915 ï.47
.002 .00:667 000338 1.92 '.47
.004 .003572 .000428 2.47 3.
.004 .003575 .000425 2.45 3.14
.006 .005522 .000478 2.75 4.85
-oo6 .005523 .000477 2.75 4.85
.oo8 .007485 .000515 2.97 6.6
.008 .00749: 000508 2.93 6.6

pH 3.8 (HBr added)

.00005 .0000305 .0000195 .ii3Xïo- .027X10~

.ooo! .00007:8 .0000272 .157 .064

.0002 .000167 .0000337 .t95 .1~7

.0004 .000358 .0000413 .238 .315
-003 .001726 .0002740 t.58 i.5i
.02 .0165000 .0034800 20. 14.5
.008 .007632 .000368 2.12 6.7
oi .009689 .000311 1.79 8.6
.oï .009609 .000393 2.26 8.6
-o!~ .011472 .000528 3.04 to.
.014 .01269 .00131 7.55 n.a
-oi6 .01402 .00198 n.4 T2.3
.oi8 .01572 .00285 16.4 13.y
.020 .01772 .00:86 16.4 15.1
.020 .01776 .00238 13.7 ï5.t
.004 .003724 .000276 1.59 3.3
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silver bromidewas also directlydeterminedby dissolvingthe silverhalide

in thiosulfatesolution,extractingthe dyewith chloroformand determining
with the spectrophotometer.The sumofdye extractedfromsi!vcrbromide

and residualdyeshouldequalthe amountofongiaatdye,and this wasfairly
oloselyfulfilled.

AdsorptionFunction
Theadsorptiondata.obtaineddidnot fit anymodineationof thé (Freund-

!ich) adsorptionisotherm. The limit valuesin the horizontalpart of thE
ourvesweretaken as saturationvalues,andLangmuir'stheorylofunimotec-
ular layersappUedin the fonn:

a

71=
1 + tt Ot/Vt

where = gram molecutesadsorbedpercm~
r = averagelife ofadsorbedmolecule(timeofrelaxation)
tt =gram moleculesimpingingonsurfacepercm' per sec.
a = fractionof moleculeswhichadhere
Vt= rate ofevaporation(orsolution)ofmoleculesfromsurface.

Assumingc</Vt=' K,is a constantfora givensolidandadsorband,
then T= no/NK, wheren<,= numberofatomic (molecularor ionic)spacet
whichcanbe filled

N = Avogadro'snumber
= 6.06 X to"

J.Am.Chem.Soc.,40,t368(t9t9).
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and

!/I~t/:IZI_ c

~=~zjr_HT t'9~RTM
M

*=I.:X!0-'C
where C ==concentration(ce osmotiopressurep

M = moleoularwoightof adaorband
T = absolutetemperature
R – gasconstant83.2X !0*.

Theequationwasusedin the finalform:

K n./N. Et

~'TTTtT'

FromX-ray data' thedistancebetweenAgandBr atomsin the latticeof

AgBris2.89Â.U.andthedistancebetweencentersofBrionsin anoctahodr&t
faceis\/ a X~.89Â.U.andeachionocoupies14.45sq.Â.U.In ï cm'surfaco
of AgBrthere are 6.93X to" Br ions. Fromthe integratedarea-frequency
curvetheprojectiveareaperco.ofemulsionwaa400cm',andthe tota' surface
800cm' Hencefor t ce.AgBremulsionwehave800X 6.03X io'<,M.,
5.55X10"Br ionsonthesurface.Andat apH 5.5therewere5 X 10-10gram

mo!sdyeadsorbedat saturationpercm".Thisgives
5 °– mole-

o.oXio"
culesdyeper Br ion,or i moleculedyeper2.3Brions.

Discussion

Theadsorptionourvesobtainedand the saturationvaluesoatcutatedare
at 6rat sightin agreementwiththe followingtheory. Wemaysupposethat
adsorptionisdue to theetectrostaticattractionofa dyecation[p] tobromide
anionsof the AgBrsurface. It bas beenshownby Triveuiand Sheppard'
that in AgBrorystabfoundin geiatinemuMonsthe octahedralsurfacesoon-
stitute much the largestproportion. Thesesurfaceswill consisteitherof
silverionsor bromideions;in the presenceofs!ightexcessofbromide,of the
latter.' The limitingadsorptiondensity wouldthen be i dye cationor
moleculetoeverybromideionofthe latticesurface.

TheincreaseofadsorptiondensitywithpHmaythenbe interpretedasdue
to increasedconcentrationof the coloreddyeform,as cation. Thesecond
rapidlyascendingportionof the adsorptioncurves,on thisview,corresponds
to the adsorbeddye (frommolecularsolution)actingat a certaindensityM
nucleifor the precipitationof couoidatlydisperseddye. Accordingto this,
the positionof thesecondascendingportionshouldapproximatelycorrespond
to the true solubilityof the dyein the aqueoussolutionofgivenpH.

R.B.Wileey:PMLMag.,42,:62(t~!).
Aa~mingthegnHoatobeCattaNets.
"SilverBromideGrainofPhotographieEmabioM,"A.P.H.TrivetMandS.E.Shep.

pard,Monographso(theTheoryofPhot<~raphy,No.t,EastmanKodakCompany(19~1).).
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Althoughthis interpretationappearsreasonaMe,there are certaintacts
not in harmonywith it. Fromthé data on partitionof the dyo betwcen

aqucoussolutionsand ohloroform,it appearsas if the coloredfom is very
slightly,if at all,soluble,in water,andalsois very littleionized. Asa non-

polar,or lesspolarform,it showscorrespondinglygreatersolubilityin chloro-
form. If thé dyeis first adsorbedto thesilverbromideas ionized,co!or!ess'

cation,and then transformedto thecoloredformat theprevauingalkalinity,
it is dimcuit to seewhy thé adsorptionshouldincreasewith inoreasingpH,
whichlowerstheconcentrationofthecotorlessform. Analternativehypothe-
sis is that the colloidallydispersedcoloredform is "saltedout" on to the
silverbromideby the surfaceexcessofbromideions,and that this firstpro-
ceedato a surfacesaturation, as the concentrationof dye is increased,and
then passesover intomeohanicaladsorptionof the colloiddyeat highercon-
centrations. In thiscasea!soit mustbesupposedthat preliminary"patches"
ofadsorbeddyeactas nucleiforfurthorprecipitationandadhésion.

A morecomplèteinvestigationofthéaqueoussolutionsofthe dyes,andof
the adsorptionprocessis necessarybeforedécisionbetweenionic-moleoular
and colloidadsorptioncan be effeoted.ProvisionaUy,the formerhypothesis
appearsthe moreprobable.

Sensltizing

Diffusionexperimentsintogelatinje!!iesat differentpH valuesshowthat
the diffusionrate increaseswithdeoreasedpH. Experimentawererun with

dye solutionsadjustedto a givenpH and duTusingintocytindersof gelatin
jellyat the samepH. Aftergivenperiods,the jellycylinderswereeut insec-

tions, and the total dye determinedineachsection. Theplot ofdyeconcen-
tration againstdepthgivesa moasureof the diffusion.The results showed
that the actual amountofdyepassingthecross-sectionofgelatinjeUy<M~oce
wasapproximatelyconstant,asmeasuredbytotal areaofcurve,but theslope
waslower,the lowerthe pH, indicatingthat the diNusivitydiminishedwith

risingpH. This agreeswith thé tendencyof the coloredform to formcol-
loidalmicellesoflowdiifusivity.

Sinceit is the coloredformwhichactuallysensitizes,sensitizingbybathing
with these dyescan sometimesbemostuniformlyeffectedby bathingin an
acidulatedsolutaonof the dye,thenadjustingwithalkalito a higherpH (cf.
absorptioncurves). Thediffusionexperimentsindicatethat ata pH5 to 8 there
is some dye presentin the coloredformin molecularsolution,but thé pro-
portionrelativeto colloidallydisperseddyediminishesaspH isincreased.

From roughestimates,the amountofdyeadsorbedat saturationappears
to be very consideraMyhigherthan theamounttakenup by silverhalidefor

optimumsensitizing.
ProvisionaMy,the mechanismof opticalsensitizing,on the basis of the

theory of adsorptionproposedwithin,isas follows: Supposingthat colored

dyecation is electrostaticallyheldto bromideion,but that thisoriginalelec-
trostrictionpassesinto homopolarcombination,in agreementwith the con-

'ThatiB.visiMy.
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chtsionthat the coloredform is notably leu polarthan the colorless,on ab-
sorptionof lightbythis in its ownabsorptionrégion'an eleotronisfreed,pos-
sibly from the bromideion, and a silver ion reduced,or indireot!yby the
"reduced"dyecation.

Thismechanismwouldgiveontyone Agatomforeachdyemoleculead-
sorbedto thesilverhalide. Recentty'Leszynskihaspublishedévidencethat
(witherythrosin)up to ao silveratomsmay be photoohemioallyreducedper
dye moleouleactingas seMitiaer. He suggeststhat the photoelectronmay
travel somedistance through the silver halide crystal,and effecta ohain
reactionof rathcr higheSciency,or that the reducedsilvercontinuesto aot
as an opticalsensitizer.

Asanalternativeto this, it maybesuggestedthat in the photodecomposi-
tion of adsorbeddye on auverbromide,the dye moleculeis praoticaUyex-
plodedwithreleaseboth of sevoralfreeelectrons,and alsoofveryactivefree
radicab. The photochemicalemciencymight then be conaideraNygreater
than unity, but wouldprobably be a pronouncedfunctionof the Mt<c~<y
of thé illumination.

That the optioal sensitizingis conneotedwith the photodecomposition
of the dyeis supportedby the fact that the additionofsilverionstoaqueous
solutions of the dye greatly acceleratesits decomposition(bleaohing)by
light. Ourexperimentson this indicatedthat belowa molarratioof about
1.5Agto i moledye,little or noaooelerationofdecompositionwasproduced,
whilefromthis pointthe accélérationwasapproximatelyproportionalto the
silver concentration. Whether thé apparent thresholdis significantor not
bas not yet beendetermined.

Ro<A«<w,w.y.,
J<M!«tr~c, M.M.Januam9,19.08.

ModiNedbythedeformationeffectofadsorptiontoeUverbromide.Cf.FMaM-Z.
E!ectMohNn)e,28,499(t9aa).

Z.wiss.Phot.,24,a6t (!<<a6).



THE BEHAVIOROF DEAMINIZEDGELATIN"

BY Z. C.LOEBBL**

Accordingto the modern view,a protein is an amphotericeteotrotyte
capableofcombiningwithhydrogenionat thé terminalaminogroupsand at
the polypeptidlinkages;and capableofneutralizinghydroxylionat the ter-
minât carboxylgroupaand at the polypeptidtinkages. Recent investiga-
lions, havepointedto thé closereiationshipbetweenthé propertiesofthe

proteinsandtheirstateofcombinationwithacidandbase.
The studyofmanyof the propertiesof gelatinas a functionofhydrogen

ionconcentrationindicatesa pointof abrupt changeoccursat its iso-eteotric

point,pH 4.?. Thusat pH 4.7 there is a minimumof solubility,osmotic

pressure,swelling,viscosityat :s°C! potential difference,optical rotatory
powerat andabove27~0, and absorptionof light; a maximumis foundat
thiapointforfoamingandopticalrotation belowzy~C. In 19:2Wilsonand
Kem~foundthat theswellingofbufferedgelatinsolutionsgavea sweHing-pH
curvewith a secondminimumat pH 7.7. A secondpoint* ofabrupt
changebas beenfoundfor other propertiestoo;and theworkof Davisand
Oakes*indicatesashiftofthe minimumfor viscosityat 4o°Cfrom4.7at 2S°C
to about8.0.

It wasthoughtthat an investigationof thé behaviorof gelatin,onwhose
molecularstructurethefreeaminogroupshad beenreplacedby lessreactive

hydroxygroupsmightthrowfurther light on thé physicalchemistryof the

proteins. Suchan alteratiônof the structureof the gelatinmoleculeshould

changeits chemicaland physicalproperties in a definiteand measuraMe
manner.

Ma<en<!fa!7ae<f

In all the experiments"Putmann's SilverLabel" gelatinwasused as a
sourceof ordinaryanddeaminizedgelatin.

The sodiumnitrite,glacialaceticacid, ammoniumsaiphate,sodiumhy-
droxideandhydrochloricacidusedwereof the ordinaryC.P. varietyandthe
twodyesfor the iso-e!ectricpointexperimentwereusedas receivedfromthe
manufacturer.

ThePreparationofDeaminizedGelatin*

7K<od'MC<<M~
Whena proteinsuohasgelatinistreated withnitrousacidthereisanevolu-

tion of nitrogen,presumablyfromthe reactionof the nitrousacidwith the

*0ontnbut;pnfromtheDepartmentofChemistry,ColumbiaUnivemity,No.565.Pre.
sentedatthéPhtMeIpam(t9:6)meetingoftheAmericanChemict!Society.

"Thiacommunicationieanabatractofa thesiftBubmittedbythe authorin partial
fmBUmentoftheteqaitementaforthedegreeofDoctorofPhiloeophy,ColumbiaUniveNity.

Thetwopomtealwaysocouraageminatedpoints:eitherbotharemaximaor
bothareminima.

*The tenn"deaminizedgetatm"aahete:nafterused,refemto thé gelatinwhich
hasundergonethenitrousacidtreatment.

nafterused,refmto the gelatinwhieh



764 Z. C.MHBBNtt

amiongroupaof the protoin,the aminonitrogenbeingreplacedby hydroxy
groups. This reactionformsthebasisof théVanStykemethodfor the quan-
titative estimationof amino nitrogen. Nitrousacid wasSrst used as a de-
aminizingagentforproteinsin 1885by Loew.~Skraup~and bis co-workers 1
have been largelyresponsiblefor perfectingthe methodsused in preparing
deaminizedproteins.

In 1014Blaseland Matu!a"deaminizedgetatia accordingto Skraup's
methodandshowedbyhydrogenélectrodemeasurementsthat the deaminized
protein was still capableof combiningwith hydroehionoacid. Recently
Hitchcock'baspublisheda quantitativestudyofthe acid-combiningcapacity
of ordinaryand deaminizedgelatin. He preparedthe deaminizedproduot L
by Skraup'smethod,but omittedthe heatingonthe water-bath,a pretiminary E
study indicatingthat the higher temperatureinduceda stight hydrolysis.
Analysisof Hitchcock'spreparationshowedanexactagreementbetweenthe
differenceof the total nitrogenfor ordinaryanddeaminizedgelatin,and the
aminonitrogen removedin thé Van Slykeanalysis;in eaoh case o.00040
équivalentsof nitrogenper gram. t'urthermore,the différencebetweenthe
maximumcombiningcapacityof the ordinaryand thé deaminizedproducts
for hydrochloricacidwasnearlyequivalentto the lossin aminoor total ni-
trogenin thédeaminization.

Procedure
The deaminizedgelatinwaapreparedafterHitchcock'smethod,9brought

to pH 4.0, dehydratedwith àlcohol,groundin a pebblemill, and passed
througha 6o-meshsieve. The finalproductwasleft exposedto the atmos-
pherefor a day to allowit to reachequilibriumwith atmosphericmoisture.
It wasa canaryyeUow,fibrous,solidand swelledin cotdwaterUkegetatin.

Analysisoî the finalproduct for total nitrogenby the Kjetdahlmethod
gave 17.38per cent whilethe originalgelatincontained17.06per cent; a
iossofo. $8per centor 4.1i X10-~équivalentspergramabsolutelydry weight. ]

Ordinary iso-etectrioash-free gelatin was prepared according to the
methodof Loeb,'groundin a pebblemillfor 24hours,passedthrougha 60
meshsieveandleftexposedto theatmospherefora dayto reachequilibrium
with the atmosphericmoisture.

The moisturein ait samplesof ordinaryanddeaminizedgelatin wasde-
terminedby heatingin a 105°ovenover nightand all weightsare reported
onthismoisture-freebasis.

Deteiminatioaof the Iso-etectficPointof DeaminizedGelatin
by the Dye Technique

Loeb1basshownthat proteincancombinewithcationsonlyonthealkaline
sideof its iao-electriopoint, and with anionsonly onthe acidaide. Honce [
deaminizedgelatinshouldcombinewith the coloredcationof a basicdyeon j
the alkalineside,and the coloredanionof an aciddyeon thé acidsideofits
iso-etectricpoint. The iso-e!ectricpoint as determinedby the dye technique
forgelatin,collagenand deaminizedcotiagenshowsgoodagreementwith thé
valuesobtainedby othermethods.
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'–cotorofdeaminisedgelatin.
"-due toydtowof deaminisedgelatinplustheblueofthedye.

Employingthe dye techniqueas usedby Thomasand Kelly"forcollagen,
the résultagivenin Table1wereobtainedwithAeidB!ackas acid dye and
Fuohsinasbasiodye.

Thèseresultsindicatethe iso-electricpointto beat pH 4.0,checkingthe
valueobtainedby Hitchcock"forminimumofosmotiopressure.

Methodofeffecting<So!M<t<HM
It wasfoundthat, beeauseofthe oolorand the turbidityofthe solutions,

a concentrationbelow0.5percentwouldbeneoessaryinorderto makeoptioal
rotationreadings. It wasplannedto comparethé differentpropertiesat a
constantconcentrationandafter a preliminarystudy, 0.4760per cent was
foundmostsatisfaotory.

Thesolutionsweremadeup as follows:To 0.4760gms.ofsamplein a 100
ce.standardflask,ïo ce.ofdistilledwaterwereadded,then varyingamounts
ofacidor alkaliand finallyenoughdistilledwaterto reaohthe ïooce. mark.
Afterremainingat roomtemperaturefor one hour to allowthe sample to
swell,thé fiaskwasplacedina water-bathat either so''Cor at 75°Cfor five
minutes,removed,invertedslowlyfivetimesand replacedin the samebath
for fifteenminutes. The flaskwas then kept in a as'C water-bathfor ten
minutesandwasreadyforuse.

AllpH valuesrecordedin this reportwereobtainedwith the aid ofa sat-
uratedKCt-ca!ome!ha!fceUjunetionwiththe solutionbeingeffectedthrough
a saturatedsalt bridge. pHwascalculatedfromthé equation,pH = (E
0.2466)/o.oooi<)8T.Measurementsweremadeat roomtemperature,which
wasrecordedineach case.

ViscosltyofDeaminizedGelatin

It willberecalledthat Loeb's*visoosity-pHcurvesofgelatinat es'C in-
dicatea minimumofviscosityat thé iso-eleotricpoint,pH4.7. Theviscosity-
pH curvesofDavis, OakesandBrown*at 2s''Cindicatenominimumat pH
4.7whiletheviscosity-pHcurveaof Davisand Oakes'at 4o°Cgiveno mini-
mumat 4.7butgiveoneat about8.0. Loeb'ssolutionswereeffectedby heat-
ing to 45°Cfor ten minutes. Hitchcock"foundthe viseosity-pHcurve of
golatinat 4o"C(solutioneffectedby heatingto 4o°C)to be similarto that
obtainedbyLoeb,witha minimumat pH 4.7.

Blaseland Matuîa' measuredthe viscosityof deaminizedgelatinbut no
validconclusionscan be drawnfromtheir resultsbecausetheir observations
weremadeat suchwideintervalsofpH.

TABLEI

Determinationof Iso.E!ectncPointofDeaminizedGelatin
AcMBtack Fuchan pHof aohttion

DeepBlue 'YeUow 3.6
"Green 'YeHow 3.88

"Green(aMght) Reddish 4.0o
'YeHow Red(deep) 4.2a
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Twogroupaofexperimentson viscoaityof deaminizodgelatinwereper-
fonned; in the firstthe solutionwaBeffeotedat so"Cand in the secondthe
sohttionwaseffeotedat 7s"C. In the amtgroup, 5oc.of each solutionwas
pipetted into threeOstwaldvisoosimeterswhich weroplaced, respectively,
into water.baths regulatedat io"C, as'C and 50*0 (~o.r'C), and after
fifteenminutes thé viscoaitiesweremeasured. In the secondthe samepro-
cedurewas followedexcept.that the dotenoiaatioMat io°C woreomitted.

TABLEII

Viscosityof DeaminiMdGelatinSolutionsat VaryingTemperatures
and HydrogenIon Concentrations

Concentrationofdeaminizedgelatin-o.476o%
Solutioneffectedat so°C

TABLEIII

Viscosityof DeaminizedGelatinSoMons at VaryingTemperatures
and HydtogenIonConcentrations

Concentrationofdeaminisedgetatim–0.4760%
Solutioneffectedat ys"

pH VM"c Vtt'C Vxfc pH Vt~c V~o Wc
1.4 2.695 t.3t2 0.7915 6.s 3.849 2.448 .506
1.9 a.y46 1.542 0.9:93 6.9 3-8ot a.435 .436
a.y 3.239 t.~i 1.036 7.3 3.~0 2.406 .403
~9 3.316 1.836 t.oso 7.6 3.771.· 2.418 .417
3.3 3.Ï99 1.654 0.9538 7.9 3.y~ 2.442 .421
3.6 2.871 1.452 0.8578 8.4 3.698 2.397 1.405
39 2.692 1.217 o.7!Sï 8.8 3.511 2.239 .334
4.0 Turbid Turbid Turbid 9.1 3.365 2.137 .256
4.3 2.866 ï.24o 0.7~5 9.6 3.207 2.045 .175
4.6 3.io4 j.427 0.8282 10.4 3.055 1.970 .120
S.o 3.457 1.775 '.OS5 10.7 2.968 1.958 .n8 8
5.7 3.765 2.309 :.3:2 n.6 2.384 1.440 0.88636.22 3.8oo 2.396 t.456

PS v,fc Vtfe pH Vtfc v~o
~-5 i 198 o.72si 6.s t.ooa 1.199
~3 i 357 0.8M8 7.0 t.978 .185
~-9 i4" 0.8389 7.3 1.965 .t69
3.3 1.367 o.8t99 7.4 1.995 .i8a
3-7 T.a64 o.74<'5 7-9 '.ooo .185
40 ï.ï79 0.7038 8.3 .933 !75
4.4 1.269 o.7276 9-2 .86i .n8
4-7 i.36ï 0.7998 9.9 -7S4 1.050
S.5 '.787 1.066 10.3 .752 1.051
5.9 1.872 i.ït3 ti.o .520 0.0123
6.2 1.987 i.igo
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Theresultsaregivenin TablesII andIII andplottedin Fig.r. TheviMosîty
is reportedas "ViscosityRatio" Vt:

y Tune
in secondsat temperaturet fordeaminizedgelatin1

Titaein secondsat 25*0forwater

rtn.t i

0.4760%sotutioMof:
'DeatmniMdGetatic–Solutioneffectedat so'C.Vicoaityat (a)!o°C,(b)2S°C,(o)so"C

'DeammiMdGelatin-Solutioneffectedatys'C.VMeoNtyat (d)z$tC,(e)so'C
*Gehtin–So!ationetfeetedatys'C. Viacosityat (f)25"C,(g)so°C

Althoughturbidity at pH 4.0ofsolutionseffectedat 5o<'Cpennittedno
viscositymeasurementsat this point, the directionof the curveson both
stdesshowsa distincttendencyto locatetheminimumat thiepoint.

It will benotedfurtherthat:
(a) Eachcurve,whetherthe solutionswereeffeotedat 5o°Cor 75*0,or

whether the viscositiesweredeterminedat io'C, 2s"C,or so''C,is aimilar
in shape.
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(b) Eaobhasa minimumat its iso-eteotncpoint,pH 4.0
(c) In eaohtheriseonthe alkalineaideisgreaterthan onthe acidaide.
(d) Eaohbasa secondminimumat pH 7.3.
(e) Eachbasmaximumsat pH 2.9,6.5and 7.9.
In Table IV and Fig. a are giventhe resultsof a seriesof experiments

withgetatinsolutionsat 2s"Cand so''C,whichwemof the sameconcentra-
tion as those of the deaminizedgolatindescribedabove (0.4760%). The
solutionswereeffectedat 75"C,thesametechniqueasusedfortheviscosities
describedbeingemptoyed. Theseourvesand the ourvesfoundby Loeb at
~"C and by Hitchcockat 4o°Cehowmany pointsof similaritywith those
of deaminizedgelatin:

(a) Eachofthege!atinourvesisBimilarinahape,independentoftempera-
ture ofeffectingthe solution.

(b) Eachhas a minimuma.t the iso-e!ectriopoint. In the deaminizing
reactionaminogroupsare replacedby lessbasiohydroxygroupa,and it is
thus expectedthat with deaminizationthere shouldbe a shift of the iso-
eteotricpoint,to theacidaide,asdoesoccur.

TABLEIV

Viseosityof GelatinSolutionsat VaryingTempératures
and HydrogenIon Concentrations

0.4760%gelatinsolutions
Solutionseffectedat 7s"C

(c) Withgelatinthe risoonthe acidsideof the iso-etectncpointisgreater
tha.nthat on thé alkalineside; the reverseis the casewith the deaminized
gelatin. Comparingthe a5"Cand ~o~Ccurves,it is seenthat deaminization
doesnot affectthe viscosityat the iso-eteetricpoint,but lowersit onthe acid
aideandraisesit on thé alkalineaide;the riseonthe alkalineaidebeingvery
steep.

ThomasandPoster"reporta similarsteeperriseofswellingwithdearnini-
zationofcollagen.Theysuggestas a possibleexplanationthat thé hydroxy
groupswhichhavesubstitutedthéaminogroupaareacidiein character. This
wouldresultin theformationofa greateramountofsodiumsaltonaddition
ofsodiumhydroxideand thuscausegreaterswelling.

Thesameexplanationmay beappliedto accountfor the anomalousbe-
havior ofviscositywith deaminizationof gelatin. Einatein'stheory~holds
that the viscosityis a linearfunotionof the relativevolumeoccupiedby the

PH Vtt'O VKfc pH Vtf'o V~o
1.655 0.9348 5.0 i.226 0.7204

~-8 1.759 1.041 57 1-446 0.8152
3.3 i.Sao ï.o6i: 7.0 1.517 0.8898
3.6 ï.749 i.oo5 8.8 1.549 0.9135
44 !.36i 0.8057 96 1.565 0.9240
4.6 1.282 0.7500 10.2 i.6i2 0.9502
4.7 i.i57 0.67~8 10.9 1.646 0.9739
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solutein the solution. The volumesizeof the proteinsolute, accordingto
Loeb,wouldbe dépendentuponthé swellingand osmoticforceswhichare
governedby the DonnanTheory. It bas beenahownbyBlaseland Matulab
and by Hitchcock,'that deaminizedgetatincombineswith lesshydrochloric
acid than does gelatin. Then,followingLoeb's theory, deaminizedgelatin
shouldhave a lowerviscositythan gelatinon the aoidaide,as is actuallythe
case. In a later sectiona greaterbase-combiningcapacityis shownfor thé
deaminizedproduct,thusaccountingfor the greaterviscosityonthe alkaline
side.

(d) The maximumonthe acidaideofthe iso-electriopoint for gelatinis
at pH 3.2,whilethat forthe deaminizedis at pH 2.9,indicatingagaina shift
to the acidaide.

(e) Thesecondminimumfordeaminizedgelatinisat pH7.3;that of gelatin
is at 7.7;showingstutanothershifttowardsthé acid side. A morecomplete
discussionofthe secondpointof abrupt changemustbe loftto a latersection.

OpticalRotationofDeamMzedGetatia
C. R. Smithpostulatedthat thoreis a closerelationshipbetweenthe mu-

tarotationofgelatinandits powerto jellify. Prolongedheatingona water-
bathcausesa gelatinsolutionto loseboth its powerto jellifyand to mutaro.
tate. KraemerandFansetow'"studiedthe opticalrotationofgelatinsolutions
of varyinghydrogenionconcentrationat differenttemperatures,using the
mercurylightas a sourceof illumination. Their results of opticalrotation
as a funotionof pH showa minimumboth at pH 4.7 and at about pH 8.0
for temperaturesof 27~0 and above,and show a maximumat the same
pointsfor temperaturesbelow27~"C.

It wasplannedto studythe optiealpropertiesof deaminizedgelatinand
tocomparethemwiththoseofordinarygelatin.

TABLEV
OpticalRotation of DeaminizedGelatinat VaryingpH and Températures

Negative Ventzke readingat
pH to"C as"C so'C

~4 7.i 4.3 3.8

1.9 7.ï 4.5 4.0
2.7 6.2 4.8 4.1
2.9 6.2 4.8 4.1

3.3 6.7 4.6 4.0

3.6 7-3 4.7 4.0

3.9 turbid turbid turbid

4.0 turbid turbid turbid

4.3 7.7 4.8 4.0

4.6 7.6 4.8 4.0

5.0 6.5S 4.8 4.0

5.7 5.4 4.7 4.1
6s 5.3 4.5 4.

pN
NégativeVentzkereadtMat

pH to"C 25°C so'C

6.5 5.3 4.5 4.4
6.9 5.4 4.6 4.4
7.3 5-! 4.6 4.3
7.6 5.1 4.7 4.3
7-9 5.3 4.6 4.3
8.4 S'a 4.6 4.3
8.8 $.2 4.8 4.3
9-ï 5.3 4.8 43
9.6 5.0 4.6 41

10-4 5-3 4.5 4.4
10.7p 5.0 4.66 4.3

5.ilE 4.5 4.4
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Procure
The solutionsfor the optical rotationexperimentswerepreparedas de-

scribedabove,the solutionbeingeffectedat so"C. The solutionswerepolar-
izedin 3.2dom.jacketedtubes, waterrespeotivelyat to''C, a$~ and 5o"C
( ±o.3C)beingpuœpedthrough the jackets. After ïs minutesat the proper
temperatures,readingswere taken. Theinstrumentusedwasa Sohmidtand
Haenschsaccharimeter,with a dichromatefilter. White lightWMusedas a
sourceof illumination. The direct readings(negativedegreesVentzke)of
to'C, 2S"Cand so''Care tabulated in TableV and plottedas a funotionat
pH in Fig.a.

EffectoftemperatureandpHontheopticalrotationof0.4760percentsolution
ofdeMnmuedgelatin.

(a)~!0'C

(b)=.~s''C

M-so'C

Becauseofthe turbidity and colorno readingscouldbe madeat pH 4.0.
Thecurvefor io"C readingsshowsa minimumat pH 2.0and a tendencyto

1
forma maximumas the pH approaches4.0. On the alkalineaideofpH 4.0
the rotationfallsoffwith increasingpH. At 250Cand 5o"Cthe rotationis
almostconstantfor eachrespectivetemperature. Unfortunately,the color
and turbiditydo not permit the useof higher concentrationswhiohmight
magnifyanydéviations,and detectany mutarotation. j

Surface.Tensionand FoanungofDeaminizedGelatin

Like gelatin,deaminizedgelatin solutionsfoam on shaking. The ad- <
sorptionfilmtheoryadvancedby Bancroftis foundedon Gibbs'statement
that anysubstancewhichlowersthe surfacetensionof a liquidmustconcen-
trate in thesurface,thusforminga filmandpreventingthe coatescenceof the
gas bubbles. According!y,gelatinand deaminizedgelatinshouldfoammost
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at the pointswherethe surface tension is least. Bogue"*reports that the

foamingof gelatinis a maximumat its iso~teetnopoint. JohUo~findsits
surfacetensionis a minimumat this point.

SM!tCe<C<MtOK
Surfacetensionmeasurementsweremadowiththe DuNoU~ tensiometer.

The solutions,of 0.4760per cent concentration,weremadeup by the same

1-
Fio.33

ESectofpHonthesurfacetensionof0.4760parcentsolutionofdeaminisedgelatinand
eSectofpHonthefoamingof0.4760percenteotuNoMofgelatinanddeaminisedgelatin.

techniqueas describedabove,solutioneffectedat 5o"C. Twoce.of eaohso-
lutionwerepipetted into respective4 cm. watch orystatsand left at room

temperaturefor onehour. Duringthis hour it wascoveredwithan inverted
Petridish. Beoauseof the exposedsurfaceof the alkalinesolutionsit cannot
be claimedthat the pH values are aocurate. However,they are not suûi-
cientlyfar removedto prevent the indicationof the generaldirectionof the
surfacetensionchangewithpH change.

Theusualprecautionsofnamingthe pipette,watohcrystalsandplatinum
ringweretaken. Theapparatus wascalibratedagainstwaterat ag~Cgiving
thevalueof73dynesper cm. The résulta,givenin TableVI and plottedin
Fig.3,indicatea minimumat pH 4.0,a maximumat pH a.o,whichremains
constantwithfurtherdecreaseofpH; anda maximumat aboutpH 6.5,whioh
remainsconstantwithfurther increaseofpH.
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Thefoamingexperimentswereperformedwiththe samesolutions. Ten
ceof eachsolutionwasadded to respective 1 cegraduatedtest tubes and
shakenall together,and the volumeof foam readoff. The résultaare re-
cordedinTableVIand plotted in Fig.3. They show& maximumat pH 4.0
andaminimumat pH a.9. ThecurveobtainedbyBogueis insertèdforcom-
parison. Althoughabsolute valuescannot be comparedhère,the general
trend of the two curvesshow severalinterestingdifferences.Both curves
showa maximumat their respectiveiso-electnopoints,but the gelatinourve
basa secondmaximumon the alklineside,whilethe deaminisedgelatinhas
the correspondingmaximumon the acidaide.

It willbenotedthat the surfacetensionin eachcaseis lowerthan that of
waterandthat the greatest loweringpointof thesurfacetensioncurveis at
the iso-clectricpoint and correspondswith the highestpoint of foaming.
Theseresultsare in conformitywith the adsorptionfilm theory, and are
similarto thoseofBogueand of Johlinforgelatin.

Titrationof Gehtia and DeaminizedGetatmwithSodiumHydroxide
In a precedingsectionit was pointedout that the increaseofviscosity

onthe alkalinesideofthe iso-electriepointwith deaminizationisvery likely
due to the aoidienature of the hydroxygroups" that replacedthé amino
groups. If this is true, the base-eombiningcapacityof deamuNzedgelatin
shouldbe greaterthan that of gelatinby an amountequivalentto the re-
placinghydroxygroups.

To obtaincomparableresults both gelatin and deaminizedgelatinwere
titrated. Samplesequal to 0.4617gm. absolutetydry weightwere used;
varyingamountsofo.ïOtzN sodiumhydroxideaddedandthe pHdetermined
eleetrometricaUy.Asinglesamplewasemployedforeaehtitrationcurve,the
originalvolumebeing2~.30ce. Preliminaryresuttsindicatedthat to adjust
the pHdfgelatinanddeaminizedgelatinto pH 7.0requiredrespectivelyï.43
ceand 3.01ce of the sodiumhydroxideused. To keep the volumesat pH
valuesabovey.ombrenearly conatant,1.58ce (thédifferencebetween3.01
and 1.43)ofwaterwasadded to thegelatinsample.

There8ultsaregivenmTaMeVIIandplottedinFig.4.

TABUBVI

SurfaceTenmonand Foammgof DeanuMzedGe!&tin
at VMyiDgHydrogenIon Concentration

SurfaceTension FoanuM SmfMeTenmonFoMBinttPH ~~°C <M93.'C pH &tM"C .ta3"C~ynea/om. mn. dyttes/cm. cm.
'-5 6t.8 ï.4 4~ gg.~ ~t
~3 6i.8 1.9 5.5 63. 2.0
~.9 6i.8 1.66 6.5 66.3 i.~
3-3 6i.s 1.8 7.4 6s.a 1.6
4'o 57.2 a.3 to.3 t.~
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ce ofexactlyo.t NNaOHrequiredtoadjustpHfrom~.ootothatrecordedmthelastcolumD.
o.toceo.tNHCIrequired.

Examiningthe slopesof the firstpart ofeachcurve,risingfromtheir re-
speotiveiso-electriopoints,it ia seen that the slopeof the curveforthe de-
aminizedeampleiasteeper.

This firstportionofthe curvefor the deaminizedgelatinrisestoa higher
valuethan that of the gelatin,indicatingthat the hydroxygroupsbeginto
combinewithsodiumhydroxidedirectlybeyondthe iso-electricpoint. The
auddenriseinviscositydirectlybeyondthe iso~Iectriopointis thusacoounted
for.

Thereis a changeofdopeat pH 7.$for the deaminizedgelatinwhichcor-
respondsto a similarpointfor the gehtin at pH ~.y it isinterestingthat pH
7.7correspondsto the secondpoint of abrupt changeof thé propertiesof
gelatin.

*ccofexacttyo.tNNaOHrequiredtoadjustpHfrom4.70tothatrecordedinthebat
eotumn.

TABLEVIII
TitrationofDeaminizedGelatinwithNaOH

Weightofdeaminizedgelatinsample0.46~ gm. (dryweight).

TABLBVII

Titration of Gelatin with NaOH

Weight of gelatin sample 0.461~ gm. (dry weight).

~R~'S'~ Volte eo.o.tOt2N cc.o.tN Volte
NaOH NttpH E.M.F. pH NaOH NaOH E.M.F. pHadded required* added required*
0.0 o.stgï 4.58 1.75 i.6z 0.8722 8.98
0.1$ 0.0 o.$2!:6 4.yo 1.90 i.yy 0.8~37 9.69
0.55 0.40 0.54S7 s.tt 2.45 2.33 0.8755 io.y4
0.95 o.St 0.5721 5.56 3.2s 3.t4 0.9231 11.56
i.iS i.oi 0.5843 5.77 3.95 3.8$ o.94t2 n.86
1.35 t.2i 0.6274 6.51 5~5 5.06 0.9500 i2.ot
ï.55 1.42 0.6996 7.74 8.tS 8.10 0.9543 12.09
ï.65 1.53 o.74o6 8.44

~'A~~T~ Volta ec.o.M~N ec.o.tN VoKe
NaOH NaOH E.M.F. pH NaOH NaOH E.M.F. pHadded required* added required*

-0.10** o.o 0.4806 4.00 3.20 3.35 0.7540 8.67
0.0 o.io 0.4834 4.05 3.ss 3.69 0.8330 10.02
0.10 0.20 0.4860 4.09 4.00 4.1$ 0.8012 11.02
0.70 0.81 o.sose 4.42 4.20 4.35 0.8993 M.!$
i.Sï 1.63 0.5340 4.91 4.~0 4.65 0.9100 ~.34
:oo 2.12 O.SS33 5.~4 4.99 S-'S 0.9202 ïi.si
!.5i 2.64 O.S745 56o 5.50 5.67 0.93!: ïi.yo
!7o 2.83 o.6oio 6.06 7.50 7.69 0.942: n.89
2.80 2.93 0.6065 6.15 10.50 10.73 0.9501 12.02
3.io 3.24 o.6718 7.45 14.50 14.77 0.9561 12.13*t,at.wrwr_nrr_n._ M
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At pH 7.s, c.46t? gmof deaminizedgelatincombineswith 3.24coo.!N
sodiumhydroxide.

At pH 7.7,0.4617gmof ge!atmcombineswith 1.40ce o.tN sodiumhy-
droxide.

Thedifférenceis ï.84coo.rNsodiumhydroxide.
For i gm this differenceis 4.0ce o.tN sodiumhydroxideor 4.0 Xto*~

equivalents.

TitrationCurvesforo.~6tygmàof originallyieoetectnc
a) 'Gelatin

and
b) 'DeaminisedGelatinwithN/tONaOH

The KjeldaM nitrogen of the

gelatin 17.96%

deaminizedgelatin ~7.38%
difference .58% or 4.1 X ny*

équivalents nitrogen per gm. showingvery good agreement with thé différence

of their base-eombuung capacity.
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Examiningthe slopeof the twocurveabeyondpHof11,it maybeseenthat

thereexistsa constantdifférenceof about 4.0X !o-<équivalentsof.sodium

hydroxideper gramdrysubstance. Thismaybeconstruedto meanthat the

base-eombiningcapacityfor the deaminizedgelatinisequalto that ofgelatin

plus4.o X io~. Takingthevalueof thebase-combiningcapacityofgelatin
as foundby Loeb"andHitchcock'"at 5.7X !o~, that fordeaminizedgelatin

wouldbep.y X 10**equivalentspergram.

The SecondPoint of AbruptChange

Severalpropei'tiesof gelatin,studiedas a funotionof the hydrogenion

concentration,giveourvesofthe sametypeas theviscositycurves. Someof

these propertieshave been studied in the unbufferedrange. Wilsonand

Kern' found a secondminimumfor swellingof bufferedgelatin at pH 7.7.

Higleyand Mathews10founda secondminimumat thé samepoint for ab-

sorptionof light. Kraemerand Fanselow"and atsoVellesand Vellinger"
founda secondpointof abrupt changeforopticalrotation.

Thereseemsto be onlyfourproteinswhiohshowthèsedoublegeminated

points. They are collagen,deaminizedcollagen,gelatinand deaminized

gelatin.
C. R. Smith' postulatedtwo formsof gelatinin solution,a "sol" fonn

stableat températuresabove3S"Cand a "gel"fonnstableat temperatures
belowï5"C, whileat temperaturesbetween,theexistenceof both in equilib-
rium. The workof Smithand Hoyd" showsthat thechangefrom"gel" to

"sol"formtakesplacewith increaseofSôtensenvalueofthe solution. Wilson

and Kem suggestedthat the twoformshad differentiso-electricpoints,the

"sol" format pH ~.yand the "gel"format 4.7;andthat a preponderanceof

eitheronewoulddeterminethe behavior.

Supportfor this ideais foundin the workofThomasand Kelly"' In

studiesof the rate of fixationof tannin by hidesubstanceat roomtempera-
ture" as a function of hydrogenion concentrationof the solutions,they
showedthat thedegreeofnxationat a maximumat pHdroppedto a minimum

at pH 5; (the iao~leotriopoint)roseagainwhena pHofabout 8 wasreached

andthenabruptly felloffwithfurtherincreaseinalkalinity. Sincethe tannin

partiolesare negative,the decreasein rateoffixationfrompH 3to 5wasread-

ily explainedby the Procter-Wilsontheoryas dueto the decreasingpositive

chargeof thé collagen. The risein rate of fixationfrompH s to 8 wasun-

explainableexceptonthebasisofa shiftofthe iso-electncpoint. Thomasand

Kelly"rcpeatingthe sameworkat 4o°Cobtainednominimumat pH 5and

conclude,therefore,that the collagenexistsin twomodificationsanalogous
to the "sol" and "gel" formsofgelatin;the iso-electriepointsof the collagen

beingatpHsandatS.
With gelatinthe evidenceis moreconnicting.Tobeginwith, the exact

locationof the transition temperature,"gel" to "sol,"is uncertain. C. R.
Smithsays it isat 35"C. Davisand Cakesplaceit at 38.03"Cand Kraemer

andFanselowplaceit at 2y~"C. Bogue, ontheotherhand,saysit depends
ontheconcentration,heat treatment,pHandprevioushistory.
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AlthoughDavis' and Cakes report no minimumfor the viseosity-pH
curvesofgelatinat pH 4.7at 4o"Cand doreportoneat pH8.0,it oannotbe
said to representa shift of the minimumdue to thé température. Davis,
CakesandBrowneusingthe sametechniqueM Davisand Cakes,fo~ndthe

viscosity-pHourvesofgelatinat ag°Cgavenominimumat 4.7either.

It wasat first thoughtthat the difforencein methodof effectingsolution
emptoyedby Davisand hisco-workersmightbe the causefor the difference
in results. The matter wasgoneoverwithDr. Davisand hedeterminedthe
viscositiesof two seriesofgelatinsolutions,oneseriesbeingtreatedas in his
two papere--byheatingona hot plate for 20minuteswithoontumomstir-
ring tiUthé solutionreached75"?the other 6en~ beingtreatedin a marner
similarto that employedin thisMsearch. Hisresultsindicatedthat thesame
qualitativeresultswereobtainedbyeithertreatment.

The interpretationthat bas beenplacedon the workof Daviset al. bas
beenthat theminimumof visoosityat pH4.y at ss'C shiftsto pH8.0 at 40*0.
Apparentlythege1atinusedby themdidnot haveits iso-e!eetncpointat pH
4.7 as did that of Loeb,Hitchcockand that used in this researoh. Hitch-
cock'aresultsfor gelatinat 4o°Cand thosereportedin this investigationfor
gelatinanddeaminizedgelatinat varioustemperaturesindioatenochangeof
minimumwithchangeof"gel"to "sol"form.

Loeb' postulatedthat the large changesof viscositywithpH of getatin
solutionsat 25*0weredueto twofactors,thé greatmagnitudeofviBcosttyof
gelatinsolutionsand the swollenmicellaeprésent. Whilosucha theoryIs
tenableenoughfor lowertemperatures,it can hard!yholdfor highertem-
peratures,like5o"C. However,as a matterof purespéculation,it mightbe
suggestedthe visooaityof gelatin is dependentupona solutionstructure~
whichin tum is dependentuponswellingforces,and therefore,accordingto
the DonnanTheory,dependentuponosmoticforce.

In the viscosityexperimentsof gelatinand deaminizedgelatin,the solu-
tions of whiohwere effectedat 7S'*C,no shift of minimumwas observed.
Apreliminaryexperimentwithgelatinsolutionsat differentpH,but in which
thé solutionswereeffectedbyhoatingat 8o"Cfor onehour,indicatednoshift
of the minimum.

Althoughthe aboveevidonceindicatesnoshiftof theminimumofgelatin
anddeaminizedgelatin,thereiseveryindicationoftheexistenceofthesecond
pointofabruptchangeofproperties.Wilsonand Kem'sideaofthispointas a
possibleiso-etectricpointof the "sol" formfindsfurthersupportin the work
of MissLloyd.17She foundthat the "gel"sol" equation,broughtabout
withincreaseofpH is reversibleif sufficientacidisadded. SheoSersthéfol-
lowingexplanation:"BraitsfordRobertson~bas suggastedthat aoidsand
basesattached themsetvesto protein moleculcsat the -COHN- linkage.
Hepointsout that this linkagemay exist as an enoltinkage-C-N- or as a

1
OH

Phvatecommunication.
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keto Mnkage-C-N- and favors the enol-formsince it offersa point of

0 HOH
attachment to bothacideand bases. A moreprobableexplanationseemsto
be that underthe actionofacidegelatingoesoverto the keto-form,andunder
thé actionof basesto the enot.form." If this theory is correct,all proteins
shouldshowthesegeminatedpointsof properties. Althoughonlyfour are
reported to have thé two points,a more extensivestudy shouldbe made
with the thought of their possibleexistencein other proteinsas weU.

The likelihoodthat the secondpoint is the result ofhydrotysisis smaU.
Measurementsby Bogue"andbyNorthropllshowthat therate ofhydrolysis
of gelatinat differentpH is almosta constant for the same temperature.
Northropfoundtherate ofhydrolysisis ten timesmorerapidat 6s°Cthan at
4o°C. It might be argued that the iso-electriopoint of these hydrotytic
produotsis at pH 7.7. However,the experimentsin this researchindicated
noshiftofthe minimumofviscositywithhighertemperatures.

Knaggsand Sohryver"conclude,after oarefulattempts in purifyinggela-
tin to obtain a produotofconstantcomposition,that there is no Masonfor
regardinggelatin,evenaftèrelaboratemethodsofpurification,asa chemica!
entity. This suggestsanotherpossiblecause for the presenceof the two
pointsas due to thé predominatingeSeotoffirstonegroupand thenanother
groupofsubstancespresentinthegelatin.

Thereseemsto be an indicationof a relationshipbetweenthe chemical
nature of gelatin and deaminizedgelatin,and the secondpoint of abrupt
changeofproperties.The titrationourveofgetatinwithsodiumhydroxidebas
a pointoninnectionat aboutpH7.7,and that of deaminizedgelatinat about
7.5;the formerpointcorrespondingto the pointofsecondminimumofsweUing
of getatinas foundby WilsonandKern,andthe latter almostcorresponding
to the secondminimumofviscosityofdeaminizedgelatinas foundin this re-
search.

However,until moreexperimentalwork is done,the causeforthe exist-
enceof thesecondpointmust remaina matterofspeculation.

Theauthorexpressesbisappréciationto Dr. A.W.Thomasforadviceand
cnticismduringtheprosecutionofthisinvestigation.

StMnnMty
A studyof thé behaviorofa deaminizedgolatinhas beenmadeand com-

paredwiththat ofgelatin.
Theiso-electricpointofdeaminizedgelatinis foundbythe dyetechniqueat pH 4.0. The opticalrotation,viscosity,surfacetensionandfoamingofthe

solutions,arestudiedas functionofhydrogenionconcentration. Theoptical
rotation at ic'C and the foamingat roomtempératureareat a maximumat
the iso-electncpoint. Surfacetensionis ataminimumat thispoint. Whether
the solutionswereeffectedat so'Cor at 7soC,or whetherthe viscositieswere
run at io''C,as'C, or so°C,the viscosity-pHcurveofdeaminizedgelatinwas
ofthe sameshape,showingtwominima,at pH4.0andpH 7.3.
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Ordinary geiatin solutions effeoted at 75°C gave viacosity-pH ourves at

zs°C and so"C, similar to those obtained by Loeb at a5"C, with a minimum

at the iso-etectno point.

Titration of deaminized gelatin and gelatin with sodium hydroxide indi-

cates that the hydroxy groups whioh replace the amino groups in deaminiza-

tion are acidio in character. The difference in thé base-oombining oapaoity

of the two substances is equivalent to their diNetonce in nitrogen content.

The results indicate that thé base~ombining capacity of deaminized gelatin

is 9.7 X io'~ équivalents per gram.

The second point of abrupt change of properties is discussed.
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THE ELECTROCHEMICALBEHAVIOUR
0F SILICATECLASSESIII*

CATHODEAND ANODECASES**

BY M. J. MULLIGAN, J. B. PBBauSON AND J. W. BBBBBCK

Cathode Gas

Whenan etectncourrentis paasedthroughthe wallsofa soda-tùneglass
tube containingmerouryas cathode,a filmofgas mayformat the meroury-
glassinterfaceand onceformedwilldisappearin timeif the directionof the
current be reversed. This phenotnenonwas first studiedby Rebbeckand
Fergusonlwhofoundthat the gas consistedofhydrogenwitha littleoxygen.
They atso determinedmany of the conditionsessentialfor gas production
and disappearanoe.

The processofgasdisappearanoeissucha oanouaonethat aphotographie
recordwasmadein orderto dispelany illusionstheremightbe in regardto
the true natureofit. Markawereetchedonthe outersurfaceofseveraltubes
and the markedparts werephotographodat differentstagesof the etootroty-
sis. Whenthebubbleswerein focus,the markswerenotandhenceappeared
blurredin the photdgraphs. Oneseriesof these isshownin Plates I to IV.
ThisserieswastakenbyFergusonandEUis.~2

The platesshowthat uponourrentreversa!the individualbubblesbecame
smallerand somedisappearedentirely. Thereappearanceofthegasindicated
by Plate IVseemsto be in no way relatedto the originalgas film. During
thisstageoftheeteotrotyaisa numberofchemicalreactionstakeplace. Thèse
willbe disoussedina laterpaperon theformationofsolidelectrolyticdeposits
in glass.

The disappearanoeof gas on current reversâtmay in part be explained
onthe assumptionthat thesodiumenterstheglassfromthe sodiumhydroxide
filmwhichwasformedat the interfaceduringthe evolutionofgasand that the
water was re-formedand sorbedby the glass. In supportofthis suggestion,
wefoundthat hydrogengaswilldisappearin thepresenceofsodiumhydroxide
but not in its absence. Bubblesof puredryhydrogenweretrappedbetween
themerouryandtheglassduringthe fillingofa newsoda~-timeglasstube with
mercury by distillation*and the tube e!eotrotysed,mercuryanode,with no
voltsat ioo"Cfor yohours. The gasdid not disappear. Asimilartube was

ContributionfromtheDepartmentof ChemMtty,UnivemttyofTofonto.
ThisinvestigationwascarriedoutwiththeMaiatanceofTheNationalRes~rch

CounoilofCanada.Mr.&MhmMtheldaueeesmvetythreeschobrahipawardsfromthem-a BumMy,a StudentahipandaFeMowship.
t RebbeckandFerguaon:J.Am.Chem.8oe.,46,t~t (t9~).

FergusonandEttia:ÏMM.Roy.800.Canada,(3)19,34(t~g). (AbstMctonly.)3NewgtMNsignifiesgtasawhiohhasnotbeen8ubjeotedtoanyespeciattreatmente!ec-
trical,MtermMorotherwise.Theexperimentalprocedurewassimaarto thtttusedbyRebbeokandFetKuson.
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first washedout with a dihtteaqueouasolutionof sodiumhydroxideand
driedat 7o"Cby evacuationto o.ooïmm. merourybeforetrappingthe hy-
drogen. Uponelectrolysisundersimilarconditionsforyahours,manyof the
bubblesdisappearedaad othersbeoamesmaller. Theexperimentswereoar-
riedout in duplicateand triplioaterespeotive!y.'

Asomewhatsimilarexperimentwithpuredryhydrogenwasperfonnedby
trappinga smaUbubbleina well-annealedtubewhiohwaaheldin ahorizontal

r~teat-4
GasDiMppearanceandReappearance(Xtoc).

Ftatet. Anew6oda-timegtaMtnbewaaetectrotysedfor6.snMnutesat95°Cwithnoo
votts,mercurycathode. ·

Platea. Thedirectionofthécurrentwasreversedandtheetectrotysiacontinuedfor
3.Shours.

Pâte.3. ThepreviousetectMtyeiB,mereuryanode,wascontinuedfory.shouraaddi-
ttOBM.

Plate4. ThemercuryWMmadecathodeandthetubeelectrolysedfor50bouts.

position,reducingthe pressureuntil the bubblewasseveralmillimetersia
diameterandthen electrolysingwithmercuryanodea.t !So°Cwith 100volts
for 19hours,at the sametimeslowlyrotatingthe tube. The bubbledid not
appearto change. The pressurewasincreasedto atmosphericand the elec-
trolysiscontinuedbut with mercurycathode. No additionalgaaformed.
Whenthis experimentwasrepeatedwithhydrogencontaininga little water
vapour,on reversingthe ourrent,gaawasproducedin the formofa ~ae film
whichjuat coveredthe area traversedby the bubbleduring the rotation of
thetubeand didnot extend beyondtheedgesofthisarea. This gas probably
camefrom the reaction betweenthe sodiumfromthe glassand the sorbed

The bubbleswereidentifiedbymeansofmarksonthegtaes.
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~s
watersincethe hydrogenbubble did not progressivelychangein sizeduring
theelectrolysiswithmercuryanode.

? Cathodegaswaspreviouslyobservedwithsoda-limeglassand leadglass.
IthaasincebeenobtainodwithSohotttypes59'" i6' t447"~8i8" 2814"
1003" andCavalierglass. A very longtimeelapsedbeforea visiMefilmoff
gaswasproduoedwiththe last mentionedglassand,in addition,thoseglasses
wMohwereheatcdin anoxy-~s flamein thepreparationofthé samptetubes

s. requiredan exposureto moistureprior to the evaouationof the tubes and
subséquentfillingwith mercury. Cathodegas,formedwith 59""and t6"
disappearedin a normalfashionupon current reversai. Tests of this were
not carriedout with theother gtaases.'

initial formationof cathodegas on newsoda4imeglass werethe
S resultof theactionof sodiumfromthe g!aason the sorbedwater,onewould

not expeotto obtaingaswith glassin whichthe sodiumhad beenreplaced

s~
withailvef.~Thisconclusionwastested in the followingmannet. Silver was

eleotrolysed intoa. newsoda-limeglasstube froma meltof siîvernitrateat
25o"Cuaingï 10voltsforminùteB. Thesilvernitratewasremoved';the tube

was washedwithnitrioaoidand distilledwater,driedby évacuationandfilled
withmercuryin théusualmanner. It waselectrolysedwithmercurycathode
at ioo"Cwith 110volt and no gas wasvisibleafter 6ominutesalthougha
soliddepositformedat the interfacewhichweassumedtobea mercury-silver
compound.In a blankexperiment,a tube containingnosilverbut subjected
to thesameheat ~~mont gavegasonsubséquentelectrolysisin 10minutes

similartube throughwhiohsodium~tSfSeoneleotrolysedat ~go~Cfor
60minutesfroma sodium~nitrate mett gavegasat the lowertemperaturein

!?j ~7minutes.Howeverwbensuverwaseiectrolysedintonewsoda-limeg!assa~
:S ioo"CfromaqueousSQ~~t of silvernitrate,o.oaN, gaswaaproducedusing
iS 110voltsat the samets![~rature.' N

WhenweU-anneatedgIasswassubstitutedfornewgIassintheiastexperi-
-~° gaswasobtainedbuta soliddepositat thé interfacesunilar

tothi~Mduoedwhen a silvernitrate ineltwas initially employed,although
thepreseNceofmoisturewasindicatedonàsimilarbutuneieotrotysedsitver-

x
containingtube upon treating it with sodiumama!gam. The gas obtained
in theexperimentwith newglassdisappearedin a normalfashionon current
reversât.'

Thèseexperimentssuggestthat silverfroman aqueoussolutiondoesnot
alwaysnniformlyreplacethe sodiuminnewglass althoughit maydosowith
anneatedt~tasa.The possiblemigrationof hydrogenionsinto gbaa wasfirst

r

?
CnH~rSS ~t~ ~S9' t6!n,andCahier: International

? ~J~~S'S-SMa4mte~aM,IMbeckMdFetm~ 100.oit. 14471II
t; .?~ ~'P~- 38!9tn:.Ani~om~ communt~n f~°~T~ followingcompoe!t~n:overM%,SiandN&;underM%,B,Al,C&

?. andK;traces,JfandMn. j'
'BchuhM:Ann.Phyaik,40,M5(t9t3). i

S o ~v' observedto enterghssfromaqueottesotutionsbyMuHigan:TN~.

& W~ M.~
notein a paperbyHotovitz:Si~A~d.{ Wien,134IIa, 383(t925J.
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studiedby RebbeckandFergusonandtheir observationshavemorereoontty
beensupportedbytheworkofQuittner.'

Suohmigrationmayplaysomepart in the phenomenonunderdiscussion.
The fact that gasformedonthé newglassat ioo"Cwhenaqueoussolutions
ofsilvernitratehadpreviouslybeenused,woulddisappearuponourrentre-

versât,points to the presenceofsodiumat the interface. Thissuggeststhat
certainparts of theglasssurfacewereimpermeableto silverionsandthat at
thesespotsvery littleelectrolysistook p!ace,thépotentialgradient set up
beingontysuBBoientto formaveryminutesodium-dencientlayer. Oncurrent

reversât,the sodiumquicklyreachedthe glasssurfaceandreactedwith the

surfacewater. Thesespotswouldappearto bedestroyedbyannealingorby
contactwith a silvernitrate melt. The nature of themwouldseetnto be
boundup with thewatercontentof the glasssurfacesinceboth these treat-
mentswouldtend to abstract the water. Also,Haber and Ktemensiewicz'
foundthat their gtasseleotrodesbehavedconsistentlyas hydrogenelectrodes

onlyafter theyhadsteamedthemforsomehours. Horovitzafter a careful

study of the actionof certainwater-resistantglassesconcludedthat thèse

actedas mixedelectrodesand hisworkbas beenconfirmedby others. Our
observationsalthoughquitedifferentin natureare inaccordwithhisresutts.'a

Rebbeckand Fergusonfoundthat i.a volts wasabovethat requiredto

just producegas. The followingfaotorspreventan exactdeterminationof
thisvoltage. Conditionsmaynotbe the sameat allpointsonthe glasssur-

face. Someminutesarenecessaryfor the buildingup of the counterE.M.F.

and theremaybea lapseof timebetweenthe formationofgasand the pro-
ductionof visiblebubMes. Onceeleotrolysisstarta the variouscontactpo-
tentia!ain the systemmay all changeand onecannot readilydetemine the

natureofeach. However,inoneseriesof experimentsgaswasproducedwhen

thé di~ereneebetweenthe initialcontactpotentialfor the wholesystemand

theappliedvoltagedidnotexceed0.8volts.

Sincethe sorptionof water is involvedin the disappoaranceof cathode

gas,the questionas to whetherthe ourrentassistedin thiswasinvestigated.
Gaswasproducedona tubeof newsoda-limeglassat 100"C with i tovolts

for 20minutesandthen causedto disappearby furtherelectrolysisformany
hourswith merouryanode. A smaUamountof sodiumamalgamwasthen

addedto the mercuryin the tubeandthe latter heldat ioo'*Cwithoutelec-

trolysisfor a time.After30minutesno gaswasvisiblebut after 20hoursa
smatiamountcouldbeseenunderthe microscope.The amalgamtreatment

also gavemuchlessgas with new,or moistenedannealed,soda-limeglass
whichhad beenelectrolysedwithmercuryanodefor longperiodsof timeat
too"Cwith 110volts,than with thé new glasswhiohwassubjectedto the

sameheat treatmentalonepriorto addingthe amalgam. Sincethé amalgam

reacts withsuchelectrolysedtubesto givea dark deposit,therewasthe pos-

Quittner:Sita.Akad.WiM.Wien,t36Ib, !$! ('9~7).
Haber andNemenaiewiez:Z.phyMk.Chem.,C7,385(1909).
Horovitz:Z.Phyak,15,369(t933),andSits.Akad.WiM.Wien,134Ha,335(!9a5).
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? sibilitythat therewasnotenoughsodiumforbothreactions. Thiswasnot

the casesincethe amalgamtreatmentgavegas and depositon similarelec.

trolysedtubeswhenthesewerem9istenedafterelectrolysis,driedby evacua-

tion, renlledwithmercuryandthen treatedwith amalgam..If after a small

amountof gaswasobtainedwiththe electrolysedtubesusingsodiumamal-

gam,the tubesweretheneleotrolysedwiththe amalgamas cathodemorega.s

r wasobtainedthan in thecaseinwhiohthe tubewiththe amalgamhad simply
beengiventhé sameheat treatment. The reaultaindicatethat water may
moveintoor out ofglassunderthe influenceofan e!eotricatcurrent. This

? mayinpart accountfortheslowreappearanceofgasoncurrent reversa!after

it bas beencausedto disappearbut it is probablynot the most important
` factorin this.

AnodeGas

RebbeckandFergusonobtainednoanodegasat the mercury-gtasBinter-

faceat temperaturesup to ioo°Cwithno voltsappliedwhenthe gtasswas

properlycleaned. LeBlancandKersohbaum'didnot observeany suohgas
evenat 3ao°Cbut on subséquentheatingof their samplesto the softening

point gaawaa liberatedat thé anodeaide. This gas nearly equatledthe

:t amountca!cu!atedbythemfromthe sodiumliberatedat the cathodeonthe

assumptionthat the anionSiOshad decomposedto give oxygen. The dis-

< crepanciesbetweenthe calculatedand observedamounts were attributed

by themto their inabUityto removeall the oxygenfrom thé viscousmelts.

With soda-limeglass,anodegas bas been producedusing 110volts at

;{ températuresabove2ys"C. Inonecase,thegasfonnedonafreshlya.nnea!ed
tube at 3!0°Cand later disappeared,givingrise to a dark depositat the

mercury-glassinterface. Thisdepositclearlyindicatedthé positionsof the

originalbubbles. It wasinsolubleinwaterbut dissolvedinoitricacid. When

smearedon the glass,it appearedto consistof red and yellowishmaterials

andwassunUarinappearanceto thedepositsofmereuryoxideswhichformed

onthe upperportionsoftubescontainingmerourywhenthesewereheatedto
a hightempérature. Below275"CsmaMamountsof gas wereobtainedbut
wecouldnot be sureif the minuteamountsweretrue electrolyticproducts.

X Howevor,depositasimilarto thoseobtainedat 3 lo'Cwereobservedat these

lowertemperatures. At ioo*Ctraceswere obtainedusing 110volts and

definitedepositswereformedona tubeelectrolysedovernight at ioo°Cwith

:9ovolts.

:f Whena tube ofsoda-limeglasswaselectrolysedwith 110voltsat 't5o"C
fora longtimeusinga oarbonanode,the anodesideof the glasswas filled

with bubblessomeof whiohhad brokenthe anodesurface. The cathode
M surfaceof theglasswasnotvisiblychanged. Onheatingthis glassit swelled

andgaveriseto the pumaceousproduot. In generalourglassbehavedlike
a that of Le Blancand Kerschbaum,but appearedto give gas at lowertem-

peratures. Theseworkersmay have lost somegas through the oxidation

1LeBlancandKetsehbaum:Z.phymk.Chem.,72,468(!9to).

':t.
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of the merouryandthis may be an additionalreasonfor theirlow results.
Theohiefdifferencebetweentheir results and our ownMthe relativelylow

temperatureat whichanodegaswasfound byus to be liberated. This may
beaccountedforonthebasisofglasscompositionancedifferentg!asMswero

used.
In conclusionwewiehto thankDr. Horovitzfor the Sohottglasseswhioh

heobtainedforus.

S~

ï. Newevidencebasbeensubmitteduponthe formationanddisappe&r-
anceofcathodegasduringthe electrolysisofvariousglassesandon the per-
meabilityofglassto variousions.

a. Anodegasbasbeenfoundto form at temperaturesmuchlowerthan

thosepteviousiyreported.

T'OfOMtC,Canada.
October,MiM'.



80ME PHYSICALPROPERTIES OF AQUEOUS
HYDROXYBENZENESOLUTIONS

BYLMYDE.SWBAÏHNCBN

Themono,di- andtri-hydroxybenzenesformaclassofsubstancesimportant
andpeculiaruntothemselves.Themonoderivatives,aswellas someofthe di
and tri derivativesare commonsubstancesmet with in a numberof widely
differentpreparationsand uses. In spite of their somewhatwide-spread
usage,little workbasbeendoneon thé physicalpropertiesof aqueoussolu-
tions of this o!assof substances. This is especiaUytrue of the di-and tri-

hydroxyderivatives. Theirsolubilityin water is known; the water-phenol
systembasbeenexhaustivelystudied;Skraupand Philippilhavestudiedthe

caplUaryriseofphenol-watersolutions;Thieland Roemer'havestudiedthe
acid propertiesof the phenolsby electric titration methods. Morganand

E~ton*havemeasuredthe surfacetensionof phenol-watermixturesby the

dropweightmethod. Wof!ey*bas meaBuredthe surfacetensionofphenol-
watermixturesby the capillaryrise method. Morerecently,Ferguson'bas
determinedthespecifiebéats,the heats ofmixingandthe vapor pressuresof
mixturesof phenolandwater.

In viewofthesmallamountofphysicaldata availableforsolutionsofthis

class,the followingmeasurementshavebeenoarriedout withthe viewofcon-
tributingsomethingto the knowledgeof propertiesof this classof solutions.
The surfacetension,the density,the indexof refractionand the viscosityof
thesesolutionshave beendetermined.

Experimental
~<t<eHo!

Water. The waterusedin thèseexperimentswasa goodgradeof con-

ductivitywater,twioedistiUedfromacidpermanganateand bariumhydrox-
ide,thencollectedandstoredin wellsteamedandcleanedpyrexglassware.

Phenol. MerckandCompany. "AbsolutePhenol." C.P.

Catechol. E. &A. Resublimed.M.P. io3-io4"C.
Resorcinol.MaUinckrodt.C.P. quality. Free from di-resorcin,phenol

and acid. M.P. to8-too"C.

Hydroquinol.Merckand Company. HighestPurity.

Pyrogallol.Merckand Company.M.P. 128-13i''C.

PMorogluoinol.MerckandCompany.ExtraPure. Freefromdi-resorcin.

ContnbuUonfromthéChemicalLaboratoryoftheUMveMttyofOklahoma.
Mon<KBheft,32,353-72('9").
Z.physik.Chem.,M,yn-6t(tpoS).
J.Am.Chem.Soe.,38,844(t9t6).
J.Chem.Soe.,iOS,:6o(!9!4).
J. Phya.Chem.,31,757(!9~7).
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PrccedMre
Aquantityofeachoftheabovehydro!(ybenzene8,8aBoienttomake3ooo.o.

ofa o.smolarsolutionwasaoouratetyweighedout andthen dissolvedin the
requiredamountof water. ïn the caseof phloroglucinol,due to the NnaH
sampleavailable,the solutionpreparedwasonly0.0836molar.

The surfacetensions,densities,indicesof refractionand the viacoMties
of theoriginalsolutionsweredetermined. Thena deBnitequantityofeaohof
the solutionswasmixedwithwater in auohproportionas to deoreaeethecon-

centrationof thesoluteto 0.8,o.6,0.4,0.2ofthe originalvalue,sothat inthis
waya seriesofsolutionsof o.s, 0.4, 0.3,o.: and0.1 motarconcentrationwas
preparedforeachof thé hydroxybenzenes.Thephysicalpropertieswerethen
determinedforeachof thedifferentsolutions.

Density
Thedensityof the differentsolutionswasdeterminedbythe pyknometer

method,usinga Geisslerpyknometer.Themeasurementsweremadeat a5"Cand the valueofD~ calculated. Table1givesa summaryof the denaity
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determinations,The valuesgivenare the averagesof threedeterminations.
The separatedéterminationsditîeredby less than .05% fromeach other.
Correctionbasbeenmadefor the buoyancyof the air. Thevariationinspe-
ciSogravitywithdensityisshowngraphicallyin Fig. i.

~SCOM~
Theviscositymeasurementsweretakenat as°Cwitha modificationofthe

OetwaId-Poiseuitieviscometer.ThetemperaturecouldbecontroUedtowithin
a o. T"C.The timeofoutfiowwasmeasuredwitha stopwateh,readingdirect

Ft0.2z

to 0.2 second. The usualprecautionswere taken in cleaning,washingand

dryingthe tube. The viscositymeasurementsare givenin TableII. The
data givenareaveragesof threeseparatedeterminations. The timeforeach
determinationwithina serieswas reproducibleto within0.4 sec. For ail
solutionsmorethan 100sec.wasrequiredfor outflow. Forconversiontoab-
soluteunits, the value (0.00894c.g.s.units) of Binghamand Jackson'was
used. The effectof concentrationon the viseosityis showngraphicallyin

Fig. 2.
I~e~ of jB~f<M<tOM

Theindexofrefractionwasmeasuredat 2S''CwithanAbberefractometer.
The temperaturewasconstantat zs~Cto o.i". The indicesof refractionare
giveninTableIII. Thereadingsgivenareaveragesoffourseparatereadings.
Thevariationofthé indexofrefractionwithdensityis shownin Fig.3.

'Butt.Bur.Standards,14,(t),S9(t9t8.)
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TABLE1

The Densityof AqueousHydroxybenzeneSolutions

TABLE II

RelativeandAbsoluteViscositiesofAqueousHydroxybenzeneSotutioaa.2S''C

Concentration r~'C ~c Concent~tton n~ T~'C
mmotea/hter ~'c "4'c inmotee/Mter ~c ~'cc

Phenol Hydroquinol
0.5 1.0039 ï.0009 o.s i.oto6 !.ooy6
0.4 1.0032 i.oooa 0.4 i.oo86 !.oos6
0.3 1.00:3 0.9993 0.3 i.oo6t 1.0031
0.2 1.0017 0.998? 0.2 1.004: 1.00!
o.t 1.0008 0.9978 o.i 1.00:4 0.9994

Phenol Pyrogallol
c-S 1.0115 i.oo8s 0.5 i.ot8o 1.0:49
0.4 i.oo9t i.oo6i 0.4 1.0145 1.01:5

0.3 i.oo66 1.0036 0.3 i.oio6 t.0076
o.: ï.0046 i.ooi6 o.i!

i.oo73 1.0043
o.t i.ooa4 0.9994 o.t Ï.003S 1.0005

Resorcinol Resorcinol

0.5 ï.!oi5 ï.0075 o.a i.oo4a ï.oon
0.4 1.0085 i 0055 o.i i.oo~i o.999t
0.3 ï.oo6i 1.0031

ConcentrationRelative Absolute ConcentrationRelative AbMtute
motes/UterViscosity Viscodty moles/literViscosity Vieeosity

Phenol Hydroquinol
0.5 .toôa 0.00989 0.5 .no6 0.00993
0.4 .0774 0.00959 0.4 .0873 0.0097!:
0.3 .0480 0.00935 0.3 .0655 0.00953
0.2 .0!:87 0.00920 0.2 .0353 0.00926
o.i .0158 0.00908 o.i .0134 o.oogo6

Catachol Pyrogallol
0.5 1.1126 0.00995 0.5 1.1391 o.0!0t8

0.4 t.0960 0.00976 0.4 t.!ii9 0.00994
0.3 i.o66o 0.00953 0.3 1.0783 0.00964
0.2 1.0398 0.00930 0.2 1.0456 0.00935
0.1 ï.oi84 0.009:0 0.1 t.oï86 0.009:1

Resorcinol Resorcinol

0.5 i.t947 0.01005 0.2 i.o4!4 0.00931
0.4 1.0052 0.00979 o.t 1.0191 0.00911
0.3 1.0580 0.00947
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TABLE III

TheIndexof Réfractionof AqueousHydroxybenzeneSolutions.2s°C

TABLEIV

TheSurfaceTensionof AqueousHydroxybenzeneSolutions. 2g°C

Concenttfttion Indexof Concentration Indexof
motes/titer Réfraction moles/Uter Réfraction

Phenot Hydroquinol

0.5 i.34i9 0.5 1.3422
0.4 T.3386 0.4 1.3398

0.3 1.3368 0.3 '.3373
0.2 1.3353 o.z 1.3363
o.ï ï.3343 o.i 1.335~

Catechol Pyrogallol

0.5 ï.3436 0.5 ï.3437

0.4 1-3397 o.4 1.3414

0.3 1.3373 0.3 ï.3388
0.2 1.3369 0.2 '.3370
o.t ï.3348 o.i 1.3345

Resoroinol Resorcinol

05 1.3443 0.2 t.33~6
0.4 1.3405 o.ïx 1.3353

0.3 ï.33~5

ConcentrationDMReadmgSurfaceTensionConcentrationDMReadingSurfaceTenston
motea/Kter Units Dynea/om. motea/Uter Unita Dynes/cm.

Phenol Hydroquinol

o.S 77.5 49.1 0.5 nz.y 71.4
0.4 82.7 5~.5 0.4 113-~5 71.8
0.3 87.9S 55.3 0.3 ri4.5o 7~.5
0.2 o4.io 59.6 o.z 115-40 73-~
0.1 icg.oo 65.8 o.i n6.9!0 73.7

Catechol PyrogaM
0.5 ioo.8o 64.0 0.5 113.30 718
0.4 ioi.59 65.1 0.4 !i475 72.60
0.3 105.15 66.70 0.3 i'5-So 73.15
0.2 io8.zo 68.50 0.2 n6.t1 73.60
o.i 112.50 7~-3 o.i 117.00 74-ï

Resorcinol Resorcinol
0.5 Mo.i 69.i 0.2 H3-IS 71-7
0.4 ïio.5 70.0 o.i 115.65 73.2
0.3 ni.6 70.6
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SurfaceTettMOK
The surfacetensionmeasurementswere made with a duNoüy Tensio.

meter. Theinstrumentwas c&Ubr&tedwith water at 25*'C,a valueof 74.46
dynes/cmbeingobtainedfor waterat 2S"C. $ c.e.portionsof the different
solutionswereplacedin deepwatchglassesand the gtassesplacedin a water
bath at ~"C. The watoh glasseswerecarefullyeleanedand flamedbefore
use. Thereadingsgivenare the averagesofsixdéterminations.Theseread.
iags weroreproduciblewithin0.1 scaleunit. The measurementsare shown
in Table IVand Fig. 4.

Discussion
No irregularityis apparent in the data for the densityof the sohitions.

Twoof the three di-hydroxyderivatives,the meta (1=3)andthe para.(1:4)
havea!mostidentioaldensities,whilethat oftheortho(i :2)isbutslightlygreater
at correspondingconcentrations. Referenceto Fig. 1 showsan almost
linear relationbetweenconcentrationand speciScgravity. The densitiesof
the differentsolutionscanbe caloulatedveryaccurate!yfromthe lawofmix-
tures. If theequationfor a straightlinebe written as D==m C + Dothe
densitiescanbe calculatedveryaccurately. D is the densityto befound,ma

,3M,––––––H––––––––––––

U

r~-Tr+-

!§ !P~< 1

3~<DU
4~–––––
5~<M.<110

UM6 M)4 )~o MM M02 .998
~A<sy~

Fm~



AQUEOUS HYDROXYBENZENE 80MTÎON8 791

constant, oharaotensttofor eaoh substance,C the concentrationin moles/

liter and D. the valueforthe averagedensityof the solutionat zeroconcen-

tration of solute. m is the valueof dD/dC, thé changein density withcon-

centration. The valuesofm for the differenthydrobenzenesolutionsareas

fotlows:
w~ m

FM.4q.
SurfaceTemion–ConoentrattonCurves

An increasein thenumberofhydroxygroupsin the benzeneringseemsto

producean exaltationin theviscosity,as forall concentrationsinvestigated,
there isan increaseinviscosityin goingfromthe mono-thru the di- to the tri-

hydroxyderivatives. Thepositionof the hydroxylgroupseemsto havebut

little influence,asall of the di-hydroxyderivativespossessviscositiesvery
nearly the same, the metahaving a slightlyhigherviscositythan the ortho,
whiohin tum bas a viseosityslightlygreaterthan the para derivative. The
introduction of thé third hydroxyl group tends to cause a considerable
increasein the viscosityat all concentrationsexceptthe lowest,whereall the
viscositiesare but slightlydifferentfrom that ofpure water. Viscositycon-

Phenol o.ooyg Hydroquinol o.o~to

Cateohol 0.0230 Pyrogallol 0.03~0

Resorcinol 0.0210
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centrationcurvesofthe typeshownin Fig.2 aresimilarin oharacterto those
of approximatelynormalsubstances,showinglittle or no associationor dis-
sociationin water.

The indexor refractionexhibitsbut little changewithchangesin densityorconcentration.Thechangeisgreatestwithphenol,tesswiththedi-hydroxyderivativesand etill lesswith the trihydroxyderivative. The threedi-hy-
droxyderivativesshowbut stightvariationamongthemsetves.

The surfacetensionvaluesof the phenolsin waterdeterminedbySkraup
andPhilippiarenotavailable,but the orderofdeoreasingrisegivenby these
workersisas follows:Phenol,cateohotandhydroquinolriseto aboutthesame
height. Resorcmolandpyrogallolgivelowervaluesinthe ordernamed.This
orderis the sameas foundin the presentwork,with the exceptionofthe po-
sitionof hydroquinoland resorcinol. The values of the surfacetensionof
phenoland waterin the presentworkare slightlygreater than thosereported
by MorganorWorley.

The surfacetensionvaluesshowconsidérablevariationdependingon the
numberandpositionofthehydroxylgroups. Eachmotecuteofphenolismuoh
moreeffectivein loweringthe surfacetensionof water than is a moleculeof
the di- or tri-hydroxbenzene.The di-hydroxybenzenesstand in the order,
ortho,meta and para,in their ability to lowerthe surfacetensionofwater.
Thisorder is the sameas theirorderof increasingmeltingpoints. Thehigh-
est meltingpointcompoundloweringthe surfacetension lessthan thoseof
lowermeltingpoint. Pyrogallollowersthe surface tension of water but
slightly. The meltingpoint of pyrogallolis betweenthe meltingpointsof
the metaandparadi-hydroxyderivative.

Aswego frombenzene,which is but slightlysolublein waterto phenol
whichis moderatelysolubleat roomtemperature,tothe di-and tri-hydroxy
derivatives,the enhancedsolubilityof these latter is usuallyascribedto an
increasein the numberofhydroxytgroupsin the benzenering. Thefact tbat
water is a polarsubstanceand the polar propertiesof the hydroxylgroup
havelongbeenrecognized.

Surfacetensionsof a seriesof similarsubstanceswill usuallyfotlowthe
samegeneralorderas the meltingpoints, if solids,or the boilingpoints,if
liquids. Other factorsbeingthe same,a moleculeof phenolshouldbemore
effectivein loweringthe surfacetensionof water than a moléculeof the di-
or the tri-hydroxyderivative,due to the lowersurfacetensionof the phenol.Fewerphenolmoleculesthandi-or tri-hydroxybenzenemoleculeswouldneed
beconcentratedin the surfaceto producea givenloweringin the surfaceten-
sionofwater.

0.02moleofphenolproducesas gréâta loweringin the surfacetensionof
wateras 25 timesthat muchpyrogallol;as 20 times the para, 8.5 timesthe
metaand3.5timestheorthodi-hydroxybenzenes. Undoubtedlymoreof the
highlycapillaryactivephenolmoleoulesare in the surfacelayer than are the
di. and tri-hydroxymoleculesat correspondingconcentrations. Otherwise,
it wouldbe difficultto accountfor the appréciableloweringof the surface
tension of water by phenol. The di- and tn-hydrobenzenesundoubtedly
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havehighersurfacetensionvaluesthan phenoland areincapableof lowering
the surfacetensionofwaterto suoha degreeas phenol. But in viewof the

highconcentrationofthe di-andtri-hydroxyderivativesrequiredto produce
a loweringcorrespondingto a smallconcentrationof phenol,it is logicalto
assumea muoh smallersurfaceconcentrationof the di- and tri-derivatives
than ofphenol.

Evidently,the increasednumberofhydroxylgroupsencounteredingoing
fromthe monoto the tri derivativesproducesa greaterresemblancebetween
the hydroxybenzenemoleculesandwater,withthé resultthat the di-andthe

tri-hydroxybenzenemoleculesconcentrateless readily in the surfaceand
morereadiJyin thé bulkof thé solution.

Summaty
i. The density, viscosity,indexof refraction,and surfacetensionof

aqueoussolutionsofhydrobenzeneshavebeendeterminedat zs~C.
a. No pronouncedeffectdueto the numberorpositionofthe hydroxyl

groupsbasbeen foundexceptin the caseofsurfacetension.

3. The monohydricderivativeIs more effectivethan the dihydricde-
rivative, which in tum is more effectivethan the trihydricderivativein
loweringthé surfacetensionofwater.

~MWOM,OM<tA<MM.
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Physieat Chemietry<mdBiophystcsfor Students ofBMegyand Medicine. By Matthew
S~ ? X /J cm;pp.a: + New York:JoAw~e~ andNon<, MM.Price:&<.00.The
subject is treated under the followingheadings: gêneraiintroduction! the nature and struo.
ture of matter; gênera properties of matter; energy transformationsin livingmatter; gen<
9Mtnature of solutions; water, the greatest solvent; diffusionand osmotiepressure; the
nature and behavior of eleotrolytes in solution; ehemieatequilibriumand the law of mass
action; measurementof hydrogen ion concentration; the eotMda!state ofmatter; catetysis
and velocityof ohemicalreaotions; dynamicat physicalohemistryofthé cet).

Thia book la apparently written for use io an undergraduate medicatsehoolbecause
the author Myetbat "the treatment of the aubject is basedon the oo))K<einphymeatehem-

iatry pursued by medical atudents at the Long Island CoUegeHcspttat." Under theee oir-
comstanceathe book should have been kept as simpleand asacourateas possible.

Instead of tMethe author says that "oonsideMbteattention iBgiven to the modem oon-

ception of the nature and struoture of matter becaueethe compositionofthe atom la the
keynote of the propertiea of matter in all the vanoua atatee of aggregation. Without a

knowledgeof the present-day theories in regard to the nature and structure of the atom,
it is impossiblefor the student to comprehend suoh topiesas the cause ofionisation, the
nature of amphoteric eteotrotytes and their isoetectricpoin~, hydrogen-ionconcentration,
Donnan'a membrane equiiibna theory, oxidation-reduetionphenomena ia the absence of
free oxygenor hydrogen," p. v.

Hydrogenion concentrations and amphoterie e!ectro!yteawere studiedbeforeanything
wasknown about the composition of thé atom. We can onty marve) at the wonderfulin-

genuityof Donnan in deduoinga relation which,by deSnition,hooootdnot comprehend.
The author got mueh of hie physical chemistry fromH. C. Jones and he says that "in

the chapter on the Colloidal State of Matter the researcheaof Jacques Loebon proteins
have receivedapecialattention owing to thé far-reaching influencethat Leeb'6diBCoveriea
and conclusionshave on an biologicaland médicalproblems." Even that doeanot account
forall thé charaotermticsof the book. The author must have thought ofsomethingshimself.

On p. M is the statement that "one of thé types [of sntphur)orystaMzesin rhombio
erystab and thé other in monoolinicorystab. Both have the same freezing-pointand boit-
ing-point." They don't have the same freezing.point and orystals don't have bolling-
points.

There H no definite policy in regard to people. On p. 23 we read that "at the sug-
gestion of Becquerel,Mme. Curie (Marie SktodowskeCurie), Professer ofPhysios at the
Sorbonne,Paris, studied uranium minerab." The author meansof coursethat Mme. Curie
is now Professerof Fhysics. That is legitimate enough; but what is the otudent going to
do when he reada, on p. 24, that "the &rBtnoteworthy evidencein regard to the true char-
acter of the radiations was presented by Sir Ernest Rutherford, ProfeMorofPhysiesat the
University of Manchester." Rutherford ie certainty not at Manchesternow.

On p. 62 is the statement that "chemiatabave deoidedto adopt eight grantsof oxygen
as the standard of oompanson." On p. 6g is the paragraph that "matter occursin ditferent
states or conditionsknownase<o<«ofo~~e~tott. The threeprincipal statesofaggregation
the t<M<MM<<o<<,the !t<)r!<t«atale, and the c!~<<:Bt~<<a<e.There is another important
modificationof the latter two states, known as the colloidalstate. In addition there are
omorpA<M«)<oK< M<tdM~o, and <t~<t~oTfo«~ That lahelpfulto the student.

It would take a goodman to deduce, p. 67, thé equation

pv <° pove (t + 0.003671)
fromthe preceding two equations on the same page. It is just possiblethat the author did
not know thé intermediate atepe and therefore sktpped them. The reviewercouldnot dis-
coverthe differencebetween «and V, p. 68. NobodywouMguess,p. yt, that a and &in thé
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van derWaatsequationare not really constante. The statement of Berthetot'a tawon p. 87
iaa bit sweeplngfor a heading of general concept of energy. It might also be questioned
whether "we owemuch of our knowledgeof chemical energy to thé French chemist, Ber-

thetot."

"With regardto the influenceof the nature ofthe gas on thé solubility,it may besaid in

Keneratthat thé extremety solublegases, tike ammonia and hydrogenchloride,do not obey

Henry's law in the matter of sotubiMty,i.e., their solubility Mnot proportional to the pres-
sure. This faundoubtedly due to their distinct basic and aoidio properties whieh induce

them to form compoundswith the solvent. Thus, NH. uniteswith H.OH to form NH,,OH,
and HCt unites with H.OH to form a hydrate, HCI.H.OH," p. to8. It ia not impossible
that hydrocMoricacid forma a hydrate, HCi.HtO; but that is not the chief reason for

hydrochlorioaeidnot followingHenry's law.
Under solutionsof liquida in solide, p. ttg, thé author says that "sotids atso hâve thé

property of taking up many liquidain greater or tesa quantities. Many of the substances

that weare Meustomedto think of assolideare really mixtures of sotidsand water. More-

over, it ia very difficultto obtain thèse solidefree from water." Oneman'a gueseis as good
as another's as to what the author Mtalking about."

Onp. t !ôno one would ever guess that the order of dissooiatingpower of liquida does

not alwaysrua paratM with the dieleotricconstant.

"Mutiom of the oecondchMS,those whoseosmotic preMureis greater than thé values

obtained in the first clasa, inelude the acide, bases, and salts, i.e., those substances that

conduct electricity whendissolvedin water, and aome other solvents. Now, aa these con-

etitute a very large and important ctass of compounds, their faure to conform to the !aws

that apply to the tirst etaMprevented the générât acoeptanceof van't Hon''8theory of so!u-

tions for a longtime," p. !3:. Sincevery few people read aeademy publications, the long
time to whiohthé author refera wasa few days over two months.

Onp, t34 iethe statement that "there are several other théoriesofsemipenneaMemem-

braneswhichhavemany data to baek them up, but they are not as plausibleas the pre/er-

eo(Mt! Mh<Mt<~theory." Regardtessof what the reviewer may have said in the past, he is

quite sure nowthat the copper ferroeyanidemembrane does not owe ita properties to prefer-

ential solubility. Without lookingthe matter up, the reviewerdoubts whether Soret ex-

plained his phenomenonby establishing the relationship between diffusionand osmotic

pressure,p. t44. It is usuaUybelievedthat van't Hoff explainedthe Soretphenomenon.
Onpage 163weread that "both the ampère and the volt are basedupon another lawas

fundamehta!aaOhm'slaw, discoveredby Faraday in tS~a"; but wearenot totd what Fara-

day's )awbas to do with the volt. On p. 206 the author takes a running teap into thé un-

knownand saysthat "the sotution pressureof a metal remainsconstant so that any change
in potentiat is due entirely to a change in osmotic pressure." He evidently believes that

there is a definiterelation between the calculated pH and the hydrogenion concentration.

On p. Zto he says that "if, for example, C; -=<t gram-equivatent of H+ ion per liter, and if

werepresentC<by H~, weoan obtain the valueof the unknownhydrogen-ionconcentration

by means of the equation E = 0.058 togM(t/H~)". This iBundoubtedly true; but there is

nothing to showwhat solution containa exactly one gram-equivatent of hydrogen ion per
Mtw. Even if the author knew one, how wouldhe get anvbody

e!seto agree with him and

does the equationholdfor normal solutions? Are we justtned in saying,p. aM, that "under

normalconditionsa potential of +0.56 volts isdeveloped in the calomelelectrode?

Under "Préparation ofColloidal Solutions," p. 23!, there is nothingto showunder what

conditionsor whya colloidal solutionis formed. It ie not true, as the author implies, p.

233, that onecanremovethe peptizingagent froma solby dialysisandstiUhave a sol. It is

possibleto removesomeofit; but when you take away the last atraw, the homedies.

"When emuhoids are added to suapensoid sob thé générât réaction is that described

under the captionof "proteotive colloids." Some precipitation may take ptaee if they are

oppoNtetycharged,but the reaction ia never complete, and as rule thé suspensoidaoquires
the chargeof the emuleoid owingto the coatingeffect. No generatizationsbave been es-

tab!i<hed,"p. ~65. The author couldhave donc better than thia.



79~ NEWBOOKS

Onp. theextraordinaryetatementth.t "em.tM.oaareof twoMada:(t).~H
quantityofa liquidm~pendon tn!~e amountofanotherliquid;and(2)a large amountof.neMq~d~.dM) m.nother liquid. ï. the secondclaesth..onti.u.u.ph~ m~to.Mat ofa~uhon ofcoN.M,.uch aa~p, pn.Mn,or~pomn." The.uthor hMheMdofoil-in-waterandof w~r-i.~ ~nuM.~ beca~ h. t.f~ t. th.m later,p. S
h.~ty to do here, thoughun.u.~fuUy. ia to differentiatebetweenMemuM~
at.M.~byMi.d~rbedionand oMetabi~edbyM .dMrbedmb~e.

The reviewerNMept:<~aboutthé statement,p. <84,that "th..tteet ot beat on a
gelatinsolNveryd)<Tet.ntfromits eCeeton aproteinsol. BothgelatinandaM dissolve

TheB.tuti.n.nc.o!h,e~to~Hy. If a ratherconcentratedgelatinsolis heatedandthenpormittedt. c~, the jellyh not reoonvertedinte~XX~
peratureMnu~dagain,tmieMmorewaterMadded."

TheMM~ingaboutpr.t<~ beautM~ysimple,p. Therearesomefreeamino
andmoeboxylgroup.m the proteinsand conoequentlythey muetform~ta. Sin~~yr~ muetbavebeen aminoandcarboxyl'P"- The treatmentof

~T"?' P, good. Loebworked conditions.tdi.lutionfor whichoniythe adsorptionof hydrogenandhydroxylioMwasimportantand

moreintelligent conditionsandfoundthe H.fM!.t.r series. Theauthorpointe.outtri-
umphantlythatth~e peopledonot,however,denythev.tidityofLo.b'awork. Whattheydeniedand stilldenyMthe validityofI~b'B conduBion..P~ter, p. 298,"MB~edagelatinsol tocontain whiohcanot 'undmjw~ throughthe.urf.ceofthe gelatin." W. not toldwhygebtinioMshouldnot formontheoutaide.TheMthMN onneceasM.tyvagueaboutjellies,p. 306.He saysthat mostauthorities

a two-phase ? whichthedispersiugagentla~~d~S
persedphasea liquid. Four!MMlaterhesayathat acoacent~M gelatinjellyconsisteof"a solidphMe.nch ingetatin,whichformam<~w.A the int~, ~K
bedd.d.v.rymu.hm.r.Mquid~.ndphMe." Ifweh~m~w.A,we~~ofdMpetmngandd~pen~d phase,becaMOeachph~e is continuous.It Mwhatthe

~y~t~
peMedm.cottofwtKfenMnonMtterhowanMUthemeehesweM

There the book.Thereviewerfoundtwothat intereetedhimpar-tioularly. "Theredbloodo.rpuMte9Meane~ edt to workwith,on~eount .{thé CMe
with whiehthey can
envelope,but,u~ke the phnt celle,theyhavenoresistantcetiwaUto supportthemem.

~j~r~y~therebylibemtingthe ooloringmatterof thé oeM,the h~mo~tobia,Mthat the water<~
qmKS&deep-redeotor.Tbi8i8oaUedMdn&"p.t37.

~mewMerae.

"Van studying madea very '~y of the pHofblood,andfoundthat the maximumnormalrangeofvariationofreactionindifferentmdMdu~B~cated bypH 7.~7.S~ Un~ extrêmeabnormaïconditioMthe pHmayM slightlybelowy.r maynBe high887.8. Withthéformercondition occur,,whilewiththelatterMe~ Mgenerallypresent,"p.397
The r~h~ paragraphon the action of purewatar,p. he ~< ia

pressure phenomenon.Theremixhtbe.tempeMtureeCeet. It also
the reviewerthat the authorbaso~ph~ized thedanger ofdrink-ingdistilledwater.

1~tHerD. ~<Mto-<~

~me~m~d~emi~C<m~t.t!<m. 6~ ~x~pp.~t P' TheMbjeetiatre.M~der
~T' introduction,the mainf~f <i~h~phy; ~m.rpM~provedmethodsof ~~PMo r~rch; thé re~h on the alkalisulphatesandaete~: the researchon the h~hyd,.ted doubleadph.tea andad~tM;
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clusionsregardingisomorphism;paraUetgrowtha,overgrowths,and mixedorystab; iso*

gonism,potymorphism,M)dpolysymmetry;enantiomorphismand optieal activity-
quartsM a typicalexampte;enantiomorpMsmandopticaiaetivity–tartaneacid as ex-

ample;remarkablecases and conolusionsooncemingopticalactivity; liquid cryatatf;
Fedorov'acryst~Uoohemieatana!ysis;generalconclusions.

Thereviewerwasmuchinterestedin the viewrecordedon p. 29, whichdifferscon-

sideraMyfromthepopularone. "In thesimplercases,suchas thoseofbinaryeompounds
likethe oMoridesofsodiumandpotassium,NaC!andKCI,or thosecontainingonlythree
elementssuoha9oaloite,CaCO<,the arrangementof the atomsof thé différentehemicat
etemeatsis direottygivenby theX-rayresults,andthestructurethusappeareas ifit were
ofatomaandnot of motecuiea,althoughofcoursethemotecuieaarereallythere,aa they
weredepositedfromthe saturatedsolutionassuch. Thèsesimplercaseshavebeoomere.
ferredto, probablynot veryM<mtate!yor advisediy,as 'ionisedctyetet-atracturM.'Yet
in thefaee-centredcubeofeitherrock-eattorpotassiumoNoride,andintheeorrespondint;
face-centredrhombofoateite,fourchemicalmoboutesdefinitelygotocomposethiaunit-ceU
oftheapace-tattiee.But in the caseofeompHeatedcompounds,suchaa thoseof organic
aubatancesliketartaricacido*'naphthalene,whatisdireetly.reveaiediBthe moteeutM'ar-

rangement,that of theapace-lattice,theMut~db ofwhiehare composedof oneto four
nmteotttes;inthe casesofbothtartanoacidandnaphtbalenethereara.twochemicalmole-

cutea,C<HtÔ.and C,(JS,respeotively,to eachcett. Thechemicalmoleculein these cases
isverydefinitelyprésent,and the exactwayinwhiohthetwoarearrangedwithrespect
to eachotherbasbeendetermined.Nowasthémoleculegoesintotheorystajwithprao-
ttcattynochange,thé stéréométriearrangementofits atoms,andits conséquentchemioal
constitution,Na matterofimmenseimportance,andIlthearrangementoftheatomsshows
anyelementsofsymmetrythèsemust havean influenceon,and indeedtake part in, the
crystalsymmetry,and assistin determiningthe particularotassof the systemwhiehia

deve!oped."
"Theoriginalprinciple,fornrulatedby 'thefatheroferysta!!ography,'the AbbéHaüy,

in the year t~Se,WBathat 'everysinglesubstance,definitelychemicallyconstituted,pos-
sessesits ownerystaNineform.' This wasintendedfurtherto meanthat "the anglesbe-
tweenthe faoMofthis formarepeeatiarandspMia!to thesubstance."Wemustadd to
this,fromlaterknowledge,'unlesait boofcubicsymmetry.'Forthe perfectsymmetry
of the cubioSystemitselfdéterminestheanglesof theoubieforma,whichare, therefore,
invariabte.WecanabotruthfuMyadd,whiehaubstantiatesHaüyevenforcuMosubstances,
'and, whateverthe symmetry,even if cubic,is endowedwithits ownerystaMographio
physieatproperties,suohas orystaldensity,opticatréfraction,etastMty,and eiectrica!
constants.'

"Thefactsabovestatedbetweeninvertedcommasarenoweatablishedwithout fear
ofcontradiction.Evenifthesubstancebepolymorphous,thetwoormoreformsareunlike
thator thoseofanyotherbody,"p. 5.

In t8f2 Wouastonehowedthat the anglesofsuohsimilarformsaseaioite,siderite,and
dolomite"werenotidentical,but differedquiteappraciably,wellbeyondthe possibleex-
périmentâterrorofhis[new!yinvented}goniometer.Forinstance,hegavefortherhombo-
hedralangleofcaieitet05°s',forthat ofdolomite!o6''t5',andthat of chalybitet07*'o',
precisetythe valuesacceptedtodayafterrepeatedremeasurementbyseverattatercrystal-
tographers,"p. 36.

"Therecanbe noquestionwhateverthat to Wollastonbetongsthe créditof having
not onlydiscoveredisomorphiam,but ofshowingthat ouMdethe cubiosystemisomor-
phoussubstancespossesstheirownexactform,withanglesdistinctfromthoaeof every
othersubstance,eventhoseofthesameisomorphousséries.It ishightimethat tbiscredit
wereassignedto him,"p.37.

"Quiteapartfromthequestionof thestrictinterprétationof thetermisomorphiam,a
resu!tof immenseimportanceto chemistryat onceeprangfromthe magnincentworkof
WollastonandMitscherlioh,targeiyowingto thefactthat Berzetius,whowassointerested
in Mitscheriich,wasthé greatestMvingauthorityon theequivatentaandatomioweighta
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of theéléments.It wu obviousthat thesubstanceswhichwereshownto be isomorphous
wereohemioallyanatogous,and it wasusuallythe case that an'isomorphousgroupwas
formedbytheinterehangeofe!etnentBbetongingtothesamefamilygmap,oracttngohemi-
callyeimihttty,that is, the dMerentmembereof the isomorphouaserieswereofsimMar
ohemioalcoMtitution,andon!ydiSetedinhavingposent in eachcasea differentmember
ofafamHyFOUpofotoMtyaMiedandsMartybehavmgohemicatetemente.Thuein the
suiphate-sebnateseries,sélénium,wMchisanelment of thé sulphurgroup,havingeimitar
combiningpower(vatenoy)andformingthé aametype of compounds,replacessulphur
withoutimmediatetyapparentchangeoforystalform. NowBerMJtas,in studyingthe
chemiM)MhtioMhipaofaUtheelementeknownup to that time,hadfoundgreat dMcutty
in fixingthe<ttonNCweighta&omthe equivalenta,and therebydeamngtheir poaitioM
amongtheetementa,ofquiteanumberofetemente,andnot ontyindeedthetarer andmore
tatetydisooveredones. Butheteintheprinoipleof iMmorphiamwaeanewaUy,andmoat
ofthesediacultcaeeawereat oncecbatedupbythe applicationof thenewprinoiple,thé
salteof theseelementabeingfoundto beisomorphouswith thoseof weU.undemtoodété.
menteaboutwhoMposinonathetewaanoambiguity.Theetementewhiohhethuacor-
roetlyplacedimposition,andtheatomieweightsof wMohhe waaableto fix,wereoopper, a
cadmium,zinc,nickel,cobalt,iron,manganèse,ehromium.autphur,Mtemum,and ohlorlne. t
Abothe queercaseof thé ammoniumeatta,in whichthe baseammoniumwasknownto ?

rep)aMpotaNiumiMmotphousty,waseTentuaMyMttted.Foratthistimetheconatitution 9-
andcompositionofammoniumwasa matterofbitter controvetsy. It waannaHyehown r.
tbat it wasammoniagM,nitrogenhydride,NH,,with an additionalatomof hydrogen, r,
namely,NH<,that actedaaa radioleorgroup~ntityin replaoingan atomof potaMtmn,"
p. 4t.

"Speeinechemieaisubstitutionsinvokelooatbedchangesin the otyotatstruoture,one
cryetat~jdatdirectionfrequentlysuffenBgmuohmorechangethan theothers,indicating n
thatthe ohemicalatomeoeeupydeSmitetytoea!iMdpoeitionein theoryetalunit,theBpaee- <
latticece! andthereforeinthecryatatmoleoule(thechemicalmoleculeas it exiatsin the
M!idcryata!etate)ormolecules(fourintherhombioeehesofsulphatesandaelenates,con.
firmedbyX-rayanatyeiB,andprobablytwoat most,and poaaiMyonlyone,in the double fi
Mdtécries)whiohcomposethe *ce!i.'Theactuatpositionsof the atomsthus definitely
fixedhave,longafter this tactwaanMtpubtiahedby the author,aincebeenrevealedby
meanaofX-raye,whioh,by reaMnoftheirwave~engthsbeingofthe eameorderofdimen-
eioneas theatome,arecapableofreBeotionfromor diffractionby thetpace-tattice-phmea
of atonM,at deSnitegtanemganglesfor X-rayaof apeciSc("monochMmatio")wave.
length,whiehenablethe apacmgof théplanestobe caloulatedin absolutemeasure,and n
thencetheunitceUdimensionsandvotumea,"p. n8. t.

In overgtowtha"thereMaho the importantcaseof thé tnc!inioplagioclasefebpara, t
albitethe sodafebparNaAJSM),,andanorthitethe limefetaparCaAI,SitOt,the former '<
havingthe moleoularvolumetoo.t and the latter the molecularvolumetot.s. Zonat t
growthsofoneof theseon theotherareverycommon,often takingthe form,aa seenin d
rocksections,ofregularbandaeurroundinga nudeua;and thèsetwofelsparsare theend
membersofa wholeseriesofplagioolaeefebpamcontainingbothsodaand time,but they
arenot trutydifferentminerab,althoughtheyhavebeengivendistinotivenames,suohas
ougochMe,andesine,and labradorite,butisomorphousmixturesin differentproportionsof
thetwowe!de6nedmineralspecieaalbiteandanorthite,withopticalpropertiesofa dis-
tmetivechataeter. 'SoMSolution'is a tenn,ntst.apptiedby van't Hcff,whiehbasbeen
giventoouohclosemixturesofNomorphouscompounds,althoughthe termappearsto the
authorto benomoresatiefactorythanthéso-oalled'!iquideryetal'termta forthé curious
liquidawithwhichLehmannbasmadeussofamiliar. But if by"solidsolution"theidea
ismetetyconveyedtbat the physicalpropertiesaltercontinuoua!ywiththe ohemicalcon- )
stitution,thenit accordswiththetactsasderivedfromthe resuttsof thélatestinvestiga-
tions,includingtheutteofX-raye,"p. t~.

"Someveryinterestingfurtherfacts,however,havebeenderivedfromthé prolonged
researchesonmixedcrystats. If wetake,forinstance,the caseof therhombicseneaof



NEWBOOM 799

alkalimtphateaandeetenates,thevolumeconstanteandeeu-edgedimenaionsofwhiehare

givenonpages9~and95,it lafoundthat thetwoendmemberaofeithergroup,the potas.
siumandcaesiumsalts,whiehinthé progressionaccordfngto atomicnumberof the atkati

meta!arethefurthestapart inregardto therelativeandabsolutedimensionsof the space-
lattioeceHa,neverformmixedoryetaleat au,norevenanyparaUetgrowthsorovergrowths.
But theintermediaterubidiumsait wiNformmixedcrystabwitheitherthe potassiumor

the caesiumsalt,but withMmedimeutty,however,and pamUetgrowthsreadily,the dif.

ferenmin ceHdimensionsbeingtessinthèsecases. Ontheotherhand,theammoniumand
rubidiumaatta,wMchhavebeenshownto be remarkablyisoetruotural,wMtformmixed

crystabwiththegreatesteaM,andina!tproportions.Thesefactsare notonlydueto the

author'a.observatioM;they werequitemdependenttyobservedand pub!iBhedby T. V.

Barkerand by G.WuKîofMoseow.TheteiathuathefuUestoonnnnationof their truth.
That the absolutedimensionsofthe ceUe,aaweNaathe relativeSMea,in the oaaeBof the

rubidiumandammoniumsaitaofthe samegroup,arenearlyidenticatwasprovedby the

X-rayanatyaisoftheorystalsauppMedbythéauthorto SirWiUiamBragg,inwhoselabora-

torytheanalysiswaacarriedeutMaheadydeaoribed,"p. !45.
"Thequestionthat has agitatedmostof the workerson the subjectofmixedcryatab

haabeenwhetherthe twoaubstaneeawhichmixin thecrystallineconditiondoao inalter-

natinglayereof the twosubstances–aviewadvocatedby RetgeM–orMa muchmore
intimatointermingling,to forma cryetatwithintermediateanglesandphyaicalpropertiea,
aeofonesinglesubstance.Thislatterviewhasbeenheldby WuMf,Barker,Gossner,from
workonthé BiNco.auotidesandBtannoSuondesoflineandnickel,andthé author,"p. <46.

"ThematterbaseventuaUybeenMtt!edby X-rayanaiyeia. TwoindependentX-ray

invoatieatioMwereoarriedout by Vegardand Sehietderupwith mixturesof the oubio

aikanbalides,potassiumohlorideKCi,potassiumbromideKBr,andammoniumbromide

NB~Br,andbyRinnewiththerhombohedtaicarbonates,the oubiohatoidsattaof lithium,

sodium,potassium,rubidium,andcaeaium,andseveralmixturesof metals. In aUcases
the mixedorystatawerefoundto reilectX-raysas singleentities,thé speotrabeing,not

doubleasfromtwodMerentstruotures,butsingleandasotearlydefinedas fora puresingle
substance. Theatomeofthe twosub~tanceaare probablymostintimatelydisseminated

throughoutthestructure,intheproportionscorrespondingto therelativequantitiesof the
twosubstancespresent,"p. t~y.

"Pasteursomewhatlater madethe furtherremarkableobservationthat when the

sporesof thé fermentfeMCt!K«mc&Mex)ttareaddedto a solutionofracornieaoidcontain-

inga smallquantityof phosphates,whiohwouldappearto be easentiatto the Ufeof the

organism,thedextrooomponentof themolecularcompoundis devouredby the organism,
whitethelaevooomponentisunaoteduponsolongasanydextroremains. Whythisselec-
tionoccurais oneof the mystenesof Nfe,but the faetiea fortunateone foreoablingthe
laevovariotyto beMated, andit wasthusobtainedpracticaUypureby Pasteur,"p. aoz.

"Pasteurwaabomon Deeemberayth,tSaa,and in Decembertozz a paperwaspre-
sentedto the RoyalSocietybyMr.W.T. Astburydesoribingthesuecessfu!X-rayanalysis
oftartarioaeid,carriedoutinSirWiuiamBragg*slaboratory,fultycon6rmingthe workof
Pasteurand affordinga remarkableinsightintothe erystatstructureof the twovarieties.
TwoasynuaetricmoleculesC<H)Oewerefoundto becontainedin theunit ceUofthe space-
lattice. Theexpectedapiratstructurewasreveated,and in tact twospiratsare présentof
differentwinding,butnot mirror-imagesofeaohother. Oneia inthe interiorof the mole-
c<iteitsell,beingassoeiatedwiththefourcarbonatomsofthe centreof the mo1ecule,whieh
are situatedat aiteraatecornersof the obliqueparallelepiped;it thereforeremainsper-
manentwhenthe oryetaliedissoivedin water,andcausesthe dextro-gyratoryoptiealac-

tivityof thesolutionofordinarytartarioacid. Theotheris a twiateauaedbythe aecessity
offittingthé moieeuie)in theirplaces,andisassociatedwiththe fourhydroxylgroupa;it is
thusapecuiiarityofthe orystalstructureonly. Beingofinversesignto the other,iaevo-

gyratoryin the caseofordinarytartaricacid,and morepowerfulin its effecton iight,it

impoees,in thenetresultofthetworotations,itesignontherotationof theplaneofpolari-
sationby the crystats. Thetwomoleculesin the ceUare of thé samevariety,definitely
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eitherright(inordinarytartarioaoid)or left(inthelaevoaoid),andnotof thetwodMfetcnt
varietiee,80that thereis no intentâtcompeMation.The threeaccompanyiBgngurMil-
lustratethé remtta,"p. eo<t.

"ThebestexplanationyetadvancedMto thenatureof 'liquidotystah*iadueto Bose,
andisknownasthé 'SwannTheory,'whiehhepropoundedin too?. It is prao~oatiybasod
on théfact aheadycommentedupon,that the moteeulesarealwaysveryextendedones.
If twosuoholongatedmoleouteeapproacheaohother withinhalftheir length,their free
rotationis preventedinall direetionsexceptthat of their length,Mthat a moreor less
pMaMpositionianeeeMMityaMmned.A bundleor 'awann*ofsuchmotecutesarranged
paMUet-wisewiUhave the symmetryof a rotation ~are, and behavesomewhatlikea
unMHdatorystal. Nownobiaxtatinterférencefigurein convergentpotansedlighthaeever
beenobeer~edwith'Mquidoryetah.' ThisMthe moreaignincantas the vaatproportion
ofotgamocompoundseryetaMiseinthothreebiaxialeyatema,andmorethanfiftysubstances
arenowknownexhibitinsthephenomenaof 'liquidoryatata.'EaehindividualewarmwiM
beclearandtraMparent,but betweentheewaMnsUghtwillbeseatteredandtheobaerved
turbiditytherebycaused. Themotecutesin asingleewarm,whenconfinedinthethinfilm
betweenthennero-eHpandthecover-tdass,wiUanbearrangedendon,aMpara))ettothem-
selvesandperpendioulartothe~)aaaplates. Theywilltakeup thb attitudeveryreadily,
owingtomoteotdarcohésion,andit isinthispositionthat theyaffordtheuniaxialinterfer-
encefigureinconvergentpotarisedMght,"p.M4.

It wouldthueappearthat 'UquidCryetab'are not reattyorystalsat all,buta highly
interœtinf[intermediateformofmatter,in whiohthe molenulesareno longerfraeto roll
aboutaaina liquid,andyetarenotarrangedin a erystatstructurebutmeretyin bundles
parsUetwMe,owingto theirlengthorextendednature andehape,andpartlyaidedinmany
casée,doubtteM,by theirviecoNty.Theunusuaiplay of moleoulaforcesbetweensueh
largeandextendedmotecuteawould,of course,abo be a powerfulfaotorin producing
ewarms. The longoontroversy,whiehragedbetweenVorlander,whoatoodout even
morestronglythan the lateProf.Lehmannhimsetf(who,unfortunately,diedhMtyear,
to~), fora epace-iatticeorystalstructure,andTammann,whoutterlynegativedtheidea
ofanythingbutanordinaryemuMon,iathusapparentlyhappilysettled,the truthlying,as
MoftenhappeM,betweenthetwoextremes,"p.236.

WilderD.BoMt~it

CeUeetedPhysieatPapers. ~tr Jac<M!MChunderBote. X16CM;pp.ix + ~04.
LotMhnandW~ y<M'<LtM~MMUM,GreenandCo.,Prtcej M~<!K~w.Thisbookcontaina
collectionofpapereonphyaicaiBabjeetebytheauthor. Bosewasquiteearlyinthefieldof
investigationof thopropertiesofHertzianwaveaespeeiaNyin conneotionwithwaveaof
ahortwave-Jength.He devisedapparatuaof quiteama!!dimeMions(comparedwiththé
large.sca1eapparatuaofHertzandLodge) bywhiehthe opiica!propertiesofauchwaves
eouMbedemonatrated.Anumberof thesepaperewerepubtiehedintheProoeedingsofthe
RoyatSooietyofLondonfromtSagonwardB.Bosebasalsomadeinvestigationaon the
responeeofplanteto stimulationandhaaexerciaedcomideraMeingenuityin devieingap-
paratuafor suchenquiriee.

In eonnectionwiththeapparatusforindicatingthe growthofplante,aomedoubtmay
befeltaeto whetherhebastakeneunicientprecautionaagainstexpansionduetotempéra-
ture change.Whena !inearmagnificationof50miMontimesis obtained,fluctuationsdue
totemperaturevariationamuetbeexpectedtobecomeveryévident.

Howeverthiamaybe,thepapem(asSir JosephThomsonremarksina foreword)make
veryagreeablereading,for the authoris neverduU. Moreovertheyhavecentributed
targetytodevetopin Indiaan interestimphyMeatinvestigations.Thisworkwaothatofa
pioneerandthe presentrapidgrowthimphyBicatsciencein Indiais to a largeextentthe
outcomeofthatwork.Thisvolumeiaa fittingrecordofit.

A. tf. Pct<<r
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VULCANIZATION0F RUBBER

BY NICHOLAS BACON

Introduction

Althoughvulcanizedrubberarticlesbavebeen in commonuse formore

than threequartersofa century,neverthetess,thé mechanismofthe vuleani-

zationprocessbasneverbeensatisfactoriiyexplained. The rubberindustry
bas recentlygrownto tremendousproportions. The introductionoforganic
acceleratorsbasimprovedthephysicalpropertiesof the rubbervulcanisateto

8uchan extentthat it basmadepossibletheproductionof the modemauto-
mobiletire.

AUtheprogressthat the industrybasmadein improvingthe vutcanization

process,basbeenbroughtaboutbyempiricalmeans. The "Edisonian"type
of researchthat enabledCharlesGoodyearto discovervulcanizationis, even

to thMday, the systemthat is primarilyemployedin the rubber industry.
OutsidethectasaicalworkofC.0. Weber,'veryfewattempts havebeenmade
to study the subjectof vulcanizationfroma systematieand scientiSopoint
of view. In studyingthe theoriesof vutcanizationpropoundedby various

investigatorsas outlinedin a seriesofarticlesby Duboso~one immediately
noticesthat the workof theseinvestigatorslackscoherence. Mostof them

draw sweepmggenaralizationsfrom a smallamount of experimentaldata
confinedto a narrowbranchofthevutcanizationproblem,at the sametime

ignoringworkperfonnedin other fieldsof the samesubject. Someof them
seemto dodgethe mainissueof theproblem. AndréDuboscagoesintoelab-
oratedetailin describingthe formationofan activeformof sulfurduringthe

vulcanizationprocess,but doesnot seemto beverymuch interestedinwhat
follows.

Thingswerein a ratherchaoticconditionuntil the advent of Wolfgang
Ostwald4in 1910. Aftersurveyingthe resultsof thé various investigators,
and beingan orthodoxcoUoidchemist,he cameto thé conclusionthat the
availabledata weremore in accordwith a processof adsorptionof sulfur

by rubberthanonein whichsulfurenteredintochemicalcombination. Ost-
wald'sstandproduceda beneficialeffectin that it encourageddiscussionand

provedan incentiveto further researchon the subject of vulcanization.
It helpedrubberchemiststo orientthemeelvesso that the workundertaken
wasnot doneblindly. The issuesof thesubjectwerebecomingplainlyde-
fined. Eitherchemicalcombinationtook placeduring the process,or it was

simplya caseofadsorption. Fromthis onecoulddeducethe possibilitythat
it maybeacombinationofboth.

1"TheChemistryofIndiaRubber,"91( t~os).
RubberAge,16,JuM-December(t~4).

'RubberAge,16,Mo(!9:<t).
<KoUoid.Z.,6,t36(t9M).
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Beforedisoussingany of the existingtheoriesof vuleanization,it would
be advisableto de6ne some of the terme eonnectedwith vuleanization.
Whena rubber-sulfurmixture is subjectedt<)a temperatureof about 120"-
i5o"Cfor sometimo,onenoticesa graduelchangein the physicalproperties
of the product. Thetemperaturetumtsarenot walldefinedandarechanged
radicallybythe presenceofvanousaocelerators.Thelowerthe temperature
the longerit takestheproduotto attain the desiredchangesinphysicalprop-
erties. The originalobject of vuleanizationwas to deoreasethe effectof
temperaturechangeson the rubber,since the raw rubberbecomesstioky
whenhot. Apart from this, there are other very noticeabletemperature
changea. If a pieceof unvulcanizedmbber is stretohedandthen ohmedin
icewater,it romainsstretched. A pieceof vutcanizedrubber,for example
an ordinaryrubberband, snapsbaokafter reeeiviagthe sametreatment: A
pieceof partiallyvuloanizedrubber,particularlyif vulcanizedwith ultra-
acceleratore,mayappearto haveat roomtempératureaboutthe sameprop-
ertiesas the weU-curedrubber band;but it will retract veryslowlyin ice
waterafter beingstretched. Both the partiallyvulcanizedand thé unvul-
canizedrubbersrésumetheiroriginalshape,or verynearlyso,whenthey are
broughtbacktoroomtemperature.

On vulcanization,the raw rubber mixture undergoesother deoided
changes,becomingmorerésistantto solvents,stretohing,abrasion,and the
actionof chemioalagents,and alsoincreasingin strength. Thesedesirable
changesin physicalpropertiesmaybebroughtaboutalsobythe useofother
agents. Whenrawrubberis treated witha dilutesolutionofsulfuroMoride,
it isnotnecessaryto heat theproductinorderto attain the désirablephysical
propertieseharacteristicof a vulcanizedproduot. Rawrubberbas beensuc-
cessfullyvulcanizedwithm-dii)itrobenzeme/trinitrobenzene,andwithsimilar
compounds;but theseproductsprovedto be of academieinterestonly,and
never wereable to assumethe commercialimportanceallottedto thé two
otassicalmethodsmentionedabove. The term vu!eanizat'onas commonly
used in the rubber industry,is reallyconfinedto the processtbat causesa
changein the physicalpropertiesofa raw rubber mixturewhichmakes the
produetusefuicommerica!ly.Vulcanizationmay, therefore,be definedfor
pr&ctioa!purposesas the changein physioalpropertiesdue to the actionof
sulfur,orsulfurmonochlorideon rubber. Acompletetheoryofvulcanization
must,ofcourse,inoludethe somewhatsimilarchangesin propertiesproduced
by oxygen,sélénium,etc.; but it is simplerand wiserto considerthe sulfur
vulcanizationfiratandlater to seehowfar the conclusionsareapplicablegen-
erally.

Theword"cure"isveryoftenusedsynonymousiywith the term vulcani-
zation,but reallydesignatesa particularstagein the processofvulcanisation
that yieidsa productof commercialvalue. If a productbas acquiredthe
desiredphysicalproperties,it is said to be "properlycured." If it bas not
reachedthat stage,it is said to be "undercured,"and whenit is heatedtoo

Stevena:J. a<M.Chem.Ind.,96,to?(1917).
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long,it is saidto be "overcured." Duringthe processofvulcanizationsome

of the sulfurbeoomesnrmtyattaohed to thé rubber,wheroastheremainder

oanbeextractedeasilybysuitablesolvents. Thesulfurheldin firmcombina-

tion is caUed"combinedsulfur," and the percentageof combinedsu!fur

présent,basedon the originalamountof rawrubber,is caUed"coeSMentof

vulcanization."Onemustbear inmindthat the amountof combinedsulfur

presentisnotameasureofthe degreeofvulcanization.Theattainmentofthe

physioalpropertiesoharaoteristioofa properlyouredrubbermixturedepends
toa greatextentonthe presenceof foreigningredientssuchas accelerators.

By the useofsomeorganioacceleratorsit is possiMeto producea vuîean-
izedsamplecontainingmuoh !esathan half of one percent of combined

sufur. Someof the phy~eaipropertiesof this samplemay be far superior
to those of any properlyoured sample, not containingany accelerator
and havinga combinedsulfur content of over three percent. It is, of

course,possiblethat a largepart of this variation in propertiesmaybe due
tothe milderheatingconditions.

The useofacceleratorsin the vuloanizationof rubberis a veryimportant
phaseoftherubberindustry. Theyperformtwofunetions:

In thefirstplace,theyreducethe amountofheatneoessaryforthéprocess
ofvulcanization.Someof them are quite effectiveat temperaturesmuoh
lowerthan thoseformerlyused.

In the secondplace,their use improvesthe qualityof the produotob-
tained. Thechiefaimin the earlydevelopmentof the industrywasto use
acceleratorsforthe purposeof shortenîngthe time of cure. At présent,ac-
celeratorsareselecteda!aoonthébasisofaddedphysicalproperties.

Nowthat weunderstandwhatis meant by vulcanizationwecanproceed
to disousssomeof the theoriesthat havebeenpropoundedto accountforthe

peculiarphenomenon.Weber'wasthe first to formulatea theorythat was

substantiatedby adequatesoientinoexperimentaldata. The fact that a

portionof the sulfurwastaken up by the rubber in suoha wayas tobeno

longerextractableby solvents for sulfur, was regardedas evidencethat

ohemicalcombinationhadtakenplace. Sincetheréactionwasnotaocompan-
iedbytheevolutionofhydrogensuinde,Payenthadsuggestedthat theproc-
esswasoneofadditionand not substitution. The limitof combinationof

rubberwithsolfurwaashownto be reaohedin the formationofa compound
having the empiricatformula CieHMS<(polyprenedisuinde). Weberre-

gardedthisasthéhighestmemberofa seriesofpolyprenesulphidesthelowest
memberof whiehwasa compoundrepresentedby the formula (CMHM)M8
containinga.ao%sulfur. This wasassumedto be the lowestcompoundbo-

causethe propertiesof vulosnizstionfirst becameapparentwhenthé com-
binedaulfurwaspresent<?the extentof2 to 2.5%. Weberassumedthat it
wasimpossibleto obtainany evidenceof thé formationofseparatemembers
of this seriesof compounds,sincethe altération in propertiesfromunvul-
canizedto vulcanizedsoft rubber and then to hard rubber wasa graduai

"ThéChemistryofIndiaRubber,"91(t9M).
Compt.tend-,34,a (t8$2).
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one,oharaotenzedbyno suddenchangesin anyof ;ts propertiesat anystage
intheprocess.

WhileWeber'sexperimentsindicatedthat the progressof vulcanization
wasaccompaniedbya ohemicalreaction,hisexplanationdidnotseementirely
adequate, sinceit waspossibleby useof acceterators,to ~cMnzo rubber
witha smatleramountofsulfurthan hehadpostulatedforhis smallestmole-
cule (CMHM)t<,S.Weber'sexplanationaocountsforthe tacts botterthan anyother theory, but the mainobjectionto it is that it is almostimpossibleto
checkit expenmemtaUy.By definition,it is assumedthat the variousmem-
bers of the seriesof compoundsformedare so closelyrelated to each other
in propertiesthat it isnaturallyimpossibbto separatethem.

Agreat manytheoriesfollowedWeber's,but thèsemayberegardedas the
forerunnersof the adsorptiontheory that was propoundedby WolfgangOstwaldin 1910.Afterconsideringallthe resultsofpreviousworkers,Wolf-
gangOstwaldsought to showthat the availabledata weremorein accord
witha processofadsorptionofsulfurbyrubberthanwithonein whichsulfur
enteredinto chemiealcombinationwith the rubber. A very gooddiscussion
of the adsorptiontheoryisfoundin Lun'sbook,'frotnwhioha goodmanyof
the facts have been taken. The chief facts on whiehMa hypothesiswas
basedwereas foUows:

i) In all vulcanizedrubber there is presentfreesulfurwhiehwouldnot
be expectedif a chemicalreactionwereinvolved.

2) Accordingto Hôhn,'vuloanizedrubberon su&cientlyprolongedex-
tractioncouldbe freedentirelyfromaulfur.

3) The rubberalwaystakesupsulfurina purelyadditivemanner.
4) A continuousseriesofadditionproductsis formed,the firstand last

membersofwhichhavenodefiniteatoichiometricalcomposition.
5) The amountof sulfuradsorbedby the rubber increaseswiththe pre-viousmechanicattreatment. This couldbeexplainedby assumingrubberto

conatstofa two-phasesystem,the degreeofdispersionof the dispersephaseand hencethe adsorptivecapacity,beingthus increased.
6) The capacityfor takingup sulfurincreaseswithrise in temperatureand the temperaturecoefficientis morenearlyin accordwith anadsorption

process.

7) The fixationofsulfurat a giventemperaturedoesnot takeplaceuni-
formiy.aa the breaksin Weber'scurveshow;this phenomenonisfrequentlymet within theadsorptionofwaterby certaingels,forexamplesuicieacid.

8) Adsorptionproceedsin accordancewith the exponentialequation
x/m = kc"wherexis the weightof the adsorbedsubstance,m is the weightof theadsorbent,and kandn are constants.

The viewsput forwardbyWotfgangOstwaldcre&teda gréâtdealof ex-
citementand at the sametime werea causefor further researchwhichim-
mediatelyestablishedthe inaccuracyof most of the facts upon whiehthe
adsorptiontheorywas based.

l "TheChemiBtryofRabber,"95(mM).GummiZ.,14,.y,33(i8<
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With référenceto the assumptionthat freesulfurisalwayspresentin vul-
canizedrubber,thia iaquitetrue withregardto therubberheatedwithsulfur
for a sumcienttime to permitthe characteristicsof vulcanisationto be as-
sumed. It was shown,however,by Spenceand Young~that on heatinga
mixtureof ïoo parts rubber, 6rat extraotedwithacétoneto removerésina,
with io parts of sulfurfor thirty hoursat 135°Candten hoursat i55"C,re-

speotively,nosulfurcouldbeextractedontreatmentwithacetone. ·

Hohn's statemontsthat all thesulfurcouldbeextraotedfromvulcanized
rubberfailedto be veriSedby otherworkers. Steveas'oureda rubbermix-
ture containingten percentsulfurforthirty minutesat ï4s°C,andafternine
weeksextraction with acetone, the sample still oontained1.55%sulfur.
Othersamplesweretreated in similarmanner,but inallcasessulfurremained
intheextraotedsampleevenafternineweeksextraction.

în référenceto the additivenatureof the process,nobodyeverquestioned
it afterWeber'sexperimentsshowedthe absenceofhydrogensulRdefromthe

produotsof the reaction. Thestatementsthat noneofthecompoundsformed

by rubber-sulfurcombinationcontainedsulfur in stoichiometricatproportion
waanot in agreementwithWeber'sexperiments,whichahowedthat thehigh-
est tinut of combinationcorrespondedcloselywiththe compound0,8~.

Spenceand YoungcorroboratedWeber's resultsby vulcaniziaga rubber-
sulfurmixture containing63parts rubber and 37 parts sulfurat i35"Cfor

periodsvaryingfromoneto thirty hours. At the endof 18~, ao, 25,and30
hoursthe proportionof sulfurleft inthe residueafterextractionoffreesulfur
waa31.75,31.97,31.91,31.97respectively. The samplesafter Mhoursvut-
oanizationstill containedabout 4 percent free sulfur,so that the stopping
of thereactionwasnot due to laokofsulfur.

The formation of an upper limit compoundwasfurtheremphasizedby
Hinrichsenand Kindscher*who heated rubber in cumeneat i7o"C with

proportionsof sulfur imcreasingto 400 percent, calculatedon the rubber

present. In all cases,a dark brownsubstancewasobtainedcontainingnot
morethan 32percentof combinédsulfur.

With regard to the statementthat mechanicalworkingaffectedthe rate
of combinationwith sulfur,Weber'had previouslyenunoiatedas a general
principlethat rubbercontaininga certainproportionofsulfurgavethe same
chemiealresult on vulcanizationfor a giventime whetherit had previously
beensubjectedto masticationfora prolongedor normalperiod,althoughthe

physicalpropertiesmight be widelydifferent. Spenceand Wajd"wereable
to corroboratethese results. They found that thé rate of combinationof
rubberwith sulfurwasthe samewhateverthe mechan~ca~treatment;but, in
order to obtain productsofequal tensile strength,it wasnecessaryto vul-
canizefor a longerperiodincaseofthe over-milledsamplethan inthe caseof

KoUoM-Z.,11,28,(t9!a).
J.Soc.Chem.Ind.,M, t9sT(!9t9).

'KoUoid-Z.,tt,t9t(t9ta).
"ThéChemistryofRubber,"94(t~M).

'KoHoid-Z.,tt, 274(t9n).
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the normallymilledsample,and thus a highercoemcientof vulcanisation
wasobtained.

Accordingto Weber'sresults,the rate offixationofsulfurat a giventem-
peraturewasnot uniform,andthus the breaksin thé ourvewereheld to sup-
port the adsorptiontheory. Of course, Weberhimselfsuggestedthat the
breaksin the curvemightbe interpretedas due to the formationof various
chemicalcompounds,but finallydecidedthat they had no sueha!gni6oance
sincetheseirregu!aritiesappearedat differentplaceswhenvuleanizationwas
carriedout at differenttemperatures. He, therefore,concludedthat they
probablyindicateda particularphysica!,rather than somedefinitechemioal
conditionof the vutoanizatioaproduct. Spenceand YoungrepeatedWeber's
experiments,at the sametimetrying to eliminateall sourcesoferror. They
workedwithacetone-extractedrubbersoas to preventthe iaokof uniformity
that mightresultfromthe reactionofsulfurwithnon-caoutohoucsubstances
proceedingat a differentrate fromthat of the caoutchoucportion. Spécial
care wasalsotaken in referenceto controUingthe time of heating;and, in
générât,the techniquegoverningthe entireexperimentwas a vast improve-
mentuponthat of Weber's. Samplesof a mixingof 90parts rubberand 10
parts sulfurwereheatedat ~5"C and varioustest samplesweretakon out
at intervab. The combinedsulfurwasdeterminedand the résultaobtained
plotted against time of heatinggave a smoothcurve. A similarset of ex-
perimentswascarriedout at iS5"Cthe resultsofwhioh,likewise,produceda
smoothcurvewhenplotted.

Thevelocitycoefficientk ofthe reactionwascaîculatedfromthe equation
k = x/t wherex is thepercentageofsulfurenteringinto combinationin time<.
The temperaturecoemeientof the reaction velocitycalculatedfrom van't
HoS'sequationwasfoundto be2.65for ten degressinoreasein temperature,a
valueagreeingwith thosegeneraHyobtainedin caseof a ohemicalreaction.
Someexperimentswereperformedat temperaturesbelowxoo°Cand from
this series,the temperatureeoemoientwas calculatedto be :.84 whiohis
withinthe Mmitscharactensticof a chemicalcompound.

Further evidencein favorof a ohemicalcombinationis affordedby the
experimentsof Spenceand Scott.' They foundthat whenbrominereacts
with vulcanizedrubber, insteadof combiningin the ratio of four atomsof
bromineforeveryCtoHM,the resultingcompoundcontainslessbrominethan
requiredto formthe tetrabromide,the balancebeingmadeup ofthe equiva.
lent ofsulfur.

VenableandGreen'hâveshownthat sulfurisquitesolublein rubber. This
wouldnaturallyprecludethe possibilityof an adsorptioncomplexbetween
the sulfurandthe rubberunlessonemade the unwarrantedaastunptionthat
the sulfursuddenlycryataHizedout fromsolutionand then becameadsorbed
onthe rubber. Thisdiscussionof the theoryof pureadsorptionbas brought
forwardan overwhelmingamountof evidencein favorof the occurrenceofa
chemicalreactionduringtheprocessofvulcanization.

1KoUoid-Z.,s, 304(t9n).
J. Ind.Eng.Chem.,t4,3!$(t~M).
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The oontroversyregardingthé validityof thé two classicattheoriesnat-

uraUyled to the formulationof theoriesthat were to someextent a com-
binationof both the chemicaltheoryand the adsorptiontheory. Ostromuis-
tenakii*considersvuloanizationas a processin whichonlya smallproportion
ofthe rubberenteraintocombinationwithsulfurto forma compoundinwhich
the unchangedrubber is swollenor adsorbed. The reverseconditionmay
equallyhold in whichthe compoundfonnedia adsorbedby the unchanged
rubber.
Axelrod'has assumeda proceœof polymérisationin orderto accountfor

the changein physicalproperties. He claimsthat vulcanizationis a process
in whieh there ocoursa simultaneous"depolymerization"by meansof heat
and a "polymerization"due to the sulfurwithsimultaneousformationof a
sulfuraddition product. It is not c!earjust what the authormeansby the
term "potymenzation." The term may refer to the chemicalprooessof

polymerizationor it may be regardedas the reverseofthe effectnoted when
rubberis submitted to meehamicalworking.

An explanationpostulatinga processofchemicalpolymerizationorphysi-
calaggregation,or a combinationof the two,iBnot a fooliahone, sincewe

may regard caoutchoucitself as a polymerizationproductof iaoprene. This
transformationbas ohangeda liquid,solublein manyorganiosolvents,into
an elastic substancewhiohMinsolublein manyliquidecapableof dissolving
the parent hydrocarbon. It is therefore,possiblethat caoutchoucitselfmay
befurther polymerizedto form a productthat is atillmorerésistant to sol-

venta,and with moremarkedelastioproperties. So far all the agents that
hâvebeen knownto induce this polymerization(vuleanization)have at the
sametime entered into somesort ofa chemicaicombination.Anotherob-

jection to thia theory is the tact that, once the polymerizationhas been

broughtabout, it is impossibleto reversethe processby depolymerisingthe
vulcanisatechemicaHyso as to yieldthe originalraw rubber.

KirchhoPbas put forwarda modificationofthé abovetheoryin whichhe
assumesvulcanisationto be a transformationofthe rubberfroman unstable
to a relativelystableform,the chemicalcombinationofsulfurbeingregarded
asa subsidiaryprocess.

Of course,there are many moretheorieson the subjectofvulcanization
than thoseoutlinedabove. Manyofthemaresimplymodificationsof various

phasesofthe abovetheories;someof themdodgethe subjectofvulcanization

by expendingtheir energiesin accountingforan active formofsulfur,while
othersareofnouseasworkinghypothesessincetheyarebasedonassumptions
that wouldbe almostimpossibteto submittoexperimentalverification.

Beforeinvestigatingthe subjectofvulcanisationanyfurther,one should
remembersomeof the weU-estab!ishedfactsregardingthe processof vulcani-
zationthat must beexplainedbyanyworkabletheory.

LuB:"TheChemistryofRubber,"103(t~).
GummtZ.,M,3~ (1909).

KoNoid-Z.,13,49(t9t3);M,35(t?!~);26,i68(19~0).
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In the first place,most peoplewiUagreethat caoutchoucwiUcombine
withsulfurin the présenceofan excessofthe latter to forma definitechemical
compoundwhoseempiricalformulaia (C~H~)..

Whenapproximately0.5%sutfur is mixedwithrawrubberand the mix.
sture subj eotedto the heatingprocessof vutcanization,a tacky (stioky)mass

Mobtainedthat issimilarto rawrubbersubjeotedto thesameheatingprocess.AUthé sulfurmay behe!din firmcombinationbythe rubber,but neverthe-
lessthé physicalpropertiesof the produotare practicattyidentioalwiththoseof theoriginalrawrubber. No matter howlongwemayheatthis product,it
appearstobe undervutcanizedand resemblesthe rawrubber. Asweinerease
the percentageof sulfurin the vulcanisate,the physicatpropertiesundergo

`

changegradually. The changeia a gradual,continuous,phenomenonuntil
a regionisreachedin the neighborhoodbetweena twoandthreepercentaul-
fur contentwhenthé surfaceof the produotis nolongerstioky. At thesame ]
timetheproductbecomestougherand doesnot rupturereadilyonstretohing.At this stagethe produetiasaidtobecomp!etetyvulcanized. If heatedtoo 1
long,it becomescomparativelybrittleandit is thensaidtobe overvtuoanized )
Whenthe variousvutcanisates,mentionedabove,aresubjeetedto peptisation t
with benzene,it is foundthat the low sulfurvutcaniaatesoan bo peptized
completelyand, as the sulfurcontent inoMasea,it graduallybecomesmore
diffieultforthe benzeneto peptizethe productcompletely.Astageisreached L
finallywhensomeof the productcan bepeptizedwhilethe rest remainsbe.
hind in théformof a swollenmaasresemblingsoMaed gelatine. Andthus,as the sutfurpercentageof thé vulcamaateincreases,lessof the produotis
peptizedby thé benzene,until a stage is reachedat whichpractica!tyno <
peptizationtakes place. The benzenesimplyaweUsthe rubberproduct.btevens'hasshownthat evenwithvulcanizedproductsoontainingashighaa
8.64%combinedsulfur,it waspossibleto peptizeonlyabout13%of theprod-uct withbenzene. It, therefore,followsnaturallythat complèteinsotubuity 1in benzenemuâttake placeat a coefficientofvulcanisationmuchhigherthan
that just mentioned.

No matter what the methodused in vulcanizingthe product,therebas
alwaystakenplacea verystrongunionbetweenall therubberandsomeofthe
vulcanizingagent. A!Ienortsto disrupt thisunionhaveresultedin completeanmMattonof therubbermolecule. If a soft-rubbervulcanisatebeprepared,it is possibleto add a halogenuntil the differencebetweenits stoichiometric
compositionand that of theupper-limithard-rubbercompound(C~S)n is
satisfied. Thiswouldtend to indicatethat the combinedsulfurin the soft-
rubberproductis heldin chemicatunion.

Wheneverrubberis rolledon the mill,it becomessofterandmoreplastie.It isalsopeptizedmorerapidlybythe ordinarysolvents. Afterbeingmilled,the rubberissaid to havebecome"depotymerized."Sulfuris knownto be <
fairlysolublein rubberat vulcanizationtemperatures,andas vulcanisation r
proceedatheBulfurbecomesmoresoluble.

J. Soc.Chem.Ind.,38,t~sT (t<)t9).
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Instudyingthesubjoctofvulcanizationoneshouldbear inmindimprove-
mentsin thephysicalpropertiesofa vulcanisatedueto the presenceofvarious
nllers. Claysandvariousformaof oarbonblaokare commonlyused in the

rubberindustry. It basbeenobservedthat the partioleBizeandthé method

usedin preparationofthe fillerhaveanimportantbearingonthefinalphysical

propertiesof the vulcanisate. The methodusedin preparationof fillersbas

undoubtedlyan importanteffecton their surfacecharaoteristics. Carbon

blacksareusedintreadstocksandareknownto improvethestrengthand the
abrasivequalitiesof the vuloanisate. This is probably due to the peculiar

propertiesof surfaceadsorptioncommonto variousformaof carbonblack.

In this conneotionit mightbe mentionedthat the use of acceieratorsim-

provesthe physicalpropertiesof the vulcanisate. This effecthaanot been
asoribedto surfacephenomenabut to the fact that tesaheat is usedin vul-
canizationwhenacceleratorsare present. Heat bas a degeneratingeffect
on a vulcanizedproductand naturallythe lésaheat used in the procesathe
moreimprovedarethephysicalpropertiesof theproduct.

In additionto theabovefacts,onemustrememberthat it ispossib!e,.with
the présenceof powerfulaocelerators,to effectvuloanizationevenwith co-
e&cientsofvulcanizationlessthan o.5%sulfur.

A knowledgeof the ultimatestructureof the rubber latexparticleought
to beof somehelpinstudyingthe subjectof vulcanization. The latestwork
of Hauser'hasshownthat the latex globuleconsistaof an outerskina solid

phase,evidentlya highpolymerof isoprene,and an inner liquidphase,evi-

dentlya lowerpolymerof thé samehydrocarbon. Outside of thé polymer-
izedhydrocarbonskinisa layerof proteinwhiohplays the leadingrolein the

coagulationprocess. It isinterestingto note that x-ray researchesonrubber
havealwaysindicatedthepresenceofanamorphousphase. Whentherubber
isstretched,thé presenceofcrystallinephaseisalsoindicated. Thepresence
of this phaseia saidto be due to the highlypolymerizedouter layerof the
latexglobule.

Althoughthe formulationof the adsorptiontheory causeda greatdealof

activity in rubberreseareh,nevertheless,the problemof vulcanizationwas
not attacked in a comprehensivemanner. Investigatorshave studied the
variousfactsuponwhichboth the adsorptiontheoryand Weber'stheoryare

based,but noattemptbassofarbeenmadeby anysingleindividualto study
the vulcanizationproblemfromeveryconceivableviewpoint. Apersonwho
bas investigateda problemfromall anglesis always in positionto have a
botterperspectiveviewof thesituationthan onewhohas limitedhimselfto a

singlephaseof thequestion. Hispositionenableshim to weighhisevidence

properlysothat hiefinaljudgmentbecomesquitemore reliable. EvenWolf-

gangOstwaldwasforcedtomakesomeblundersinformulatinghisadsorption
theorysincehe haddoneverylittle workon vulcanizationandnaturallywas
in nopositionto be ableto weighhisevidenceproperly. The workunder-
takenin this investigationhas beendonewith the idea of testingthoroughly

1Ind.Eng.Chem.,18,tt~ë(t9:6).
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everytheoretioalpossibilitythat mightbe usedin formulatinga satisfaotoryvulcanisationhypothesis.
Let us nowconsiderall the theoreticalassumptionsthat mightbo asso-

ciatedwith a properexplanationof the vulcanisationprocess. Ïn the first
place,wemightthink of the sulfur.rubbercombinationaasimplya caseof
solidsolution.If suchbethe case,it shouldbepossibleto extractsomeof the
combinedsulfurbytreatingthe vulcanisatewithan excessof rawrabberina
smtabtesolvent. Wemightalsoconsiderthe prooessassimplyadsorptionor
a combinationof adsorptionand a chemicatoompound.Either possibilitycouldbe verifiedby the same set of exporiments.In either case, hétéro-
geneityshouldbecomeapparent wheneverthe soft rubber vulcanisateis
subjectedto fracttoaatpeptization in benzene. The nrst fractionsto be
peptizedshouldshowa low contentof sulfur,whilethosefollowingshould
naturaUyahowa Mgherauifurcontent. The averse processofaynthesizing ia vulcanizedproductfromraw rubberand a samplecontaininga high co- uefficientofvuloanizationshouldlikewisenaturallyfollow. It Malaopossibleto assumethat the nature of the rubber is changedduririgthe processof
vuloanizationandthat the sulfur-rubbercombinationMsimplya aideissue.
In that case,it shouldbe possiMeto induoethé changeof vulcanisation
withoutany apparentparticipationon the part of the vutoanuangagent.80far, this has neverbeenrealized. Futhermore,it ahouldbe possibleto f
Mversethechangeby obtainingrawrubberfromvulcanizedrubber;but this,
Uœwœe.haaneverbeenenected. Aafar as experimentalevidenceiscon-
cerned,wemightjust as wellrule this possibilityout. Wemightalso look
uponthe rubbermoleculeas an unusuaUylargeoneand capableof forming

)a series of compoundswithsulfur. Letusassumethe moleculeofcaoutchouc
to be(CaH,,).,inwhichn happonsto beveiy large. Thisiscapableof com-
Mnmgwitha smaUpereentageof sulfurto formthe compound(CMH,,).8:
f~erinoMase of the percentageof sulfurwiUproducethe combination

Jof ~MiiM).(S,),,and thus progressivetydownthe lineuntil the maximum
amountofsulfuris takenup with the productionof the compound(0~,).
(b~. If weahouldtake n large enoughthe différencein propertiesof the
vanouscompoundswouldbe so mall as to precludeany possibilityof sepa-

=
ration. Thus therewouldbe no abruptchangesin the physicalpropertiesoftheproductsandallchangesin propertieswouldtakeplacepractioallycon-
tinuously. Theaboveassumptionswouldbeverydifficultto checkexperi-
mentallybut if,bychance,compoundshappenedto beformedat halfpercent
intervals,or greater,it mightbe possibleto noticesomenat portionsin the
curveby studyingthe equilibriumrelationsbetweenrubberand sulfurdis-
solvedinsomesolventin whichthe rubberis not app~ciablypeptized We
arenowreadytoproceedto the bodyofthe investigationin whiohtheabove
theoreticalpossibilitiesbavebeensubmittedtoexpérimentalverification. °

ExperimentalData
1

Thevariousexperimentsperformedduringthis investigationwillnot be
(hacussedin chronologica!order, but will be groupedtogetherunder the
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respectivetheorieswhichthey aredesignedto verify. Beforedescribingthe

test for solidsolutions,it wouldbe weUto detailthe analyticalprocedurein

the determinationofsulfurin samplesofvulcanizedrubber. Theauthorbas

used this methodextonsive!yforthé determinationof combinedsulfur and

basfoundit to bequite reliable.

A half-gramsampleofextractionresidueisplacedina 300cesulfur flask

and 15ceofsaturatedsolutionofaraenioacidis added. Thesaturatedsolu-

tion ofarsenicacidiBmadebyaddingarsenicpentoxidetoboilingwateruntil

the boilingpointof the solutionis !4o"C. Afterthe arsenicacidaddition,

~3ceof fumingnitrioacid, whiehhaabeen standingoveran excessof bro-

mine,isaddedto thesample. Themixtureis coveredwitha watoh-gtassand

boiledon a hot plateuntil the sampleis completelyoxidizedso that a clear

solutionisobtained,and, if necessary,moreaoidis added. Thewatch-glass
is then removed,the contentaevaporatedto a syrup, and somecrystalsof

potassiumchlorateareaddedto expelthe oxidesofnitrogen. Theevapora-
tion is continuedalmostto dryness,eooled,andthe residueis then taken up
with 50ceof hydrochloricaoid(1:10). The naakis warmeduntil solution

becomescomplete,filtered,dilutedto about 250ce, and precipitatedwith

bariumohloride.The bariumsulfateis filtered,ignited,and weighedin the

usualmanner. Blankrunsshouldalwaysbemadeonnewlotsofarsenicacid.

Test forSolidSolution

If thesulfur-rubbercombinationexistedin theformofa firmsolidsolution,
it shouldbepossibleto extract someof the sulfurbytreatingthe vulcanisate

withsolventsinwhichthésulfurwouldbereadilysoluble.

Accordingly,3 gramsof the extractedhard-rubber,preparedas described

in the next section,wereaddedto 50ocof anilinewhichcontained6 grams
of rawrubber. Wheneverthe word"extraeted"is used,it is understoodto

implyextractionwith acétone. Ani!mewas ohosenfor the solventbecause

sulfurisverysolubleinhotanilineandthe latterisquiteeffectiveinpeptizing
rawrubber. Therawrubberwasaddedto maketheextractionmoreeffective.

It wasthoughtthat the rawrubberwouldcombinewiththésulfurextracted

by the aniline,thusrenewingthesolventactionofthe latter. Theentiremix-

ture waskeptin a pressurebottlefor fiftyhoursat a températureof too"C.
The hard-rubberhad beenpreviouslyextractedtheroughlywithacetoneso

that no freesulfurwasprésent. The hot solutionwasthen filteredseveral

timesandthe filtrateevaporatedto dryness. Thesulfurcontentofthe evap-
orated residuewaathen determined. Althoughthe total amountof hard

rubberpresentcontained0.6gramofsulfurneverthetesstherewasonly 0.04

gramsulfurleftin the filtrateresidue. The presenceof the 0.04gramsulfur

was undoubtedlydue to the passageof some of thé hard rubberparticles
thru the filterpaper. It is knownthat hot anilineis capableof peptizing
hard rubbershavingsto a certainextent.

Underthe conditionsofthe experiment,sulfurisknownto beverysoluble

inaniline,andsincenoneofit hadpassedinto theaniline-rawrubbermixture,
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it stands to reasonthat thesulfurin thehard'rubbermheldin a unionthat ia
firmerthan onewouldexpectfroma solidsolution. Roncethis experiment
provesthe assumptionof a solidsolutionas a theoryof vuloanizationto be
untenaNe.

¡]
Tests for Adsorptionand Chemical-CompoundAdsorptionComplexes

1

Jtfîa!<Mfeswithout~cce~era~ora
Asmentionedin the introduction,the sametype ofexperimentscouldbe

usedto verifyeitherof theaboveassumptions.Let usassume that a chemi-
cal compoundis fonnedwhiohcorrespondsto the product obtainedas thé
upper limit compoundin hard rubber,viz. C,.H,.S,. The compoundthus
formedt8 eitheradsorbedby thé restof the rawrubber,or the latter is ad. esorbedby the compound,thusfonningan adsorptioncomplexthat givesto
the rubberproductthe property knownasvuloanization.Itcanbeseenfrom
this hypothesisthat it ahouldbepossible,startingwithamixtureof !$%hard
rubberand 85%rawrubber,and subjectingthesametoa processthat would
encourageadsorption,to realizefinallya vulcanizedproduct.

Accordingly,seventyparts of palecrêperubberweremixed with thirty
parts of sulfuron a hand-roUermiMthat hadbeendesignedfor the purposeof roUingsheetmétal. Althoughthiswasfar frombeingan ideal methodfor
preparingrubberbatches,yet it servedits purposeadmirably. The mixture
wasthen curedin a steelmouldfortwelvehoursat i4s°C. The hardrubber,thus prepared,waabrokenup intoSneshavingsby meansof an emerywheel
and then thoroughlyextractedforone weekwithacetonein a Soxhletap-
paratus. A mixtureof 15partsof the hardrubberraspingsand 85parts of
raw rubber wasmade onthe roUermill,andalthoughit was kept in a steel t
mouldfor twenty-onehoursat i5o"C,it showednoneof the physicalpropertiesofa vulcanizedproduct. In fact, it waspossibleto separatethe hard rubber
fromtherawrubberbypeptizationinbenzene. )It wasthoughtadvisableto repeatthéexperimentusinga solventthat can
peptizeboth rawand hardrubber. Xylenewastriedfirstbut it wasimpossi- r
bleto peptizethe hard rubber. Cresolwasthentestedand foundto be suc-
cessful.

Oneand one-halfgramsofhard rubberwerepeptizedin i :s ocof cresol
by meansof vigorousNtirringand heatingfor fourhoursat the temperatureof boilingcresol(about t04°C). Eightand a halfgramsof raw pale crêpewerepeptized in 75 ce ofcresolby stirringand heatingat igo-'Cfor three
hours. Whilethe latter wasstillhot,it waspouredintothe peptizedhard
rubber solutionand the mixedsol wasstirredcontinuoustyand heatedat
i6o"-i7o"Cfor thirty-six hours in an effort to cause vulcanisation The
solventwaa then distilledoffat reducedpressure,mostof it goingoff at a
temperatureofo5"C(pressureof 15mmofmercury). The last tracesof the
solventwere dimcuHto eliminate,so that it wasnecessaryto keep the oil
bath at a temperatureofi8o"-aïo"Cfor about twelvehours. Onopeningthe apparatua,the bottomof the flaskcontainedahard, black,vitreousmass
that lookedlikebakélite. The totalweightoftheproductexceededtheentire
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amountof the mixturethat had originallybeenplacedin the flask. Since
a smallstreamofairhadbeenbubbledthroughtheflaskduringthé distillation
inordertopreventbumping,it is coneeivaMethat oxidationmighthâvetaken

placewiththe resultingformationofthe resin. Accordingly,the experiment
waarepeatedwithoutallowingany air to bubblethroughthe flask,but even

then,thé sametype of resin wasobtainedat theendof thé experiment.Ob-

viously,theresinformationcannotbeascribedtooxidationby the air.
It wasthoughtthat thé resinformationmightpossiblybe due to the con-

densationof thé rubberhydrocarbonwiththe cresol. Therefore,theexperi-
mentwasrepeatedwith just rawrubberandcresol. Theresultobtainedwas
differentfromthat observedin the inititalexperiment.It provedto bea vis-
coussemi-solid.Thefact that the productwasdifferentshowedthat some-
thinghad not beenconsidered. Référencewasmadeto Beitstein'shandbook
and it waadiscoveredthat whencresolis heatedwithsulfuror sulfidesit is

capableof forminga dye. Hence,it wasimmediatelyassumedthat the for-
mationofthe resindependedonthe presenceofsulfur.

It wasknownfrompreviousexperimentsthat purepalecrêpeandcresol
didnotproducea resinafter theevaporationof thesolvent. Likewise,a mix-
ture of hard rubber,raw rubber, and cresol,aftersubséquent evaporation
did not producea resin. Sincesulfurwasknownto combinewith cresol,
it wasthoughtthat this combinationplusrawrubber,wasresponsiblefor the
resinformation. Therefore,it oughtto be possibleto producethe resinby
makinga mixtureof raw rubber, sulfur,and cresol,followedby distillation
of the solvent. The productobtainedin this mannerwasan amber-colored
resin,similarto the oneobtainedin the previousexperiment. Henceit was
thoughtthat the presenceof sulfurwasthe causeof the resin. Accordingly,
it wasdecidedto extractall the hard rubberthoroughly. Hard rubberrasp-
ingswereheatedunderreducedpressuresothat thefreesulfurwascondensed
on eoolpartsof the flask. This wascontinuedfor thirty-sixhoursfollowed
byextractionina Soxhletwithcarbondisulfideforonehundredhours. There-
upon,it wasfollowedbyacetoneextractionforforty-eighthours.

The thoroughlyextracted hard rubberwasnow usedin a 15-8~hard-
rubber,raw-rubbermixturethat waspeptizedin cresol. The procedurewas
the sameas in theformerexperiments;likewisethe resultwasthe same. A
similarexperimentwas performed,usinga thoroughlyextractedsampleof
softrubberinsteadof the hard. Thesoftrubberhadbeenmadefroma seven
percentsulfur-rubbermixture. Here, likewise,the sametype of resinwas
obtained. Naturally, it was.concludedthat the resin formationwasdue,
perhaps,to the reactionbetweenthe rubbersulfidecompoundand thecresol
or to the reactionbetweenthe cresoland freesulfurformedby the possible
decompositionof thévulcanizedrubber. Thenextexperimentwas therefore
performedto see whetherhard rubber decomposesat i~C, formingfree
sulfur.

Asampleofhardrubber wasextractedwithacetoneforoneweekandthen
analyzedfor its sulfurcontent. Thesamplewasthenheatedto iQo"Cforone
weekin a flaskat thé reducedpressure. This flaskcontaineda condenser
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that wouldcolleotany free8ulfurformed. After thia prolongedheating,the samplewas~Mn extractedwithacetoneforone weekand analysedfor
its sulfurcontent. No changein the amountof combinedsulfurwas no-
tioeable. Evidently,nodecompositiontookplacewhenthe hard rubberwas fheated.

It wasthoughtdésirableto seewhat wouldhappenwhenjust sulfurand
cresol wereheated together with subsequentevaporationof thé solvent.
The finalproduotwasa resinsimilarto thoseobtained in all the previous
cases. Thedistillatehad a strongmercaptanodor. The resinwasessentiallya mixtureof sulfurand tar togetherwith a smaUamount of organiothio-
compoundsthat wouldhavebeenconvertedintoa brownsulfurdyehadthe ]mixture been subjeotedto muohmore prolongedheating. Whentreated
with acétone,the sulfur dissolvedand a soft, viscous,semi~oudwasleft
whichwassimilarto the residueremainingwhencresolalonewasdistilled.
Thus, theresin obtainedin allthe previousexpérimentawassimplya mixture
of tar dueto the cresoland whateverelsehappenedto bo in the solution.
Since the resinwasnot a homogeneousproduct,probablyno vulcanization
had takenplaceandresortwasmadeto othersolventsin aneffortto findone
in whiohthe residuecouldbe moreeasilyidenti&ed. Attemptsweremade
to precKKtatothe rubberin cresolby addingothersolvents,but thèsewere
rather unsuccessful.Alcohol,acetone, benzene,chlorofonn,aaetie acid, ]
methyl alcohol,carbon tetraohloride,toluene, and tetrachlorethanewere <
tried but noneof themprovedto be effective. Later in this investigation,some experimentswereperformedm whiohit was possibleto precipitatemost ofthe rubberby the useof absolutealcoholand potassiumhydroxide.

CresolhavingprovedtrouMesome,other sotventsweretried, and it was
foundthat hot anilinecouldpeptizehard rubbershavings. Thesolobtained
in this caseis not as finelydividedas the oneobtainedwithraw rubberin
benzenebutnevertheless,it wasa colloidalsuspension. Asolofhard rubber <
in anilinewaatreatedwithoneofraw rubberwiththe ration of 15parts of
hard rubber to 85partsof rawrubber. The mixturewasstirMdvigorousIy 4for twentyhoms at i8o°Cand subsequentlydistilledat reducedpressure.
Thedark, gummyproductdid not appearto be vulcanized. Whenpeptized ¡with benzène,thé hard rubber settledout showingthat no vuleanization
had takenplace. Anotherexperimentwastried in whicha 15.85mixtureof
hard and rawrubberwasheatedunderpressureforfourhoursuntil the tem-
peraturewasraisedashighas 245~0. Thisisaboutsixtydegreesabovethe
boilingpointofaniline. Onexaminingthe contentsofthe tube,the partiolesofhard rubberwerefoundto be dispersedin therawrubbergel. Theaniline
wasevaporatedoff. TheresiduedidnotappeartobevaletHNzedandthot&w ¡rubberwasseparatedbymeansofpeptizationinbenzene. Theaboveexperi- 0mentsseemto indicatethat onecannotobtaina vulcanizedproductfrommix-
turcsofhardandrawrubbersubjectedto the treatmentoutlinedabove.

In thisconnection,it mightbeappropriateto mentiona very interesting i
seriesofexperimentsperformedby Weber'in i8<M..Thisinvestigatorpe"-

J, Soc.Chem.M., M,t~ (t8M).
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formedexpérimentasimilarto thoseoutlinedabovowiththeexception,that,
insteadofhard rubber,heuaedthé end-produotobtainedwhenrawrubber is
treatedwithanexcessofsulfurchloride.

WeberdissolvedBvegramsofPara rubberufïooo ceofbenzène. Tothia
headdedfivegramsofsulfurcMorido.In consequenceof the great dilution,
the reactionprooeededslowly,but after three hours standing,all the auMm
chloridehad disappeared. The solutionwasleft standingovemightand on
thefollowingmorning400ceof it, representingtwo gramsofrawrubberused,
weretreatedwithabsolutealcoholandthe polyprenesuifochloridethat sepa
rated out waapurifiedand analysed. It contained23.78percentsu!fur, so
that there was no doubt but that the India rubber was convertedinto
thesulfochloride,C~HMStClt,evenin sucha dilute solution.

To the remaining600ceof the abovesolution,sz.s grameofpurerubber
inzooocofbenzenewerenowadded,andthemixturestronglyagitated. The
ge!atinouscharacterof the mixturerapidlyohangedinto that ofan ordinary
rubbersolution. Onpouringthis solutionintoabsolutealcohol,a volununous
precipitatevery muchlikepolyprenesulfoohloridewasobtained. This pre-
eipitate wasseparatedfromthe supematantliquid by filtration,the filtered
reaiduerepeatedlywashedwithwarmatcoho!,and thendriedin vacuo. In
this mannera rather e1astiosubstancewasobtained, whiohon analyaiswas
foundto contain4.06%sulfur.

The questionnowariseawhetherthis product reallyposseeaesthe prop-
ertiesofvulcanizedrubber. Todeterminethiapoint thesubstancewasplaced
in benzene. After eighteenhours, completesolution bas takenplace, the
solutionappearingsomewhatturbid. It was strongly dilutedand filtered
througha hot-waterfunnel. The filtrateappearedtobeolean. Onthe filter
remaineda residuethat wasrepeatedlywashedwith warmbenzeneand then
dried. It formeda whitish,easilyfriable,massthat contained23.44percent
aulfuronanalyais. Thereia nodoubt that thissubstancereprésentathe total
quantityofpolyprenesulfochloridethat wasmixedwiththe Indiarubberand
this is furtherconfirmedby the fact that the above mentionedfiltrate con-
tains not the slightesttraceof chlorineor sulfur. "This resuit,"as Weber
stated, "is conolusiveproofthat a mixtureof polyprenesuubchlondeand
India.rubberpossessesthe propertiesto be anticipatedfor sucha mixture,
but not thoseof vuloanizedrubber." Hewentahead furtherandprovedthat
a rubber productvulcanizedwith sulfurchlorideso that the combinedsul-
fur amountedto only fivepercent,was a homogeneousoompoundand be-
haveddifferentlyfromthemixturethat heobtainedabove.

For thispurpose,25.5gramsofpurePara rubberweredissolvedin 100ce
ofpure benzène. Threegramsof sulfurchloridewereaddedto tbis solution,
mixedvigorously,and then left to stand. Very soon,thé massbegan to
thicken, the réaction reachingits maximumafter Ëfteenminutes. After
severalhoursstandingthejellywasthoroughlybrokenupbystirring,andthe
resultingpulppouredintoabsolutealcohol. The precipitatewasfiltered,the
occludedbenzenedrivenoff,and the substancefinallydriedin vacuo. The
dry productcontaineds.n% sulfurand in this respectis thereforeidentical
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withthe mixtureofpolyprenesutfooMondeandrubber. Thee!asticityof the
newsubstanceis far superiorto that of thé mixture,fromwhichit further
divers by its absoluteinsolubilityin at! solvents. Even an immersionof
weeksat a time faitsto softênit althoughconsiderableswelllngtakesplace. ]This however,is also the case with the sulfochlorideCn)Htt8iC!a."It is
evident,"saidWeber,"that this substancecontainingonlyfivepercentsutfur
bas nounalteredIndia rubberand must boconsideredasa suifooMoridedis-
tinctlydînèrentfromCtoHMS~Ct!

Sometime ago, experimentswereperfonnedin this laboratoryby Mr.
LeoLarkinon vulcanizationin solutionin whichvery peculiarresultswere
obtained. In fact, it wasdeemedadvisableto repeat the work. He mixed
rawrubberand sulfur in xylenein such proportionsas to givefourpercent
ofsulfur. This waaboiledbyrefluxinguntil it wasthoughtthat aUthe sulfur
had combinedwith the rubber. The rubberwasprecipitatedwithabsolute a
alcohol,andsteam-distilledto removeall tracesof the alcoholandxylene.

In hissecondexperiment,enoughsulfurwasadded to therubberinxylene
to reach32%. Thiswasreftuxedas beforeuntil the reactionwasbelieved

1to be completed,and then anotherportionof rubberin xylenewasaddedso
as to makethe sulfurpercentageequal to four percent. The refluxingwas
then continuedagainand finallythé rubberprecipitatedas desoribedin thé
first experiment. Mr. Larkinreportedthe productsobtainedin bothcases <
to be identioal. If the resultsof these experimentsweretrue, tbey would a
naturally prove that it is possibleto vulcanizemixturesof rawand cured
rubber, a thing wbiehbasneverbeen donebefore. But it is quitepossible
that sincevulcanizationisslowin solution,practicallynoreactionhadtaken
placein eitherof the aboveexperiments. Therefore,his productswouldap.
pear to be identical,with the net result that nothingspeotacularhad been
proved.

The workwasrepeatedas follows:15gramsof palecrêpewerepoptized
in 100ceofxylene. Likewise,0.75gramsofsulfurweredissolvedina similar
amountofxylene. The twosolutionsweremixed,thus forminga s% sulfur-
rubbermixture,andrefluxedin an oit bath forseventy-fivehours. Afterthe
solventwasevaporatedunder reducedpressure,the residuewasexamined
and found to be unvutcanized. The combinedsulfur amountedto about
0.6%.

Ten gramsof palecrêpewerepeptizedin 100ce of xyleneandthis was
mixedwith3gramaofsulfurdissolvedin 100ceof hot xylene. The percent-
ageof sulfurin referenceto the raw rubberamounted to 30%. The entire
mixturewas refluxedabout ten hours whenparticlesof vulcanizedrubber

1
beganto separateout. Aftera total of fôrty-sixhoursof refluxing,a sample
of the rubberwastaken out for analysis. It ahoweda combinedsulfurcon-
tent of 91%. Fifty gramsofraw rubber werethan addedto the flask,thus
bringingthe originalsulfurcontentdownto fivepercent. Therefluxingwas rresumedfor twenty-ninehoursmore,the solventdistiUedoffas in the pré-
viousexperiment,and the residuewas foundto be a mixtureof vulcanite,
raw rubber,and su!fur. The raw rubber wasseparatedby peptizationin
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benzène. Afterevaporatingoff thé-benzene,the sulfur wasseparatedby
extractionwithacetone. Thèseexperimentsprovedthat nothingmiracutous
had happened. Mr. Larkinhad beenmistakenin that he had not refluxed
hismixtureslongenoughto oauseany appreciablecombinationbetweenthe
sulfurandthe rubber.

MixturescoM<<ttMt~~cee!era<<M'<.

Thus farall theexperimentshavebeenperformedwithoutthe useofany
accelerators.Sinceaoceleratorsarequite effectivein facilitatingvulcamiza-

tion, it standsto reasonthat it wouldbe a goodidea to addthemto mixtures
of the type that wehavebeenstudyingin an effort to seewhetherany de-
sirableeffectmightbe induced. Most acceleratorsact moreeffectivelyin

conjunotionwithzincoxide,hencethe latter wasadded to someof the mix-
tures.

Aboutiz.75gramsofpalecrêpeweremixedwith z.as gramsofextracted
hard-rubberraspingson the roUermill, and the resultingproduct divided
into sixportions. Toeach2.$gramsampleof the bard-rawrubbermixture
wereaddedzincoxideandthe variousacceleratorsasshowninTableI.

Grasselerator808is an acceleratoroontainingno sulfur;it is butylidene
aniline.

D. 0. T. G. isdi~rtho-totyt~guanidine.
Monexis an ultraaccetera.tor;tetra-methyl-tbiouram-monosulfide.

TABLE1

AUtheingredients,outlinedabove,weremixedin separatebatchesonthe
rollermill. Thèsewereplacedin a steelmouldand heatedat i~o~Cforthree
hours to see whetherany vuloanizationwouldtake place. AUthe samples
failedto exhibitthephysicalpropertiesofa vulcanizedsample. Whenpep-
tizedin benzène,the zincoxideand thehard rubbersettledto the bottomof
the Sask. ·

Thé next step waato see whetherthe same samplescouldbe vulcanized
in solution. Two-gramportionsofeachof the six sampleswererespectively
peptizedin 20 ceof cresol. They wereheated for twenty-fourhours at a

SampleNo.< SampleNo.e

6% Grasselerator808(.15gr.) 6% Grasaeterator808
!md and

6% zincoxide nozincoxide

SampteNo.3 SmpleNo.4
6% D. 0. T. G. 6% D. 0. T. G.

&od and

6% zincoxide nozincoxide

SampieNo.5 SimpleNo.6
6%Monexand 6%Monexand

6%zincoxide no zincoxide
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temperatureof iso~o". Seventy-nveoc of absolutealcoholwereadded
toeaohofthe samplesin aneffortto preoipitatothe peptizedrubber. It was
foundthat the hard rubberand zincoxideworethrownout of suspension
but that the raw rubberremainedin colloidalsolution. The hardrubberand
zincoxidewerefilteredoffand aoceofa concentratedsolutionofpotassium
hydroxidewere addedto each of the filtratesin an effortto coagulatethe
rawrubber. It waspossiblein thiawayto preoipitateaomeofthe rawrubber
but not aUof it.

Sinceall the ingredientsin thé abovemixturescouldbe separated,un-
doubtedlyno vulcanizationhadtaken place.

The above sériesof exporimentswererepeated,uang a soft-vulcanized k
rubberinsteadofhardrubber. Twopartsof rawrubberweremixedwithone
part of soft rubbercontaining2.8%suKur(combined).Aoceteratorand zinc
oxidewereaddedinthe sameproportionsasin thepreviouasetofexperiments. 1The results obtainedwerelikewisesimilarto thoseobtainedwith thé hard-
rubber mixtures.

[[
FmctioMiPeptizaHonTesta t

If, during the processof vulcanization,compoundsare formedbetween
sulfurand caoutchouc,it shouldbe possibleto test the homogeneityof the
productbyfractionalpeptization. ThefirstfractionsahouMhâvepereentages
of sulfurthat differfromthosewhichfoUow.Henceit oughtto be possible
to separatea vulcanizedproduotinto the supposediyunattackedrawrubber
andthe product resultingfromthe chemicalunionbetweenthesulfurandthe Ehydrocarbon. Someworkalongthis linebas beendoneby Stevens'but he
did not gofar enough.Thelowestcombinedsulfurcontentinhisvuloaniaate °
was3.8%. HeextractedhisvulcaaisatesampieexhattBtiveÏywithbenzene
forone weekand determinedthe proportionof the sampledissolvedby the
benzene. The sulfurpresentin the samplebeforeextractionand that left
after extractionwasdetermined. The Mlowingresultwasobtained:
Proportiondissolved N,,)f,-.t~t~be~ne Beforeextraction afterextraotion i

~-S% 3.80% 3.8~
Theseresults showthat the vulcanizedproductis homogeneousas far as

the sulfur content i8 concemed;the peptizedportioncontainingthe same
amountofsulfur as that whichwasleft after extraction. Thequestionnow
anses whether this homogeneitywillpersistwith vulcanizedproductscon-
tainingmuchtesscombinedsulfurthan thesamplestudiedby Stevens. With
thisin view,thé followingrubbermixtureswereprepared:

Thirty gramsof pale crêpeweremixedon the roUermillwith 0.6gram
of accelerator(about3% of Grasselerator808). The resultingmixturewaa
dividedinto four portions. To the first g-gramportionwasadded 0.075
gramof sulfur, thé resuitingmixturebeingworkedon the roUermiU. This c
correspondsto an approximatesulfurcontentof 1.5%.

J. Soc.Chem.Ind.,M, t~sT("9'9).
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Theseconds-gramportionwaatreated ina likemannerwitho.osgrams
ofau!fur(about1%).

The third s-gramportions was mixedwitho.o25gramsofsulfur(about
0.5%).

The laet portion,amountiag to fifteengram, was treated with0.015

gramsofsutfur(abouto.ï%).
AUoftheaboveportionswerevulcanizedin a steelmouldforfivehoursat

a temperatureof !4o"-ïso"C. The samplesweMthenextraotedfortwodays
withacetoneto removeall the freesulfur.

Adayafterthe extraction,the batcheswereheatedin theovenat ioo°C
to makecertainthat all the acétonehadbeendrivenoff. Thesampleswere
thenanalysedfortheir respectivecombinedsulfurvalues. Eaohof theabove
batcheswasthenplacedin a Soxhletapparatusandsubjeotedto peptization

by hotbenzène.Variousfractionswerethusobtainedand eachof thesewas
driedfreeofsolventand the sulfurcontentdetennined. Therésultaobtained
aregiveninTableII.

TABM)II

OngiMt Fimt Second Thitd
SMnpte Fraction Fraction FMction

Théaboveresultsshowthat homogeneityas far as sulfurcontentis con-

cerned,persistaeven with samples containingless than 0.1%of combined
sulfur. To besure,all of the "vulcamzed"productsshownin the previous
tablesdidnot exhibitthe ph)~~ pmpertiescommonto a completelycured

product. A!ltheaampleawereheatedforfivehoursat a temperaturebetween

140°and iso°C. This is more than aufEoientto vutcanizeanyproduet,but
sincethey did notcontain aatBcientsulfur,they appearedto be undercured

Weight of

S&mpleAnatyaed o.gooogms o.5488gn)B o.gz~sgms o.M83gm8

%Sulfur 1.49 t.37 1.30 1.39

Second Sample

Weight of

Simple Acatysed o.S4o5gm6 o.Sogms o.3S94gms o.4ioogms

%Sulfur 0.75 o.ya o.8o 0.77.

Third Sample

Weight of

SampleAnalysed 1.0139 0.7199 0.8024

%8u!fur 0.43 o.4a 0.39

Fourth Sample

Weightof

S&ïnpteAnalysed 3.92~0 3.6072 3.7638 4.4677

%Sulfur o.ogt 0.09 0.08 0.08$
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even thoughthe sulfurwhichthey did containwas in complèteunion with
thé rubber. Suchbeingthé case,it wasthoughtadvisableto verifyWeber'a
contentionthat the propertiesof vulcanisationfirst becomeapparent at a
vmeanMattoncoeaieientofhom:toa.s%. i

Accordingly,three samplesworepreparedeach of whichcontainedabout
2%acce!erator(Grasselerator8o8).About2%sulfur wasaddedto the first

1.
sample,2.5%to thésecond,andabout3%to the third. Anwen)heatedin
a steelmouldat a temperatureof t4o°.iso<'Cfor fivehours. The samplesweretaken out for examinationand it wasnoticedthat th~one oontaining
about 3%sulfurwasdefinitelyovercured. The other twocasesweredoubt-fuh It wasknowndefinitelythat a samplecontaining1.5%sulfurappearedundercuredundersimilaroircumatances,and sineethe 3% samplewasover- <
oured,Weberwasright in his contentionthat signsof vulcanisationare 6rst
noticeablewithsampleswhenthey containfroma to 2.5%aulfur. AlthoughWeberisprobablycorrectwhenthesampleswhichare freefromany powerfulacce!eratot8are considered,neverthelessit hasbeenpossiblein this laboratory <to producewiththe aidofzincoxideandultra-acceieratorsY~cfmizedsamples '1of rubberthat wereouredat boilingwatertemperatureand containeda sulfur
content9ttght!ytessthan0.5%.

ExperhaentswithProtein-~ee Rubber
Sinoeeachglobulein a pieceof rubberissurrouodedby a pimoforotoinit was thought that adsorptionmight take placemuoh more readily if no

protein werepresent.
Therefore,ateps weretaken to preparesomeprotein-free rubber. The rubber was first extraetedthoroughlyin acetonefor one

week. Thenit wasplacedin petroleumetherand allowedto stand quietlyso that the hydrocarbonwasslowlypeptized. From time to time, thé super-natant liquidwas siphonedoff carefullyand evaporated to dryness Therubberpreparedwasfree fromprotein,but the prooessusedwasa very tedi-ousone. It is mucheasierto dissolvethe rubber in cMoroformand to pre-
o.p)tatethe hydrocarbonwithalcohol. A sampleof this protein-freerubberwasmixedwithsulfurand vu!camzedsothat the coeNcientof vulcanization
wasabout..8%. Agramofthisvulcacjsatewaspeptizedinhotanitineandthen a gramof raw rubberwasaddedto the solventand thoroughlymixed <The mixedsolwas heatedat the boilingtemperatureof aniline for twenty-four hours,after whichthe solventwasevaporatedoffat reducedpressure.The residuewas then subjectedto fractiona!peptization in benzene. The
followingresults were obtained:–

The resultsof the aboveexperimentsshowthat the residuewas not homo-
geneousandthat the proteinextractionwasof noavail for inducingvulcani.
zattonbetweenmixturesof rawandcuredrubber.

Fmdion
WeightofStuapte %Sutfur

FtrstFr&ction o.4i88grams 1 T
Second

Third 0.4945
Fourth o.~
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RubberMktutes wtthCloselyRelatedCceNdentsofVulcaaizatioa

Heretofore,the componentsof the rubbermixturesused, consiatedof

widelydivergentcoeCicientsof vuloanization. Baw rubberhaving a zero
coemoientwaandxedwithhardrubberhavinga coeSMentsomewhereabove

twenty percent. Of course,whensoft rubber mixtureswere treated, the
coefficientsweremuchmoreoloselyrelated,but still there wasquitea differ-
ence. Hence,it was thought deairaNeto test somemixturesin which the
coefficientsdid not differ by more than o.s%. Accordingly,two rubber
batoheswereprepared whichshowedafter vulcanizationthe followingper-
centagesof combinedau!fur:–

No. 1 0.37%sulfur
No. 2 o.$7%

Fivegrameofthe firstsamplewerepeptizedtogetherwithanequalamount
of rawrubber inboilingxyleneandrefluxedfor threedays. Thesolventwas
then distilledoffand the reaiduesubjectedto fractionatpeptizationwithben-
zène. Likewise,five gramsof the first batch were simitartytreated with
fivegramsof the secondvulcanisateand the peptizedmixturerefluxedfor
three days in xylene. Here, likewise,the solventwasdistilledoffand the
residuesubjectedto the sametreatmentas in the previouscase. The foUow-
ing results wereobtained:–

Theaboveresultsclearlyshowthat evenin casessuchas listedabovein
whiohthe coefficientsofvulcanisationare verycloselyrelated,it is impossible
to producea homogeneousproductfrommixtures. Evenin the last mixture
in whichthe coeSicientsdiSetedby onlyo.a%, it wasquiteobviousthat the
produotlackedhomogeneityandthat separationhadoccurred.

R-aetioaatPeptizationwithLow-TemperatureVotcanisates

Sinoethe averagevulcanization temperatureis far abovethe melting-
pointof sulfur,the latter is in aliquid state previousto its reactionwiththe
caoutchouc. The fact that it is a liquid state helps it to diffusethrou~t
the rubbermorereadilyand thus distributeitselfuniformlythroughoutthe
rubberbeforeaotualvulcanizationsets in. It wasthoughtthat if vulcani-
zationcouldbe induced at a temperaturebelowthe melting-pointofsulfur,
it mightbe possibleto producea heterogeneousproductin whichpartsof the
rubberin closeproximityto partialesofsolidsulfurwouldbemorevulcanized
than other régions. In ordcr to producevuleanizationat a temperatureof

Mixture of Mixture of
raw rubber and 0.37 and

0.37%vwictmiaate 0.97% vuicaMMtee

First fraction o. 13%sulfur 0.38% sulfur

Second 0.17 0.39
Third 0.34 0.47
Fourth 0.35 0.54
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boilingwater,it wasfoundnecessaryto mixthe rubberwithabout3%zinc
oxideanda quarterofonepercentofan u!tra~oce!eratorauchas tetramethy!.
thiouram-monosulfide.Abouthalfof onepercentof sulfurwasusedin the
abovemixture. Partof theabovebatchwasouredfor thirtyminutesinboil. t
ingwater,and theotherpartwascuredat thé sametempératureforonehour
and threequarters. If the timeofvulcanisationwascontinuedfortwoand
one halfhours,thesamplebecamefuUyoured. That is, the physicalprop.ertiesofa oomptetetyvutcanizedsamplebecameapparent. Aftervuloan!za.
tion,thesampleswereexttactedwithacetonefortwodaysandthensubjectedto fractionatpeptirationinbenzène. Theresultswereas foHows:– a

30min.cure tosmtn.eure i
1

First fraction o.:t%sulfur o.5t%aulfur
Second 0.19 o~j

i

Thesedata showthat in both casesthe productsare homogeneousand
'1

that thesulfuris quitesolublein the rubberevenat températuresbelowits
metting-point.Thenaturateorotlaryof thisexperimentis that sulfurin thé
solidstatedoesnotreactwithcaoutchouc. It reacts withtherubberwhenit
is eitherin solutiottor in thevaporphase.

Testfor GiantMolécule
It is theoretioallyposaMeto consideran entire pieceof rubberas one rhuge molecule.If suohbe the case,it shouldbe possible,whena pieceof

newrubberis coveredwithsulfurand vuloanized,to estabtishheterogeneityin the productby outtingit into varioussections,as onewoulddo with a ·
knife. Someof thesections,thusseparated,shouldshowveryhighpercent.
ages of combinedsulfurwhileother parts shouldbe practicaUyfreeof anysulfur. Onthe otherhand,if sucha produotwereto be testedby meansof (fractionalpeptizationin sotvents,it wouldbe impossibleto peptizepart of
the giant motecuIe~uIphNrcompoundwithout peptizingit aU. In other
words, all thé variousfractionsof peptizationmust showthé samesulfur i
content.

1
In orderto verifythe aboveassumption,fifteengram of rubberwere

c

rolled into a sheetof aboutthree-sixteenthsof an inch in thickness. The
upper surfaceof thissheetwascoveredwithfourgramsof sujfurwhichwas
equivalentto thirtypercentof the weightofthe rubberused. Thesheetwas
then plaeedin a steelmouldand vulcanizedat i5o"Cfor threehours. After
vulcanisation,samplesfor analysiswere taken fromthe upper and lower
surfacesofthe vulcanisate.Theywerefirst extractedwithacetoneandthen
analysedforcombinedsulfur. The samplefromthe uppersurfaceshoweda
vulcanisationcoemcientof 9.5, whilethat of thé lowersurfacecouldonlyboast a mere3.2. Whensubmittedto fractionalpeptization,this productcouldbe separatedintofractions,containingmdica!!yvaryingamountsof
combinedsulfur. Thefactthatheterogeneitywasapparentwhentheproduct
wassubmittedto fractionatpeptizationis proofthat the assumptionof con-
sideringa pieceofrubberasa giantmoleculeisuntenable.
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Tests for ChemicatCompounds

Thus far, wehave studiedthe problemof vulcanizationfrom everycon-

eeivableangle,but have notas yetattackedthe problemof the equilibrium
relationsexistingbetweenrawrubberandsulfurdissolvedin a suitablesol-

vent. In tact, the onlyexperimentsthat havebeenperformedalongtbis line

wereconfinedtoa study oftheamountofsulfurtakenupbyrawrubberfrom

a bath of moltensulfur. In thiacaseequilibriumresultedwiththe formation

of the hard rubberoompound,CMHttSe,containing32%sulfur. For thesue-

cesaof this experiment,it wasessentialto finda solventcapableof dissolving
aulfurbut at thesametimebeingvoidofanypeptizingeffecton raw rubber.

Normal butyl alcohol,althoughnot ideal,proved to be the best available

solvent for this purpose. At the boilingpoint of butyl alcohol,the rubber

softensand isveryslightlypeptized,neverthelessit servedthep~rpose.
Abouttwenty gramsofrawrubberweroextractedexhaustivelywithace-

tone. It wasthought best to freethe rubberfromall resinsso that a study
couldbe madeof the equilibriumrelationsbetweenthe sulfurand the caout-

choucwithoutthe presenceof the disturbinginfluenceofthe resins. Realiz-

ingthat it wouldtake verylongforequilibriumtobe reMhedat the tempera-
ture used in theexperiment,0.4gramsof accelerator(Grasselerator808)wete

used. This wasmixedwiththe 2ogramsofextractedrubberon a rollermill,
and dr&waout into thin sheetaof aboutammthickness. Thèsesheetswere
eut into stripsofabout 3 to 4mmin~id~h. Haitgramsamplesof thesestrips
wereweighedoareMIy,andwrappedaroundgtasadrums. While wrapping,
the atripswerestretchedto providemoresurfacewiththenetresult that their

finalthicknessamountedto about imm. Eaohofthe glassdrumscontaining
halfgram samplesof rubberwereplacedin longtubes (aooX 20mm)each
of whichcontained30ce ofn-butylalcohol. Afterthe necessaryamountof

sulfurhad beenaddedto eachtest tube,theyweresealedoffand placedin a

n-butyl alcoholbath that wasoontinuouslyrefluxingsothat a constant tem-

perature of ny'C was maintained. Table III showsthe concentrationof

ingredientausedin the varioustest tubes:-

TABLEIII

Eaohof the test tubescontained30ceofn-butylalcoholand 0.5gramsof
rubber.

After the first week'srefluxingin the n-butylalcoholbath, aomeof the

sampleswereanalysedto see howmuohsulfurhad beentaken up fromthe
solutionby the rubber. Thesetest tubeswereto be takenout from timeto

5 tubes contained o.ot gram of suKureach

4 0.025
o.o<6

4 o.ï2 y

n tt Q~ )) H «
M yy M
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timeandanalysedto aeewhetheror not equilibriumhadbeenattained. The

samplestakenoutforanatysisweretreatedasfoUows:–
Oncooling,the test tubeswereopened,the solventdistiMedoffat reduced

pressure,so that the températuresof distillationwereleu than that of the

boilingbutylatcohoï(n7"C). Otherwise,thé equilibriummightbedisturbed
if toohigha temperatureof distillationwereused. Thesamplewasthenex-
tractedwithacetonefortwodaysto removeaUthe freesu!fur. The rubber
wasthenanalysedfor the combincdsutfurcontent.

Afterthefiretweek'sreau~dng,a sampleofthé tubeseomtammgthe largest
amountofaulfurahowedon analysisthat enoughsulfurhadbeentakenupto
fona a vulcanisatewith a combinedsulfur contentof ao%. After three
weeks'refluxing,anothersampleof the sametype showed32.4%sulfur. In
other words,the samplehad aheadyreached the upperlimitof ehemical

combination.
In a likemanner,afterthe CKtweek,a sampleof thetubescontainingthe

smaUestamountofsulfurehowedthat the rubberhad takenup0.0048grams
ofsulfur. Thiaisslightlylessthanhalfthe availablesulfurpreaont(0.01gm.)
Afterthreeweeks,it showed0.0081gramsofsulfurincombination.Amonth

later, anothersampleof thé sametubes waaanatysedand ahoweda value
that wasjust slightlyleu than the previousvaluereported. Obviousiy,
equilibriumhad alteadybeenattained. It tooka longertimefor the other
<:oncentrationBto reachequilibrium,but allof themreaehedthispoint finally
withinthe timeusedfor refluxingthe samples. Someof the sampleswere

TeBuxingforabouttwo and onehalfmonthB. Astheybecamemorehighly
vulcamzed,the rateof diffusionofthe sulfurwascorrespondingtydecreased
sothat it mayfinallyhavebecomeslowenoughnot to benotice&ble,although
true equilibriumhad not been attained. Thus no onecouldsay with cer-

tainty whetherornot trueequilibriumhad beenreached.VenableandGreen
havereportedthat, in theirdeterminationsofsolubilitiesofsulfurby rubber

by diffusionof puresulfur,it waaimpossibleto obtainanysolubilityvalues
withcoefficientsofvulcanizationbeyondsevenpercent,sincethe rate of dif-
fusionofsutfurbecamepracticallyzero.

The rubbersampleawerewrappedaround the glassdrumsto provide
greatersurfacearea,but thiswasentirelynullifiedduringthe longprocessof

heating,sinceallthe rubbergraduallysaggedto thé bottomofthe test tube.

Probablysomeofit had beenpeptized. This likewise,alowedupthe process
of sulfurdiffusion.The test tubeswith the largestconcentrationof sulfur

TABMiIV
Initialamount Cône.peree Ameuntof CombinedS

efaolforintube of alcohol sulfur combiDedper gramof rubber
o.<n gram 0.00033 0.008 0.016

0.25 0.00083 0.020 0.040
0.06 o.ooa o.04S 0.090
o.i9 o.oo4 0.080 0.160

0.2 o.oo6? 0.127 0.354

o.s o.otôy 0.242 0.484
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hadmoreofit thannecessaryto saturatethé30ocofn-butylalcohol,whereas
thé othemwereableto dissolvetheir quota of sulfur without leavingany
excessat thé bottom. Thefollowingare theequilibriumvaluesobtainedwith
the variousconcentrationsusedin theexpérimenta:–

Eaohsampleeontained0.5 gramsrubber and 30 ce of n-butylalcohol
besidesthe variousamountsof sulfuras indicatedin TableIV.

In Fig. i, the amountaofcombinedsulfurpergramofrubberareplotted
agaiut the initialeoncentrationof thé autturin the atcohoMosolution. The
ourveobtained,atarteout as a perfeotlystraightline and then bendavery

.-6~. s

slightlyawayfrom the vertical axis. It continues,undoubtedly,until it
strikesthe horizontalUneindicatingthe upper-limithard-rubbercompound
eontaining32%suifur. It is regrettablethat sofewhighconcentrationshad
beenselectedin planningtheexperiment. Otherwise,the curvewouldhave

appearedmuch morecompletein that region. There is onlyone point to
indicatethe formationof theupperlimitcompoundCtoBteS~,but that isnot

importantsince it is atreadya well-knownfact. The authorwasespeciaUy
interestedm the soft-rubberregionso that most of thé concentrationsse-
leotedwerein that zone. It is quiteobviousfromlookingat the curvethat
thereis not the elightesttraceof formationofany chemicalcompoundsuntil
thethirty-twopercentcompoundis reached. WecanalsoBéethat theamount
ofsulfurtaken upispracticaMydirectlyproportionalto itsconcentration.

Whenyou cometo think of it, it is quitepossiblethat all the valuesin
the aboveexperimentrepresenta conditionofa falseandnot a trueequiHb-
rium. SpenceandYounglhaveshownthat, onheatinga ten percentsulfur-
rubbermixturefor thirty hoursat t35"C,therewaano freesulfurteft.. It
stands to reason,therefore,whena strip of rubber is immersedin a dilute
sulfursolutionof butyl alcoholand heated, that all the sulfurshouldbe
takenupcompletelybytherubberif the processofvulcanizationbeprolonged

t KoHoid-Z.,tt,28(t9M).
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for a suffioientlylongperiodof time. At vuloanizationtemperatures,sulfur
is quite soluble in rubber. As the sulfurcombineswith the rubber,more
of it shouldnaturallydiffuseintotherubberfromthebutylalcohol. It isalso
knownthat sulfur is moresolubleas the coemoientof vulcanisationis in-
creased. This, likewise,shoutdinoreasothe rate ofsulfurdepletion. Theo-
reticauy,this transferof sulfurshouldgoonuntilallthe sulfuris goneunless
enoughsulfur is present to producethe upper-limithard-rubbercompound
CtoHMS:.

Tocounteraotthe aboveeSortsforcompleteeliminationof the sutfur,we
have the fact that, with progressivevulcanisation,thediffusionof the sulfur
becomessloweruntil it finallybecemeszerowithcoefficientsofvuloanization
beyondsevenpercent. The temperatuieat whiohtheexperimentswerecon-
ducted(i i7°C)isa very lowtempératureforpropervulcanizationsothat the
reactionproceededat an unusuallyslowrate. Thenet resultof the above
opposingactionswouldbe to createa atatic conditionwhichmight beclassi-
fiedas a false equilibrium.

Coadu~en
Aftersubjectingall the possibletheoreticalassumptionsfor a theoryof

vulcanizationto experimentalverification,weare now ready to corretato
our results and to eliminatethose considerationswhichexperimentshave
shownto ba unwarranted.

In the nrst place,it haa beenshown,quiteobviously,that the processof
vulcanizationcannotbe interpretedas a solidsolutionof the sulfur in the
rubber.

The discussionin the introductionhas diacreditedquite effectivelythe
hypothesiaof pure adsorption. Thé assumptionof a chemicatcompound
linked togetherwith an adsorptionprocessis a muohmorereasonaMeone.
However,whenthis theorywaasubjectedtoproperexperimentalverinoation,
it likewisefailed. The natural inference,on the baeiaof this theory, was
that it shouldbe possibleto synthesizea vulcaniMdproductfrommixtures
of rawandvulcanizedrubber. Thereversoof this,theabilityto detecthote-
rogeneityby fraction peptisation,shouldlikewisenaturallyfollow. Both
these deductionsfailed to matenauzeexperimentaUy.Hence, we cannot
lay muchfaith in a theoryofthistype.

It is not necessaryto mentionthe objectionsto thé suppositionthat thé
nature of the rubber is changedduringvulcanizationsincothey have been
explainedin the introduction.

Wecannotreceivemuchcomfortfromtheexperimentsonthe equilibrium
relationssince we are not absolutelycertainthat the valuesobtainedare
representativeof true equilibrium. Nevertheless,the curve obtained is
praoticaHya straight line withoutanyintimationof thepossibleexistenceof
any oompoundswith a sulfur contentof less thanthirty-twopercent If
there didexist somecompounds,let us sayat oneor two percentinterva!s,
the author thinks it quite safoto assumethat they wouldhavebeeneasily
discernibleby the workperformedin this experiment.
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Of course,the experimenton the existenceof a giant moléculeshowed

clearlythat wecannot considera pieceof rubberas one singlemolocule.

Likewise,the experimentson fraetionalpeptizationhâveshownthat homo-

geneitypersistaevenin vulcanisateswithas lowacoemcientofvuloanization

as 0.1%. Thiswouldnaturallyimplythat ifchemicalcombinationwereas-

sumed,a molecularweightof closeto 32,000wouldbe the smallestthat we

couldasoribeto caoutchoucfor the purposeofformingthe compound(CJIe)

4MS,containing0.1%sulfur. Workalongthis Unebas been donc, showing
that it is possible,by fractionalpeptization,to separatea mixtureof two dif-
férentvulcanisâtesin whiehthe coefficientsofvulcanizationdifferedby 0.2%.

Nowthat wehave oonsideredall phasesofthé subjectweare in a better

positionto oneranexplanationof the vulcanizingprocess. AUthe workdone
sofar,provesunquestionablythat the natureofthé unionbotweenthe vubber

andsulfuris a chemicalone. Weber'atheorythusfar basbeenthe mostsat-

isfaotory. Ofcourse,the very nature of hiatheoryis such that one eannot

subjectit to oxperimenttttverification. Hoassumesthat the seriesof com-

poundsformedare so similarto eaohother that it is impossibleto separate
them. Neverthelesshis theoryexplainsthingsbeautifully. It aocountsfor

the graduaichangein physicalpropertieswith progressivevuloanization.

Althoughthe best in its time, it needsonlya veryslightmodificationto en-
ableit to accountforall the factsknowntoday. Wemustbeableto acoount
for the tact that it is possible,by the use of ultra-accelerators,to vulcanize
rubberwithooemcientsofvulcanizationmuohlowerthanWeberhadassumed

forinitial compoundcontaining2.zo%sulfur. Nowthat wehavediscarded
theinitialcompoundof Weber'sseries,it isneceasaiyto findanotheronethat

is justifiableby someexpérimentalproof in headingan analogousseriesof

compounds. In selectingthe proper size for the caoutchoucmolécule,it
basa!readybeenshownthat thé giant moleculeis too big and that homo-

geneitypersistedwith vulcanisâtescontainingas low as 0.1% of sulfur.
Ofcourse,exporimentsmight have shownthat homogeneitypersistedeven

withvulcanisâtescontainingless sulfur, but then it wouldbo impossible
to checkthis experimentally,sinoethe analyticalohemistryis not that ac-
curate. Therefore,it is conservativeto postulatethat the molecularweight
of the caoutchoucis at least 32,000in order to accountfor the initial com-

poundofa seriesthat wouldextendupto a compoundcontaining32%sulfur.
Thisinitial compoundmust account for a sulfurcontentof o.ï%. Hence
its formulawouldbe about (CtRa~S.

In recapitulation,one might say withouthesitationthat the essential

ideasembodiedin Webers theory are still effectivein offoringthe best ex-

planationof the vulcanizationprocess. The introductionof a new series
ofcompoundsstarting witha sulfurcompositionof o.ï% inoreasesthe value
of nin the généralformula(C6He)nS,sothat thecompoundsformedaremuch
morecloselyrelatedto eachother in physicalpropertiesthan they werein

Weber'soriginalséries. Thus,thé veryideawhicbhetriedto stressin postu-
latinghissériesof compoundabecomesmuchmoreemphaticwhenthe series
ischangedto accountfornewtacts.
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Considerableattentionhasbeengivenin recentyears to the studyof the
bufferactionof charcoal,chienyonaccountofits significancefor theoriesof
bufferactionin biologicalprocessesand becauseof the inoreasinglycommon
useof charcoalfor therapeutiopurposes. A numberof attemptshave been
madeto determine-theisoelectricpointforcharcoal. Twomethodshavebeen

employed,the electrokineticand adsorptionfrom buffersolutions. By the
firstmethodthe oharcoalisbeldin the formofa membraneand the electro-
endosmotioflowof solutionthroughthe membraneismeasured. Thehydro-
genion concentrationof thesolutionin whichthereis no movementof solu-
tion throughthe membraneunderan applieddifférenceof potentialistaken
as the isoeleotnopoint. Bythesecondmethodthecharcoalisaddedtobuffer
solutionsof varioushydrogenionconcentrationsand the hydrogenioncon-
centrationofthat solutionin whichthere isnochangeinreactionis takenas
the isoolectricpoint. Thisis essentiallythe methodof Michaelisfor the de-
terminationofthé isoelectricpointforamphotericelectrolytes. Asmightbe
expectedfromthe discordantresuttsreportedfor adsorptionfromsolutions
ofelectrolytesby charooalthe resultsof thesestudieslikewisevariedgreatly
and no definitehydrogenion concentrationbas been.acceptedas thé iso-
electricpointforcharcoal. It wasthe objectofthis investigationto elucidate
thecausesofthesediserepancies.

PrevioasWork

Brieflysummarized,the resultsreportedby a numberof investigatorsare
as follows:Bovie*reportedthat charcoalpossessesbufferproperties. Rona
and Michae)is*reported that hydrogenand hydroxylions are equallyad-
sorbedby bloodcharcoal. Theybasedtheseconclusionsonthe fact that the
eharcoaladsorbedmoreacidfroma mixtureof acidand sa!t than fromthe
sameconcentrationof acidaloneand likewiseseemedto adsorbmorealkali
froman alkali-saltmixturethanfromthé sameconcentrationofalkalialone.

LôS!erand Spiro''foundthat bloodcharcoa!has a neutralizingeffecton
buffersolutions. Aoid buSersolutionswere tess acid and alkalinebuffer

PuMiahedMJournalArticleNo. fromtheChemie&tLaboratoryof theMichigan
AgriculturalExperimentStation.PubHshedbypermiNionoftheDireetor.

PresentedbeforetheCoUoidDivisionattheDetroitmeetingoftheAmericanChemieal
Society,Septembers-M,~ay.

Bovie:J. Med.Research,33,295(tais).
4 RonaandMichaelis:Biochem.Z.,97,85(tot~).
L6Ne)'andSpiro:He!v.Chim.Aeta,2,4:7(:9t8).

ADSORPTIONFROMSOLUTIONBY ASH-FREE

ADSORBENTCHARCOAL.V

AdsorptionfromBufferSolutionsas a MeanBof determiningthe Isoelectnc
Point forCharcoa!
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solutionswerelessalkalineafter treatmentwith the charooal. Anisoeleotrio
pointwasfoundat approximatelypH 8.$. They interpretedthèse results
to meanthat hydrogenionswereadsorbedfromaoidsolutionsandhydroxyl
ionsfromalkalinesolutionsandconsideredit highlysigninoantthat a chemi-
callyinert substance,throughadsorptionprooesses,oouMcausethe reaction
of solutionsto approaohneutrauty. They pointedout the possibilitytbat
adsorptionbyceUsin the animalbodymightfunctionin the sameway. They
alsosuggestedthat the favorableresultsobtainedin the therapeutiousoof
oharcoalin treatmentof infec<tou8diBea~smightbe due,not onlyto the ad-
sorptionof baoteriaand toxins,but to a reduotionof the harmfuiacidity
whiohaccompaniesthesediseases.

Gyemantlworkingin MichaetiB'laboratoryfoundanisoeteotriopointfor
bloodoharcoalat pH 3.5withH,S04and pH 3.05withHC1by the electro-
kinetiomethod. Umetsu,'aho in Michaens'laboratory,foundby the same
methodpH 3.0as the isoeleotriopoint for bloodcharcoal. Keeser,'using
Gyemant'8apparatusfoundvaluesof pH 3.5and 4.0for twobrandsoî blood
ohaMoat.ForotheroharcoaJsvaluesas highas pH6.6 wereobtained.

Eroetz*foundby adsorptionfrom buffersolutions(phosphate)an iso-
eleetriopointfortwosamplesof bloodcharcoalat pH y.58. He claimedthis
to be the true isoetoctnopoint for bloodcharcoaland that this methodwas
not ianuencedby the impuritiesin the charcoa!as was probablythe case
for the electrokinetiomethod. He claimedabo that the "neutraliza~on
effect"reportedbyLonierand Spiroheldonlyfor veryaoidandveryalkaline
solutionsand not aroundthe neutral point and, therefore,that the thera-
peuticuseof charcoaldependeduponthe adsorptionof toxicsubstancesand
notupona regulationofthe hydrogenionconcentration.

Bohn,"froma studyofadsorptionfromphosphatebuffers,couldasaignno
definitevalueas the isoelectricpoint for bloodcharcoal. His valuesvaried
fromlessthan 4.8to 6.8and he attributedthe variation,in part at least, to
impuritiesin the charcoal. He concludedthat the adsorptionof hydrogen
andhydroxylionstooktheformoftypioaladsorptionisotherme.

Fromareviewofthesereportsit iaobviousthat there.isnodefinitepHthat
canbeassignedas the isoelectricpoint for bloodcharcoal. It isevidentalso
tbat thevaluesobtainedby the electrokineticmethoddo notagréewiththose
obtainedby the adsorptionmethod. Furthermore, the results by either
methodalonearenot consistent,exceptfor thefact that asa généralrulethe
veryaeidbufers becamelessaoidand the veryalkalineonesbecamelessal-
kalineontreatmentwithcharcoal.

Sinceadsorptionfrombuffersolutionsisessentiallyadsorptionfromaoid-
sa!tandalkali-saltmixturesit seemedlikelythat the informationgainedin

Gyemant:Kolloid-Z.,28,tog(<9at).
*Utnet<a:Bicchem.Z.,MS,449(192~).
'Keese)-:Bioehem.Z.,144,536(t9a4).
<Kroetz:Bioohem.Z.,tS3,t~ (t924).
Bohn:Biochem.Z.,179,n?(19~6).
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the studieson adsorptionfromsolutionsof aoids,bases, and salta, by pure
oharcoalmightenableus to ctearup and explainthe causesof the disorep-
anoies. This,indeed,provedto bothecase.

In orderto présentthe résultaof this investigationmore olearlya brief

summaryof themoreimportantand weUestabtishedfacts of adsorptionby
ash-freeadsorbentoharcoalthat havea bearingon the présentworkwillbe

given.
Aotivatedsugaroharooaladsorbaaoidsbut doesnot adsorbthe inorgaaic

bases.' It adsorbescertainacide,suchas benzoicand salicylieverystrongly,
otherssuchassucoinicandtartariomoderately,andstillothers,suchasformic,
acetic,and the stronginorganioaciderelativelyslightly. The inorganiobases
suohas sodium,potassium,barium,calcium,and ammoniumhydroxidesare
notadsorbedat all.

Glycinewhichis a constituentofsomeof the buffermixturesis alsonot
adsorbed.

Anotherpropertyof aotivatedsugar oharcoalis that of hydrolytioad-

sorption. Suchsa!tsas sodiumchloride,potassiumsulphate, and sodium
bonzoateare hydrolytioallyadsorbedwith the adsorptionof acidand libera-
tionofbase. Saltaofinorganioaoidaare oxolusivelyhydrolyticallyadsorbed
whilethoseofmorecomplexorganioacidearepartlyhydrotyticauyandpartly
moteoularlyadsorbed.'

StiUanotherfaotwhichisofimportancefor the underatandingof adsorp-
tionfromthe alkalinebuffersolutionsis that this hydrolytioadsorptiontakes

placeevenin the presenceof concentrationsof alkali as high as hundredth
normal. Thus,forexampte,potassiumchloridewashydrolyticaUyadsorbed
insolutionsofhundredthnormalpotassiumhydroxide.

Thèsepropertiesofactivatedsugarcharcoalworefoundto be commonto
all purifiedash-freeadsorbentoharcoalswhetherof animal, vegetable,or

carbohydrateorigin.'a

It wasalsoestabushed~in the courseof these researchesthat ordinarily
bloodoharcoalcontainsadsorbedmineraiacideandcomplexorganicmatter
ofan acidnatureresultingfromtheincomplètedecompositionof the organic
materialfromwhiohthe charcoalhad beenpreparedand that reactionwith
thèseaoidswasresponsibleforthesupposodadsorptionofbasesby charcroal.
Whentheseimpurecharcoalswerefreedfrominorganicmatter and adsorbed
acidstheyno longerhadanyeffecton the bases.

Fromthesetactsit wasexpecteda priorithat:

i. Pureoharcoatwoulddeoreasethe acidityof the aoidbuffersthrough
adsorptionof acid.

2. The alkalinityof the lessalkalinebufferwouldbe increasedthrough
hydrolytioadsorptionofsaltswiththe liberationofalkali.

BarteMandMiller:J.Am.Chem.8<M.,45,no6(t~s).
MHier:J. Am.Chem.Soc.,4?,~70(t~s).
MiMer:J. Phya.Chem.,30,to~t,n62(t926).

<MiUer:J. Phys.ChMa.,31,n~y(t~y).
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3. Pure charcoal,uniike the impureoharcoals,wouldnot deoreasethe
alkalinityofthe morealkalinebuSers.

4. Whenpure charcoatcarriedadsorbedaoid it wouldgive the same
generalresultsas the unpurifiedbloodcharcoal.

S. Unpurifiedcharcoalafter ignitionto driveoffacidewouldno longer );
causethealkalinebuffersto becameless alkaline.

Theseexpeetationswereall reauzedexperimentaHy.

Matedataand Procedure

Theoharcoatsusedin this investigationwerebloodcharcoal,purifiedblood
charcoal,purifiedwoodcharcoal,and aotivatedaugarcharcoal. The blood
charcoalwasa highgradematerialsuppliedforlaboratoryuse. It hada high
activitybut carriednearlyeight percentof inorganicmatterand a oonsider- i
able quantity of adsorbedacid and undecomposedorganicmatter. The
purifiedbloodandwoodcharcoabandthe activatedsugarcharooalworepre-
paredaccordingto methodspreviouslydescribed.1They containedat the
mosta fewhundredthBofa percentofash andwerefree fromadsorbedacids.

ThebuffersolutionswereSôreasen'sstandards,prepatedaccordingto the
directionsofCbrk.' Onegramandfivegramsamplesoffreshlyignitedchar-
coalwereaddedto 30 ce.ofbuffersolutions. The8askscontainingthesus-
pensionwereevacuatedto removeadsorbedgasesfrom the charcoaland in-
sure thoroughcontactof solutionwith the charcoaL The suspensionswere
shakenfrequentlyduring the courseof onehourand then filteredthrougha
diseofash-freefilterpaperina Goochcrucible.

Estimationofthe hydrogenionconcentrationsof the solutionsbeforeand
after treatmentwith the charcoalwasdonccolonmetricaUy.

ResultswithBloodCharcoal(notpud&ed)
In orderto determinewhethertheanomalousresultsreportedby previous

investigatorscouldbe reproduced,a numberof buffersolutionsweretreated
withunpurifiedbloodcharcoal. TheresultsarepresentedinTableI. It will
beobservedfirstofall, that the acidbufferswerelessacidandthemorealka-
Unebufferswere,as a rule, lessalkalineafter treatment with the charcoal.
Therewasnochange,however,in theborate-NaOHbuSersandinsomeofthe
borate.HClbuffers. Aswillbe seenlater, the reaso~for this isthat the solu-
tionsareso highlybufferedin these rangesthat the additionor removalof a
largeamountofacidor alkaliis necessaryin orderto producea smallchange
in thehydrogenionconcentration. Furthermore,aswillbeshownlater, there
weretwo counteractingfactorsoperatingwhichtended to preventa large
changein reaction. The activecarbonadsorbedacidhydrolytically,liberat-
inghydroxytionsand makingthe solutionmorealkaline,whitethe adsorbed
acidandacidorgamcmatter in the eharcoatreactedwith the hydroxidesand
decreasedthe a!kaJinity. Whenthe aoidswereremovedfromthe impure

BartellMdMiUer:J. Am.Chem.Soc.,44,t866(1922);MtHer:J. Phys.Chem.,30
tO~t~1~26).

Clark:"TheDeterminationofHydrogenlone,"secondeditionp.toy.
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TABLEt

AdsorptionfromBufferSolutionsby BloodCharooal(not purified)

chareoalthesecondfaotorwasnolongeroperativeandaninereaseinalkalinity
of the buffersolutionwasaotuaUyobserved. (SeeTableVII). Whenthe

amountofacidonthe oharcoalwasincreasedthe secondfaotorpredominated
andadeoreaseina!ka~imtytookplace(SeeTablesIV,V,VI).

RésultawithP~Med BloodCharcoal

Buffersolutionswerenext treated with purifiedbloodcharcoalwhich,as

previoualystated, wasfree fromash, adsorbedinorganicaeids, and acidor-

ganicmatter. Theresultsshownin Table11presentapictureradicallydiffer-

BuNm tgmmchaMOtd st~MMoharcoa)
pH pH

More After Before After

Glycine+HCl ï.sa 1.2a i.aa 1.88

ï.9 a.: 1.9 3.0

3.7 4.8 3.7 5.4

Giycine+Nf~OH 8.55 8.o 8.55 7~a

8.8 8.5 8.8 7.5

9.3 89 9.3 8.3

Citrate+HC! 1.3a i.za 1.2a a.oo

3.0 4.0 3.0 4.9

4.9 5-4 4-9 5.8

Citrate+N&OH 5.0 555 5.0 5.88

6.0 6.2 6.0 6.y

6.7 6.9 6.7 7~

Borate+HC1 7-66 7-4 7-6 7.0o

8.7 8.7 8.7 8.7

9.2 9-~ 92 9.2

Borate+NaOH 9.3 9.33 933 9.33

9.5 9.5 9.5 95

96 96 9.6 9-6

Sôrensem's 5.33 5.55 6.6 6.0o

phosphate 6.6 6.6 6.6 6.6
8.0 7-8 8.0 7-6
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TABMiII

Adsorption from Buffer Sotutioas by PunËed Blood Charcoal

BuNer !gMmchMcoa! SfpfaNMehtLKOtJ
t~K pH

Before After More After

Gtycme+HC! i.a ~6 j.g

ï'9 a.S 1.9 g.o

3.7 7.o g.? 8.6

Glycine+NsOH 8.4 8.6 8.~ 88

8.8 8.8 8.8 9~ J

9.2 9a 9.3 9.3

9.6 9.6 9 6 9-7

1
99 9.9 99 lo.i

~3 io.3 ïo.!) n.g

10.9 10.9 n.: 12.2

"-3 iï.3 ïi.3 13.4

"-9 ïi.9 ii.9 i9.a

"'2 Ï2.2 ia.a ia.4

is.6 12.6

1Citrste+HCt j~ 2 ~32 2 1

3-° 4.4 3.0 5.2

4.9 S'a 4.9 5.8

Citrate+NaOH 5.0 5.5 ~o 6.2

6.0 6.6 6.0 7.8

6.7 7.6 6.7 9.3

BoMte+HCl 7.6 8.4 7.6 8.6

8.7 9.0 8.7 9.1

9.2 9.3 9.2 9.6

Borate+NaOH 9.3 9.3 9.3 9.6

9.5 9.5 9.4 9.8

96 9.6 96 io.o

9.9 9.9 9.9 10.4 t
10.9 ïo.9 to.9 ïi.4
Ï2.I 1 12.1 M.I 1 12.1 1

Sôrensen'a
5.3 6.2 5.3 6.8

phosphate 6.6 6.7 6.6 7.~ 1
8.0 '9.2 8.o 9.2



ADSORPTION FROM SOLUTION BY A8H-FBNB CKAïtCOAL 83$

ont fromthe oneobtainedwiththe unpurifiedmaterial. In allcasesthe aoid

bufferswereleu aciddueto adsorptionofacidby the oharcoal.Ontheother

hand,in nocasedidan alkalinesolutionbecomelessalkalinebut,on the con-

trary, an inoreasein alkalinitywasusuallyobserved.Thisinoreasein alkalin-
«~ ~3

FtG.t1
SSMBsen'aStMtdafdMixtuKS

MixturesofApartsofacidconsdtuentandBpartsofbMioeonatituent.

ity wasdue tohydrolytioadaorptionof theaaltswith the liberationofalkali.
In thoaecaseswhereno mcreasein alkalinityis indicatedthereasonis to be

foundin the fact that the changes.weretoosmaUto bedetectedcolorimetri-

callyas,for example,in the resultswith onegramof charcoalonthe glycine-
NaOH buffers. When five grams of charcoalwas used, easilydeteoted
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changesoccurred. ThechangeainpHweregreatestin thoserangeawherethe
bufferingoapaoitywas lowest;i.e.,wherethé libérationofa amaUamountof
alkaliproducesa largechangein the pHvalue. Theseragionsare indioated
bythe steepportionsofthecurvesmKg. 1. (Fordata ontheactualamounts
ofa!kaKoracidneeeMarytoproducetheaechangesseetablesgivenbyCtark').
Thus withfivegramsofoharcoalandthegtyoine-NaOHbuffersthe greatest
changesin pHwereobservedin theweaMybufferedsolutionsrangingfrompH
9.9to ti.9 whiohcorrespondsto thesteoppartofthe ourve. Oneithersideof
this rangesmallerchangeswereobserved.

TABLE III

AdsorptioafromBufferSolutionsby PurifiedNorit
andAotivatedSugarCharcoal

!6MmNo)-it 5PMMauM.hMCMt
P" pH

BefeM Afte)- Betore After

Glyoioe+HCl ~2 t.3 j~
'-9 2.2 i.{) a.g
3-7 53 3.7 S.a

Glycine+NaOH 8.5 8.5 8.5 8s+
8.8 8.8 8.8 8.8
9: 93 93 93

Citrate+HC1 1.2 ~~+
3'" 40 3.o 4.7
~-9 5-~ 4.9 S.4

Citrate+NaOH 5.0 5.0 s.4
~'o 6.4 6.0 y.o
~-7 ?.y 6.7 o.i,

Borate+HCt y.6 7.9 7.6 8.3
S.7 8.8 8.7 o.o
9-~ 9.3 9.2 o.4

Borate+N.OH 0.3 9.4 9.3 0.4
9.5 9.5+ 9.5 9.S+
9.6 9.6+ 9.6 9.6+

Sore~'e .,33 ~g
phosphate 6.6 6.8 6.6 6.8

8.o 8.5 8.0 o~
Clark:"TheDeterminationofHydrogenIoM,"secondeditionp. ttt.



ABSORPTION MOM SOLUTION BY A8H-FBEE CHABCOAL 837y

Similar!yfor the borate-NaOHmixtures,onegramofobareoalwas not
suSioientto producemarkedchangesin pH butwithfivegramsthe changes
woroeasilymeasuredand weregreatestin the rangescon'espoùdingto the

steeppart of the curve.
It shouldbe pointedout that in the glyoine-NaOHbufferneither the

glycinenor sodiumhydroxideis adsorbedby purecharcoaland the inorease
in alkalinityof these solutionsis due to NaOHset freeby hydrolytiead-
sorptionof the tenth normalsodiumchloridepresentinthébuffermixture.

SimilarchangeswereobservedwithotherbuffersystemBand without
goinginto further détailit may be stated that in aUcasesthe resultswere
consistentwith and readilyexplainableon the basisof the knowntacts of

adsorptionbyash-freeand aoid-freeadsorbentcharcoab.

TABt.BIV

AdsorptionfromBufferSolutionsby Ash-FreeBloodCharcoal

carryingAdsorbedAcids

!gtMaeaMcoat+ tgta.mctMKOaU-
BuCer o.~mimmotateMicaeid o.MtmMimotsteMicacid

pH pH

Before Alter Before After

Glycine +HM 3.7y 4.3a y 4.9

Glycine+NaOH 8.5 y.a 8 .5 y.8

9.3 S.y 9.3 9.0

Citrate-)-HC1 3.0 3.4

4.9 S.I

Citrate + NaOH 5.0 s.ir

6.0 6.i1 6.0 6.ï1

6.y 6.6

Borate + HCI 6.6 5.7y

8.7 8.5

9.3 9.0

Borate + NaOH 9.33 ~t r

9.6 9.4

SareMen'8 6.2a 6.3

phosphate 6.4 6.sg 6.4q. 6.66
6.6 6.6 6.6 6.7
6.8 6.f 6.8 6.8

?.o 6.8 7.0 y.o
7.2 71
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ResuKswithPatinedNoritandActlvatedSagatCharcoal

In TableIII areresultsobtainedwhenpurifiedNoritandactivatedaugar
oharcoalwereusedinplaceofthe purifiedbloodoharooal.Theseresultsshow
that hereagain,as in the previousadsorptionétudies,the pureoharooals,re-

gardlessof origin,aUexhibitedthe samebehavior. TheacidbuKersbecame
!es8aoidandthe alkalinebuNerseitherdidnot ohangeat allor becamomore

alkaline,dependinguponthe buCeringcapacityof the solution,théamount
of oharcoalused,andits activity.

RésultawithPodaed CharcoalcanT~agMsMbedAdds

If the neutralizingeffectof the impurecharcoabon the alkalinebuffer
solutionsis dueto thé presenceof aoidimpuritiesthen it ehouldfoUowthat
the purecharcoaboarryingadsorbedaeidshouldgivethe sameresultsas the

impureoharooals.This, too, waa foundto be true. Varyingamountsof
acidsof differenttypeswereadded to purifiedbloodcharooa!.Theamount
ofacidaddedto thécharcoabwasufficientlysmaUaothat it wasirrevemiMy
adsorbedandcouldnot be deteotodby extractionwithwateror thé solvent
fromwhichit hadbeenadsorbed.

Fromthedata in TablesIV and Vit willbe seenthat charcoalcarrying
adsorbedsteancacidor methyl red acid, (o-oarboxybenzèneat!odimethyl
aniline),likethe impurecharcoal,wasstill able to reducethe acidityof the
acidbuffersandNkewisereducedthe alkalinityof the morealkalinebaffers.

TABÏ,BV

AdsorptionfromBuCerSolutionsbyAah-FreeBloodCharcoal

canyingAdsorbedAcide

1fCMCtchMCOtJ+
BuËef 0.:$ tmJMmotmethylredMtd

pH
More After

Glycine+NaOH 8.5g 9.za

8.8 8.6

93 g.o

Borate+HC! 6.66 7.aa

8.3 8.4

8.7 8.7

9.3 9.~–

Borate + NaOH 9.3 9.2a

96 9.4

SërenBen'sphosphate 5.33 g.~4
6.6 6.7
8.0 8.0–
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ThèsecomplexwateMnsoluNeorganioacidewereused to simulatethe

complexaoidorganiomatter in the impureoharcoals. The impureblood

oharcoaiscarryalso inorgamoacidesuch as hydrochlorioand sulfurio,with

whiohtheyhavebeentreatedin attemptsat purification.Experimentswere,

therefore,carried out uaingeharooalcarryingadsorbedhydroohlorioand
benzoicacide. The résulte(TableVI) again indioatethe similarityof be-

haviorof thèseeharcoabandthe unpunSedmaterialsin that themoreaïka-

linebuffersbecomelessalkalineontreatmentwiththéoharcoal,themagnitude

TABI.EVI

AdsorptionfromBufferSolutionsbyAsh-FteoBloodCharcoal

carryingAdsorbedAcids

of the changedependinguponthe amountof acidon the charcoaland also

uponthe type of acidonthe charcoal. Thus, forillustration,withadsorbed

hydrochloricacidon the charcoalthe alkaliisneutralizedwiththéformation

ofsodiumchloridewhichis notadsorbedand remainsin solution. Withthe

complexorganicacids neutralizationtakes placeandpart of the sait formed
is heldadsorbedand part remainsin solution. In eithercase,ofcourse,the

alkalinityof thesolutionisdecreased.

It shouldnotbe inferredthat allthe adsorbedacidonthe charcoalreacts

with the alkaliin solution.Suchis not .thécase. Howfar or to whatextent
theréactiontakesplacedépendsuponthe amountofacidon thecharcoal,the
concentrationofalkali insolution,theconcentrationofsait, andotherfactors.~

MiMer:J. Am.Chem.Soc.,4?,Myo(t9as).

5gmmaehftKO~+ s~MMchMeoat+
Buffer o.s nuiiimotHC1 4 nuBtmo!s01 beMoioaetd

pH pH

Before After Before After

Glycine + NaOH 8.33 8.o

8.6 8.5 8.6 6.6

9.3 8.9 93 6.9

Citrate+NaOH 5.0 5.55
6.0 7-~ 6.0 6.e
6.7 8.2 6.y 6.4

Borate+NaOH 93 9.33

9.5 9-5 9.5 S.?

9.6 9-6 9-5 8.8

SoMnsen's 5.33 5-66

phosphate 6.'6 6.7 6.6 6.4
8.o 8.o 8.0 70
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Further evidoncethat the unpurifiedbloodohaMoalcoatainedacid im-
puritiesMfoundin the fact that afterignitionat a temperatureof 10000the
charcoalgavean alkalinewater extract and no longerhad a neutralizing
eSeoton the alkalinebuffers. Mkethe puriaedoharooalit decreasedthe
aoidityof the acid buiîeMand moreasedthe alkalinityof the alkalineones.
Thedata forthe ignitedbloodoharcoalare givenin TableVII.

Adsorptionfrom BufferSolutionsby UnpurifiedBloodCharcoal
heatedat 1050"

Fromthèseresultsandtheir underlyingcausesit iscertainthat the method
of adsorptionfrombuffersolutionscannotbeusedfor thedéterminationof
the isoelectricpoint of oharcoat.In the firstplace,the methodwasbasedon
conclusionsthat were foundedon erroneousexperimentalevidence,namelythat charcoatadsorbebothadds andbasesandthat hydrogenand hydroxylionsare about equallyadsorbed.l It basbeenabundanttyehownthat this
amphotytotd"~behavioris not a specifiepropertyof charcoaland that the
supposedadsorptionofbasesis inMaHtynot adsorptionbutneutralizationbyacidimpuritiesin the eharcoaL' The resultspresentedin thia paper are in
keepingwithandsupport theearliernndings.

RonaandMichaets:Btoehem.Z.,97,85(t~)..
'MiohaetH:"Hydr<~enIonConcentration,"~39,242.
P~(S7)"' (1923);Phys.Chem.,30,1162(1926);31,u97(1927).

Gtyeine+ NaOH g. g. g +
9.9 10.2

10.3 M.s5

Borate+NaOH g.6 g.g
99 ïo.i

SôMBsen's ~.g 6.6
phosphate 6.6 y.o

~.o io.o

ReauKswithïpdted BloodChMcoal

TABLEVII

MscMsion

Bu<f.,

n on

ip~~t
Before After

10.9 lï.a
l'.ï x ïï.3
11.3 ï!.4
"9 ï9.o
ia.9 ia.2+
12.4 iz.4

10.9 il.o+
la.1 la.i
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In the secondplace,the resultsby this methoddonot agreewithand ap-

parentlyhaveno relationto the isoelectricpoint as dotenninedby electro-

kinetiomethods. Accordingto this method pure charcoalwouldhave no

isooleotriopointand each impure charcoalwouldhavea differentpointfor

eachbufferandthesepointswouldvarydependinguponthe quantityofchar-

coalusedandotherfaotors.

Svedberg'bas pointedout that it bas never beenprovedthat the elec-

trokinetioisoeleotriopointand the Michaelisisoeleotricpointare the same.
Heaho statesthat the applicationofthe theoryto thecolloidalpartiolemuet

bedoncwithcaution,forthé theoryiabasedonthe assumptionthat it isonly
the hydrogenand hydroxylionsthat are involvedwbereasit basbeenshown
fromoataphoresisstudiesthat other ionsdohaveaneffeot. KruytandTen-

detoo*recentlyhavefoundadditionalevidencethat ionsotherthan H+and
OH-determinethe isoeleotriopoint.

A considérationof the facts nowat handfor oharcoalrevealsconclusive

evidencethat the twomethodsdo not givethé sameresults. Froman in-

spectionof the data in the literatureon the determinationof the isoelectric

point for oharcoatby the electrokineticmethodit seemsfairlycertainthat
thepointat whichthereiano movementinan eleotricfieldisonthe acidside.
In générât,the smallestelectrokineticeffectswereobservedin solutionsof
acide. Thechargeonthe charcoalwaasometimespositive,sometimesnéga-
tive, andinsomecaseszero.

In solutionsof the alkaliesthe charcoalwas alwaysnegativelycharged
and the eleotrokinetioeffeo<sweregreatest. It is interestingandsignincant
that the greatestelectrokinetioeffectstake placein solutionsof the alkalies
whichare not adsorbedby charcoa!whilethe lessereffeotsocourin solutions
of acidswhiohare stronglyadsorbed. Furthermore,inactivesugarcharcoal
whichadsorbaneitheracidsnorbasesgivesgreaterelectroendosmoticeffects
than theactivatedsugarcharcoalwitha highadsorptionoapacity.

Thesefaotsseemto affordadditionalevidencethat for colloidalparticles
the Miohaelisisoeleotriopoint cannot be the sameas the electrokineticiso-

electricpoint.

SummatyandConclusions

i. Adsorptionfrombuffersolutionsby charcoalbasbeenstudied.
2. Adsorptionfrombuffersolutionsby oharcoalsproduceschangesin

reactionwhichare inkeepingwiththe establishedfactsofadsorptionbypure
adsorbentcharcoals.

3. Purecharcoaldecreasesthe acidityofacidbuffermixturesthroughits

abilityto adsorbacids.

4. Pure charcoalinereasesthe alkalinity of the less alkalinebuffers

throughhydrolytioadsorptionofacid fromsalts withthe liberationofalkali.

5. Pure charcoaldoesnot reduce the alkalinityof the highlyalkaline
bunersbecauseit doesnotadsorbthe inorganiohydroxides.

Svedberg:"CoBoidChemiatry,"199.
'KmytMtdTendetoo:J. Phya.Chem.,29,i~o)(t9Z5).
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6. Pure ohaMoatcarryingadsorbedacidereducesthe alkalinity of the
morealkalinebuNersbyneutraNzation.

7. Unpurifiedbloodoharcoal,as reportedby previousinvestigators,re-
ducesthe alkalinityof themorealkalinebuffers. Fromourworkit iacertain
that thisis dueto théprésenceofaoidimpuritiesin thecharcoal.

8. Unpurifiedbloodoharcoalafter ignitionto driveoffor décomposethe
aoidimpuritieanolongerreducesthe alkalinityof the morealkalinebuffers.

9. The resattsofthMinvestigationshowthat the methodof adsorption
frombuffersolutionscanaotbe usedfor the determinationof the isoeleotrio
pointsfor oharooals.

ro. It is necesaaryto révisethe explanationsof bioto~oalphenomena
whichare basedonerroneousdata obtainedwithimpureoharooal.

JS'M<I~!M<n~,
~tAt~ott.



THE ELECTROCHEMICAIjBEHAVIOUR

OF SILICATEGLASSES.IV*

SOLIDELECTROLYTICDEP08ITS**

BY M. J. MULLIGAN, J. B. FBBQUBOMAND J. W. BBBBECK

Whena tube of soda-limegiaeawaselectrolysedfirst with mereuryas

anodefora longtimeandthenwithmercuryascathodefora ahortertime,the

tubebeoamebrowniahin colour.' MioroMOpioexaminationshowedthat the

oolourwas due to a formationof a brownishdepositin the glassnear the

mercury-gtassinterface. In newgtass'tbiBdepositappearedinitiallyasvery
minutespotsjust visibleat amagnincationof ïoodiameters.

BrownDéports,(X !oo).
AnewMda~imej~aastubewu t)eo-

ttolysedfor ïs.as EMMtt too'Cwith
tMvotts,mercotyanode,andthenwith
mercurycathodefor 57minutes.

BrownDepomta,(X Mo).
AsimitartMbewMdeotMtyMdf'M'

12hottmat ïoo~with no volte,mer-
curyanode,md thenmerourycathode
for3.66hours.

Onfurther electrolysiswithmercurycathodethe spotsoftenformedrings
andthèse later becamepatoheswbioheventuallycoveredmostof the glass.

Theywerenot morethan oneor twojtt belowthé gtasssurfaceand probably
lessthMithie.~Photographeof theseareshownin Platesland II.

Déports were ako obtainedwith welt-anneatedgtassunder the same

electricaltreatmentbut consistedof finespotswhioheveninitiallywereuni-

ContributionfromtheDepartmentofChemiatty,UnivemityofToKmto.
T~iainvestigationwaaoarriedoutwiththeamiatMeeof ThéNa~onalReseMch

Counei!ofCanada.Mr.MuHi~nhetdsuceemivetythreeBchohmhipawmdBfromthem:
a Bureary,a SttjtdentaMpanda Fettowahip.

ThesampletubeswereaimilartothoseusedbyRebbeckandFergUMn:J.Am.Chem.
Soc.,46,mot (to~) anda eimilarexperimentalprocedurewasemployed.Theco!our
wasnratnotedbyRebbeck.

NewKtMaieusedtoaignifygtMSwhIohbasnotbeenaubjectedtoanyespecialthermal,
eleotricalorothertreatment.RefereneeeforghmcompomtionamaybefoundinP&per
III.J. PhyB.Chem.32,779(t~8).

FergusonandEUia:Tmna.Roy.Soc.Canada,(3)M,M(!9es). Abatraeton!y.
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CryataBineDepoaita,(X30).
SaverwMeteotrotyBedmtonewsoda-

Hmeg)aaafMma o.MN mt~rnitrate
aqueouaMMonattoo'CwithtMvdta
to)'!5~5.hMM.'nMseluticnwMte-
ptaMdwtthmetOKyandtheeteetmh~scontinuedfor '?.S houMwtthm~Mtyanodeand thenfor3.5hourawithmer-
ourycathode

CrystaUme Depeaits, (X 30).

MyerwMe!ectK)!yMdho)namt~
mtMtemdt at 287'Cf.r ~minute. with
t Mvolts into newMdtt-Mmet~ass. The
tMtt was reptaced with moMuryamd
thedeetrotysis eontinued with thia M
anode for 3.6 houra at too'C using tto
volts, then ae cathode for 99.75 h<mK.
The tube was opaque to thenaked eye.

Thebrownishdepositswereformedin soda-limeglassusingmercuryfirst
88anodeandthenas cathodewithno voltsacrossthe tubewallat. tempera.-
S~ under conditionsat i~C with Schott
S'aasea59 3818 1003"'and 16" Whenthe mercurywaareplacedbymoltentin and the experimentcarriedout at .50~ usingsodarlimeglass,
thedeposttwasIe88de6mte<mdsti!He88sowhengr&pbitewMuaed

Thé crystaUtnedepositswereobtainedwith sod&ime glasecontaining
silver usingmerouryas theelectrodewith 110volts&ttemperaturesfromMo~

e~ manyhours t~~tu~ between350and4~'C whâeexpoaedtothelaboratoryair.
M 40,335d9!3);MuM~: tn~ R.y. s<M.0~ ?) M,33(I4z5)·

~Ï~simllartoIIIwaspublishedbyFérguson:Can.Chem.Met.,10,131(1926).

~T~ ~y~K~yieMeddepositsin.termediatein typebetweeatheseextrêmes~
f

Whenailver waselectrolysedfrom a Mi~Meanode liquidinto the soda.hmeg!~ and the glassthen usedwith the silver-oontainingglassnext tothe mercuryeteotMde,depositswere formedwhichwerequite differentin~cter.
W~new~theywe~deMtety.ry~Uine.Ldphotog~

Mese~pvenmP~ma.dtV.'WithweH~e~g~thedep.Swe~ 80finegrainedthat nodetailscouldbe made out with thé microscope.The lightero~ gave the tubes a g~ee~h appearanoein transmitted light
d~pe~ -~––––
developedphotographieplate.
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to 3oo"Cand at the highertemperatureswith moltentin and graphite as
eteotrodes.Beautifulcrystallinerosettes,threemiUimetersin diameter,were
obtainedwith the latter eteetrodes.Depositswereabo obtained with the
followingSchottglassesinto whiohNtverhad first been electrolysed:type
59 uainga moltentin eleotrodeat 25o"C;type 5911fusinga carboneleotrode
at 99o°C;type59"' usinga mercuryélectrodeat ïoo"C;types 1447" 1003'"
and :8ï4 usingmercuryat aoo'O. Thesedepositswere initiallybright
and silveryin appèarancebut in somecases,especiaUyat the hightemper-
atures,after a prolongedelectrolysisa graphitiotype ofpr<tductwasformed
in addition.

Expérimentawereoarriedout withnewsoda-Hmeglassin whiohthe nrat
electrolysiswaswithmerouryas anode;themerourywasthen replacedwith
an aqueoussolutionof sodiumchlorideandthe electrolysiscontinuedwith
thisasthe cathodeliquid.No appréciabledepositformedbut a faint indioa-
tionofonewhichdisappearedonfurtherelectrolysis. Whensi!ver-contain-
ingglasswasused,a crystallinedepositwasobtainedandthis wassimilarin
appearanceto that producedwhenthe merourywasthe finalcathodeuquid.'

Whensilverwaselectrolysedintonewglasstubes from aqueoussolutions
ofsilvernitrate, thèsetubesgavedepositswhichweremainlyoonfinedto the
freaMyblownportionssuchas theshoulderandend. However,the deposits
werefoundon all partsof the tubeswhenmeltsof silvernitrate wereused
orwhenannealedglasswaaelectrolysedwiththe aqueoussolution. Rebbeck
and Fergusonnotedthat Mtt!egaswasevolvedfromthe freshlyblownpor-
tiensof tubes in ordinaryexperiments.Wehave alsoreported in Part III
that gasand an interfacialdepositwereobtainedwith gtass into whichthe
silverhad been introducedfroman aqueoussolutionbut only the deposit
in thecasesin whichannealedglassora silvernitratemelt wasused. The
resultsof thèse diverseexperimentsarein substantialagreementwitheach
otherandsupportthe hypothèse,that theglasssurfaceis not uniformin its
permeabilityto the variousions,whiohbasbeendiscussedin Part III.

If thebrownringsweremadeat loo'Cusingmercuryas the electrodeand
the merourythen madeanodethey woulddisappearbut left a mark in the
glassandon makingthé mercuryagaincathode,as nearlyas one couldtell,
reappearedin the sameplaces. Well-developedbrowndepositswouldnot
disappearin this fashion. In similarexperimentswith orystallinedeposits.
thèsedidnot disappearbutinsomecasesseemedto get thinner.

ChemicalNatureof the Deposits
(a)BrotcttDep<M~:Schulzebasfoundthat mercurycanbequantitatively

electrolysedinto glassat high températures'and we have noted amarked
Increasein weightwitha soda-limeglasssamplewhenit waselectrolysedat
3o8"Cwith no voltsusinga merouryanode. At ioo"Cno such weightin-

'Thenatureof theeleotrodematerialnexttheztMasurfaceunderinvestigationio
u~the odyMeAt andbelowico'Ctheoth~dec~em~tSi~S
bywe):htaqueouaaohtMnofsodiumhydroxideuniMSotherwiseatated. TMe6olu6onwascoveredwithpttmCntopreventevaporationanddeotncfttteakage.

Schu!M:Ano.Phyaik,37,435(i9ta).
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creasecouldbeobservedafter a reasonabletime. Aftersuohan electrolysis
at 308"the anodesideof the glasssamplegaveinterférencecobursinrenected
lightandonheatingthe glassto a hightemperaturea play ofcolourssimilar
to thosenotedby Sohutze. Afteran electrolysisat ioo"C for many houra R
similarinterferenoecoloursoouldbe seenbut in this case violetand green
predominated.Thésimitarity in the electricaland ohemicalbohaviourof
theseglassesledus to believethat merouryalsoentorsthe glassat thé lower
temperaturebut in too small quantitiesto be readilydetected. From the
interferenceco!oursthe layers ofmeroury'oontainingglasswouldrangefrom
0.4to a in thevariousexperimentsin whiehthéeleotrolyaiswaaeitherlong !<
continuedat the lowtemperatureorseveralhouraat the highertemperature. [

Onthe assumptionthat a layerof mercury-containingglassformedin all r
casesmwhichmercurywasusedas the anode,thebrowndepositmust result
froma réactionat the junctionof this layerwith the unohangedglass. The t

commonoonstitaentain our soda-limeglassand Sohottglass 50'" areNâtO j
and SiOt. Thèseand mercurywouldappear thereforeto be the chemioals t
whichmightbeinvolvedsincethedepositsobtainedwiththèsegtasseseeemed
identicat. In the originalglass the current is praoticallyall oarriedby the
sodium'andthismightreact withthe meroury-containingglaseto freesilicon.

Thedepositswerenot appreoiablyaffectedby treatingthe tubeswithany
reagentwhiohdidnotetch the glass. Theouter protootinggtasalayeroould
beremovedwithcoldhydroSuoricacidandthe depositobtainedin the form
of a finematerialmuchlike lamp black,whiohwasvery dimoultto handle
and wascertainlynot pure. It wasinsolublein aUthe commonacideormix-
turesofthèsewiththe exceptionofamixtureof nitrioand hydronuoricacids.
Somesamplesdissolvedin strongalkali. If adheringmateria!sdidnotvitiate
theresult,thedepositswereof thesamedensityastheglass,risingandsinking
in thesamesolutions.

Thesedirectobservationsweresupp~ented by obaervingthe deposits
whiohformedwhenthe mercury-containingg!aaswaspiaoedin contactwith
sodiumamalgam. Such treatment even at roomtempérature gave dark
depositswith soda-Hmeglass whiohhad been electrolysedwith a meroury
anodeat anytemperaturebetween74and3oo*'C.Simitardepositswerenot
formedwith new glaseeven at ays"C,nor with Pyrex or suica glase at
ioo"C,nor withnewg!ae8into whichsodiumhad beeneïeotrolysedfrom a
sodiumnitrate melt, but were formedwith the mercury-glassanodelayers
preparedon glasses59' 1003*"1447°~and2814. Thé amatgamdeposits
had the samechemicalpropertiesas the electrolytieoneaand the evidence
asa wholeseemedto indicatethat the latterweresilicon.

The brown depositsobtained with tin and carbonelectrodeswerenot
definiteenoughtb warrant any chemicalinvestigationand similarill-defined
productswereobtainedwith the amalgamtreatment. Sobulzereports that
tin is a solubleanodeand carbon.insolublebut his resultswith tin are not
conclusiveand it may atsobe insoluble.

RebbeokandFetgtMOn:loc.oit.;M))H:gM,FergusonMdRebbeek:J.Phye.Chem.,32,779(I9s8)·
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(b) <St!<~Deposits:Theformationofthesedepositswithvariousoriginal
giassesandwith the four typesof electrodemateriaia,and theirgeneralap-
pearance,suggestedthat theywereprobablysilver. Theywerealsoprotected
by an outerfilmof glassand generallywerenot affectedby fillingthe tubes
withliquidawhichdidnot etchthe glassfilm. In a fewcasesnitrioaciddis-
solvedminuteparlaof the crystattinemassesbut stoppedat this stage. On

dissolvingthe outerglasefilinwithcoldhydronuoricaoidand washingwith
distilledwatera solidconcentratewasobtainedwhichwassuitablefor further
work.Thistreatmentwasfoundto removethe silverpresentin thesitver-con-

tainingglass. Theconcentratefroma heavydepoaitwas treated with nitric
acid. The silverymaterialdissolvedand the silver in the solutionwas de-
terminedas the chloride.It amountedto morethan 50%of the oonoentrate.
Magnésium,oaloiumandsiliconwerealsoprésent. The magnesiumand cal-
oiumprobablycamefromthe originalglass. The siliconmay in part have
had a similaroriginor may havebeen derivedfrom someof the graphitio
materialwhiohhadalsobeenformed.

(o) GraphiticDépôts: Theseformedwhen the finalelectrolysiswas
continuedfor a longtimewith glasscontainingsilver and wereespeoially
noticeableat the high temperatures. Their behaviourwith acidewas the
sameas that of the browndepositsbut they did not appear to be readily
attaokedby aïkali. A similartype of material was formedwhensoda-lime
gtassinto whichsilverhad beenelectrolysedeither frommelts or aqueous
solutionswas treated with sodiumamalgam at 2~5*0. Thé ohemistryof
siliconis none too wellunderstood,there being severalcrystallinemodifi-
oations,but it seemsprobablethat the graphitioproduetsare siiiconformed
bythe réductionofthesilicatesby sodium.

Theoryof DepositFormationl

Whenthe directionof the ourrentis reversedon a tube into whichmer-
ourybas beenelectrolysedat high temperatures,accordingto Sohuize,the
meroury-containingglassfilmis punotured,the résistancefallsand light is
emitted as fromsparks. The assumptionthat our anodegtass !ayers are
alsopunoturedwouldexp!ainthe formationof the solidelectrotyticdeposits.
Theevidencefavourableto thissuggestionisas follows:

The protectionaffordedthe silverydepositsby the outerglass filmwas
not alwayscompleteand in certaincasesminute parts of the depositsdis-
solvedwhennitricaoidwasptacedin the tubes. Theseparts weMalwaysat
the points fromwhich the individualorystaJIinemasses started to form.
Darkspotsmaybe notedin Plates1 and II. The patchesstartedat thèse
spotswhichwerenot aSectedby washingwith water but on treatment with
nitrioacid disappeared.The patcheswere then of uniformdensityand, al-
thoughtherewasa faint indicationthat they had been attackedwhere the
spothad been,it couldnot be definitelyestablished.

1 WewishtothankRofeesorT.L.WalkeroftheDept.ofMineralogyMdProfessorJ.C.MoLennanoftheDept.ofPhyaieeandtheirrespectiveeoUeaguesforassistancein
thepMtuntnatystudyofthèsedepoma.
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When the finalcathodeliquid was an aqueoussolution,no depositwas
formedwithnowglassbut with ailver-oontainingglasethe usual silveryde-
posit was obtained. This wouldseemto indicatethat the depositsstarted
frompoints whichwerein contact with the solutionsand in the Srst case
thèsepreventedthe réductionof thé silicatesto silicon.

At low températures,the glass surfaceswereas smooth after deposit
formationas beforeandno pitting couldbe seennor couldit be detectedby
meansofa needie. Theuseof stainsdidnot he!pbut this wasnot surprising
sincethepits,if they exiated,wouldhavea depthofonlyoneortwo Heavy
depositsformedat high temperaturescausedthe glasesurfacesto be rough-
ened,but this couldhavebeenoausedby asplittingof theouterglassfilmdue
to the accumulateddepositbeneath it. In all casesthe nhn appearedto be
under strain and couldbe more readilyorushedby a file than the original
glass. In a veryfewcasesaotuatholeswereobservedat the centresofheavy
deposits.

The ourrentfellrapidlywhena tubewaselectrolysedat asoto 3oo"Cwith
110volts and merouryanode. Aneleottiolampin serieswith the tubesoon
beoamedimand ceasedto light. Onrevemingthe current,thé lampimmedi-
atelybeoamebrightandremainedsoifa solubleanodesuohassodiumnitrate
or silvernitrate wereused as the other electrodematerial. Theeteotrioal
phenomenaappear to be aimilarto thosedescribedby Schuizealthoughwe
sawno sparks.

The electrioatbehaviourat lowertemperaturesand differentappliedvol-
tageswillbe discussedindetailin the nextpaper. Apotentialdiffetenceof110
volts wasapplied to severaltubes with mercuryanode. Whenthe ourrent
readingsat ioo"Chad fallento lowvalues,the tubeswerereadyfor further
experimentation. If themercuryweremadecathodeand the appliedvoltage
low,the currentreadingsstillfell to lowvalues. At 60to 80volts,the read-
ings insteadof fallingwith time rose and the higherthe voltage the more
rapid the increase. At thesametimethe numberofdepoaitspotsalsorapidly
increased. These wereobservedfrom time to time under the microscope.
Veryfewspotswereobtainedwith from 20to 40voltsat whichthe cunent
readings,mercurycathode,wereapproximatelythe sameas those obtained
with mercuryanode and the same appliedvoltages. Whenthe tube witha
mercury-containingglassfilmwas electrolysedat ioo"Cwith 110volts fora
fewmmuteawith mercurycathode,the timewastooshort for the formation
of a visibledeposit. If the voltagewere then reducedto 20volts and the
electrolysisthen continuedfor a longtimespots formed. Thesedid not in-
creasein numberas the electrolysiscontinuedbut grewdariter. The current
readingwas taken at 20voltswith mercuryanode,the bighervoltage then
appliedwith mercurycathodefor a few minutes,and readingsagain taken
with mercuryanodeand 20volts. In somecasesthe finalreadingwaaten
times the initial reading. When the highervoltagewas againappliedbut
withmercuryanodea veryshort timewassufficientto restorethe tube to its
originalhighiyrésistant condition. The rapidity with whichthis waaac-
oomplishedwassuchthat onemight questionif thiswerecompatiblewitha
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theoryofpunoture. However,a similarphenomenonwaanotedby Schuize

whohadmoredirectévidenceof punoturing in bisworkat the highertem-

peratures.
Wbilethe évidencepointsstronglyto a punoturingasthe oausativefactor

in depositformation,this suggestioncannot be accepteduntil an adéquate

explanationis givenboth of thé puncturingand of the methodby meansof

whichthis causesdepositsto beproduced.
The eleotricalmoasurementsshow that on makingthé mercuryfinally

cathodeand usingsuffioientlyhigh voltages,the inaulatingpropertyof the

anodelayerwaarenderedlesseffectiveas thoughat certainpointsgoodcon-

tacte wcMestablishodbetweenthe eleotrodeand the originalglaas. If in-

steadofmakingthé merouryfinallycathode,it is removedafter the layeris

formedand replacedwith aqueoussolutionsof ailvernitrate, sodiumnitrate,
sodiumchlorideor sodiumhydroxideand the electrolysiscontinuedwith

thèseasanodeliquida,thé meaaurementsat ioo"Cand variousvoltageswere

aimilarm charaoter to those obtained with mercurycathode, inoreasing

markedlyat thé highervoltageswith the timeofelectrolysis.Afteronesuch

experimentthe solutionwas replacedby merouryand the eleotrolysiscon-

tinuedwith this as cathode. Adark depositformedin the usualmannerso

that thé layerdid not seemto have been etchedawaybythe solution.Since

aimilarelectrioalobservationsweremade with the differentsolutionsweas-

sumedthat theyalsodidnotdissolvethe anodeglassfilm. Whenthe original

mercurywasreplacédwithan aqueoussolutionofmerouriochlorideandthe

eleotrolysiscarriedout with this as cathode,the resultsweresimilarto those
obtainedwith the other'solutions. When the electrolysiswas carriedout

with this solutionas anode thé readingsat the highervoltagesdid not in-

oreasewith timebut decreased. The actual readingsweremuohhigherthan

thoseobtainedwithmetale merourybut otherwisethe behaviourwassimilar.

Whenaqueoussolutionsofsodiumsaltewereusedas anodesnextto themer-

cury-containingglass,no depositwas observed. When aqueoussolutions
of silvernitratewereusedas anodesin a similarway,the anodeglasssurface

beoamecoveredwitha finedepositwMohgavethe glassa milkyappearance
andthiaiaallweoansayaboutit. In certainexperimentsinwhichthe anode

glasssurfacehad originallysomesurfacedefects,suchas bubbleholes,silver

wasdepositedin thesedefects.

Attemptswerealsomade to see the effectof usinga sodiumamalgamin

placeofthé aqueoussolutionsbut the amalgamattackedthesurfacelayerso

that thesubsequentelectricalmeaaurementscouldnot beinterpreted.
Themassofevidencenowavailableindicatesthat the conductionprocess

withordinaryglassisalwaysessentiallyeleotrolyticin charaoterevenat high
voltages.' Sohubehaa alsoshownthat the sameis true for thé mercury-
containinganode layer. The nature of the conductionprocessin a layer
formedwith an insolubleanodeis still in doubt but it seemsreasonableto

t SoHNer:Ann.Phyaik,M,137(t?~); Quittner:Sttz.Ahad.Wisa.Wien,136Ih, 15:
(ï9a7);RebbeckandFergu60n:!oe.oit.
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assumethat it too is electrotytioalthoughthe numberof carriersmay be
smaUand their migrationvelooityslight. Ourobservationof depositforma.
tionwithailver.oontainingglassandourelectrioalresultsingénéraloertainly
indicateno marked differencein this propertyevenfor layersformedwith
carbon.

Onthe assumptiontbat theconductionin the anodeglasslayersis eteo-
trolytioin oharacter,ourexperimentsindicatethat whenrapidlymovingions
likethoseofsodiumorsilverreachthe anodelayer,they penetrateit readily
in spots,and the originof thèseionsmaybeeitheraqueoussolutionsor the
originalglass. Anumberofmethodsbymeansofwhichthispenetrationmay
oecurbave beenconsidered.One,baseduponthe settingup of localstrains
whichoperateinaplaneparalleltothe g~aœsurfaceandwhichcausearupture
ofthextassfilm,wasthe leastobjectionableofthèse. Ourinformationisnot
auScientat presentto enableustomakea definiteétalementonthis point.

Oncea puneturebasformed,a depositmayeamiybe builtup. In the one
casethesodiumfromtheglassiasetfreeat theedgeofthepunctureandthere
reactswith the anodelayerto freesilicon. Moresodiumisfreedat the edge
ofthissiliconwhichisametalllioeonduotorandthisin turnformsmoresilicon
andthedepositis builtup. In theothercasethesilverdoesnot reaotwiththe
anodelayerand a depositofthiamétalisconsequontlyformed.

AnimportantdeduotionftomourresultsandthediBoussionistha.tthedielec-
tricstrengthbf theanodelayersisnotan intnnsicpropertyofthèselayersbut
isalsoafunctionofthenatureoftheionswhiohareenteringthem.

The silver depositformedin glassdefectswhensilvernitrate solutions
wereusedas the anodeliquidswasnot furtherinyestigated. Its formation
may be related to the so-caHedeiectrostenoiyticphenomenon.'

In aUcasesin whiohthis hasbeenobserved,the good-conductingetectro-
lyte basbeenfree to moveand thispropertyis an essentialpart of the ex.
planationwhichbasbeengivenofsuchdepositformations.A similarmove-
mentof the electrolytein a glassdefectis notpossibleandto this extentour
depositsdifferfromthose usuallydesignatedas eleetroatenotyticproduots.
Theformationof themilkydepositmaybedueto thesamefactorsthat caused
the silverdepositsin the defeotsand wouldthen indicatethe presenceof
minutedétecta, i. e. punetures.

GlassRegeneration
Le Blancand Kerschbaum~statethat at theirhigh temperaturesa glass

whichhad been electrolysedwitha mereuryanodecouldbe brought back
to its originalconditionby furthereleotrolysiswiththe currentreversedand
sodiumamalgamas the anode. Quittnerbasalsopresentedsomereaultsob-
tainedat highvoltagesandordinarytempératureswhiohpointto a régénéra-
tionofa sodiumdeficientlayer. Wehave!ikewisenotedthat on carrentre-
versa!the current readingmay in time attain a valuemearlyif not exaotly

f, Wied. 'tS<-< 4M('89')!Coehn:Z.phydk.Chem.,2! 6s!(1898);Hoimea:J. Am.Chern.Soe-,3o,y8~(!9!4).
IjeBkncandKetsehbaum:Z.phyeik.Chem.,72,468(t9M).
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equalto the readinginitiallyobtainedwith theoriginalglass. Thisdoesnot

neoessaritymean that the glasebas beenregeneratedin a strict!ychemioal
sense. Thepunoturingreportedby Sohulzeandthedepositsobservedby us

quite definitelyindicate that in many casesstriottychemicalregeneration
doesnot tako place.

GMRef~peaMace
ïn thepreviouspaper the slowreappearanceofgasafterit hasbeencaused

to disappearhas been commentedupon andthe reasonfor this is nowap-
parent. Asmostof the sodiumisusedup beforeit reaohesthemeroury,a long
timeis requiredbeforethere is a suftioientaupplyat themotcury-gtassinter-
face to producethe gas.

In conclusionwewishto thankProfessorsT. L.Walkerand J. C. McLen-
nan and alsoDr. Horovitz for the assistancewhichthey affordedus in this
work.

Summary
i. Solidelectrolytiodepositsmay be formedin giassnear the surface.

Thoseobservedoonsistedmainlyof siliconor silverdependingon the ma-
teriab usedin the experiments.

2. The important faotorin depositformationappearsto bea punoturing
of the anodeglass layers. The causeof thé puncturingiBstillsomewhatob-
scurebut the latter wouldseemto ocourwhenrapidlymovingionslikesilver
orsodiumreachthe anodelayers.

3. Thedieleotnostrengthofthe anodelayersisnot an intrinsicproperty
of theselayersbut is alsodependentuponthenatureof the ionswhichreach
them.

yo)-Mt<e,CoMdo,
Oe<o&ef,~ae7.



CATALYTICACTIVITY0F TITANIAIN THE REDUCTION

0F NITROCOMPOUNDS

BYG.ETZEh

Introduction

The first systema~oinvestigationof thé problemof hydrogenationwas
madeby Sabatier*and hisoo-workers,prinoipallySenderensand Mailheat
the closeof the nineteenthcentury. Earlierinvestigators*however,had al-

readyshownthe oatalytioactionofSnolydividedmetala.

Theworkdoneby Sabatierandniaassistantspraotioallyopenedthe field
of researoh in hydrogenation,showingits application to the industry.
The catalystsusedwerenickel,cobalt,iron,copper,platinum,andpalladium.
He foundthat by usingnickelandcobaltin the hydrogenationof nitroben-
zeneby hydrogen,aniline,oyclohexylamine,ammonia,benzene,cyclohex-
ane, dicyclohexylamine,cyclohexylaniline,anddiphenytammawereobtained.
Sabatiermadeanextensivestudyofoatalytioréductionofseveraltypesofor-
ganiocompounds.

Averycompleteand quantitativestudyonthe réductionofnitrobenzene
bas beencarriedonsince1920by 0. W. Brownand his oo-workers,prinoi-
pallyC. 0. Henke. Thefollowingoatalystswereused:nickel,copper,silver,
cobalt,iron,antimony,molybdenumoxide,manganese,ohronuum,vanadium
oxide,uraniumoxide,tungsëc aoid, ceriumoxide, calciumoxide,barium
oxide,tellurium,ailiea,alumina,lead,thalliam,and bismuth. Theyshowed
that lead,bismuth,andthalliumwerethe onlycatalyststo givehighyieidsof
azobenzene.

Theonlycaseknownbythe writerin whichtitania wasusedasa catalyst
on réductionof nitrohenzene,ia that of a fewpreMminaryexperimentsmade
by 0. W. BrownandDr. F. A.Madenwaldin thia laboratory.

Pttfposeof Investigation
Thepurposeofthis investigationwasto makea thoroughstudyoftitania

as a catalyston the reductionof nitrobenzene.Conditionswhichweremost
favorablefor the productionof differentcompoundsand their identification
weresought. In orderto obtainthe maximumactivity of the catalysts,ef-
forts weremadeto findthemosteC&cienttemperatureof ignitionof thecata~
lyat, temperatureof reductionof the catalyst,rate of flowofhydrogen,rate
of flowof nitrobenzene,and the temperatureof reductionof nitrobenzene.
The lengthof lifeofthe catalyst,actionofasbestosas a support,andthe ac-
tion of tracesofmanganesewereaisostudied.

Sabatier:"C&tatymainOrt~mcChemistt'y,"34t-s83(t~a).
KuMmaBN:Compt.rend.,7, uoy (t8g8);Debus:Ann.,tM, zoo(t863);vonWilde:

Ber., 35~(tSy-t).



CATALYTIC ACTtVtTY OP TITANIA 853

ApparatusandMethodofProcédure

Theapparatusas wellas themethodof procedurewerethé sameas that
followedby Brownand Henke.1 Theadvantagesof thisapparatusare that
it givesan accuratemethodof determiningthé temperatureof the gaseous
mixturewhilein contactwith theoatatyst,an easUyregulatedand acouratety
knownrate of Sowof nitrobenzene,anda meansof quantitativelyreceiving
theproduots.

Therateat whichthe hydrogenwaspassedinto thefurnacewasmeasured

by meansof a flowmeter. A copper-constantanthermocouplewas usedto
measurethé temperature,and thevoltagewasreadbya highresistancemilli-
voltmeter.

Matetialused

In orderto punfythe materialused,it waashakenwithsodiumcarbonate
solutionandthen distilledwithsteam. ThedistiHatewasdriedwith calcium
chlorideandredistilledtwice. Thehydrogenusedwascommercialhydrogen.
It waapurinedby passingover red-hotsorapcopper,causticsoda,through
concentratedBulfurioacid,and thenthrougha U-tubecontainingglasswool.

EstimationofReducedProducts

Theproduotin the condenserwaswashedintoa oneuterSask,oontaining
25ce.of concentratedhydrocMoncaoid,and then dilutedto the mark. A

portionofit wasanalysedfor anilinein thesamemanneremployedby Henke
and Brown.2 Whenazobenzeneor hydrazobenzenewas produced,it was

filtered,driedandweighed.Themethodusedby Sabatierand Senderens*was
followedto identifythe cyolocompounds.

Preparationof the Catalyst
Theoatalystwaspreparedbyreducingtitaniumhydroxidein hydrogen.

Thetitaniumhydroxidewaspreparedbydiluting150ce.ofa 15%solutionof
titaniumtriohlorideto oneUter. Afterthe solutionhadreachedthe boil,an
excessof ammoniumhydroxidewasadded. The precipitatedtitaniumhy-
droxidewasthen filtered,washedfreefromchloride,anddriedat ioo°C. In
mostcases14g. of the catalyst wasused. It wasreducedat 303"Cunless
otherwisestated. The reductionwasperformedby passinghydrogenat the
rateof14iitersperhourduringa periodofonehour.

Mect of the AmountofCatalystused

In orderto determinethe effectsof differentamountsof catalyston the

productionof aniline,two furnaceswereoharged. Onecontained6.8g. of
titaniumhydroxide,andthe other14g. The rate of flowofhydrogen,tem-

peratureofreduction,andantheotherconditionswerekeptthe samethrough-
outa largenumberofexperiments.It requiredabout x6experimentsto ob-
tain constantresults,after whichall the resultsweretabulated,as shownin
TableI. Theyieldsgivenareaveragesoffrom2to 4experiments.

BrownandHenke:J. Phys.Chem.,26,!6t-t90(t~M).
HenkeandBrown:J. Phys.Chem.,26,t6M<)o(t9M)~

SabatierandSenderena:Ann.CMm.Phye.,(8),4,319(tgos).
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TABMtI1

Temperatureof reductionofcatalyBt–3M"C.
Rateof8owofhydrogen–14Uteraperhour.
Hydrogenpassedin per cent of theory–syg.
Rateof flowo{mtrobenzenc–4.05g. per hour.

Yieldsin ofaminescalculatedas aniline

It iaevidentfromthe resultsobtainedthat a broaderourveissecuredby
uainglargeramountsof oatalyat. In this majmerhigheryieldsare the re-
suit,at a widerrangeof temperature. At a temperaturerangingfrom273to
302°C highyieldaare obtainedwith 14g. of catalyst,whilewith6.8g. of
catalyats,thé highyieids !aybetween302and 3!o"Cshowinga suddendrop
whentheselimitsarepassed.

EffectofRate ofFlowof Hydrogenon the ProductionofAnHine
In studyingthe effectofthe rateof flowofhydrogen,thebesttMnperature

for the productionof anilinewasselected,and the rate of flowof nitroben-
zene,as wellas all theother conditions,werekept constant. Theresultsare
giveninTableII. Thepercentsareaveragesoftwoexperiments.

TABLEII
Weightofcatalyst–14 g.
Temperatureof réductionof catatyst–3oa"C.
Rate of flowofnitrobenzene–4.osg. perhour.
Temperatureof reductionof aitrobenzene–gMC.
Flowofhydroegnlitersper hour = A.
Hydrogenpassedin of theory ==B.
Yieldsin of aminescalculatedas aniline= C.

It isevidentfromthé résultashownherethat thebestyieldsofanilineare
obtainedwiththe rateofflowofhydrogenat ~4Utersperhour.

ABC ABC
537 89.49 7 :86 83.90
737 88.30 s 204 ~j~
9~ 86.70 4 163 48.75

43.3 1778 80.56 14 537 77.90
30 1229 82.97

TMM.
Catalyst CaMyet Team. C.t~)y.t Catalyst

'4S. 6.8g. "Cf ~g. (;.af[.
264 5o.ï –––

3K. 84.31 89.93
~S 82.85 42.8 3~ ys.gg –––
289 8$.43 6a.o8 358 6o.i 75.9ï
291 88.86 63.74 39Ï a8.9 58.15
3oa 89.8~ 88.1 ~j ~.3 31-34



CATALYTICACnVtTY Or TITANIA 8~

It isobviousfromtheseresultsthat the rate of flowof nitrobenzenewhich

producedthé bestyieldofanilinewasfrom2.08g. to 4.05g. perhour. The

highestyieldwassecuredwitharate of flowof4.05g.perhour.

EffectofTemperatureofIgnMonofTitaniumHydroxideonthe

Reductionof Nitrobenzene

To determinethé best temperatureof ignitionof the catalyst,threefur-
naceswere chMged,the first with titanium hydroxidedriedat ioo"C.,the
secondignitedat z~s'O,andthé third at 4i::°C.. AUthe conditionsinfluenc-

ing the experimentswerekept constant. Tberesultsbecameconstantonly
after the sixteenthexperiment,and thosefollowingthisexperimentaretabu-
latedin TableIV. Theyare averagesof from2to 4experiments.

Theresults showthat higheryieldsofanilineare obtainedwiththe cat&-

lyst whiohwasnot previousiyignited. In comparingthe yieldsof aniline
at anydefinitetempératurea decreaseis shownas the temperatureofignition
inoreases. The onlyexceptionto thia generalrule was the temperatureof

309"C,whichgavea higheryieldwith the oatalyst ignitedat 245"C. The
best yieldwas93.5%anilinesecuredat 282°Cwith the non-ignitedcatalyst.
The oatalystignitedat 4i5°Cgave,at temperaturesof 245and266°C,traces
of azobenzeneand hydrazobenzene.At higher temperaturesuchas 340to

43o"Cconsiderableamountsof ammoniaand eyolo-compoundswereprc-
duced. The productionofammoniaand eyclo-compounds,aswellas azoben-
zeneand hydrazobeMene,wasnotioeablylesswith the catalystignitedat

245"C. With the non-ignitedcatalyst no azobenzeneand hydrazobenzene
wereprodueed. Theproductionof ammoniaand eyolo-compoundswasalso
lesswiththe non-ignitedoatalyst.

The Eftectof Rate of Flowof Nitfobeazeneon the

PfodMctïoaofAttHiae

The oatatystusedto determinethe best rate of nowof nitrobenzenewaa

reducedat 3<M"C.Thetemperaturewu kept constant,whiletherate ofBow

ofhydrogenvarieswiththerateofflowofnitrobenzene,maintainingthesame

excessof hydrogenthroughoutthe differentexperiments. Resultsare tabu-

lated in TableIII.
TABLEIII

WeightofcaMyatt–14g.

Temperatureof reductionofthé cata!y8t–3oz''C.

Temperatureof réductionofnitrobenzene–302*0.

Hydrogenpaœedin per centof theory–573.
Flowof hydrogenlitersperhour*= A.
G. nitrobenzeneperhour = G.

Yieidsin ofaminesoaloulatedas aniline C.
A G C A G C

8.8 s.36 66.i6 15. 4.37 79.5
9.6 a.8 66.26 26. 7.13 78.75
9.7 3.1$ 74.59 32. 9-4 76.10

i4. 4.05 85.30 49. 142 63.45
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TABLEIV

Weightofthé ot~!yat–i4 g.

Temperatureofréductionofthé cata!y8t–303"C.
Rateof Newofnitrobeazene–4.05g. per hour.
Rateof Nowofhydfogen–i~ Htersperhour.

Hydrogenpassedin per centof theory–g~.
Tempetatute

~&S o~uhM M.nUmecentigrade .n_

ESectofTemperatureofReducthmontheProductionofAminés

Theeffectoftemperatureof réductionof the catalystwaastudied. Four
catalystawerereduced;the firstat 360,thé secondat 2o3,the third at 360,andthefourthat 4M"C..The rateof6owofhydrogen 14literaperhour'
allowingan excosaof634%ofhydrogen.Thérateof fiowofnitrobensenewas
4.05g.per hour. Theresultsobtainedahowed:(a)Thebest yieldofaniline
~MM.73% at a temperatureofa8~C, withthe catalystreducedat 3<M°C
(b)Themaximumyieldwith everycata!ystwassecuredat 28a<'C.(o)Cata-
~Btsreducedat 360and 4~C producedfroma to4%ofazobenzeneandhy-drazobeMeneat 2o6"C,and tracesof themat 282"C,whilewith catalystsreducedat 360and302°0no azobenzeneor hydrazobenzenewereproduced.
(d)Withcatalyatareducedat a6o'Cthe amountofanilineproducedat 3M<'Cwas 39~% as comparedto 64.86%and y,.o8% wMchwere the yieldsobtainedby thecatalystsreducedat 360and 41~0 reapeotively,althoughtheamountofammomaand cyoto~ompouDdawascoasiderablyhighermthe
caseof the catalystreducedat :6<~Cthanwith theoneareducedat higher
temperatures. (e) Theanilineobtainedwiththe catalyst reducedat :6o"C
had a yeBowMhcolor,whilewiththe otheroatalystit waacherryred.

It Mobviousfromthèse resultsthat thebest temperatureof reductionofthe catalystfor the productionofanilineM302"C,whilefor the productionof cycto~ompoundsit is 260~0.
"Muu

L~ta~st Catatyst C&Myetnottgmted igniMat ternit
!C ~~c

~6 75.86 –––
60.4

~5 84.54 7ï.~4 79.50
91.40 8o.4i 78.03
93.50 Sa.S? gt.at

3~ 8s.35 86.8o

340 6o.45 66.55
360 –––

~jg ~gg
395 i6.8o s.6o 3.30
430 6.61 6.5ï 1.~



CATANfTtCAOTïVmr0FTITANIA 857

DwraMKyof the Catalyst<mdthé ENectof CentinootMand Intermittent

Feediagof Nibrobenzene

A studywu undertakento determinethe lengthof lifeof thé catalyst.
Forthispurposeexperimentswerecarriedonforseveralweeks,disconthming

onlyat night. In thefirst58experimentsnitrobenzenewasfedintermittently,
leavingonly35minutesafter eacha oc.to allowthe hydrogento waahany

productfromthe fumace. After the $8thexpenmentfrom8 to ïo ec.nitro-
benzenewasfedcontinuouslyeaohdayfor 11days. Intermittentfeedingwas

thenresortedto t~Mn. The resultsseouredaregivenin the followingtable.

TABLEV

Weightof the catatyst–14 g.
Temperatureof réductionof the catatyst–~o~'C.
Temperatureof reductionof nitrobenzene–3oa°C.
Hydrogenpassedin per cent oftheory–573.
Temperaturein degreescentigrade = A.
Rateof flownitrobenzeneg. perhour = G.

Yieidsofaminesin oaloulatedas aniline= C.
Numberofco.nitrobenzenefed = D.

Nitrobenaenefedintermittently
A G C D

282 4.os 51.31 8

302 31.37 a

320 as.4i 4

360 ïi.ii 4

395 3.75 2

43a z.4a a

aSa 80.go a

30: 8$.62 36

3oa 4.37 79 50 a

3oa 7.13 7875 2

30! 405 86.69 a

3oa 14. 63.45 a

30: 9.4 7610 2

3oa a.36 66.i6 4

Nittobenzenefedeon~nuouaty
duringeaohday

289 4.05 90.43 8

282 93.07 8

a8a 85.55 io

382 93.07 8

a8a 91-40 8

a8a 90-43 8

a8a 94.64 8

NitrobeaMnefedintermittently
a8a 4-05 90.69 8

Nitrobenzenefedintennittentty
A G C ~D

302 4.37 80.74 s

302 2.8 ?4.59 a

302 2.36 66.i1 a
3M 9.5 80.08 z
302 4.05 89.38 s
282 93-74 4

264 91-42 4

3M 84.35 4

320 60.45 a

395 i6.8o 2

43' 6.II a

24S 87.02 4
228 75.89 4

24S 82.05 4

Nltrobenzenefedcontinuoosty
duringeachday

282 4.05 88.02 4
282 8s.55 i4
282 85.42 8

282 93-07 2

282 90-43 8

282 88.02 6
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Resultsshowedthat at the endof 112experiments,whiohwereperformed
duringa periodof severalweeks,the catalystwasstiti giving its maximum

yield of aniline. Therewaspraotioallynodifferencein the resultsobtained

whennitrobeMenewasfedcontinuousiyorintermittently.However,s!ight!y
higherresultsweresecuredwhenit wasfed oontinuously.Witheveryoatalyst
used, the first 16experimentsgavepercentyieldathat were lowand some-
what irregular. Butit wasfoundthat byfeedingnitrobenzeneat thé tempera-
ture of 43o°Corby passinghydrogenat thesametemperatureforonehour,
the activity of the oatalystwasincreasedfor the productionof anilineand
wasdecreasedforthéproductionofammoniaandcyolo-compounds.

The colorof the anilineproducedwasm most experimentscherry red.
But after pasing nitrobenzeneat 43o°Cthe colorchangedfor a fewexperi-
mentsto a lightyettow,laterreturningtoacherryredwhena lowtemperature
was used. Thisseemsto indicatethat the coloris probably due to smaU
traces of azobenzenein solution. Byheatingthe catalyst to a hightempera.
ture the azobenzenein the furnacewasentirelywashedoui. As the azo-
benzenewasreformedslowly,the anilinetumedredagain.

1
Memtiacathmof Cyc!c<eompo<mds

In a!lthe experimentsperformedit wasnotedthat not onlyammoniabut
also cycto-compoundsworebeingproduced. In orderto identify cyclo-com- 1
poundsa largeverticalfurnacecontaining30g. of reducedcatalystwasset
up. About yoce. of nitrobenzenewas introducedinto the furnace. The

temperaturewas430"Cwhilethe otherconditionswerethe same as thosein

previousexperiments.Theproductobtainedwasdriedovercalciumchloride
and submittedto fractionaldistillation. Threefractionswereobtained:one

boilingbelowi$o°C,anotherboilingfromtso to i8o°C,andthe otherwasthé
residue left in the distillingSask. The first two fractionswere mixedand
submittedagainto fractionatdistillation.At a temperatureof about ioo''C,
white cryatab weredepositedin the condensertube. They wererecrystal-
lizedand appearedto correspondto cyotohexylaminecarbonate.

The fractionwhichremainedin the distiUingNaskwasfraotionallydis-
tilledundera 5 in. reducedpreasureto avoidany decompositionofthe com-
pounds. Twofractionsweresecured;oneboilingat 190* and the other was
a residuewhichwassolid. Theresiduecorrespondedto diphenylamine.The
portionwhichwasdistiUedunder io9"CwaaredistilM at attnoaphonepres.
sure. Most of the solutionboiledat i82"C,whichis the boilingpoint of
aniline.

It is evidentfromthia that cycïo-compoundsare obtained, cyolohexyia-
mineand diphenylaminebeingformedin largeamounts.

EffectofAsbestosas a Supporton the TitaniaCatalyst

The effectofasbestosasa supportfortitaniawasdetermined. The cata-
lystwaspreparedin thefollowingmanner.Cleanasbestoswasboiledwithcon-
centratedhydrocMoncacid,washedfreefromchloride,anddriedin anoteotnc
muSe. It wasthensoakedin a boilingsolutionof 100ce.of 15%titanium
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trichloridedilutedto 500ce.,treatedwithammoniumhydroxide,filtered,and

dnedat too'C. Sincetheweightofasbestoswasknown,fromthe total weight

the percentof titaniumhydroxidewascaloulated.The catalyst used con-

tained5 g. of asbestosand 7 g. of titaniumhydroxide.It was reducedat

3oa"Candthe rateof flowofhydrogenusedwas14litersper hour, whilethe

rateofflowofnitrobenzenewas4.05g.perhour. Theresultsobtainedshowed

that thereisnoadvantagein usingasbestosaaa supportforthe catalyst. The

yieidsobtaiMdweropracticaUythesameas thoseof the catalyst consiBting
ofthe sameweightof titaniumalone. Alsothe colorofanilinewasnot im-

proved. The averageyieldsseouredwere:yo.?o%at :8a°C,and 76.6%at

32o"C. Althoughasbestosdid not improvethe yields,ita presencedid not

reducethe activity.

ECectofTracesofManganèseonTitania

Thecatatystusedto determinetheeffectof tracesofmanganeseontitania

waspreparedby dissolvinga calculatedamountof manganesechloridein

watermixedwith!oo co.of a 15%solutionof titaniumtriohloridediluted

toonetiterandprecipitatedwithammoniumhydroxide.Themanganeseand

titaniumprecipitateswerefilteredandwashedfreefromchloride,then dried

at roomtemperature.Fourteengramsofthe catatystwasused. It contained

5%ofmanganeseand 95%of titania,and waareducedat goa~C. The rate

offlowofhydrogenusedwas14litersper hour,andtherate of flowof nitro-

benzene4.0$ g. perhour. The bestyieidsobtainedwere80.96%at 28z°C.,

8:).3:%at a46"C.
Theyietdsofanilinedid not improvebut the presenceofmanganesepre-

ventedthe formationofasobonzene.The.colorofanilinewasimproved. At

firstit waalightyellow,then it turnedto a verylightred,afterhavingbeen

usedforseveralexperiments.
ThisproblemwassuggestedbyProf.0. W. Brown. 1wishto thank him

forhissuggestionsandinterestthroughoutthisinvestigation.

Conclusion

i Titania wasshownto bea veryactivecatatystof thenickeland cobalt

type. It produced,on the reductionof nitrobenzene,the followingcom-

pounds aniline, azobenzene,hydrazobenzene,ammonia,and cyolo-com-

pounds.
z. The oatalystusedin this studywas madefromtitaniumhydroxide

whichwaapreparedby precipitationwithammoniumhydroxidefroma 15%
solutionof titaniumtricMoride.

3. In makinga comparisonofthe weightof the catalyston the reduc-

tionofnitrobenzene,it wasfoundthat higheryieldswereobtainedwith ~4g.

catalystthan with6.8g. This showsthat the yieldof aminesincreaseswith

the amountof catalyst.
4. The besttemperaturefor carryingout réductionof nitrobenzeneto

anilinewasabout282"C.

S. The bestyieldofanilinewas 94.4%or anaverageof93.5%obtained

ataboutaS~Cwithcatalystreducedat 302°C.
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6. Themostfavorabletempératureofignitionof titaniumhydroxidefor
thereductionofnitrobenzeneto aniline wastoo~. Thoseignitedat 302and
4t2"Cwerethe best for the productionof azobenzeneand hydrazobenzene.

7. The rate of flowof hydrogenwhiohgavethe highestyield of aniline
was:4 litersperhour,with 14g. ofcatalyst. Agraduaidropooourredas the
volumeof hydrogenincreased,and a moresuddendrop whenit deoreased.

8. Therate of flowof nitrobenzenegivingthe best resultswith a ï4 g.
catalyst wasfoundto be from3.09to 4.05g. perhour, the best being4.05g.
perhour.

9. PractioaUynodifferencewasfoundin theyieldsofanilinewhennitro-
benzenewasfedcontinuouslyor intermittently.

10. Theactivityofthe catalystwaspoorandgavereaultsthat weresome-
whatirregutarupto the i6th experiment.Afterthat it beeameconstant.

11. Afterheatingthe reducedcatalystforonehour in hydrogenat a tem-
peratureof 4io°C,orby pasang nitrobenzeneat that temperaturefot oneor
twoexpérimenta,its aotivitywasincreasedfor theproductionofaniline.

ta. Thetemperatureof reductionofthe oata1ystthat wasmost succesafui
was30!t"C..Althoughthe catalyst reducedat :6o°Cdid not give maximum
yields,they werehigh,andthe colorofanilinewasimproved.

13. Thecolorof anilineproducedwass!ightlyyellowwith the oatalyst
reducedat 26o"C,whilewith those reducedat a higher temperatureit was
cherryred.

14. Identtncationof cydo-eompoundsshowedthé présenceof cydohexy-
lamineand diphenylamine.

is. Althoughasbestosdid not producehigheryieidsof aniline,ite pres-
encedidnot reduoetheaotivityofthe catalyst.

16. Tracesofmanganesedid not improvethe yieldsof aniline,but gave
a productofbettercolor.

La 01PÀ1I8icolCMrni8tTu,
Ld,orntor~oj

PhgescutChemtairy,fndtOM&tt<MM~.B&XM)ttO<)&))tf



Introductory

In earlierpapersin this serieslan aooountwas givenof the use of the

HilgerMonochromaticIlluminatorfor the determinationofenergydistribu-

tionin lightsources. In the latterof these~the authorsconaideredthe ques-
tionof refleotionat the mirrorandquartzsurfacesofthe spectrometer.

In the caseof the mirrortheygavefiguresfor the réfectionsat différent

wave-lengths,determinedby a method,whichalthoughthe only oneavail-

ablewithoutspécialapparatus,wasofverydoubtfulacouraoy.
In the caseof reflectionsat the quartzsurfaces,it wasstated that, aa the

changein reflectionwith wave-lengthis small, it oan be neglected. This

mightbe true foronesurfaceat normalincidence;but in this instrumentare

severalsurfaces,with, in somecases,largeanglesof incidence,and corre-

spondinglygreaterchangesof reneotionooeffloientwith wave-Iength.Thua

the small changeis repeatedseveraltimes,with the result that it beoomes

veryappreciablein total.

Greateraccuracybeingnowmoreimportant, this matter bas beenoare-

fullyinvestigated. Specialapparatushas beenconstructedto measurethe

refleotionof the mirrorat variouswave-Iengths,whilethe Mneotionaat the

quartzsurfaceshavebeenoatoulated,usingthe formu!ae

(~)'
(t)

n+z 1
(1)

fornormalincidence,and

irsin'd-R) tan'(I R)]

2t.sin<(I+ R) tan'd + R)J

where1 is the angleofincidence,R is the angleof refraction,for othercases.

The total percentageof lightpassingthe collimatorslit of the instrument,
whichis transmittedto the thermopile,basbeen calculatedfor a numberof

wave-Iengths;and alsofactorsby whiohgalvanometerdeflectionsshouldbe

multipliedin orderto comparethemwith$79~n, whichis taken asstandard

forthis purpose.
Apparatus

The mirrorin the spectrometerconsistsof a quartz plate backedwitha

whitemeta!–poasiblytin amalgam. The angleof incidenceto this metal

in the instrumentvariesbetween15"32' at 579~ and 13"32' at 254~. As

1J.Phys.Chem.,29,~S7; y~-?~ (!925).
'Pp. 722,724.

STUDIESIN THE EXPERIMENTALTECHNIQUEOF

PHOTOCHEMISTRY

V. ReSect!onLossesin théOptioalSystemof the HilgerUltra-Violet

MonochromatioIlluminator

BY H. N. R!DYAND AND D. W. G. STYLE
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suoha small angle of incidenceintroduoednumerouapraotioaldunculties,
the actualexperimentalworkwascarriedout with the Ughtincidentat 45°
to the quartz-airsurface,the resultinganglesto the metalbeing97" ï4' at

579~ and 26°t6' at 354~.
Theapparatusemployodisshownin Fig. t. The spectrometerH. J. with

its associatedthermopileK andPasohengalvanometer,woreusedto measure
the relativeintensitiesof the directand renoctedbeam. A triangularbrass
framewassupportedat the baseby twolegs,adjustablein length,and oarry-
ingat their lowerendssmallwhee!s;andat theapexby a pivotplaoedverti-

oallybelowthe optioalaxisH J of the collimatorofthespectrometer.The
framecouldthus rotate overa smoothmetal surfacebetweenthe stops LL,
throughan angleof ço". Thisframeoarrieda quartz merourylamp B (the
supportsof whichare not shown),and, on the pivot aideof this, a oopper
screen,onwhiehis fixeda smalldiaphragmD, adjustableinposition*It abo
carrieda lensE of ia.s ems.focal length,mountedupona slideto enable the
lensto be tocusaedfor paraUet!ightat any wave-leagth:Thisslideconsisted
ofa brasscamerslidingupontwosilver-steelbars,thèsebeingsupportedbya

plate, whichwasattached to the frame by a screwpassingthrougha s!ot,
thus allowinga lateral and rotary movementof the slide. Verticaladjust-
ment of the lenswas providedfor in the carrier. A focuasingscalewas at-
taohedto the frame.

lïnmediatelyabove the pivot wasplaoedthe mirror mouniangA. This
is shownin greaterdétail in the smalldiagram(Fig. t). The mirrorM was

clampedon the foremostof twobrass plates NN by four smallclips 00.
Thèseplateswereheld togetherby two screwsPP, and kept apart by two
othersQ. Thèsescrewsenabledthe angleof the mirrorto beadjusted. The
rear plate was supported abovethe levelof the frame by two bars RR,
throughthe lowerend of whiohpasseda silversteel spindle8, running in

bearingsfixedupon a plate attached to the frame. Thisarrangementper-
mittedthe mirrorto be swungup and downwithoutany side-play. Whenin
a verticalpositionthe back ofthe platessupportingthe mirrorrestedagainst
a screwV, whiehpassed througha atout verticalpillar W,and couldbe se-
curedbythe locknut X. The top ofW waa,ofcourse,belowthé levelof the
mirroritself. Twostringsattachedto thèseplatesand to the bench,one of
thempassingthrough a hole inW, causedthe platesto bedrawnnnniyback
againstthesorewVas the frameswunginto the 'reflected'position,and to be
loweredwhenit wasmovedinto the 'direct'position.

Afterleavingthe mirror the !ightwas concentrateduponthe slit H by
anotherlensG, whichwasfixedinpositon.

Thisformofapparatuswasevolvedafter considerableexperimentalwork.
The twosurfacesof thé mirrorcausea numberofimages,threeof whiohar"

important. In earlierworkattemptsweremadeto separatethèseandmeas-
ure the principalone, due to onereSectionfromthe metat with corrections
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for backrefleotionsfromthe quartz. Resattsobtainedthus affordedrough
con6nnationof the finalrésulta. In the apparatusas desoribed,experiment
showedthat thèse imageswerenot appreoiaNyseparatedat the ooUim&tor
slit. It waafoundto be veryimportantto hâvethe light incidentuponthé
mirrorasexacHyparallelaspossible.

Adjastment

Duringpreliminarymeasurements,someconsiderabledimcu!tywasen-
counteredin makingthenecessaryadjustments.Themethod6naUyadopted
isgivenbelow.

The heightof the twolegsof theframewereadjusteduntil the framewas
level. Theheightof themercurylampB wasthen6xed,aothat the eentreof
the arc tube was approximatelyonthé optioalaxisof the coMimatorH J
whenin the 'direct' position. A groundgtasss<Men,suitablydividedhori-
zontaUyand verticaUy,wasplaoedbehindthe eoHimatorlongJ, where it
receivedan imageof the slit H. ThediaphragmD wasthen adjusteduntil
&isimagewaaexactiycentraluponthescreea. ThelensE wasnextadjusted,
and simultaneouslythe positonof thé slideF, so that in whateverposition
the lens was placed upon thé slide,the imagewasstill centralupon the
screen,whileat the sametimethe imageofD uponthe eoHimatorslit was
symmetricattyp!aced;showingthat theslidewasparallelto the opticalaxis,
and the lensat the rightheight,etc.

The framewas then movedinto the 'tenected'portion, and the mirror
adjusted. This was doneby meansof thé sorewV, oontrollingthe position
of the mirrorrelativeto theaxisofrotationoftheframe,and the soNwsPP,
Q, contïouingthe angleat whichit ia inoHnedto the opticalaxisof the ap-
paratus.

Whenthe imagesontheslitand thegrouadglassscreeoweroagaincentr&t,
as describedabove,the murorwasconsideredconect!yplaced.

Fina!Iythe 1ensG wasfixed,usingthesamecriteria.

Method

Measurementsof the relativeintenaitiesofthe twobeaais weremadeby
taking galvanometerdeflectionsin pairs, alternately in the 'direct' and
'reBected'positions,until a satisfaotoryseriesof Bgureshad beenobtained.
The lampwasunaSectedbythe movement.

In order.to test the absoluteaccuracyobtainable,meaaurementswere
madeofthe reflectingpowerofa aingtequartz-airsurface,obtainedbygrind-
ingonesideof an opticaUyflatquartzplate,and coatingthe groundsurface
witha suspensionoflampblackinCanadabahaïn;thepoiiahedsurfacebeing
usedfor the reflection. The resultsobtainedare comparedbelowwith the
caleulated6gures.
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W~ve-Length ReSeeted Ray ReSeoted Ray (Ca!c.

(obsetved) ffom Fomuta 2)

579 5.5'% S.66%

546 5.24% 5-68%

436 5. 5.78%

405 5.87% 5.84%

365 5.78% 5-9~%

3ï3 6.1% 6.oS%

265 6.2 6.33%

Wave-Length Mirror A MirrorB WbrkhtgMean

S79 6?.2% 6?.s% 66.1% 6?%

546 67.2 66.0 67

436 6g.7 67.1 M.9 67

405 66.4 66.t1 66.2 66.5

365 67.0 67.7 67

313 6$.2 65.3 69.0 66

265 64.9 64.88 65

2~4 62.t l 64.0 63

ReseKs

Twomirrorswereexamined,thé one not mountedon the frame being

usedin the speotrometer. The resultsare given inTableI.

TABLE I

There ia thus a small differencebetween the two mirrors,but as thèse

weresuppliedat timesseveralyearsapart, it seemsthat the 'workingmean'

givenis likelyto giveresults accumteto 1%in mostoaaes.

Therefleotionloesesat the quartzsurfacesin the spectrographwerethen

calculated,usingtheformtuaeabove,and treating the lenssurfacesasplane.
Théopticalsystemis shownon Fig. 2. It will beseenfromthis that every

anglein the systemis definedby the deviation,andthe pnsmis in the posi-
tionof minimumdeviation. A lietof refractiveindices,taken chieflyfrom

Rubens' figures,'together with the semi-déviationscalculatedfrom thèse,
wasgivenin Messrs.Hi!gers' noteson the instrument. Fromthese ngures
the variousanglesof incidenceand refraction,and the correspondingper-

centagerefleotions,were obtained. The vatues for the mercurylineswere

foundby interpolation,and those in the Ultra-Violetaregivenwith the cal-

culatedfiguresin Table II.

RMbena:Ann.Phymk,(3)M,434(1897).
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Diagram showing PMMgeof Light through Hilger Spectograph.

TABLE II

Reflections at Quartz Surfaces
W&ve- Refractive Somi- Reflections(%)
Length Index Deviation Normal

(n). (D/2). Inetdenee.1 45". 1 = go"
0 I 45"

°

-D/a. -D~
198.81 1.65070 25°t7'a6" 6.03 y.t8 9.04 6o<
231.25 i.61402 23<'48'i7" s.5~ 6.64 8.17 5~6

5.35 6.45 7.9l 5.4i
~4 1.597~ 5.~ 6.39 7.84 5.36~5 i.59i7 s.2i 6.31 7.71 5~8
947.67 ï.58750 M°3~is" S.YS 6.26 7.62 520~o 1.58s. s.i~ 6..3 7.55 5.19
303 ï 577~ 5.ot 6.11 7.35 5.08
3~3 i-574i

it 18it
4.98 6.o8 7.27 5 03

3t7.o8 1.57290 2~ 5i'i8" 4.96 6.o6 7.24 5ot
358.18 1.56400 a6'39" 4.84 5.93 7.01 4.88
365 1.5629

fi 482 5.91 6.98 4.88
404.58 Y.55706 7'34" 4.75 5.83 6.84 4.81
434.09 1.55387 2o°58'5~' 4.70 5.78 6.76 477486.16 i.5496i 47'i4" 4.65 5-7~ 6.65 4.71
534.96 t.54663 39'~ 4.61 5.68 6.58 467
589.32 1.54415 32'26" 4.57 5.6s 6.52 4.64
656.33 1.5418l 26' 6" 4.54 5.6ï 6.46 4.61
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It wasstatedearlierthat the experimentalworkwasoarriedout at a dif-

ferentanglefromthat usedin thespectrograph.Thereareno data available

toenablea correctionto beappliedin the caseofthemetal,but it waspointed
out that the différencein angleof inoidenceat the metal surfacewas less

than the differencein thé caseof the quartz-airsurface. The reflectionco-

efficientwascorrectedfor this latter,but wasfoundto beonly –o.t%in each

case. The true reSectionof thé metalliosurfacewasfoundto be 0.6%less

than the percentagesgivenforthemirror,exceptfor2S4~,whieh was62.2%,
and ?6s 64.3%.

From the variousresults in these tables, the total percentageof light
transmittedby thespeotrometerwascalculated,takingthé systemas having

4 planesurfaces,z prismsurfaces,and the mirror. Fromthese figures,the

factorsby whichit is necessaryto multiplygalvanometerdeflectionsinorder

to reduceall linesto the basisof S79 wereobtained.These percentages
andfactorsare givenin Table III.

TABLBIII

Summary

The reHectionof the MercuryLines by the mirrorin the HilgerU. V.

MonochromaticIlluminatorbasbeenstudiedexperimentaUy.

Thereflectionlossesat the variousquartzsurfacesin thisinstrumenthave

been calculated.

Fromthesefiguresthe total transmissionsof thé mercurylineshavebeen

calculated,togetherwith factorsto reduceresultsobtainedwith the instru-
ment to a commonbasis.

Thewriterswishto expresstheirdeepgratitudetoProfessorA. J. Allmand
forcontinuaihelpand encouragementin the courseof this work. Theyalso
wishto thank Mr.W. E. Williams,of the PhysicsStaffof this Collège,for
mosthelpfuladvice;and Messrs.AdamHilgerfor the loanof oneof the two
mirrorsusedin thiswork. Oneofus (D.W.G.S.)is indebtedto the Depart-
ment of Soientifieand IndustrialResearch,for a grant whilea Student in

Trainmg.

ChemicalDep<tr<MM<,
î/MMr~t<~<~Zf<MtdMt,XtnetCoMeye.
J<<M<Mtf~~9,Ï&6S.

Wave-Length TrMMtnission Factor

a$4~ 43.1% i.i3

265 446 i.o9

313 46.2 i.os

365 47.5 1.02

405 47.S 1.02

436 480 !.0t

546 48.4 i.oo

579 48.5S i.oo
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~~f~°~ shownthat phenol andMsorcinotweredis-
tributed betweenwaterand proteinsin accordancewith the partition.i.e.the phenolsformeda true solutioninthe proteinphase. This relationshipis of anunusuaTtypein thé caseof colloids,owingto surfacephenomena.uch
as adsorption,theamountof substancetaken up or adsorbedby the colloid
diminishingrelativelywithrise in concentration.

It wasalsofoundthat resoreinolwassomewhatmoresolublein dispersedor dissolvedpro~ than phenol, althoughthe latter is conside~moMpotentas a disinfectant.The conclusionwasthereforedrawnthat, althoughpartitionof the dictant between~ter.phMe and ceUprotêt iaa.~~nt~ preliminarystagein dismfectioa,yet germicidalpoweris notmerelydeterminedby801ubility,but m~ be ~o~ted with the subsequentde-
naturingactiononthe coUoidaIstructureof the bacteria!cet)

In orderto throwmorelight on the rôleof the preliminaryprocessofso-lutionin the mechanismofdiainfectionthe workbas beenextendedto other
phenoliederivativea,e.g.piericacidand salicyl-sulphonicaoid,and further-morethe ~tiommpB to proteinsof dimifectantaof a differenttype alto-
gether,suchasamines,basalsobeenstudied.

I. PicticAddt
Walkerand Appleyard'showedthat whenpierie acidwas taken up bysdkfromaqueouasolution,the partition!awdid not apply,and the processwasctearlyoneofadsorption.

ptocess

It seemeddesirabletoextendthisworkto otherprotéineandfor thispur-poseserum
albuminwaaemployed,x grm. of powderedcoagulatedalbumin

wastmmersedmso oteachofaseries ofaqueouspicricacidsolutions,con-
~~S'

Theexp8rimentwasoonductedat37 L. The periodrequiredfor the completionof adsorptionwasdetermined
by preliminaryexperiment. The estimationof piericacid beforeand after
adsorptionwascarried out bytitration of the solutions with NJ20alkali,laemoidbeingusedas indicator.

Theresults in Table1showthat the amount ofpicrioacidtaken up bythe proteinincreaseswithrise in concentrationin the water,but not propor-tionately,so that the ratioof the concentrationof picricacidin the proteinto that in the waterphasediminisheswith increasmgconcentration The~ults~resmujarto thoseobtainedbyWalkerand Appleyard(toc.cit.)with

1Cooperand8<md<aa:J. Phys.Chem.,3t, t (~7).WaUferandApp!eyard:J.Chem.Soc.,<?,~9 ~896).

A CONTRIBUTIONTO OUR KNOWLEDGEOF DISINFECTANT
ACTION. 11

TheRelationsofPhenolsand Aminésto Proteias
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silk. Theuptakeofpicrioacidbyproteinsis thusof thénature ofadsorption
or surfaceconcentration,in contradistinctionto the formationofa solution

in the colloidphase. (ofphenol.) Phenolwaspreviouslyfoundto be about

12timesas solublein serum-albuminas in water,whereasthe foregoingre-

suttsshowthat theamount ofpionoacidadsorbedby the proteinis from27
to oaa times as great as the amountremainingin the aqueoussolutionat

equilibrium.Piorioaoid isa muohmoreeScaoiousdieinfaotantandprotein-

preoipitantthan phenol,andwebave thereforein this casesomemeasureof

correspondencebetweengermicidalactivityand uptakeby proteins.

TABLE1

n. SalicylsulphonicAdd

Thissubstanceis employedin medicineas a protein-precipitant,and bas

alsobeenfoundto be moderatetyactiveas a germicide,beingef&oaciousin

concentrationsof ï m 300. A study of the nature of the distribution of

ealicylsulphonioacid betweenproteinsand waterwaathereforeundertaken.

(a). Gelatin.

Weighedamounts (i grm.)ofgelatinin the formof8m&!tstrips (~ by i

ins.)wereimmersedin aqueoussolutionsof saticylsulphoaicacid (30oc.)at

2o"Cuntil equilibriumwasattained(s days). Thestrengthofthe initialand

finalsolutionswasdeterminedbytitrationwithN/io alkali,usingphenolph-
thaleinas indicator. The resultaare set out in TableII.

Uptakeof Initialcône. Finaloonc.
picricacid et picrie of picricacid Ratio
oy t gnn. soidper perce.of water
albumin. ce.ofwater phase.·

A/BA phase B A/B

(:) .a44tgrm..01583 gnn..ooy~grm. 31.6

.1~8$ .01246 .00652 27.4

.1840 .0099! .00383 48.0

.1454 .oo~! .00039 374-0

.0587 .00211 .00017 345.0

(2) .2788 .0:47$ .oos47 si-o

.2780 .01214 .00288 96.6

.2678 .01196 .00304 88.2

.2704 .ot9t4 .003*3 86.3

.2412 .00894 .00000 268.7

.2o8t .00744 .00051 407.9

.1756 .00624 .00039 451 9

.1447 .00510 .00028 517.8

.1345 .00461 .oootS 9~9.5

.o6l2 .00218 .00015 420.0



~° E. ASt&EY COOPER AND JOHN MA80N

TABLE II

wvu4

(b). AHtMWtM.

Thisproteinis solublein water,and it was thereforenecessaryto use adifferenttechnique,vtz.thed~ysMmethod. Into a numberofbottles(wide-
mouthed),viscousdialyserswereplaced,and withineach dialyserwerein-troduced2oeo.of a 6% egg-albuminsolution. Outsidethe dMy~ 30 co.
~h.yMph~c ~d butions, ofdifferentstrengths,wereplaced. Controlbottlesweresetup, containing20oc.of <Mt<~withinthe dialyserand 30 ocoftheacidsolutionsoutside. Bytitrating the solutionsoutaidethé dialyseraafteretand~ forequilibriumto beattained, thé amountof8aU~u!phonic
aoid taken up bythe proteinin equilibriumwith the waterphasecouldbeascerttuned.Theresultsaregivenin TableIII.

TABM!III,i"I

similarin thoseobtainedin thecaseofpicric

amount
~y~P~~ acid takenup bythe proteinsdimLh-

ingr~~
with

r~
in con~tration in ~ter-ph~, thus cauaing n~rkedfallin themagnitudeofthe distributionratioA/B from53to 3. It is~o~f

m~
note

t~t
thedistributionratio is !ow~ whenthe p~tein~h.

precipitatedcondition(TableII.). In the c~e of phenol,however ithS
p~ousty becnfound.that the

partition-~B~w~ur~ (~forpreetp~ted proteinsthan forproteinsin colloidalsolution(2.~
CooperandSandetB:!o<eit.

~AM~Eiii
InMMoonc.

Amountof ealicyl- Fin~conc.of acid sulphonieacid per ce. of ]Ratio

S~-water-phase of protein
y ~~r phase.

A B A/B
.00309 gnn. -o~4gnn..oo~gnn. s~
-4 -'344 .00,76 48.7
-~39 -i~ .00~43 .6.

.01534 .4.
.0289o -~66

.o~
.05575

-~S 4:.
.22°7 .07553 ..9

Initialcono. Amountof Finalcano. Physioalstateof acid acid taken s. p~~t.

~p~ &
'p' proteinwaterphaae gèlatin.

A B A/B
.oo2t6grm..0328 grm..00106 grm. 30.8 SwûHen
.00517 .0~4 .00360 ~.j:
.00805 .0453 .00654 5.9
.01998 .0993 .01669 ~0

~989 s.o Opatesoent
.tS45 .04376 3.5 Solid
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m. Ethy!am!ne

Althoughorganiobasesare knownto be efBoaciousgermicides,(ethyt-

amine,for example,beingantiseptiotin concentrationsof i in x500,andthus

morepowerfulthan phenol),their relationsto proteinshavenot apparently
beenprevioustyinvestigated. Weighedamountsofgelatin(i grm.)as before

werethereforeimmersedin 50ce.of variousconcentrationsofethylaminein

water (.3%-3%),and by titrating the initial and finalconcentrationswith

standardacid, the amountof aminetaken up by the proteinscouldbe esti-

mated. The periodallowedfor equilibriumwas 2 days. The results are

giveninTableIV.

TABLEIV

Againthe adsorptionfactorpredominates,the distributionratio falling
from6.8to 1.2as theconcentrationinwater-phaserisos.

IV. Aniline

Amuineoanbe eatimatedin aqueoussolutionby titrationwithstandard

hydrocMonoaeid,usingeitherbromphenoI-Mueor CongoRedas indicator.

Theformerwasfoundmoresensitiveand thereforeemployed.

1grm.of gelatinwasintroducedinto 5oce.of solutionsofaniline(.2%

a%), and the experimentoarriedout as before. The resultsare given in

TableV.

TABLE V

1
Cooper and Maaon: J. Hygiene,26,48 (!9:7).

InitMconc. Uptakeof aniline Final cône.
of aniline per grm. of protein per ce. of water- Ratio

per ce. of phase
water-phase A B A/B

.01890 gnn..os49gnn. o.tySgrm. 3.0o

.01580 .0307 .0iso 2.7

.01205 .0274 .on$ 2.4

.oo9ï2 .0411 .0083 49

.oo6.;o .0000 .0063
–

.00358 .0034 .0029 1.22

.00212 .oto8 .oot9 5.7

JL Ad~ A T

Initialcone. Amountofethyl- Finalcône.of
ofethylamine aminetakenup by ethylamineperce. Ratio
pereo. grm.ofprotein ofwaterphase
of waterphase A B A/B

.00329 gt'm..otoSgrm..oozggrm. 6.8

.00650 .0199 .ooôï 3.2

.o!3oy .0234 .oiz6 1.9

.oigSt .0:54 .ott)3 t.3

.0265! .0307 .0259 t.z
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Théanalyticalmethodwaslessprecisein thecaseofanilinethan thefore-

goingexpérimentâtwork,and it waanot surprisingthereforeto nnd irragu-
laritiesin the valueof the distributionratioA/B. Thisratiohowevertendsto

fallwithrisingconcentration,suggestingagainanadsorptionprocess.

V. Hydrate Hydrate

Hydrazinehydrate was found to bel a verypowerfulgermioide,being
activein concentrationsof ta ao,ooo. Its behaviourtowardsproteuM)was

thereforeof interest. Distributionexperiments,uang gelatin,werecarried
out in theusuatway,the hydrazinebeingestimatedbyan iodimetriomethod.
It wasfoundhowever,that hydrazinewas not adsorbedby thé proteia; in

fact, thesolutionsappearedto becomealightlystronger,suggestingtherefore
a conditionof "negative"adsorption.The solutewasmoreconcentratedin
the aqueousphasethan at the surfaceof the colMd.

VI. HydroxylamineHydroehhuMe

This substancewas alsofoundto be activeagainstbacteria,beingin-

hibitoryin concentrationsof i in !o,ooo. Hydroxylaminehydroohlorideis

alsoa proteinprecipitantin dilutionsof t in 400to i in ïgoo. Strongersolu-
tions howeverhave no precipitatingaction, the protein being solublein
excess.

The uptake of the hydrochlorideby egg-albuminwas thereforenext
studied. Thees&nationwascarriedoutbythemethods:–

(:) Titration of the hydrochloridewith standardalkali,usingphenol-
phtha!einaaindioator.

(2) Raschig'smethod, consistingin the oxidationof the hydroxylamine
with femo salts, and estimationof the equivalentamountof ferrouscom-

poundproducedbytitration withpermanganate.
20 ec.of a solutionof egg-albumin(.47gnn.)wereplacedin a seriesof

viscosethimbles,surroundedin stopperedbottlesby 30 ce. of solutionsof

hydroxylaminehydrochlorideof knownconcentrations. Control solutions
withoutalbuminwereset up at the sametime. Afterallowinga weekfor

equilibriumto be attained, the strengthof the externatsolutionswasagain
estimatedby titrationwithathati;andbydiSerenBethe amountofhydroxyl-
aminehydrochloridetaken up bythe proteincouldbeascertained. There-
resultsweretabulatedin TableVI.

TABMiVI
Initialcône.ot Weightof Finaleonc.of
NH~H.HCtpetcc. NH~H.HCttaken NH<OH.HCtpMcc. Ratio
ofwaterphase upby tgm.atbmnin ofwaterphase

A B A/B

.09~ gnn..oooognn..o:()7gnn. o.o

.Oti<)6 .oryo .0118 1.4

.ooSos -oa3<) .0078 ~.o
.oo6o .0316 .oos7 5.6

.00302 .oi3t .OM<) ~.6

Cooper and MMon:toc. cit.
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In this experimentit is possiblethat the adsorptionof the aoidioion is

bemgmeasuredas wellas that ofthé hycb'oxyhmine.The uptakein tact is

greaterthan that observedwhenthe hydroxylaminewasdirectlyestimated

by Rasohig'smethod(TableVII),althoughthe generalrelationshipof ad-

sorptionto ooncentt&ttonis thesamein the two cases.

TABLEVII

The type of distributionis quitedifferentfromthat obtainingwiththe

foregoingphenols,aoids,and aminés. In the caseofhydroxylaminehydro-
chloridethe amounttaken up bythe albuminat firstslightlyincreaseswith

ascendingconcentration,reachinga maximum,and withfurtherconcentra-

tionrisethe uptakediminishesto zero. In experiments (TableVII)at the

highestconcentrationsnegativeadsorptionwasaotualtyobserved. Similar

resultswereobtainedby CooperandNicholas*in the distributionofacetone

betweenwater andproteins. In the caseof acetonea chemioalexplanation
ofthe phenomenais improbableas the ketoneonlyreaotsslightlyandwith

extremestowneaswith funino-acids.~

In the courseof the study ofthe uptakeof phenols,acide,andbases,by

proteine,fourtypesofdistributionhavethuabeenobserved.

(i) Simplepartitionor solution,e.g.phenol,resorcinol.

(s) Adsorption,e.g.piorioacid,ethylamine.

(3) Negativeadsorption,e.g.hydrazinehydrate.

(4) Maximumuptakeat lowconcentrations,e.g.hydroxylaminehydro-
chloride.

Vn. Correlationof the Restttts with Observationson

GennicidaiPower

In the followingtable the distribution-ratiosof the foregoingandother

substancesbetweenproteinsandwaterare coordinatedwiththeir germicidal
andinhibitorypowers.

CooperandNicho!aa:Bioohem.J.,M,533(!9a5).
CooperandMason:loe.eit.

InM~cono. Amountof Finalcône.
ofNHtOH.HCt NH.OH.HCt ofNH.OH.HC! Ratio

perce.of takenupby perco.of

water-phase t (pfm.protein w~ter-phaee
A B A/B

.0297 gnn.) Negative.0297
Negative adsorptton

.Otaï

.0078 .0000 .0078 0.0

.oos84 .0044 .0058 o.ty

.00293 .00:6 .oosto 0.90
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TABUSVin

Substance Distribution Ratios

ProtHn

Water

Conclusions
The generaloutcomeof thesecomparativeresults is that the germicidalor inMbitorypowerof a substancebearsno definiterelationshipto its solu-

bilityinoradsorptionbyproteinsin colloidalsolution,i.e. theirnatural state
in the cell. Thus p-ehlorphenolis 5 to 7 timesas activeas phenolin bac-
tericidalpower,yet it isonlys!ight!ymoresolublethan phenotm dissolved
proteins. Salicylsulphonicacidonthe otherhand is adsorbedin considerable
amountby proteinsincolloidalsolution,yet as a disinfectantit is 1essactive
than phenol. Other examplesillustratingthis point are brought out by a
considerationof the tabulatedrésulta. Evidentlygermimdaland inhibitory
powerarenot fundamentallydeterminedby the capacityof the disinfectant
tobedissolvedoradsorbedbyproteinsintheMa<M~s<c~ofcoMMd<~so~MM.

When,however,weconsiderthe resultsobtainedwithproteinsin thé pre-
C!~«~ or insolublecoK&'< it is foundthat a généralpara!leUambetween
bactericidalaction and solubilityor adsorptionexista. For example,picricacidandthe chlorphenolshavea muchhigherdistributionratio than phenol,and they are alsoconaiatenttymoreemcaciousas disinfectants. Resorcinol
and saJieybulphonicacid,on the other hand, are lessactive than phenols,andarealsodissolvedoradsorbedby proteinsto a !essdegree. Nowproteins
occurnaturallyin livingorganismsin theconditionof colloidalsolution,and it
Mremarkablethat the relationsof disinfectantsto proteinsappear to cor-
respondwith bactericida!poweronlywhenproteins are in thé precipitated
state, i.e. an artificialform. The physicochemicalretationshipsof disin-
fectantsand poisonsto proteinsin the insolublecondition(denaturedor un-

PMtemm Protemm GenniMdat Inhibitorycolloidal insoluble Conon. conon.
Mtutmn atate

(or pptd.)
Phenol 3° iz.o im~o im ~o

~3oo iin t~o
*o.chlorphenol 3.~a ~.s 8 ~n~. ~n o
p-cMorophenoî 4.: 6.o 1 in 650 tin 4260
Resorcinot 4.0
Ptencacid –

27.4-922 Tingoo Iin ~o
SahcybuIphoMc 59-30.8 3.5-5.0 1 in 300

acid

Ethybmme ~.2-6.88 ~n~o 1 in
Aniline '7 i'" 7o im 225
Hydrazine hydrate Negative adsorption tiniso linnoco
Hydroxyt~mineUCt. 0-5.6 ~n

CooperandWoodhouM:BioehemJ., 1?,600(t?~).
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denatured),thus appearto have considerablebearingonthe problemof thé

mechanismof theiractionon livingorganisms,Thequestionas to why cer-

tain substancesapparentlydissolvein proteins,whilstothers are adsorbed

requiresfurther consideration. It is probablyincorrectto isolate the two

phenomena. It is morelikelythat the prooessesof solutionand adsorption

are goingon cônoun'ently.With certainsubstancese.g. phenot,the forma-

tion of a solutionin the proteinphaseprédominâtesoveradsorption;oonse-

quently the distributionfollowsthe partition-law. In tho caseof other sub-

stances,e.g.picricacid,thé surfacefactorofadsorptionexceedsthat ofsolu-

tion, and the distribution-ratiothereforevarieswiththe concentration. The

ratio varies in fact frotn 27-922,and thisextraordinarydeviationfrom the

partition tawshowsthat aotuat solutionof picricacid in the proteinphase
must be negligible,the absorptionbeingalmostentirelya surfaceconcentra-

tion. It wouldthus appear that in the disinfectionby phenolthe 6rst es-

sential stageis the formationof a soMo~of thisdisinfeotantin the bacterial

proteins,and this is foUowedby the speci6odenaturingactionof phenolon

the coUoidatstructureof thé ce! Whenpiorioaoidacts as a disinfectant,

however,it wouldseemthat the preliminaryprocessconsistsin its adsorption
or concentrationat the surfaceof thé colloidalprotoplasmicpartictesof the

organism,as distinguishedfromtheformationofa homogeneoussolution.

The authorsdesireto expresstheirthanksto the DepartmentofScientiSo

and Industrial Researchfor a maintenancegrant whichbas enabled this

investigationto be carriedout.

ChtmïartDepartment,CAeNt~eo!Dep<!t<nM)!<,
UMt<«<y<~BtWtttt~AaM,
Fe6rt«t)~ MM.



BY H. GENEVA LEOPOLD AND JOHN JOHN8TON

In a paperdealingwiththérate ofabsorptionof waterby rubberAndtews
and Johnston'showedthat the observationson a sériesof sheets of dit.
ferent thioknessof the samerubber compoundfollowpraoticallya singleourve'whenthe fraotionalsaturationof thosheetas a wbole-as determined
by themoreasein weighton immersion-is plottedagainst< <beingthe
periodof immersionin water,and <tthe ha!f-thioknessof the sheet. It was
recogmzedthat rubberisnot the idéal substanceforsucha test ofthe general
theorywhMhleadsto this conclusion,becauseof the oxidativeand other
changeswhichMnught well undergoduring the long periodof immersion
necessary;80welookedroundfor other materials,readilyobtainaMein uni.
~nn sheetsofdifferentthickness,whichwouldbemorestableunderthe eon.
ditionsof experiment,and concludedto try celluloseacetate, celluloidand
clearBakehte(yellowandbrown)' We foundhoweverthat the sheetsof
ceMose acetate reachsubstantial saturation in a few minutes,so rapidlymdeedthat a very thin sheetwouldpromiseto bè usefuias thé absorptivememberin a hygrometer;further that the celluloidsheetsyieldedin timetothe waterinwhichthey wereimmersedsomuohof the originalsolventor of
camphorthat conclusionsbaseduponchangeofweightof the immersedsheetswouldbe quite meaningless. The sheets of yellowBakelite (presumablythereforethosewhiehin the courseofmanufacturewerecmcdat a lowertem-
peratureor fora shortertime)uponimmersionincreasedin weightforabouttwo daya,but thereafterlost steadily for upwardsof two years, the final
weightbemgabout lessthan the originaldry weight;correspondingto
this, phenotdiffusedout into the water and waseasUyrecognisaMe There
remainedthereforeas satisfaotorymaterial for our purposeonly the brown
Bakelite,sheetsofwhichshoweda regularincreaseofweightthroughoutthe
periodof immersion;but evenwith this materialwefound,whenat the con-
clusionof thé experimentsthe sheetsweredriedfor three days at 110°(bywhiohtimethe weighthad becomepractioaUyconstant),that the finaldryweightwas!essthan the originalweightby an amountaveragingabout 1%This djNerencemaybe due, in part or wholly,to the fact that the sampleswerenotsothoroughiydriedbeforethe initialweighing;to thislossofmaterial
of the sheetsmaybeattributed the fact that thé pointsfor thé thickersheets
correspondingto thevery longestperiodsof immersionlieslightlybelowthe

l AndrewsandJohaston:J. Am.Chem.~oc.46,6qo('924);seealsoBoggeandBlake:
~S~ (1927).S

Immediatelyafterimmersion,anduntilthewaterenteringfromeithersurfaceofthesheetreaoheaitscentralplane¡therateofabsorptionis,ofcourse,dependentontheareabutnotuponthethicknessoftnesheet.

Kod~C~~DuPontCompany,andtheBakeliteCompanyrespeotively.

THERATE0F ABSORPTION0F WATERBY BAKELITE
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curve. In anycase, this differencewasnot taken intoaccountindefiningthe
inoreaseof weightas a measureof thé amountof waterabsorbed;and oon-

sequentlythe amount recordedM absorbedis rather belowthan above the
truevalue.

The sheetsusedwere3 X i inchinthree thioknesses,about0.04,0.07and
o.ï4 inch respeotively;they weredried ordinanly, weighedand immersed

separatelyin distilledwaterin a stopperedbottle. At intervalsthe samples
wereremoved,wipedwitha pièceof oldlinenin a standardway,transferred
to a stopperedweighingbottleand weighed;they werethen intmediatetyre-
immersedin distilledwater. Theincreaseofweightof threeor four sheetsof
eaohthioknesswasobservedin tbis way, and the resuitefor each thiokness
agreedvery oloooly;it suBicesthereforeto tabulate the data forone sheetof
eaohthiokness,asis donein Tableï, Qboingthe percentageinoreaseoverthe
originaldry weightof the sample. It maybementionedthat the thicknessof
the samplesafter soakingcheokedwith the originalwithinï or 2mils (i mil
= 0.001iaoh).

The percentageinoreasein weight(Q)of sheetsof brownBakelitezo mils
thick immersedin distilledwaterfor t days

A

2a = 42 mils

orig. wt. = 2.4904g.

day)! obs. ourve
0.7 0.2$ o.i8
ï? .39 .M
S.? .61 .72
7.7 .75 .83

i3 .93 1.03

iS -16 iio

19 .29 1.28

26 1.48 1.48

33 .66 1.68

40 .87 i.8s

54 2.23 2.i8

69 2.54 2.50

98 2.99 3oo
200 4.i8 4.12

223 4.34 430

354 S.i6 5.08

3~ 5.i8 517

464 5.40 539

5~ 5.56 5.6o

876 6.02 6.00

TABLE1

B
20'=71 mils

orig. wt. = 4.ba35 g.

daya oba. ourve

2 0.27 o.i8

7 .52 .48
io .57 .58
14 .75 .67
i8 .83 .74
32 1.02 .09
35 i.o6 1.03
42 ï.0() 1.0<)
56 i.ap 1.27
85 1.52 1.56

187 9.36 2.42
210 2.46 2.57
246 2.66 2.79
34ï 3.24 3.27
451 3.68 3.73
539 3.96 4.02
S68 4.06 4-'o
845 4.94 4.78

c
20 =- ï39 mils

orig wt. '= 8.7850g.

days obs. curve
i o.og 0.06
2 .14 .M
6 .sz .ty
8 .a~ .19

10 .27 .26
ï3 .31 .:9
16 .33 .3t
20 .37 .37
24 .4~ .4:
27 .45 -4S
34 .48 .54
48 .s8 .6:
62 .66 .y:
91 .79 .86

193 '-ï4 i.M
ai6 t.ab i.ay
252 !.3i 1.37
458 i.8o 1.87
545 1.98 2.07
574 2.04 2.13
851 2.86 2.66
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After a8 months immersioneaohof thé thinnest sampleshad inoreased
6.00 o.oa%in weight;it may be that they werestillgainingweightvery
stowty,butwohaveassumedthat 6.0%représentasubstantiallythesaturation
valueQ.of this typeofBakelite. WhentheobsorvedvalueQ,or therelative
saturationQ/Q.,isplottedagainst (t isnumberofdays immersion,a is
the half-thicknessof thesheet),the pointsforall the sheetslie,withveryfew
exceptions,verycloseto a SM~!ecurve,soclosethat, ona diagramofthe size
whichcan be printedhere,they wouldbe indistinguishablefromthe curve.
Consequentlyweshowthe degreeofagreementof theresultsinTable1with
thiscurvebypresentinginthe columnQ' valuesinterpolatedat thedesignated
valuesof t, or ratherof </a', fromthe curvedrawnon a largescale. This
agreementisaUthat couldbeexpectedundertheciroumstances.

Theadvantageof thiswayofexpressingthéresultsis that onemayfrom
thé curvepredictfor thick sheetsthe relativestate ofsaturation,and thus
avoidthe necessityof continuingthe experimentsoverlongperiodsofyears.
This may be doncfromthé followingroundedvaluesof < (in daysper
squaremil) correspondingto even argumentsof the fractionalsaturation 'ï
970.: M

07Q. 0.1 o.a 0.3 0.4 0.5 0.6 o.y 0.8 o.o t.o
</a~ 0.01 0.04 o.oo o.is 0.2: 0.33 0.48 0.68 i.o? 1.98

Fromthis one maypredict that the i4o-musheetswouldnot be essen-
tl

tiallysaturateduntil theyhad beenimmersedsometwenty-sixyears! From
theseresultsit is clearthat the rate ofpénétrationofwaterinto this typeof
Bakeliteis so very slowthat underall ordinaryatmospherieconditionsthe
amountofwaterabsorbedwouldbenegligible;this isdoubtlessa factorin the
qualityof thismaterialasan electricalinsulator.

Fromthèse experimentsatoneUtt:ecan be saidas to the mechanismof
thiswater absorption;but there is no reasonto believethat it differsessen-
tiallyfromthe absorptionof waterby rubber. In thiscase,as the resultof
Verycarefuland extensiveinvestigation,Lowryand Kohmanconcludethat
theprocesaisessentiallyoneofsolutionofwaterin thérubber,theendresult
beinginfluencedbythepresenceofwater-solubleimpuritiesin thérubber,and
by its rigiditywhichdeterminesthe easewithwhichthe rubbersheetmay
swellandso providespacefor the enteringwater.

fo~ t/tUtwa~,
~«o ~fseen,Conn.

M



THESURFACELAYEROFLIQUIDSANDTHE BIZE

OFMOLECULES8

BY BEBO:U8 G. MOKBUSHtN

Thefollowingequationoonneotingthe latent heat ofevaporation,X,with
thesurfacetension,orwasdeducedbyW.Ostwald'

X/z = <rH (t)

whcreCisthéareaofthéliquidsurface. It followsfromthisequationthat the
surfaceenorgyof moleculeslyingin the interfaceliquid-vapourishalfoftheir
latentheat ofevaporation. The valueof S for one moleculein the surface
layeris calculatedby Ostwaldonthe assumptions,apparently,that (a)each
moléculeisa cube,the cubesbeingas otoselypaekedas possible,and (b)that
thévolumeofa moleoulein the liquidstate is M/d whereM is the moleoular
weightin thevapourstate,andd is the densityof the liquid. The lengthofa
cubeedge,can readilybecalculated,for

M/d Rt (2)

andhencet 2<rM/M (3)

whichequationisemployedby Ostwaldfor the caloulationof the "diameter"

(Durcbmesser)of a molecule.

Wewillnowexaminemorecloselyequations(i) and (2)fromwhich(3)is
derived.In (i) the surfaceenergyof a moleculein the surfacelayer iaX/z,
whichimpliesthat when,on evaporation,thé moleculeis removedfromthe
surfaceit acquiresan additionalamountof energy,X/z. After evaporation
therefore<FSequa!shalfthesurfaceenergyof the molecule,the wholesurface
ofwhiohisnowfree. But thesurfaceenergyofmoleculeswillbehalf oftheir
surfaceenergywhenin thevapourstate only if the surfaceof the liquidcon-
aistsofsphericalor ellipsoidalmoléculesincontact, or ofpolyhedrasymmetri-
callydisposed,and with theedges,not the faces,in contact. It seemsmost
probablethat surfacelayermoléculesaresphericalor ellipsoidalas has been
previouslysuggestedby the writer in a paper' where the molecularsurface
energywasregardedas equal to the internai latent heat of evaporation,Xt,
viz.,

Xt = Scr (4)

whereS = Nird"= the molecularsurfacein the vapourstate, N beingthe
Avogadronumber,and d the moleculardiameter. "Diametets" calculated
by (4)donot agreewellwith those calculatedfrom (3) by Herz~,Walden/
andothers,but approachmorecloselyto those determinedby Sirk' on the
basisof Debye'swork. Anotherobjectionto Ostwald'sequation is the re-
placementof 0 by M/td, for whichnoadequategroundsappear, and which
entailsno interspacesbetweenmolecules. This can be the case onlywhen



88o BEBGtPSG.MOKÏtPMtN

moleoulesare in the form ofcubes,hexahedra,honeyoombs,etc., andnot of
sphères. In the simplestcase,that of the oubicalform,equation(t) cannot
holdbecausethe surfaceénergiesof oloselypaokodoubioalmoleculesat thé
surfaceof the liquid willbe onlyone~ixthand not one-halfof thosem the
vapourstate, asonlyonefaceofeaohcubein thesurfacelayer isfree. Honce
thé valuesof t are three timesas great as thosederivedfromequation(3),i.e.
are nearer to those derivedfrom(4).

OstwaldsuSeredfromlackofdata concerningthe shapeofmoléculesand
the structure of surfacelayersof liquida. It is onlycompamtivelyMcently
that Laagtnuir's"investigationshaveled toamoreor !essclearinsightintothe
structureof such layers,thé conclusionsattainednot beingin harmonywith
vanderWaala' assumptionofa oontinuouschangeofvapourto liquidand of
a non-abrupt liquid-vapourinterface. At presentthe surfacelayeris con-
sideredto be unimo!eou!ar,forminga deSniteliquid-vapourinterface. (See
-BnUouin~).The writer' bas shownthat moleoulesof liquid at the boiling
pointhave the structure of a honeyoombcetiand are in acontraetedstate,
but in thesurfacelayertheymuâtbeapproximatelysphericalas theattractive
forcesofthe lowermoleculesin thé liquidarenotfullyexperienced.ït follows
that the denaityof the surfacelayeris lessthan that ofthe bulkliquid. Ra-
man"'bas lately arrived at the same conclusionfrominvestigationsof thé
scatteringof light at liquid surfaces,but explainsthe phenomenonon the
hypothesisof Brownianmovementof the molecules,that is the motecutes
are not in contact. Thé writer,however,is in agreementwith Langmuir"
that the surfacelayer moleculesare in contact,and asoribesthe decreasein
densityas due to expansion.

Publishedvalues,obtainedby independentmethods,of the diametersof
suchmoieculeaatso support the witer's assumptions.Valuesfor water,for
example,are (a) 5.5!, Langmuir,"from determinationsof the negativead-
sorptionof potassiumchloride,(b)5.1~ Jaeger",fromthé Mnetiotheoryof
gasesand the capillaryconstant,(o)g.oÂ,Raman,fromhis abovementioned
experiments. These valuesare very closeto that obtainedby thé writer2
fromequation(4),namely,s.izÂ.

In conclusion,it seemsnecessaryto directattentionto the apparentfact
whichemergesfromRasohig'sMandZehnsky's"workoncatalyais,that mole-
culesmaysuffera simultaneouschangeofvolumeandshape.

Summary

i. Freahsupportis adducedforthe author'sassumptionsconcerningthé
structureofthe surfacelayersof liquide,andforthecorreotnessofniaformula
forcalculatingthe diametersofmolécules.

a. It is ahown from theoretical considérationthat the surfacelayer
shouldhavea smallerdensitythan the mainliquid.
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3. Attention ia direoted to a possible type of deformation of molecules

involvinga simultaneous volumeand shape change.
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BY RONAMt PERCY BELL

7~o<fMc(!< Verylittle workbasbeendoneuponthe velocityofreaction
in a heterogeneoussystem consistingof two non.miacibleliquida,and those
caseswhiohhavebeenstudiedareofthe type in whiohat leastoneofthe re.
actants is solublein both liquidphases. In a reactionof this type, the ré-
action velocitydepends uponthe rate of diffusionof one or moreof the
reactants acrossthé junction of the two phases,and is not due to surface
phenomena.

It wasthereforedecidedto investigatea reactionbetweentwosubstances
'a' and 'b' in twonon-misciblesolvents'A' and 'B,' 'a' beinginsolublein 'B,'
and 'b' beinginsolublein 'A.' In a caseof this kind,the reactioncanonly
take placeat thejunctionof the twophases,andwilldependupontheforma-
tionofadsorbedsurfacefilms. In orderto simptifymatters, it,wasdeoidedto
useas onereactanta solutionofanelectrolytein water, whichgivesonlya
slightnegativeadsorp~on,and as the other reaotanta solutionof non-elec-
trolyte in a non-dissociatingsolventwhichwillgive a positiveadsorption.
The reactioncanthen only take placeby the ionsof the electrolytestriking
theadsorbedfilmof the non-eleotrolyte.

Althougha reactionof thiskindmustbe a true surfacereaction,it is still
possiblethat it maybe influencedbythe rate ofdiffusionof the non-etectro-
lyte to the surface. This willbe thecaseif the rate at whichthe adsorption
equilibriumisadjustedisslowcomparedwith therate at whichthemoteoutes
are removedfromthe surfacelayerby reaction. In this casethé reaction
velocitywillbea~ectodgreatlybytherate at whichthe layer isstirred,while
if the reactionvelocityis onlya funotionof the equilibriumconditionof the
adsorbedlayer,thé rate of stirringshouldhavenoinfluence. Frontthe small
differencewhiehis found to existbetweenthe static and dynamicsurface
tensionsofsolutions,it appearsthat the orientedmonomolecularfilmsformed
insolutionsarenotdisturbedbya moderatedegreeofstirring.

C'Ao!ce<~are<M~tbK.The reactionto beexaminedshouldhavethefoUow-
ingcharacteriaties:

(a). The twosolventsmust not be miscibleto any great extent, and
neithermustbeveryvolatile. Alsotheymust not readilyforman emulsion,
and they musthavespecifiegravitiesdifferingas far as possibleso that thé
liquidto liquidinterfaceshallnoteasilybedeformedbystirringeitherofthe
layers. ·

(b). Eachofthé reactingsubstancesmust be insolublein onephaseand
solublein the other.

(c). The productsof réactionmust be solublein at least one of thé
phases.

(d). The electrolytemust be a neutralsalt, sincehydrionand byoroxi-
dionhavea dtsturbingeffectuponsurfaceconditions.

REACTIONVELOCITYATALIQUID-MQUÏDINTERFACE
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(e). The reaotionmuet prooeedat a measurablevelooityat ordinary
températures.

(f). At leastoneofthe reactantsmust becapableofaccuratedetermina-
tionin solution.

The reactionfinallychosenas suitablewas the oxidationof benzoyl-o-
toluididein benzenesolutionto benzoy!-anthrani!icaoid,bya neutralaqueous
sotutionof potassiumpermanganate,aocordingto thé equation:-

r\NHCOC.H6 NHCOC~I.

0 CHa

-+

0
NHcoc.H.~CH, '~COOH

Eachsolventwassaturatedwith the other beforeuse. Experimentshowed
that benzoyi-o-totuidideis quite insolublein a saturatedsolutionof benzene
in water,and that potassiumpermanganateis quiteinsolublein a saturated
solutionofwaterin benzene,the temperaturein eachcasebeingabout 25°C.
The product of reaotion,benzoyI-anthraniHcaoid, was found to be only
stigbttysolubleinwater,but sineeonlyinitialvelocitiesweremeasuredand à
largevolumeofwaterwaspresent,in noexperimentsdid it separateout.

The benzoyt-o-toMdidoused was preparedby the Schotten-Baumann
reactionfrombenzoylohlorideandpure o-totuidine.It waafiltered,pressed,
washedwithdilutehydrooMorioacidandwater,anddriedonthe water-bath.
Onepreparationwasreorystallisedfroma!coholandanother from benzene.
Afterdrying in a steamoven eachpreparationmeltedat i4i°C, and a mix-
tureof the two alsomeltedat 141°0. Bothwerethereforeconsideredpure
andwereused indifferentlyin thesubsequentwork.

MeoswcMMKtof ~ac~MMVelocity. The apparatusformeasuringthe re-
acëonvelocityisshownin Fig. i. The g!assjar 'A' wasofabout 5 litresca-
pacity. The permanganatelayer 'a' was stirredby the stirrer 'B,' and the
benzènelayer 'b' by thestirrer 'c.' The stirrerswereofglassand werecon-
neotedby pulleysso that 'B' rotatedabout fourtimesas fast as'c.' 'B' was
enolosedby the outertube 'D' so that it movedonly in the permanganate
solution.

The progressof thereactionwasfollowedby titratingfromtime to time
10ces.of the permanganatelayerwhiohwerewithdrawnbya pipetteattached
to therubber tubingat 'E.'

At the commencementof eaohrun the permanganatesotution,approxi-
matelyat zg~Cwasruninto the jarclampedin the thermostat.Aknownvol-
umeof benzenewasthenadded,andleft for halfan hourto acquirethé tem-
penture of the thermostat. The reactionwasstarted by addinga known
volumeof a benzenesolutionof benzoyl-o-toluidide,whichhad previously
beenbrought to the températureof the thermostat. Thesesolutionswere
madeup by dissolvinga knownweightof benzoyl-o-toluididein a known
volumeof benzène.

PreKmtKO~~enMeN<s. Tworuns werenrst madein whichthe solu-
tionsusedwerethesameineachcase,but the speedofatirringofthe:benzene
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layer differedin the twocases. As a temporary standardfor titrating the
permanganatesolutionan acidifiedsoTutionof ferrousammoniumau!ph&te
wasused. Sincecomparativevaluesonlywererequired,the strengthof the
solutionsusedwasknownonly veryapproximately.

In thé preliminaryexperiments,as in <dlmeasurementsof reactionve-
tocity,the followingpointswereadheredto:–

(a). A largevolumeof pennanganatesolutionwasused,so that the re-
movalof seve)-~Mce.portionsshouldnot affect the concentrationto any
considerableextent.

(b). The benzoyi~tohudidowaaal-
wayspresent in large excesscompared
to thépermanganateusedup,so that the
concentrationof the formershouldnot
changem&tenaHyduringthe initialstages
of thereaction.

The results of the preliminaryruns
showthat after a veryshortinitialstage,
the reaction attains a velocitywhichis
not anected by iacreasingthe rate of
stirringfour-fold. Thus with an initial
titre in each caseof 13.9ces. with the
faster rate of stirringthe titre ohanged
fromn.35 ces. to 11.40ces.in r.5 hours,
while the correspondingchangeat the
slowerrate of stimag wasfrom13.~0ces.
to 12.2$ces.in the sametime.

Titration of po<<MMMWtpermanganate.
For further expérimentaa sohition of
sodiumoxalateapproximatelyN/too was
used for titrating the pennanganate
sotutions.

In runs 1-4 inclusive,the to ces.
of permanganatesolutionwasadded to1 nabout 50 ces.ofhot, 50%sulphurioacid. 100ces.ofboilingwaterwasthen

added,and the solutionoftenremainedat 8o"-9o"Cforsomeminutesbefore
titration. In eachof thèseruas veryerratiorésultawereobtained,although
the generaltrendof the titres correspondedto the progressof the réaction.
It wasthereforethoughtthat the methodoftitration wasat fault,and after
run 4 the permanganatelayer (containingthe productsof reaction)wasre-
moved,and 10ce..portionsweretitratedwithstandardsodiumoxalateunder
differentconditions.It waafoundthat if the proceduredescribedabovewas
adopted,the titre decreasedon standing,to the extentof about 1%in one
minute. Thisaccountsforthe erratiepointsobtained. However,if the per.
manganatewasaddedto coldsuiphuneacid, then dilutedwithwater, and
warmedgraduallyto 7o"C,the titre wasnot alteredby keepingthesolution
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at ?o"Cfor ten minutes. Thisprocedurewasthereforeemployedin aUaub-
sequentruns,and the resultsof runs 1-4inclusivewerenot used.

A suggestedexplanationof the observeddecreasein titre is that the ben-

zoyI-aothranUiosaid is partiallyhydrolysedto anthraniliaacid by contact
with hot $0%sutphuncaoid. The freeamino-groupis then oxidisedby a

part of the permanganate,thusreduoingthe titre.

~!epertMMn<<~M<Ka(Ftfs(series). In thisaenesofrunathe temperature
of the thermostatwaa24.65°~o.oi*C.

In all, sixteenruas weretaken. Besidesthe first four,run No. 6 wasre-
jectedbecausethe stirrerwasbroken,andrun No.11becausefor someun-
knownreasonthé titres areerratic.

In eachrun,on plottingthe titres againstthe timeit wasfoundthat the
initialportionofthe graphalwaysapproximatesto a straightline,thoughin
somecasesthe observedinitialtitre doesnot lie uponthe line whichpasses
through the subsequentpoints,indicatinga short initial stage. In thèse
casesthe initialconcentrationis taken to be that correspondingto the 6rst
pointon thestraight line. The initialreactionvelocitygivenin the tablesof
resultsisobtainedgraphicaUyfromthe straightportionofthe ourve.

Asanexample,the fullexpérimentalfiguresfor runNo.8 are given:-
Bitm(8). noo ces.water

400ces.KMn04(A)
:So ces.benzene

Initial titre = 48.12ces.(oxalateB).
aso ces. benzoyi-o-tOHMtdoB added at 10.30.

Timo Titre Time Titre
"0-30 48.n 12.30 45.60
"-o 47.33 i.o 4s.6o
11.3° 46.73 1.30 44.70
ï~.o 46.11 2.0 44.34

The graph of this run is given in Fig.
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Ineveryrun the total volumeof theaqueouslayer was1600ces.,and the
total volumeof thébenzenelayer500ces. In runs Nos.5, 7 and 8 the con-
centrationof the sodiumoxalateusedcorrespondedto 1.08 X lo-" grammolesKMnO<per ce. lu runs Nos.to-i6 inclusivethé correspondingfigurewas6.12 Xlo-

The resuttsof the first seriesare summariaedin the followingtable, in
which:–

A = InitialconcentrationofKMnO<inoxalatetitreper 10ces.ofsolution.
B = Concentrationofbenzoyl-o-to!uidideingramsperlitre.
R = Initial rate of reaction in ces.oxalatesoMon per 10ces. perman-

ganatesolutionper hour.
M. a

In runs Nos. s,?and 8, 'B' remainsconstant,while'A' varies. These
resultscan thereforebeused to test the dependenceof the réactionvelocity
uponthepermanganateconcentration.Expressingboth thequantitiesin the
unitsgivenin the table,wehavethefollowingvaluesforthe ratioR/A:–

Run(6). 0.82/36.14=0.0227
Run(7). O.S3A4.86=. 0.0~4
Run(S), i. 1~/48.19=0.02Z3

The constancyof this ratio showsthat the reactionis monomotecularwith
respectto potassiumpermanganate. Thisbeingso, wecan correctfor thé
variationsin initialconcentrationofpennanganatein runs 10-16. The fol-
lowingtable containsthe initial velocitiesoorrectedto a uniforminitalcon-
centrationcorrespondingto a titre of36.19cca.oxalatesolution.

TheseBguresare plotted in Fig. 3, whichKpresentsthe dependenceof
the reactionvelocityupon the concentrationof the benzoyl-o-toluidide.It
is seenthat forconcentrationsaboveabout5-6gramsper litre,the valueof
R becomesindependentof that of B. This range of concentrationswa~
thereforeused in the secondand third seriesof experimentsundertakento
determinethe temperaturecoefficientof thereactionvelocity.

Run B R' R~n B R'
3.94 2.70 14 s.94 3.66
~-95 i.46 15 2.14 o.6o
~.69 3.63 .6 4.96 3.SO

R"" A a R
36.14 4.SS o.82

7 ~4.86 ,.s;S 48.~ 4.~
3.94 2.70

~o 2.95 t.~
~-Sa 8.69 3.68
~S.4o g.94 3.55
~4.63 :.t4 0.65
~-34 4.96 3.50
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Ea;pen<ne?!<<J!es!t!<9.(Secondandthird~enea). In thesecondseriesthe

temperatureof the thermostatwas~s'oSC.,and in thé thirdseriesit was

ï4.oo"C. Threeruns worecarriedoutat eachtemperature,withconcentra.
tionsofbenzoyt-o-totuidideofapproximately6, y and 8 gramsper litre. In
bothruns thé oxalatesolutionusedhada strengthcorrespondingto s.61X
io'~grammolesKMnO<per oo.

In eaohseriesit wasfoundthat byplottingthe pointaofaUthreerunson
one grapha etraightUnewasobtainedfor the initialportionwhichpassed
throughthe pointsofeaohseparaterun,thus oonËnningtheresuitofthefirst
seriesnamely,that forconcentrationsofbonzoyl-o-toluidideaboveabout5-6

~u
0~é

l~!4

U

grameper litre the reactionvelooityia independentof the concentration.
The réactionvelooityin eachserieswasdeterminedby measuringthe slope
of thé line. Theresultsobtainedwereas follows:-

<SeWea(.8).
At 25.o8"Cwithan initial titre of 16.65ces.,the initialvelooitywas
3.60ces.per ïo ces.perhour.

Series(S).
At i4.<)o'*Cwithan initial titre of 17.15ces.,the initialvelocitywaa
0.28ces.per 10ces.per hour.

If wecorrectthe secondvaluefor thesmalldifferenceininitialtitre,the
valuesbecome3.60ces.and0.27ces.respectivety.

.Me<!MMfeMten<ofSurfaceTeMMM.In order to determinehowthe inter-
facialtensionbetweenthe two layersvariedwith the concentrationof ben-
zoyI-o-toMdide,the drop-weightmethodwaaused. It wasofcourseimpossi-
ble to usepermanganatesolutions,but sincetheseweredilute,the errorin-
volvedin usingwaterwillbesmall,at leastas regardsthe forM~MKofthe sur-
facetensionwithconcentration.
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Theapparatusused wasa modificationof that used by Harkmf~ The
ttp WMabout 7mm.in diameterandwasseteotedto be truly oiroular.It waa
groundNat withcarborundumpowderand water,and finally poiishedwith
Muge. The timeallowedforeaohdropto taUw&eat least three minutes,and
under theseciroumatancesthe surfacetensionis proportionalto the drop.
weight.Sincethe densityof the solutionsusedvariedonly from 0.8740to
0.87~, thedrop-volumeoan in thiscasebe takenasa measureofthe surface
tension.

Thereaaltsobtainedaregivenin thefollowingtablein which:–
c =concentrationof beMoyI-o.tohudidein gramsper litre.
v = volumeofonedropof waterinces.

r-

..v. y

Both thewaterandthe benzènesolutionsweMsaturatedwith respectto
eachother byshakingin the thermostatbeforemeasuringthe drop-weight.AUthe surfacetensionmeasurementawerecarriedout in the thermostat at
94.650.

The variationof the surfacetensionwith the concentrationia shownin
~tg.4,in whiehthe drop-volumeisplottedagainstto~C.

DMCMNMK~resM~.In the introductionthe theory wasadvancedthatreactiontookplaceby permanganateionsstrikingan adsorbed surfaceof
bensoyl-o-toluididemolecules. In this casethe réactionvelocity at a given
temperaturedépendsonlyuponthenatureof thé surfacelayer,and uponthe

HatMM,etc.:J.Am.Chem.Soc.,3$,328,ass (~!6).

v e ).e.~ v
'.94 o.a88 O.M8 s.oz 0.701 o.~~.98 ..4M 0.398 7.3. 0.86s o.S4.0. 0.604 0.396 8.04 o.oos 0.3146-~9 o.79a 0.348
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rateofimpactofthe permanganateions. Thehypothesisis supportedby the
followingexperimentalfacta:–

(a). The preliminaryexperimentashowthat the reactionvelooity is
independontof the rate ofstirring,and hencenot dependenton the rate of
diffusionof eitherreactanttowardsthe interface.

(&). The reauitsof rune5,?and 8 in the first seriesof velooitydeter-
minationsshowthat the velocityisdirectlyproportiona!to thé concentration
ofpotassiumpennanganate,i.e.,sincethe solutionsaredilute,to the rate at
whichthé permanganateionsstrikethe surface.

(c). The reactionvelodtyisfoundto havea largetemperaturecoefBcient,
incMaamgabout i3-Md fora riseof io"C. Thisshowsan analogyto hetero-
geneousgas-reactions,in contradiatinctionto diffusionréactions,for which
thetemperaturecoefficientiaverystnaU.

Thisbeingthe case,it shouldbe possibleto observea connectionbetween
thereactionvelooityandtheconditionofthesurfacefilm.

Thefundamentalequationforthe extentto whichadsorptionat an inter-
facetakesplaceis theGibbs-Hehnhoitzequation:-

r
RTa!no

where c =*concentrationof dissolvedsubstance.
<r =surfacetension.
F = inoreaseof concentrationat the interfacein moles per

sq. cm.

The direct confirmationof this valuefor the excessconcentrationoSfers
gréâtexperimentaldimculties. A fairagreementbetweenca!cu!atedand ob-
servedvalues was obtained for the liquid-gasinterfaceby Donnan and
Barker/ and by Frumkin,'but the resultsof W. C. McC. Lewis*on thé
liquid-liquidinterfaceare not sosatisfaotory.

Indirectconfirmationbashoweverbeenobtainedby severalworkèrs. It
is foundin generalthat for solutionsof non-electrolytes ln 0 becomes
constantabovea certainlimitingvalueof c. Thismeansthat F basreached
its maximumpossiblevalue,i.e. that the surfaceis completelycovered.
Valuesfor themoleoulardiameterare catcuiatedfromthevalueof r andgood
agreementis found withvaluesobtainedby othermethodsor for other sot-
vents.

The present workgivesanother opportunityof testing the same point.It is seen from Fig. 3 that a<r/atn c becomesconstantforall concentrations
aboveabout 5-6gramsper litre. It wouldthereforebeexpectedthat 'cetenB
panbus,' the reactionvelocitywouldbe the sameforall benzoyI-o-toMdide
solutionshaving concentrationsabovethis limit. The curve in Fig. 3 be-

DonnanandBarker:Prao.Roy.Soc.,8$~,ssy(1911).
FrumHn:Z.phys!tt.Chem.,US,9S9('9~5).

LewiB:Phil.M<tg.,1$, (,908); ~6 (t~); Z.physik.Chem.,79,129(teio).
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cornesparallelto the concentrationaxisforhighconcentrations,the pointof
inBeotionlyingbetween5 and6gramsper litre, sothat the dopendenoeofthe
reactionvelooityon theconditionof the surface6hn ? oonfimedby experi-
ment. Theconstancyoftheréactionveloeityat highconcentrationsis shown
not onlyby Fig.3, but by the agreementof the separateruns in séries(a)
and (3).

Thepresentexperimentsthereforeprovidean independentverificationof
the présenceofa saturatedmonomolecularadsorbedlayerat the surfaceofa
concentratedsolutionofa non-e!eotrolyte.It is su~ëated that this workcan
be extendedto a généralstudyof adsorptionby other kineticpropertiesof
interfaces,e.g.,ratesofevaporation. Suchexperimentsare nowin progress.

For concentrationsof benzoy~toluidide correspondingto a complete
coveringof the surface,it is of interestto comparethe numberof perman-
ganate ionsreducedwiththe total numberwhiohstrike the surface. This
latter numbercanonlybe calculatedif weassumetha.t the permanganate
layeris homogeneouBthroughout,andnegleotthe surfacefilmofwater mole-
cules.1 Making thèse somewhatdoubtful assmnptions,we have by the
kinetiotheory*:–

n.
(6)

where n=='numberof ionspersecondstrikinga givenunit area.
W = numberof ionscontainedin a total of N species(ions+ sol.

ventmolécules).
c '=*root-mean-squarevelocityofan ion.

~b = moieeuiM'co-volumeof solution.
Sincethe solutionsaredilutewecanwrite:–

W=cN~,

where c -=concentrationin grammolesper ce.
and hence:–

–
3600o Ao

"° V6,r

where X = réactionvelooityin grammolesper hour.
À = areaof interface.

In the secondseriesofvelocitydeterminationsthe initialtitre was16.65
ces. This correspondsto a concentrationof:–

c = 16.65 x 5.6i X 10-' X
10

= 9.37X io'~ grammolesMn0/ per ce.

MorgMtMdE~a:J.Am.Chem.Soc.,38.844(~9'6);Harkinm:39,tS~ (tQ!?):47,

&~S~~)~
~.T~)/M.~ r~

Chem. 46, 1071(l~)..
~~S~~&M~ Comparetheequatirnew~edbyLaqmuirforgaees,Trana.FaradaySoc.,1922..
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Fromthé kinetioenergyofthé Mn0/ ionat 25°C.weobtain,

c==2.4~Xjfo<
A = !3a sq. cm.

Hence X r 360o X~7 X 'o~Xj~X 2.45X to<

V6 X 3.'14
= z.gt X 10.grammolesKMn04perhour.

The initial velocitydeterminedexperimentallywaa3.60ces.oxalateper
10ces.solutionper hour. Sincethe total volumeof solutionwas1600ces.,
webave:-

X 3.60X !6o X s.6ï X io-<
a 3.ea X ïo' grammolesKMnO~per hour.

There is thus a ratio of about r T<r~betweenthe numberofMn0<ions
whiohreach the surfacelayer and the numberwhichreact withbenzoyi-o-
toluididea.tag~C.

There are two factors whiehmay accountfor this largenumberof un-
fruitful coUiatOBS:–

(a). That only collisionspossessingan energyof impactgreaterthan a
limitingvalue 'E' are fruitful. If the adsorbedlayercan be regardedas en-
tirely stable, then 'E' referaonly to the ecergyof the permanganateion.
Probably,however,the adsorbedtoluididemoléculesare in varyingstates of
vibrationand atrain, in whichcase'E' tefersto the joint energyof the two
coHidingmolecules,

(b). That certain 'phaseconditions,'e.g. mutual orientationof the re-
actingmolecules,are necessaryto reaction.

That thé tiret of these faotorsispresent seemscertainon accountof the
verysmallnumberof fruitfulcollisions,andmoreespeciallyonaccountof the
hightemperaturecoemoient. Thesecondfactormayor maynot be effective
6unultaneous!ywith the first.

If we eonaiderit as a caseof simplethermalactivationthe variationof
the reactionvelocity with the temperatureovera fairly sma!ltemperature
rangeisgivenby:–

dlnk E
dT RT'

wherethe 'energy of activation,'E,.is a constant. In the presentinstance,
meaaurementshave only beenmadeat two températures,so that it is im-
possibleto showthat the !n k i/T" graphis a straight line,i.e. that E is
actuallyconstant. Howeverif weassumeits constancy,a valuecan be cal-
culatedfromthe temperaturecoemcient.

Takingthe meantemperatureas 20"C.,

ln.3.6–m.o.28 E

M ~X293"

E = ? X 293"(Iog,.3.6 !ogMo.2&)

4.343
-= 43,?oocalories
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Assmningthat the caleulationof thé total numberofcollisionsiscorrect,
wehave:

Effectivecollisions
X 7~r–,––––<=ï.98Xio~Totalcollieions

fromwhichwecancaloulatea valuefor E accordingto the Maxwelldistri-
butionlaw,

Effectivecollisions -B/RT
Totalcollisions

-e

E
whencei.a8 X 10~ = e" ~<~

E 2 X ~98X i5.8?
= 9.Soooa!a.

Thus the twovaluesof E, 43,700cab. and 9,500cals.calculatedon the
basisofsimplethermalactivationareverydifferent,and thediacrepancywill
be increasedif a phasefactor (neoesaatUyless than unity) is present. It
seemsprobablethat althoughthé equationusedto caloulatethe totalnumber
of impactsmay be approximatelycorrectfor an imaginaryplanein thé in.
teriorofthe solution,it willfailentirelyat a phaseinterfaceonaocouatofthe
adsorbedwaterlayerat the surfaceand the electricalaction. In anycase,
reMancecannotbeplaceduponthe value43,700cale.,dependingas it doeson
a aingtedétermination,and thé applicationof simple kinetictheoryto an
ionicsolutioncannotgivemorethan veryapproximateresulte.

Thus in this casethe resultsofthermaloatculationsareinconclusive.It
appeare,however,that a atudyof this type of reactionmayproveuœfutin
thestudyofthermalactivation. In the ordinaryheterogeneousgas-reaction,
the surfaceis not readilyreproducible,nor is ita area easHymeasured,while
in the homogeneouabimolecularga~reaotionthe calculationof the total
numberof collisionsdependsonmoleoulardiameters,whichare not known
aocuratety.In a reactionofthe presenttype,the cotisionsarebetweenmov-
ing moleculesand a well-definedinterface, and their number can be
calculatedby simplekinetictheory. It woaldseemthat the complications
met within the presentworkmightbe obviatedby the study ofa reaction
at a gas-liquidsurface.

s~

(i). The velocityof the surfaceréactionbetweenbenzoyi-o-toiuididein
benzenesolutionand potassiumpermanganatein aqueoussolutionhasbeen
determinedforvaryingconcentrationsof the tworeactants and at tempera-
turesof is~Cand :5"C.

(a). Comparativemeasurementsofthe interfacialtensionbetweenwater
and benzenesolutionsof benzoyi-o-toluididehave been carriedout by the
drop-weightmethod.
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(3). It bas beenshownthat the abovereaotionMcausedby perman-
ganateions strikingan adsorbedlayerof beozoyi.o.toluidide,and that ita

velooityis not dependentupondiffusionfromonesolventto anothor.

(4). Compariaonof the vetooityourveswiththe surfacetensionbas af-
forded an independentconfirmationof the Gibbs-HohnhoItzadsorption
equation.

(5). Caloulationshavebeenmadeto test thehypothesisof thermalaoti-
vationforthismaotion,but withincondusiveresults.

(6). It is suggestedtbat moreconclusiveresultsmight be obtainedby
the studyofa reactionat the gas-liquidinterface,and that the generalprob-
lemof inter-phasekinetiosmay providea valuablelineof approaohin the

atudyofadsorption.
In eonolusion,the author wMhesto expresshis gratitude to Sir Harold

B.HartleyforMaadvice,encouragementandassistancethroughoutthe work.

P&Mt<M<CAeMtttf~Laboratortes,
Bo8<~andM~ CoBe~,
Oi<

DM~er~~as?'.



THE OPTICALACTIVITYANDCOLLOIDALBEHAVIOROF

AQUEOUSGELATÏNDÏ8PEB8IONS*

BY ELME 0. KBABMEN AND J. R. FANSBMW**

In a preliminarystudy the authorstobservedthat the influenceof tem-

peratureand pH upon the opticalactivityof aqueousgetatinsystemsdoes
not resemblethat usuaUyfound with solutionscontainingoptioallyactive
acide,bases,or salta. The optical behaviorof solutionsof tartario, malio,
andotheracidsor theirsatts~may berathersimplycoordinatedwiththeordi-

nary dissociationconstantsand the extent of salt formationor hydrolysis.
To eachof the variousionioand moleoularspeoiesin solutionmay be as- ]
signeda charaoteristicrotatory powerso that the net rotatorypowerofsolu-
tionsofvaryingcompositionisgivenbysimpleadditiveprocesses.In gelatin )
Systems,ontheotherhand, the relationshipbetweenrotatory.powerandcorn- ,]
positionis not onlymorecomplioatedthan acidor basecombinationourves )
wouldsuggest,but it appearsalso to be maskedby otherinfluences.Much
moreapparent is a para~telismbetweengel formationand opticalactivity
whichindicatesthat the rotatory powerofgelatinsystemsmaybeoontroUed

by oolloidalfeatures,suoh as degreeand state of dispersion,as wellas by g
intramolecuiarstereochemioatrelationsin the usual sense. In the light of
thèse results' certain critioismsworeraisedagainst varioushypothèsesin-

volvingtautomeric equilibria which have been proposedto exp!ainthe []
physioatbehaviorof gelatin Systems.~

Thecontinuationof the investigationbasshowntherelationshipbetween

rotatorypowerand colloidalbehaviorto be an intimate and dotailedone.
Above30°to 4<C, dependingupon the concentration,aqueousgelatindis-

persionsbehavevery muoh like ordinary solutions. The light-soattering 1
capacity,résistanceto shear (or apparentviscosity),and theopticalaotivity
showno strikingchangewith changein pH or temperature. The Tyndall
intensityand the relativeviscosityare both rather smati;the latter at least [
approximatelyobeysPoiseuille'sequation. Bothrelativeviscosityand opti- j

présentampartat theA.C.S.RegionalMeeting,Madiaon,Wis.,May!926,andthe
FourthCottoMSymposium,Masa.Inat.ofTechno!t9:6.

ThispaperconatitutesaportionofthedoctoratetheeiaaubmittedbyJ.R.Fmadow
totheUnivereityofWisconsia.

'KMemerandFfUMetow:J. Phys.Chem.,29,!t69(t~g).
'VeNnMret at:Compt.rend., MO,7~ (t095),t82,ï&!S;1M,7~ (t~); t84,94

(i9!7);Ateh.phys.bMl.,5,4~(ï9z6);BuU.aoo.cMm.,37, &t!(1925);Linmer:Compt.
rend.,t80,i9t7 (!9as);t83, tM (19~6);BuU.soc.chito.Bdg.,34,459(1926);Ann.
phye.,a, M;(t9a7),Darmob:Compt.rend.,ta2, Mtt (1926);tM, !~9,1438(t9a7);Leveneet aï: J. HtoLChem.,70,243,3:7(!9:6);72,8ts (t9a7). J

Shorttybeforetheappearanceot theauthore'pretimmatypaper,briefstudiesof the t
opttcataettTityofgelatinayetemawereMportedbyV!eeandVeNnger(Compt.mnd.,t80,
't39.('9as)andbyBorneand0'ConneH(J. Am.Chem.Soe.,47, !694(tozs)).thèse <
étudiesweretoobdef,however,togiveanadequateviewofthéopHoalbohaviorortoreveal )
tt~Ktattontoge!formation.

ThesehypothesesaMalsodiacuasedinJ.Phye.Chem.,29,4M(fo~);31,764(t9a7).
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calactivityprésentapoorlydefinedminimumvalueat apHapproximately5.
Oneitheraidethe magnitudeof thèse quantitiesnéesand falls with those

propertieswhicharesometimessaid to be controlledby Donnanmembrane

equilibriumoffeots.Asuggestionof a minimumalsooocursat pH ça. i, and

near 8.5. It iBnoteworthythat thé speoincrotation ofgelatinunder thèse

conditionsiasoalightiymodifiedby combinationwithacidor base.

At lowertempératuresconditionsare quitedifferent. ThéTyndalleffect

revealsregionsof pteoipitation'at variouspH'8–particularIynear pH g
and i. In suchregions,for dilutegelatinSystems,the opticalaotivity and
résistanceto sheardonot reachtheir maximumvalues,and the tendenoyto

gelformationis low butj<M<adjacent<oM<e~regionsofpre<p:'<o<tOKareyo~

narrowfe~oM<ot<Aa pronouncedtendencytogel~brMattMtand a 8<!TAî~in-
creasetn rotatorypower.Therésistanceto shearrisesateeply,but is nolonger

independentof the rateof shear. In tact, the behaviorwithrespectto de-
formationis that ofa weakelasticsolidwhichis brokenby passagethrough
a capillarytube. The light-soatteringcapacity remainssurpnsingtylow.

Anyagencysuchas pH, température,salts,or gelatinconcentration,which

preventstheformationofa gel likewisepreventsthe charaoteristicincreasein

opticalactivity.'
Thissimuttaneouaappearanceofgelformation,highspeoificrotation,and

lowTyndalleffectjustadjacentto a régionofprécipitationissignificant.The

incipientorunsuccesafuiprecipitationwhichmay be consideredas thé origin
of gel formationdoesnot appreciablymodifythe opticalMero~ene~ywitb

respectto thévisibleportionof thespectrum(asshownbytheTyndalleffect),
butdoesgreatlymodifythe opticalrotatorypower. Therigidityand elasticity
charaetensticofthe gelstatemay arisewithoutthe appearanoeof thegrosser
featuresassooiatedwithadvancedstagesof précipitation. It may be sup-
posedthat whenthe tendenciesto précipitationand solution(orpeptization)
areso nicelybalancedas they appearto be in a gel, thé intermiceUarbonds

(ofwhatevertypetheymaybe) giverise to a state of intramicellaror intra-

moleoularstrainwhichmodifiestherotatorypowerin a waythat cannot be
describedin simpletermsof asymmetriocarbonatoms. Sincethe spécule
rotationofgelatinchangesso s!ight!ywithchangein pH (ifgel formationis

preventedby saltsor proper temperature),the stressesresultingfromthe
cohésionofthe gelstructuralelementsmaybe consideredas beingmoreuni-

formlydistributedthroughoutthe micellsor moléculesand thereforemore
effectivein determiningopticalaotivity than the localizedstressesaocom-

panyingcombinationwith acid or base. To the extent that the rotatory
powermayvary inac<M<MM«MMmanner*withvaryingconditions,the optioal
aotivityof gelatingelsmay be analogousto that whichnormallyinactive
bodiesdisplaywhenstrainedbyextemalstresses.

KraemerandDextef:J. Phys.Chem.,31,761(tM?);Joseph:Ph.D. TheNa,Univ.
ofWiaconNn(t9:7).

FurtherexamplesofthisparaNetismaregiveninarecentpaperbyCMpentef:J.Phys.
Chem.,31,!873(!9<7).

'Changesin chemiestatructure,beingmolecular,neceseMiIycausediaeontinnona
changesinrotatorypower.
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Althoughit bas not beenoustomaryto recognizeany directdependenceof opticalactivity upon colloidalprocesses,a searohof the Uteraturareveals
tao~tedobservationsapparentlyanalogousto the gelatinsystemsin this re-
spect. Strikingexamplesocourwith cellulosetriacetatein pyridinolderiva-
ttves ofcelluloseandMohenin,'and partiouMywiththe potassiumsaltsofa,
Il stearinsuifurioand phosphorioadds.' Certainsolublestaroh~and oeUu-
!osesystème are possibtyalaoexamples. It is quite likelythat other cases
of thiakind wouldbe foundupon investigation.The phenomenonis there-
fore a gênera!one,and may wellprovidea meaMof atudyingcolloidalpro-
cessesin a varietyofSystems.

The very generalityof the dependenceof rotatory powerupon coUoidat
features detracts from the attraetivonessof current hypothesesinvolving
tautomeriochangesbetween"solform" and "gelform" as an explanationof
'mutarotation" and gelformationin gelatinayatenM.Thé.imtnediatec&use
of the rotatory behaviorinall probabilityrésidesin structuralfeatureschar-
aoteristicof the gelstate andsupermoleeularinsoale.

The detailed resultsof this paper dealonlywith the opticalactivity of
dilute aqueousgelatinSystemsand its dependenceupon temperature,pH,
apeciSoelectrolyte,and gelatinconcentration.Gelformationand reaistance
to shearwillbe treatedspeotnoaUyin a latercommunication.

Procédure

Un!essspecineaMystatedto thé contrary,thegelatinusedin this workwas
a de-ashedbide getatinprocuredfrom the EastmanKodak Companyand
e!eotrodia!yzèdto the isoelectricpoint in this !aboratory. The ash content,on the basisof vacuumdriedgelatin,waa0.0$percent.

In orderto insureunifonnityin the seriesofgelatinSystemsto be usedin
the studyof a givenfactor,a commonstockwaspreparedin sufitcientquan-
tity to serveas the sourceofthe seriesofsamples.Portionsof thisstockwere
dilutedbyweightwithstandardaoidoralkaliandredistNedwaterto thede-
siredgelatinconcentrationandpH, and heatedto so"Cfor twentyminutesto
destroythe inauenceof previousthermalhistory. Portionsof these systemswerethen placedin thermostatsat the desiredtemperaturesand allowedto
attain approximate"opticalequiHbrium."The rotationsof these Systemsweredeterminedfor the546.1m~Uneofmercuryiso!atedfromthe radiations
ofa mercuryvaporarc bymeansofthe Wrattenfilter~A. Specincrotations

were calculatedin the usual way:
[ « ]~

= Thé températuresS4.1 g
of the polarimetertubesduringthe measurementswerecontrolledto 0.1°be-
tween 15 and 4o'C, to o. at 10' and so<'C,and to 0.5~fortemperaturesat
5 Cor below.

Heaa:Z.mgew.Chem.,37,99?<'9~);HeuandS~wttM:Ann.,455,t<M(t~y).
~d~~t.(S~ Kaeten:Ann., (~6); B<~nnand Kne1ie:Ann.452,159(1927).
GranandUmpacher:Ber.,M,~55,:66(t~?).4Pictet:Hetv.CMm.Acta,9, M(t9~6).
AtsuMetal: J. CeUuhmeInd.Tokyo,1, S3("~S);2.3(t9~6).
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Thé pHvaluesof theSystemsweredeterminedat roomtemperaturewith

the hydrogenélectrodeoombinedthrough a i.N potassiumchloridebridge

withthe normalcalomelhalfceû,the potentialof whichwasassumedto be

+ 0.2848voltsat 2g"C,referredto the normalhydrogeneleotrode. No cor-

rectionWftsappliedfor thé boundarypotential.
Thereproducibilityofthe observationsvariedwiththe conditions.Dupli-

oatesamplespreparedfroma commonstockand run simultaneouslyusually

oheckedin their rotationsto i percent or better. Whensuchsampleswere

not run together/dieorepanciesmight amount to s or 3 percent. Gelatins

fromdifférentsources,eventhoughthey wereofthe sametype,revealedmuch

greaterdifférencesin rotatory power. Speoificcasesof largeexperimental

errorwillbepointedout in theappropriateplaces.

Rateofchangeinapeoincrotationofo.s~%gelatinsystèmefollowingasuddendropin

temperaturefrom50°to t5°C(uppergtoupofcurves)orto3°C(towercurves).pHvalues
adj<Ntedwithhydrochloncacid. TheSmatdropinrotationoccurreduponreatonnf!the
temperaturetoso''C.

Kiaeticsof Changein RotatoryPower

At temperatureswhichdidnotpermit the forma.tionofgels(asabove3o°C)

the changein optioalactivityfollowinga changein températuretookplace

veryrapidly;opticalequilibriumand thermalequilibriumwereattainedal-

mostsimultaneoualy.Underother conditionsthe rate of changein rotatory

powerwas easily susceptibleto measurement. A detailed study of the

kineticsis wellworthyof study. This aspect,however,wasconaideredonly

in sofar aswas necessaryto determinethe timerequiredfor the attainment

ofsteadyrotationunderohosenconditions.
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Therotationat so"Cwasaeleotedas a startingpoint forobservationsof
ohangingrotatorypower. At this temperaturenoinfluenceofpreviousther-
mal historyat lowertemperatureswaaevident. WitMnthirty minutesthe
rotationswereessentiallyconstant,untesathe pH wassuB;cienttyhighor low
to causenoticeablehydrolysisor raoemisation. Sampleswerequicklycooled
from 5o"Cto either 15°or ~C, andthe rotationswereobservedat frequent
intervalsat thesetemperatures.At the endof theexperimentsthespécimens
werewarmedto so~Cto determinewhetheranyirreversiblechangehadtaken
placeduringthe lowtemperatureperiod. The resultsof typicalexperiments
are presentedinFiguresi and2.

Rateofchangeinspecifierotationof118ÏÃtInîgr" ofdi1ferentcroneentrstioneandpH
f.
~t. rotation
uponrestoringthe5o°L~condition.

It is immediatelyevidentthat the timerequhedfor the attainmentofa
constantrotationmay vary considerably.In gênera!,however,the rapiditywithwhicha largefractionofthe totalchangein rotationtakeaplaceincreases
withthe magnitudeof the totalchange. Beoauseof theprotractedcharaoter
of the change–especiaUyin the systemsahowinga slightertendencyto gel
formation-it isin aomecasesimpossibleto specifya welldefinedequilibrium
valuefor rotatorypower.Thécurvesfor rotationsat 3"Cevensuggestthat a
commonequilibriumvalueiabeingapproached. Gelatinsystemsare toola.



OPTICAL ACTIVITY 0F AQUEOUS OBLATIN DISPERSIONS 899

bile,both ohemicaUyand physioaHy,to justifyan indeSniteextensionofthe

observations. Forcomparativepurposes,the rotationsat the endof72to ys
hoursat 3"and ï5"Cwerese!ectedas"equilibriumvalues." Correspondingty
shorterperiodswerechosento givethe "equiiibnumvalues" at highertem-

pératures:20°to as'C–:4 to 36hours;30"to 40"C–8 to 10hours;so°C–3o
to 60minutes.

The quantitative formulationof the courseof the changingrotation

shouldthrowlightonthe oharacterof theprocess. It has not yet bee~possi-

ble,however,to givea rationalquantitativeinterpretationto thé data. It is

EffectofhydrolysiauponthespecMcNtationof0.52%gelatinsystème
at diCerentpHvalues.

evidentfrom casualobservationof the curvesthat thé laws forsimplebi-

moleoularteaotionsare notconBistentwiththe optioalbehaviorîeeorded.~

NeitherdoesWo. Ostwald'sempiMoalmethod' of expressingTrunkel'~

resultsby meansofparaboUoequationshaveany generalapplicabHity.The

curvesfor log (changeof rotation)vs. logtime werefoundin this workto be

convexto the timeaxis.

The reversibi!ityof thé rotation changesia of particular interestm con-

neotionwith the interpretationof thephenomena. In praoticallyat!cases–

evenat rather extremepH values-the inoreasein températurefrom3°or ï 5°

Cf.howeverC.R.Smith:J.Am.Chem.Soc-,41,t5S(t9!9).whofoundtheselawsto
applytoHmitedportionsoftheoh<mM.IntheirpreuminMy'papN',thepteaentauthors
havetaisedvariousobjeottOMtothiatntetpMtttthmofthesol'getchangeMa MmoteouiM
Maction.

Wo.OstwaM:KoMd-Z.,17,ï 13(t9tg).Seoalsodehaguitre:ibid.,33,337(t9~3).
Truaket:Biochem.Z.,26,493(t9to).
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Influenceof pH, epeciCedectmtyte. and temperature upon the speci6orotation
ofo.38%gebtmeyBt<!me.
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to so~Crestoredthe originalrotationswithinthe limitsofexporimentalerror
The effectsofhydrolysisor r&cetnizationwerethereforepresumablyabsent
The changesin rotatory powerare directlyassooiatedwith the revorsibt

changesresponsibleforthé sol-geltransformation.
At highertemperatures,however,irreversiblechangesin rotationdotak~

placeas a resultof hydrolysis.To illustrate,samplesfromthe stockawhicl

yieldedthe curvesinFig.i wereheatedinsealedtubesat 50°and ioo°C.Afte
variousintèrvalsportionswereremovedandtheir rotationsdetennineda

So"C.The résultaappearin Fig.3.

uumeMe m pn, speomc etectroivre, and température upon tbe apecme
rotation gelatin ~yatemn.

At 5o"Cthe influenceofhydrolysisuponrotationia smaUexceptat such
extremepH valuesas 0.63. At too°Cthe rotationsfaUrapidlyunlessthe
simplesare at or near the isoelectriopointcondition. The rates of these
irreversiblechangesdépenduponpH and temperature;but the opticalbe-
haviorto whichattentionis partioulartydirectedin this paper (at so'C and
below)is independentofthèseirreversiblechangesinthe gelatin.

InBuenceofAdds,Bases,and GelatinConcentrationuponSpedac Rotation
of GelatinSystemsat VariousTemperaturesandpH Values

In thé earlierpaperresultswerepresentedwhichshowthe influenceof pH
andtemperatureuponthe "equilibrium"opticalrotationsof0.47%aqueous
gelatinsystemscontainingaceticacidor sodiumhydroxide. As the most

strikingfoature,attentionwasdirectedto the twotypesof pH–speciRcro-
tation curvesobtained. Above27.s"Cthe isothennsresemblethe corre-
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spondingourvesforsuchpropertiesashavebeenpartiallydesoribedin terms
of the Procter-Wilsontheoryofgelatinbehavior. Theyexhibit a minimum
rotationat the ieoeleotriopoint (pH4.9),anotherpoorlydefinedminimum
betweenpH 8and9, and a decreaseinrotationat theextremepH values.

Belowas''Cthe specifierotation-pHourvesare ofquite a differenttype.
In the iBoe!eotrioregionsthe spooinorotationnses to a maximumwhero,at

highertemperatures,a minimumappears. At adjacent pH valuesminima

appearwheremaximaappearat highertempératures. The regionsof high

specifierotationat the lowertempératurescorrespondto the regionsof most

pronouncedgelformation. Thechangein the type of the specifierotation-

pH curvesbetween25°and 27.5*0correspondsto the sol-geltransformation.

The studieshavebeenrepeatedandextendedto ineludedifférentgolatin
concentrationsand a variety of acidsand basesfor controUingthé pH. In

Figs.4.10inclusiveare presentedthe resultsin the form of "equilibrium" r
speoificrotation-pHourves.

EffectofAoids:–

In Figa.4ands it may beseenthat otheracidsthan acetioaoid ataogive
twotypesof ourves,onecharaoteristicoftemperaturesof 4o°Cor above,one

1

characteristieof temperaturesof 25"Cor below. Althoughthe temperature
intervalsweretoowideto makean acourateestimatepossible,it seemsprob-
able that the temperatureof transitionbetweenthe types of curves is ap- t

proximatetyuniformfor all thé acidsused. <

The4o"Ccurvespresentnonewfeatures. Thespecifierotations for any
givenaciddo notvarygreatlywithchangein pH. Withthe exceptionofthe

hydrobromioacidcurvesthe absolutemagnitudesof the rotationsappeares-
sentiallyindependentof thé acidradicalprésent. At a pH of 2.5-3.0 the
specificrotationis iyo°. In theprésenceofhydrobromieacidthe rotation is
but 160°. It isuncertainto whatcausethisdifferencemay beaasigned.

The lowtemperaturecurvesareementiallyuniformat pH values greater
than 2.owhiehwasthe lowerlimitreachedwithaceticacidin the preliminary
report. The speoincrotation risesveryrapidlyas the isoetectricpoint is
approacheda~idgelformationsetsin. The lowerthe temperature the more
pronouncedis gelformationandthegreateris thespecincrotation. If gelatin
Systemsat pH valuesbelow5 be consideredas containinga mixture of iso-
electricgelatinandgelatincombinedin somewaywithacidorhydrogenions,
thespecifierotationcurvesindicatethat adecreasein températurebelow4o°C
causesa muchgreaterchange(in termsof the magnitudeof the rotation) in
the isoelectricgelatinthan in theacid-gelatincomplex.In a generalway, the
fallofspecifierotationas the pH changesfromthe isoelectricpoint to pH 2.0

suggestsa directandsimplerelationbetweenextentofacidcombinationand
rotatorypoweroverthis region. Aquantitativecorrelation,however,ia not
easilycarriedthroughbecauseof the complicatedrelationshipbetweenspe-
cincrotationandgelatinconcentration. F
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Just at thé isoeleotnoregion,withinwhiohthe preoipitationtendenoyis
somarkedasto givegrosaturbidities,'the newdatauauaUyreveala minimum

epeoiËorotation (Cf. Fig. ïo, coveringboth sidesof the isoeteotriopoint).
Becauseof the narrowrangeand the interferingturbiditythisminimumwas
overlookedinthe earlierworkbythe authorsaswellasbyVtèsandVellinger.
ThisnarrowanderratiominimuminaUprobabilitydoeanotindioateanynew

Pto.66
InfluenceofpH,apeciScelectrolyte,andtemperatureuponthespeciBerotation

of0.41%gelatin~yatema.

changein the highlydispersedgelatin,but likelyarisesbecausethe precipi-
tation causingthe turbidity removesgeMn fromthe opticaUyactivedis-
persedstate.

Thé newand aurpriaingfeaturesbroughtout by the later workoccurat
pH valuesbelowthoseattainablewithaceticacid. In the neighborhoodof
pH i anothermaximumin rotation appearsat températuresbelow25~0.
At 4o"Cor abovea moreor leasdistinctminimumspecificrotationtakes the
placeofthemaximum. Thistransitionofa minimumrotationtoa maximum
rotationat lowpH valuesas the temperaturefaitsoloselyresemblesthe cor-

KraemerandDexter:J. Phya.Chem.,31,y&t(19~7).
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respondingtransitionassociatedwiththe sol-gelchangetakingplacenear the
isoeleotricpoint. In bothcasesthemaximumspeoifiorotationisaccompanied
by a maximumin the tendencyforgelformation. In both casesthe gelfor- ·

mationis oloselyassociatedwithand just adjacentin pH to regionsof low
degreeofdispersionoractualprécipitation.'

Anapparentexceptionto this bohavioris presentedwhenthe pH values
areadjustedwith citrioacid,Figure5. Bolowa pH of a théspeci6orotation
falls sharplyinsteadof rising. Theparallelismbetweenspecinorotation,gel
formation,and coarsenessof dispersionis maintained,nevertheless. At low
pH valueswithcitricacidnogelformsin the concentrationsused,and no in-
creasein Tyndallintensityoccursas the temperaturefalls belowag°C. The
anomalyis undoubtedlydueto peptizationeffectaarisinginconcentratedso-

lutions,forat pH thé solutionisalmostsaturatedwithcitrioacid.
With the exceptionof the citrioacid séries,no atrikingapecifiebehavior

occurswith the acidsused. The greaterbreadth of the lowpH maximum
and the increasedvaluesof the speeincrotationwhen sulfurioacid is used
are real, but minor differenees.In analogousfaahion,thé tendenoyto gel
formationisgreaterin the presenceof 8ulfuricacid than in thé other aoids. )
Withrespectto speoiBerotationandgel formation,the useof sulfuricacid
isequivalentto a deoreasein temperaturewith the other aoids. This effect

istobeotassedasalyotropicono.

Effectof~~Mïes:–
The combinedinfluenceof temperature,pH, and apeoifieelectrolyteupon

the specificrotationof gelatinSystemson the alkalinesideof the isoeleotrio
,1

point was a!so studiod. The pH valueswere adjuated withsodium,am-
monium,or bariumhydroxides.Thegelatinconcentrationwas0.41%. The
data are givenin Fig.6.

BetweenpH 4.0and 8.0at 4o"Cthe specifierotationMalmostuniformfor
the three aMcaues.BeyondpH 8 an appreciabledivergenceof thé three
ourvestakesplace. The influenceof the specifiealkali is leastevidentnear
pH 5 and 8.

At is"C the specifierotationrisesin all threecasesto amajormaximum ,1
nearthe isoelectricpointanda secondarymaximum,partiallymaskedby its )

adjacencyto the majormaximum,neara pH of8. At all pHvaluesbarium
hydroxidegivesgreaterspeoificrotationsat is°C and a greatertendencyto
gelformationthan dotheotheralkalies. Gelformationandhighspécifiero-
tationgohandin handaboveaswellas belowpH s.

The reversaiin the orderof the curvesat is''C and 4o"CabovepH 8 is
cunousandnotexplicableat present. Onthe whole,the curvesdonot reveal
any simplevalenceeNects.

~ec< ofGelotinConeeK<ra~MMt:–
Twogroupsof experimentswereperformed,one in whiohthe pH values

wereadjusted with hydroohlorioacid, the other in which acetio acid or

'A mMinuminTvndallmtensthr–pHcurvesat !owtemperaturesappeamnearpHt.
G.H.Joseph,Ph.D.Theais,Univ.ofW&eonain,t~7.
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Influence of gelatin concentration upon apecmcrotation at various temperatures.
pH'a adjusted with hydrochlorieacid.
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sodiumhydroxidewasused. The data for the Srat grouparepresentedin
Figs.y, 8, and 9,whichooverconcentrationsfrom0.14 to 2.80%inotttstve.
Curvesforthe secondgroupdealingwithoonoentrattonsfrom0.31to 1.94%
appearin Fig.10.

Withthe exceptionof someminorinegu!&tities,due to ratherlargeex-
perimentalerroror the oecessityof usingdifferentbatohesof ge!at!n,the
spe<ancrotationsappearto boindependent(withina fewpercent)of gelatin

Fto.88
MuenceofgehtineonMntrationuponapecMorotationat vanouatemperatures.

pHvaluesadjuatedwithhydroohlorioacid.

concentrationat temperaturesof30"or above. This independenceofcourse
probablydoesnotpersistintohighconcentrations.

Withintheconcentrationrangestudied,the transitionin typeofrotation-
pHcurveremainsbetween25°and3o"C.

Figs.7, 8,and 9showthat at lowertemperaturesthe speciScrotationin-
creaseswith the concentration,with the morepronouncedinoreasetaking
placein the valleybetweenthe two nMmma(pH 2-4). The uregulanties
apparentin Fig.oaredueto thefact that differentbatcheswereusedforthé
twolowestandthé fourhighestconcentrations.The behaviorofeaohbatch
was,however,consistentwith the ruie just stated. It is probablethat at
somewhathigherconcentrationsthan thoseusedthe specifierotationsattain
a maximumvaluewhichmaybealmostconstantbetweenpH valuesi and5.

The tendenoyto gel formationincreaseswith the concentrationin the
samerelativewayas the specincrotation. A higherconcentrationora lower
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temperatureis necessMyto attain a givenspeoiSorotationor gelformation

at pH 3than is neededat pH i or 4.$.

Althoughthe ourvesofFig. ïo preBontsomeirregularities-asthe orderof

the ourveafor ao°Cat pH valuesbelow5,or the positionof thé o.6a%curve

in the alkalinerégion–-theyagréewithFigures7, 8, and 9 in most points.

At 4o"Cthe spoeiacrotationdoesnot varygroatlywith concentration. At

InfluenceofgelatinconcentrationandpHuponthespectCcrotationofgelatinSystemsat

equHbrUuNat t5"C.ThesecurveesummarMethedatafortS'CinFi~B.7and8.

20°and i5"Cthe increasein specifierotationwithconcentr&tionis greaterin

the vatleyBthan onthemaxima. Just asonthe acidaide,thespeoiËcrotation

at lowtemperaturesorhighconcentrationstends to reacha maximumvalue

independentof pH between5 and 10. These curveaillustrateplainlythe

minimuminspecifierotationcausedby partialprécipitationat the isoelectric

point.
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Influenceoffjohtinconcentrationtemperature,tmdpH uponthéapeciSoMotionof gemtm~ymezM.pït'a &djt)Stedwithacetioacidor aodhtNhydroxide.

Optiea!behaviorofjfdatin fromdiNerentMmeea.ConeentMtion-04t%.
pH'aadjustedwith hydrooMoncacid.
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Onthealkalineaidethe doublemaximainthe ourvesarenot fictitious,al-

thoughtheir locationor absoluteheightmaybe aubjeetto a largerexpori-
mentalorrorbeeauseof iUdefinedpH valuesin the absenceofbuffefs. The

lesspronouncedmaximumcorrespondsto the discontinuitiesshownin other

propertiesin the neighborhoodofpH 8.

RotatoryPowerof GelatinsofDifférentTypes

An extensionof the investigationto othergelatintypesshowedthat the
behaviordesoribedaboveis not peouliarto onepartieulartypeof gelatin.

rM.tz

OpticalactivityofGmy'aMce"SupedorQu&Uty"pigskingelatinwithhydrochlorie
acidorsodiumhydroxide.Coneent)'at!on–o.

In Fig. 11aregivenresultsobtainedwiththe hidegelatinfromwhichthe
de-ashedproductusedin the bodyof this workwas prepared. The curves

duplicatewithinthe limitaofexperimentalerrorthe correspondingonesgiven
forthe de-ashedmaterial.

Curvesare alsogivenin Fig. i for a commerciatblendedbonegelatin.
Thebehaviorof thisproducteloselyresemblesthat of the hidegelatin. The
two 4o°CcurvesinFig. 11, Ukethoseof earlierfigures,showa constantspe-
ci6crotationadjacentto the isoelectricpoint,whiohis not easilycorrelated
withtheacidcombinationcurve.

A highlyanomalousbohaviorwasfoundin the caseofa pigskingelatin
(Fig. 12). At 4o'*Cthe speoifiorotation is normalwith respectto absohtte
valuesas wellas numberand locationof maximaand minima. At lower

temperatures,a transitionin type ofcurveappearswhiehparallelsgelforma-
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tion in a normalfashion. The usual maximumin speciBorotation and gel
formationappoarsat pH i, but at higherpH valuesthe lowtemperature
curvediNersmarkedlyfromthoseof the othergetatins. There is no diseon-

tinuity at pH 5, notwithstandingthe normalappearingminimumat higher
tomperatures. The dominantmaximumwhiohwouldordinarilybe usedto
looatethe isoelectdcpoint appearsat pH 8 and is exceptionaUybroad. Itt
has beenpreviouslyshowntbat there is a broadmaximumin light soattering
capaoity (i.e.précipitationtendenoy)underthesesameconditions.'

Thesestrikingdinerenceain the pH eneotsdistinguishthepigskinproduct
fromthe ordinarygelatinsand oharooterizeit as a différentprotein. Not-

withstandingthis it diap!ay8the same relationshipsbetweenprécipitation
tendency (or Tyndallintensity),gel formation,and opticalactivity as are
to befoundin the ordinarygelatins. Aswaspointedout in the introduction,
the closeassociationbetweenopticalactivityandgelformationia a goneral
phenomenonrather than a spécialpeouliarityûfa singlematerial.

Sucucary

The influenceof pH, temperature,apecuiceleotrolyte,and gelatincon-
centrationupon "equilibriumvalues"for the optioalrotationof diluteaque-
ous dispersionsof de-ashedgelatinhas beenstudied.

At temperaturesabove3o*'Cthe epecincrotationis approximatelyinde-

pendent of pH, temperature,spécifieelectrolyte,or gelatin concentration
betweenrather widelimitafor thesevariables. Minimumrotationsmoreor
less clearlydefinedmayappear at pH valuesnear i, 5, and 8.~with rapid
fallsin rotation at the twoextremes.

At temperaturesbelowas" NMMMMWKrotationsappearnear pH valuesï,
5, and8.5. With lowgetatinconcentrationsandlowtomperatures,themax-
ima and minimaare verypronounced;at higherconcentrationsthey tend to

disappear. The specifieinfluenceof differentelectrolytesis noticeaMe,but
not striking in moderateconcentrations. Suchas they are, they resemble

lyotropicrather than valenceinnuences. At thèsetemperaturesthe rotatory
poweradjusts iteelfwithmeasuraMespeedto changein température(so-oaUed
mutarotation).

A comparisonof the optioalbehaviorwiththecolloidalbehavior(partiou-
larty the capacityto formgels)revealsa 6urprising!ydetailedparaUeMstnbe-
tween these two aspects. Gel formationin dilutesystemsis invariablyac-

companiedby a pronouncedmutarota~onand a highspécifierotation. Any
agencywhicbpreventstheappearanceof a highspedncrotationpreventsgel
formation.

Thé appearanceof this dependenceof rotatorypowerupongelformation
in Systemsother than normalgelatinsuggestathat thé phenomenonis not
peeutiar to gelatins, but is generalto optioallyactive Systemscapableof

KraemerandDexter:J. Phye.Chem.,31,76~(t~y).
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forminggels. Thissuppositionissupportedby a numberofisolatedobserv&-
tionsto befoundin the Uter&ture.

Theanomalousrotatory behaviorMBoeiatedwithgel formationprobably
doesnot reflectintramoleoularchangesof thé sort that oanbe givensimple
stereochemtcalinterpretation with the help of asymmetriocarbon atoms.

It iamore!i&etythat the intermioellarcohesionaccompMtyiagthe incipient
précipitationresponsiblefor gel formationindirecttymodifiesthe intramole-
cu!M'ettuctureby exeroiaingwhat might be calleda distributedstress. In
the specialcaseofgelatin, this "diatributedstress" ismuohmoreeffectivein

oontrollingrotatory power than the more !oca!izedstressesassociatedwith
acidorbasecombination.



DEVELOPMENTOF A METHODOF RADIATIONCALORIMETRY,
ANDTHE HEATOFFUSIONOROF TRANSITIONOB'

CERTAINSUBSTANCES*

BY LUKE E. 8TEÏNEB** AND JOHN JOHNBfON

It is, formany reasons,advantageousto havemoreextensiveand more
reliabledata on the heatof fusionofrelatedorganiccompoundethan arenow
available. To make suohdeterminationsby the usualmethod,whichcon-
sists essentiallyin droppingthe substance,successivelyheatedat a seriesof

temperaturesabout its meltingpoint,into the oalorimeter,is somewhattedi-

ous,and it isnecessaryto seourea oonsiderablybetterdegreeofaocuraoyin
the individualobservationsthan isdesiredin the heatofmelting. Moreover,
this methodis not feasiMeunlesathe meltedsubstance,whenrapidlyohiUod
onenteringthe calorimeter,crystaUizesoompletelyin itsstableform.

Themethodto be describedia that whiohbas beenoaHedradiationcalori-

metry a comparisonmethodinwhichknownheatsareusedin standardMang
an apparatusfor the determinationofunknownbéats,andas suohiscompara-
ble to the rapid methodsofvolumetricanalysisin analyticalohemistry.In
essenceit utilizesthe rate ofheat losa(orgain)ofa body,undera diNerence t
in temperaturebetweenthe bodyand its surroundings,as a measureof the

r

changeof heat contentof the body. Arelationbetweenthe rate oftempera-
ture changeof a body and thé effectivethermalhead,'wasnrst formulated

by Newton*;this relation,caNedNewton'slaw of cooling,is shownto bea

specialcaseof a more generalrelation,conneotingchangeof heat content
withthermalhead, whichisvalidin the apparatusas developed.

The methodof radiationcalorimetrybasapplicationnot onlyto evalua-
tionofheatsof fusion,but in generalto anyohemicalreactionwhichprooeeds
at a definitetemperaturemaintainedthroughoutthe réactionby the evolu-
tionor absorptionof heat. It canthereforebeappliedtodeterminethe heat
oftransitionofa polymorphoussolid,if the conditionstatedaboveisfulfilled.
It basspecialadvantagesinthédeterminationoftheheatof reactionofcertain
irreversibleprocesses,suchas the heatoffusionofunstablecrystaHineforma.
It alsotendsitse!fto technicalapplicationfor the methodcan be madeauto-
matie by thesuitableuseof recordingandregulatinginstruments.

ContttbutionfromtheDepartmentofChemistry,YaleUnivetaity.
BMderofa 8ter!ingJuniorFetlowahip,1936-27.Fromatheossubmittedin June,

1

tM7,to théGmduateFacaltyofYa)eUniveïSttymcandithoyforthédegreeofDoctoro!
Philosophy.

The thermalhead,analogoustotheheadinhydrostatiee,Mdefinedasthetemperature
differeneewMchdetennineathedirectionandmagnitudeo!heatflow,i.e.,theeNeeMve
temperaturedifferencebetweenabodyanditssurroundings.

ScataGradumCaloris,PM.TNas.,22,8~ (tyoi).
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The Time-TemperatureCurve

Sincethé time-temperaturecurveis usedin aUdeterminationsofheat by
radiationcalorimetryits interpretationmustbeconsidered. In generalboth

heatingandooolingourvesmaybe disoussedin ananalogousmanner;sothat

it willbeMcessaryto consideronlyone in détail. The coolingcurvewas

chosenforthis purpose,for it bas a pcouMantydueto the undercoolingof a

liquidwhenthere are no orystatspresentat the fKeziagtemperature,there

beinguauaUyno analogoussuper-heatingof a meltingsolid. It shouldbe

FM.)[x
Typicalexperimentalandlimitingcoolingourvesforasubstanceundergoing

changeofstateunderunregulatedcooling.

understood,however,that preciselythe samedeductionsmaybe drawnfrom

the heatingourveandthat the formulaewhichare derivedapply to it as well
as to the coolingourve.

Time-temperaturecurves may be classedas regulatedor unregulated
ourves,dependingon the effortmade to controlthe rate at whiehheat is

exchangedbeweenthe cooling(or heating)bodyand its surroundings. In
order to ascertainthe preciseexperimentalprecautionswhichmust be ob-

servedif reliableresultsareto besecured,itmaybewellto analyzeanunregu-
latedcurve(as in Fig.t) of the type recordedbypreviousworkersalongthese
lines. TheourveABCrepresentsthecoolingofthe liquid,CDE' thefreezing
of the liquid,and E'F'G' thé coolingof thesolid. At A thé rate ofcooling
is rapid;it fallsoffas the temperature(C)ofthe bodyapproachesthat of the

su!Tounding8(Ps) and becomessma1las the thermalhead (C-~s)becomes

smaU. If the thermal head is large,as iausuallythe casewith unregulated
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cooling,the températureof the freezingsubstancemay followthe ourve
CDEFGsincempidcoolingmayprocludeuniformityoftemperaturethrough-
outthé specimen.Unregulatedcoolingourvestend to foUowthe continuous
curve(Fig. i) and ontyapproachthe "ideal" brokenourveas a limit. To
preventsuchchangesin the rate ofcoolingas are indioatedbythe ourvature

Fia.z
Typicalexpérimenta!andlimitingtime-temperaturecurvMfora eubstance

undergoingchangeofatateunderoatefuUyregul~tedconditions.

of the tinesABCand EFG and to favoruniformity of temperaturein the
freezingnuxture,the temperatureof the surroundmgsmay beso regulated
that a largethermalheaddoesnotexistat any time.

TheRegulatedTime-TemperatureCotre
If the surroundingsare cooledor heatedat a constantrate, the "idea!"

or limitingtime-temperaturecurveacf a body ohaMgmgstate are shownin
Fig.zAandB,wherethe ourveRSindicatesthe changeof temperatureof thé
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surroundingswithtime, and thocurveABC'DETG thechangeof tempera-
ture ofthe bodyonthé basisthat thereis throughouttherunthermalequilib.

rium(i.o.,unifonnityof temperature)in themixtureofliquidandBolid

In praotice,oncoolinga liquidat its freezingtemperature(Fig.zA)some

degreeofundercoolingialikelyto ooourinwhichcasethétempératureof the

liquidfollowsthe curveABC;inoculationat C by additionof a seedcrystal,
or by scratehing,inducescrystallizationandthe temperaturerisesto Co,thé

freezingtemperatureof the Uquid,whereit remainsuntilorystallizationis

complèteat the timet~ Duringsolidification,thé thermalhead increasesto

thé value E'N'; this built-up thermalhead causesthe solid to coolquite

rapidlyalongthecurvefromT<to F wherea steadystatebetweenthe cooling

bodyandits surroundingsisagainattained.

This idealor limitingourveis, however,nevercompletelyrealizedbe-

causeof tackofthermalequilibriumwithinthe coolingbody. For anycooling

body,a nnite rateof heat lossimpliesa thermalgradientin the body,which

is incompatiblewith complètethermalequilibrium. In liquidsconvection

ourrents prevent large thermal gradients., but convectionbecomesless

effectiveas solidificationproceedsBothat the measuredtemperatureof thé

body, deviatingfarther and fartherfrom thermal equilibrium,followsthe

ourveDEF. This curvedeviatesmost from idealityat the point E where

solidificationis substantiallycomplote,and whereheat lossfromthe center

ofthe bodyproceedsonlyby conductionthroughthe solid. Again,a thermal

gradientin the bodyimpliesthat the valueof tho temperaturewhichis read

dependson the positionof the thermometer,and this effectappearsin the

shape of the ourve. However,by regulatingthe rate of coolingand by

placingthe thermometerproporly,onemay obtain datawhichyieldourves

approachingthe "ideal" curveasa limit.

In practicean additionalfactorprevents realizationof the idealcurve.

Impurities in a substancewhichcryatallizesout in the pure state lower

the meltingtemperatureof the substance;as crystallizationprooeeds,the

concentrationof the impurity in thé liquid increases,consequentlythe

meltingtemperatureis progressivelyloweredas alongthe ourveDEF. This

effect,whiohcan be caloulated,bas been used by White to estimatethe

amountof impurity.
Variousattemptshavebeenmadeto correlatethe time-temperatureourve

of a body with its changein heat content, somebeingbasedon reasoning

analogousto Newton'slaw of coolingand others on empiricalformulae.

RegnauWand Mellecoeur'have derivedspécifieheats fromobservationsof

rate of cooling.Huttner and Tammann,*Plato,' Sohwartzand Sturm,"and

Roos'haveeatimatedthe heatof fusionofsomeinorganicsalts and metallic

WMte:J. Phys.Chem.,24,393(!9:o).
Compt.rend.,tTO,664(!87o).
Ann.CMm.Phys.,(8)29,566(t~n).
Z.anotg.Chem.,43,215(t~os).

*Z.phyatk.Chem.,55,y~t()[go6);63,447(!9o8).
'Ber.,4?,!73o(t9!4).
Z.anorg.Chem.,94,3~9(t9t6).
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compoundsfromtime-temperatureourves. WMte'basdiscussedsomeof the
errorsinvolvedin a radiationmethod,and bas emphasized,as bas Roos,the
empiricalnature of the formulaeemployedby the foregoinginvestigators.
Hare,'applyingNewton'slaw of cooling,obtainedvalues for the heat of
transformationofsomepolymorphoussalts. Roos,by theuseofanadditional
constantin his equation,and Hare by the use of Newton'slawof cooling,
havedevelopedequationsnot necessarilylimitedto a particularapparatus.
Andrews,Kohman,and Johnston,'derivingthe equation

Ha HA=
K

(~ 6)dt
t~ A

haveshownthat if Newton'slaw holds,the changein heat content (Ha
HA)ofa bodyin passingfromAto B ismeasuredbythe properlyintegrated
areabetweenand 9. curves. This method of treatment is distinct from
that of previousinvestigatorswho used the lengthof (i.e., the time of
freezing)of the coolingcurve as a faotor in detenniningchangesin heat
content.

TheRelationbetween.HeatContentandtheThne-TemperatureCurve

Notwithstandingthe fact that, with the exceptionsnotedabove,the for-
mulaewhiohhave beenused in the applicationof radiationcalorimetryto
the measurementof heat of fusionof transitionhave beenempirical,and
applicableonly to the apparatus for whichthey have beendesigned,there
is a theoreticalbasis for radiationcalorimetrywhichmaybe deducedfrom
thefollowingconsidérations:

Theheat nowfroma bodyto its surroundingsis a funotionof the tem-
pératureofthebody that ofits surroundingsC.,andofthenatureand extent
ofthesurfacesandthe interveningmedium.Expressedmathematically

dH/dt-f(~<t.,a,b,o ) 1)
whereHis the heat contentof the body,t the timeanda,b,c. arethe
factors,just referredto, whichaffectheat now.

In a givenapparatusthe variablesotherthan the twotemperaturesmay
bekept constantby the useof the identicalset-up;namely,the samecon-
tainerthroughout,and by the precautionof alwaysplaoingthe bodyin a
fixedpositionwithrespectto its surroundings. Thisbeingso,it is onlynec-
essaryto determinethe funetionalrelationfixingthe tworemainingvariables
andC.,andtherate ofgain(or loss)of heat. Asa firstapproximationthe

rateofheatlossmaybeconsidereda functionofthethermalhead,i.e.,

-dH/dt=f'(~) ;:)
and,forusewithina smallrangenear a definitetemperatureC,equation2
maybeapproximatedto

dH/dt K(C C.) 3)
Am.J.Sci.,29,485(t909).

'FMI.MaK-,(6)49,4:4(t~).
J.Phya.Chem.,29,914(1925).
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whereK is someconstantwhosevaluedependson the natureanddimensions
of the apparatus, and on the temperatureat whiohthe apparatusis used.

Eduation3 ahouldrepresentclosetythé lossof heat due to conductionand
conveotion. Evenfor radiation,whichis proportionalto (0' – 9~)where

temperatureis measuredon the absolutesoale,equation3 expressesthé rate
ofheat loss,fora valueof (C ~,) rangingup to o° (whiehexoeedsany ob-
servedthermalhead)towithins% at 3oo"K,andto 3%at 4so"K.AUmeas.
urementsof heatsweremade between3i3"Kand 42ï"K, withinthe above
limits.

Asa test ofequation3 the coolingofmercuryin a preliminaryapparatus
wasobserved. WhereCis thespecifioheatofmercurywemaywrite

dH = cd8

if thereisno changeofstate involved. Substitutinginequation3,andplacing
q = K/C we have

dC/dt = q (9 9.) 4)

whichis an expressionof Newton'slawof cooling. It is evidentthat q is
constantonlywhenC isconstant,andthéutilizationofequation4is limited

by tbat condition. Sincethe changeinspecifieheat of mercuryovera tem-

peraturerange (20"to so"C)greaterthan that usedm testingequation3 is
lessthan 1%, q in equation4 may beconsideredconstant,and aocordingty,
by integrationequation5 is obtained.

log(0 C.)= q/z.3 t + 1 s)

TABMlI

ApplicationofNewton'sLawof Cooling
Rate ofCoolingofMerouryina PreUminaryApparatus.

Copper-constantanthermoelement.Onedegreecentigradeisabout40miorovolts.

Time Temperatute* TemperatureHead Log(0–&) Deerementm
(Min.) (Microvolte) (e-a.) tog~-a.)

perminute
o iSgo 913 a.900
i is8o 643 2.808 0.152
a 1405 4M 2.67o .138
3 1:63 3~6 2.513 .157
4 n68 231 2.364 .149
5 I!01 165 2.218 .146
6 io53 il? 2.068 .150
7 !<'i9 83 .919 .149
8 995 59 -77ï .148
9 978 4~ .623 .148

io 967 31 .491 .13!!
n 958 22 .342 .149
12 95~ ï6 1.204 .138
13 947 il 1.041 .163

Mean decrement 148
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Asthe last columnofTable1 shows,the décrémentsof log (~ – ~.) per
unittimeare constantforvaluesofthe thermalheadrangingfrom013to ui
microvotts*(23"to 0.25°C). The greatestdeviationfrom the mean (last
column)occurswhere the greatesterror in reading (C C.) occurs, i.e.
whereOischangingrapidly,or where(0 9.)Msma! Andrews,Kohman
and Johnston1testedNewton'stawina differentbut sunitarapparatus using
naphthalenein a glasstubeMthe coolingbodywith resultssimilarto those
in TableI. Sincethe thermalheadencounteredin the experimentalwork
liesbetween350and 10miorovolts,wellwithinthe limitaof the abovetest,
Table1showsthat, withinusefulexperimentallimits,equation3 maybeused
to expressthe rate of heat !ossof a body. Accordingly,for smaUthermal
headsneara giventemperature,K maybe regardedas a constantoharacter-
isticof the apparatusused;it isa measureof therate of heat lossper degree
of thermalhead,and is independentofthe natureof the bodysupplyingthé
heat so longas the conditionsmentionedabove,concemingthe container
andits positionin the apparatus,are maintained. However,sincethe rate
ofheat lossbyradiationdependsontheabsolutetemperatureof the radiating
bodyas wellason the thermalhead,and sincethe rate ofheat lossby con-
ductionand convectionmaybe aSèctedsimilarlythough to a lesserextent,
the valueof K is to someextentdependentonthe temperatureat whichthe
apparatusis used. This question,whiohentersonly when the apparatus
isusedat differenttemperatures,willbedisoussedlater.

As suggestedabove,time.temperaturecurvesin practicedeviate some-
whatfromthe idealor limitingcurves;therefore,all déductionswillbe based
onsuchtypicalcurves(Fig.zCandaD)asareencounteredinpractice. Since
a spécifietransformationmustbechosenifdetaileddescriptionis to begiven,
the transformationdiscussedwillbe thefreezingofa pure liquidto a crystal-
linesolid. Nowa substancebetweentwopointasuchasAandB onthe curve
ABCDEFG(Fig. 2C) undergoesa changeof heat content whichmay be
evaluatedas

B ts
t /'B dH=

K /'tB (9 C.)dt
A tA

or HA Ha==KareaABPQ
Similarly Hc Hf K areaCDEFMOC
and Hf Ho = K areaFGLM

~A – Ha, Hp – Ha, and Hc – Hp representrespectivelythe changeof
heatcontentof thé specimendueto its specifieheat as a liquid; that due to
its specificheat as a solidj andthat dueto twofactors,(i) the heat offusion
ofthespecimen,and (2)theheatevolvedby thesolidin coolingfromE to F.

Sincethe heat of fusionis to be measuredas a distinct quantity apart
fromthe remainingheat contentof the specimen,thé precisearea under the

Acopper-coMtMttM~thenMdement'wasueed;t°Cequata40microvolts.
'Loc.cit.
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curveABCDEFGwhiohmeasuresthe heat of fusionmust be determined.
Threepossibilitieswh!chpresentthemselvesare:

x) Thearea CDENOC. Hère the diniouttyofdeterminingthe longthof
flat DE over whichfreezingprooeeds,entera,for, as mentionedabove,the
temperatureof the freezingmixture fallsoff as orystallizationnoars oom-
pletion. If therewerenofallingoff,thé areameasuredwouldbe CDE'N'OC
(Fig. aC). In aU previousattempts to measuresuch heats by radiation
calorimetrythe heat eSeot was evaluatedas somefunctionof tho length
of Bat DE; aa may be seenfrom the typioalexperimentalcurve, suohpro-
cedureinvolvesuncertaintyin the choioeof tho portionof the curve to be
oonsideredas the "nat," and thé choieenecessarUyis somewhatarbitrary.
Afurther objectionto this methodMthat the area due to any heat lossby
the containerof the spécimenand ita supports is inotudedin the aroa
measured;for, whileit is true that thoreis little or no temperaturechange
in the specimenduringfreezing,this neednot be true of'the containerand
its supports. Lastly, the method wouldrequiretho aocuratemeasurement
of the effectivetemperatureof the surroundings,i.e., the temperatureat that
portionof the surroundingswhiohexohangesheat withthe coolingbody,and
not meretysometemperaturewhichdNers from this effectivetemperature
by someconstantquantity.

a) Thearea CDEFCwhiehia boundedonthe lowersideby the straight
linefromC to F. This method,however,is incorrectif there is any appre-
ciabledifférencebetweenthé specincheat of liquid and of solid, for the
specimenwhich coolsfromE to F is solid,and not a mixtureof liquidand
solidas the ohoiceofthe MneEF as boundaryof the areaimplies. Theheat
due to the specifieheat of the solidis thereforethé correctheat to be de-
ductedto yieldthe heatof fusion.

3) The area XCDEFX bounded by the line FX. This is the correct
areaif FX is oonstruotedparaM to MOasthe extensionofFG, the part of
the curverepresentingtheooolingofthesolid. TheareaXFMO, then,repre-
sentathé heatgivenoffby thesolid in coolingfromD toF. There maybea
siighterrorinnot correotingfor undercoolingwhenthe specifioheats of liquid
and solidare different;in this event freezingbeginsat 9cinstead of at 8D,
andthe liquid in coolingthis extent baslostCt(~ Ce)calories. If thereis
no undercooling,it is the solid whiohcoolsfrom the temperature 60 to ~c
and the differencebetweenthe two casesis (Ct C.) (~ ~c) calories.
Since,in practice,the extentof undercoolingisonedegreecentigradeor tess,
(Ce – ~o)may be taken as unity, and the differencebecomes(C) – C.)
caloriesas a maximum. This quantity is representedgrapbicaUyby the
areaCXX'D. The data of Andrews,Lynnand Johnston~indicate that the
errorarisingfromneglectof this faotormayrangefromoto o.s%. Thécor-
rectionindicatedabovemay be madewhenevernecessary.

For the caseof the transitionof a crystallinesolid,theremay, or maynot
beundercoolingin the coolingcurve. In the heatingcurve(Fig. zD)for the

J.Am.Chem.Soc.,<a, M~(1926).
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meltingof a purecrystallinesolid,there is no oorrespondingsuperheating;
the sameis frequentlytrue for the transitionof sotidsfrom one crystalline
formto another. Theareameasuringthe heatoffusionor transitionmaybe
derived,by a treatmentsimilarto the above,as the area XEF, boundedby
FX, the prolongationof FG whichhère representsthé curve for the liquid.

The areameasuringthe heatof fusionor transitioncan be evaluatedif
(6 – ~,)isknownasa funetionoft; but it ia moreeasilydeterminedgraphi-
catlysincethétime-temperaturecurvesmay beplottedon coordinatepaper,
and the squaresin theappropriateareacounted. Then,if L is thé motalheat
of fusionor transition,the heat set freein any massof n molsis nL calories
and the générâtexpressionbecomes

nL = K area CDEFXC

K may beevaluatedifa similarsubstanceofknownmass,n~motsandknown
heat of fusionL' isplacedin theapparatusandthe "heat of fusion"areade-
termined. Aswasmentionedabovethe "apparatusconstant" K maychange
with changingtemperatureowingto modificationof thé méohanismof heat
transfer. SuchvariationofK with the temperaturecan be determinedby
the use of a seriesof calibratingsubstanceswhichmelt at différenttem-
peratures. The valuesof K, derivedin this manner, plotted against the
temperature,shouldyielda smoothourve,so that in practicethe valueofK
at any temperaturemaybereadfromthis curve.

Aswasshown,by experiment,equation3 isvalidfor the apparatusused,
and it bas accordinglybeenused in the interpretationof the results. The
methodis in factmoregénéralthan wasassumedabove,for it wouldbe ap-
plicablein apparatusforwhichequation3 is not validso longas the rate of
heat !oss(gain)is somefunetionof the thermalhead,i.e.,so longas equation

holds. For,if the massesof two specimensbe so chosenthat the areas
representingtheheatsoffusionare equal,the quantitiesofheat evolvedwill
beequal,regardlessof the natureofthé unknownfunetion,and accordingly,
therelativeheatsoffusionmaybeobtained. In this case,also, the unknown
funetionmaychangewithtemperature,but if this occursin a regularman-
ner,as ia to beantioipated,the changeofarea per caloriewith changingtem-
peraturemaybedeterminedby theuseofsubstancesofknownheat of fusion
andvaryingmeltingtemperatureforthe catibration. Thevalue at any tem-
peraturemaythereforebereadfromthe smoothourvepassingthroughsuch
experimentallydeterminedpoints. In practice,then, it is desirableto deal
with such quantitiesof the severalsubstancesas yield substantiallyequal
"heat of fusion"areas,for this procédureobviâtesto a large extent any
questionas to thestrictapplicabilityofequation3.

Applicationto SpecincHeats

Objectionsto the useof the C,curveas a boundaryfor measuringheata
havea spécialsignificancewhenthe radiationoalorimeteris applied to thé
determinationofspecifieheats. Thisfollows,inpart, fromthe use ofmatenal
objectaas containerand supportsfor the specimen. The "specino heat"
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area under the time-temperatureourvescan be evaluatedby running thé

apparatus empty, ie., with the identioalsot-upexcept that the specimen
itselfis omitted. The thermalheadinsuohan eventwill be (6'. C.)(Fig.

aD),and the thermalheaddueto the spécimenwillbe (0 C'). If, thon,
8' is substitutedfor C.in au previousequations,correctionwill have been

madefor containerand supports.

Again,heat !ossfrom(to)thecontaineris govemedin part by therate of

transferof heat to (from)the radiatingsurfaceby the specimen,i.e., to the

completenessof thermalequilibriumwithinthe container. This factor is

oflittle orno importancewhenthespecimenis liquid,for convectionourrents

then insuregoodheat distribution,but it doesenter whenthe specimenis

solidand heat distributioncanproceedsolelybyconduction. Forthis reason,
inany determinationof specifieheats,thevalueofK shouldbeobtainedfor

both states of the substanceusedfor oa!ibration. It is furthermoreto be

noted that substancesused in oalibratingthe apparatus shouldbe similar

inthermalpropertiesto thosewhoseheatsareto bedetermined.

The foregoingdiscussionof the interpretationof the thermal head in

spécifieheat determinationsimphesthat the recordedthermal head is the

effectivethermalhead, i.e, the actualtemperaturedifférencewhiehcontrôla

thenowofheatbetweenthespecimenandits surroundings.If this condition

is to be fulnUed,the temperatureofthe radiatingsurfaceofthe specimenand

surroundingsmust be measured. If the thermometerfor thé surroundings
isnot placedin this positionbut in someothernxedposition,it may indicate

a temperaturewhichdiffersbya constantamountfrom the temperatureat

the radiating surface. Thusthe actual temperatureread may be indicated

by the curve RS (Fig. aD) whereasthé temperatureof the "radiatingsur-

face"of the surroundingswouldberepresentedbythe curveTU. Although
this considérationis of primeimportancefor the determinationof specific

heats,it doesaot affectthe determinationof heatsof fusionand transition

so long as there is a constantdifferencebetweenthe effectivetemperature
ofthe surroundingsand the observedtemperature,i.e., so longas the ourves

RSand TU (Fig.aD)remainparallel.

Apparatus
Anyapparatususedin theapplicationofthe calorimetriemethodoutlined

abovemust fulfillthe necessaryconditionswhichmay be summarizedas

follows:
i. The substanceunder investigationmust be placed in a container

whichis constantwith respectbothto the extentand natureofits radiating

surface,and to its positionwithrespectto its surroundings.The natureof

the radiating surfaceof thé surroundingsmust likewiseremainunchanged.

Anydeparturefromtheseconditionswouldchangethé apparatusconstantK.

a. The températuresof the radiating body and its surroundings,or

strictlycomparablequantities,mustboaccuratelymeasured. Sinceit is the

differencebetweenthese temperatureswhichentera into the équation for

ca!eu!atingchangeofheat content,a differentialthermoelementmay beused

tomeasurethisdifférencedirectly.
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restrictionsareimposedon the sizeand shapeof the containerforthespéci-
men. Table11givesthecoemcientsofheatconduotivityofseveralsubstances.
If the liquidis freezing,the ring of crystah whichformsaroundthé wallof
the tube delaysthe passageof the heat fromthe axialportionof thé tube
to the peripheralportionwhereheat losato thé surroundingsocours. The
retardingprooessheremay be either the rate of crystallization,or thé con-
duotionof the liberatedheat throughthe solidto the wallsof thecontainer.
If a solidismelting,the liquefactionSrst occursat the wallsof thécontainer
resultingin a liquidmediumfor the transferof heat to thé surfaceof lique-
faction. Therateofmeltingis here likelyto be the slowproeess. Fortran-
sitionsin thé solidstate the rate of transitionis morelikelyto be the dom-
inatingfaotorthan is the rate of crystallizationor of meltingin the change
sotid ~±liquid.

Anattemptto combinethe principlesenumeratedabovewithamaximum
easeof manipulationand replacementresultedfinallyin the apparatusout-
linedin Fig.3anddesoribedbelow: Ais a pint-sized,silveredDewarflask.
Bm brasstube5.5cm.in diameter,15cm.longand 0.5cm.in wallthiokness
witha brassplug1.3cm.in thicknesspressedinto the bottom. Thetube is
wrappedwith thinmicasheetsover whichis wounda heatingcoila of ni-
chromeribbon-(about 28ohmsrésistance). A coatingof waterglassaids
in holdingthé coiiin placeand asbestospaper wrappedaroundthe whole
servesas a heatinsuJatorfor thé tube and a protectorfor the DewarBask.
The tube restaonshreddedasbestosb on the bottom of the Dewarflask,
cottonc,over the openend of the tube, reducingerratiothermalchanges;
Cis a coppercylindersplit into halveslengthwiseand milledto fit into the
brasstube;it is ia.ycm.in lengthand 4.5cm.in diameterwitha ï.9cm.axial
holeextendingfromthe bottomto within3.2 cm.fromthe top, fromwhich

3. Attainmontof thermalequilibriumin the radiating spécimenshould
berapidoomparedwiththe heat exohangewith the surroundings.Statedin
othertorm,.thismeansthat the effectivethermalheadshouldbe!a~ecom-
pared with temperaturedéférenceswithin thé speoimen. Under these
conditionsthe largestpossiMethermalheadis measured,witha correspond-
ingmaximumofpercentageaccuracyfor a definitepreoisionin thémeasure-
mentof the thermalhead. Sincethe substancesweproposedto use, viz.,
organiccompoundsand inorganicsalta, are poorheat conductors,definite

TABLEII

ThermalConductivitiesfromLaadott-BômstemTabellen
K

Naphthalene 0.00095 (gs°)
Glaas(average) o.ooa
Platinum 0.173 (ioo")
Copper 0.93 (ioo")

ValuesfromtheLandott-BamstetnTabetim.
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point a hole0.~6cm. in diameterextendsto thé top of thé oylinder.The

wholois ailver-platodto minimizecorrosion. Restingin the upperhole at

the top is a tubeof thin gtassD to whiohis sealeda platinumcapsuleJF2.5
cm. in longth,o.s cm.in diameter,witha re-entranttube o.s cm.longand

o.ogcm. in diametersealedinto it; the over-aHlengthof the platinum-glass

capauleia 10.8cm.
F is a differentialelementof No.40B & SgaugecopperandNo.36con-

Btantan,onejunotionofwhichis atd'paokedinto the ré-entranttubeof thé

platinumoapsutewith mat gold* which

insures good thermal contact. The

other junetionisat e,the oonstantanbe-

ingthe wirefromd to e. Both leadsto

the potentiometerare held in place in

the oopperblockbymeansofbrasastrips
sucha8/. Gis a thermoelementsoldered
into thé top of thé block at g. The

readingsof the thermoe!ementaF and
G are taken with a White double

potentiometer. The apparatus, inolud-

ing awitch-board, galvanometerand

potentiometer,is ehietdedby an equi-

potential shie!dafter the recommenda-

tions of White,' and single-poleknife

switcheBare usedthroughoutto prevent
any possible erratic effects. Since

altemating currenta frequently oreate

inductionourrentawhiohaffect the po-
tentiometer galvanometer,the heating
is done with direct current. Under

experimental conditions the current

flowingin the heatingcoila wasonthe
order of o.5 ampères; the potential
acrosathé twoendsofthewirewasthere-

foreabout 15volts.

Two platinum capsuleswere used;
the second, designated hereafter as
Tube a is described;the first (Tube i)
was of somewhatdifferentdimensions.
It bas thesame.diameterasTube2 butwas2 cm.insteadof 2.5cm.in length,
and its re-entranttubewasi cm.in lengthand i mm.indiameterinsteadof

0.5cm.in lengthand o.o5mm.in diameter. In bothcasesthe lengthof the

platinum-glasstube over-allwas10.8cm., but the radiatingsurface,and the

lengthof the path ofheatconductionup the wallsofthe glasstubediffered.
In the experimentaldata givenbelow,the tubeusedis thereforedesignated.

Obtainedtroma denta!sapp!yhatme.
J. Am.Chem.Soc.,36,t8s6,eoit (t9t~).
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In somepreliminaryexperimentstubeswhollyof gtassworeusedin placeof
the platinum-glasstube as containerfor the specimen.In these tubes, the
path of conductionup the waUof the tube doesnot remainconstantas the
amountof specimenisvaried;withthé phtinum-gtaestubeconductionalong
the wallof the tube is limitedby the conduotanceoftheglassand therefore
doesnot vary with the levelof the substancein theattaohedmetal capsule.
Thelatter tube alsoobviatesthe useofa central thermoelement,eliminating
the attendant difficultiesenumeratedbelow.

ExperimeatalFtocedure

Thedesiredamountof spécimenis weighedintotheplatinumcapsuleE,
(Fig.3)andmelteddownto forma solidmass. If thecrystalsarenotmelted
downseveraltimes duringa filling,the toosecrystalsextendinto the glass
tube D and stain it as they melt; for reproducibilityit is neeessarythat ail
thé speoimenbe in the platinumcapsule. The gtasstube supportingthe
latter is placedin its propergroovein the one halfofthe ooppercylinderC
andonejunctionof the differentialelementis insertedin thé re-entranttube
ofthe platinumcapsuleas shownat d, whereit is tampedintopositionwith
matgold. Theother junotionof the differentialelementbaspreviouslybeen
solderedat e. The otherhalfof the copperoylinderisnowplacedinposition
andfastenedto the Brstby screws,and the wholeinsertedin the brasstube
B. At Stst the junction at d was left undisturbedwhenspecimenswere
changed,but thé most recentprocedureis to removetheelementat d and
determinethe weightofspecimenused(about0.35gram)bythedirectweigh-
ingofthe tube D-E, forit is believedthat greater reproducibilityisobtained
by this procedurethan by anattempt to detenninetheweightof specimen
byindirectweighing. In the lattercase,a tube mustbeinsertedinD through
wMchthe specimenmust be pouredif contaminationofthe wausof D is to
beavoided,and the possibilitiesofa lossofmaterialareconsidérable.

The electromotiveforceof the thermoelementis readto one microvolt;
greaterprécisionis possible,but the entrance of greatererrors fromother
sourcesbas renderedit futile. The temperatureof thecopperblockis indi-
catedby the elementGso that by suitableregulationofthe currentthrough
theheatingcoila the "surroundings"maybeheatedorcooled(withincertain
limita)at any desiredrate. The dinerentiatelementF indicatesthe thermal
headbetweenthé spécimenandits "surroundings." Foranytransformation
investigated,readingsof the elementat definitetimeintervabare recorded
froma time when there is a steadystate betweenthé temperatureof the
specimenand its surroundings(i.e., whenthé elementF showsa constant
reading)beforethe transformation,to a correspondingtimeafter the traas-
formation. The rate ofheating(or cooling)of the coppercylinderC finally
adoptedwas 10 microvo!ts(about o.z°C) per minute. Under thèse con-
ditionsthe time betweensteady states beforeand aftertransformationwas,
forthesizeofspecimensused,about60minutes,and thetemperatureinterval
involvedwas600microvoltsor about i3"C.
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Sinoothe differentialelementindicatesdirectlythe differencein temper-

ature whichis sought,the experimentalresults are most easilyutilizedif

the thermalhead(C 9.) is plotted againstelapsed time as in Fig. 5 in

whiohthe lettershave the same significanceas in Fig. zC. The signof thé

thermalheadis,ofcourse,dependenton whetherthe ourveisa heatingourve

or a joooungourvejust as is the signofthe heatof fusion. The boundariesof

the heatoffusionarea in Fig. s are the samoas thosedisoussedin connection

with Fig. aC and D. The experimentalourveswereplotted on millimeter

paper,the timeasabscissa,one centimeterrepresentingï~ minutes,and the

thermal headas ordinate, one centimeterrepresenting25 miorovolts. A

larger soalewouldbe désirableif thé reproducibilityof the methodis in-

oreased,but for the degree of reproducibilityobtained the scateproved

satisfactory. In general,for heats offusion,the area for the specimensused

rangedfromJ4oto ~30square centimeters. The methodadoptedfordeter-

miningthedesiredareaswasthe countingofsquares,whiehforapproximately

etraightportionsof the curve can best be accomplishedby the readingof

ordinatesat definiteintervals. Grosserrorsoan in the main be eliminated

by uniformityin the plottingof the ourvesandin the estimationoftheareas,
for if twoourvesaresimilarlyplottedin agivenspace,any differenceintheir

areascanbe quiddyestimated. With thisprocedure,the limitingfaotoris

not theestimationofthe total areaundertheourve,but the estimationofthe

precisearea to be deductedas the "specinoheat" area. This questionwill

be discussedinconnectionwiththé actualexporimentalwork.

TheExpérimentalTime-TemperatureCurve

Beforethe expérimentalcurvesare examined,it is well to reviewsomeof

the principleainvolved. It is of importanceto realizethat for poorthermal

conductorsandfor rapidrates of heatingand coolingthe slopeof the ourve

obtaineddependson the positionof the thermometerin the spécimen.In

the caseofthe time-temperatureeurveforthe determinationofa freezingor

meltingtemperature,it is oustomaryto insertthe thermometerin thecenter

of the specimenwhereit willbe protectedfromthe surroundingsandwhere,

under favorableconditionsit willindicatethe true meltingor freezingtem-

perature. However,it followsfrom the theoreticaldiscussionthat, for pur-

posesof calorimetry,the important temperature is not that at whichthé

specimenundergoestransformation,but that at whichthe heat is radiatedto

(or from)the surroundings. If the rate of heating or coolingis slow,this

distinctionis not important for specimensof goodthermal conduotorssuch

as metats;it is,however,of importanceforpoor thermal conductorssuchas

organiccompoundsor inorganicsalts. Forthe latter, the differencein tem-

peraturebetweenthé outsideand the axialportionsof a specimendoesnot

romainconstant,and it is evident that the ourverepresentingthe tempera-
ture of the centralpart of the speoimenand that representingthe tem-

peratureofits outersurfaceare the mostwidelydivergentof a seriesofpos-
siblecurves. Becauseof this difference,the temperatureof thé wallof the

containerdoesnot remainconstant as freezingor meltingoccurs. Tube i
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showsa better than Tube a, for in the formerthe thermoelementwas
morenearly in the center of the spécimen.The thermoelementin Tube 2
indicatesthe temperatureof the surfacemoreexactly.

Asa preliminaryto the discussionof the ourvesobtainedwith the final
apparatus,some of the curvesobservedwith the use of a centralthenno.

rM.A
ï CooUNgCurveaNM.MMd35

ria. ¢
0.378g.m.dinitrobenaeneII CoohMCurve9Nos.38,39and4< o~~g.~tt-dinitrobeMenem HMtingCurveNo.39 0.378g.w-diaitMbemMeIV HeahagCurveNo.M 0.378g-m-dinittobemmieV MeaHngUurveNo.36 o.378g.tK-dinitrobeMene

elementin a preliminaryapparatus will be anaiyzed. FIg. 4A showstwo
coolingcurves,Curve1representingcoolingourves#33and ~35,andourveII
~38,~0, and ~42 anydeviationsof theseveralourvesfromthe representative
ourvedrawnare too mnallto be shownonaucha scale. It willbenotedthat
curve 1 for the largerspecimen(0.378g.) hasa smallerheat of fusionarea
than Curve II representingthe smallerspecimen(0.373g.); and that the
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shapeof the curvesisdifférentowingto différencesin positionof theelement.

Fig. 4B showsourvesIII, IV and V whichrepresent,respeotivelyheating

ourves«32,$34,and#36for the sameapecimenascurve1 (Fig.4A) heating

ourvesfor the samespecimenas curveII showedsimitM'variations,therefore

arenot reproduced. It is a.tonoeevidentthat theheatingourvesdonot show

the samereproducibilityas ooolingourves;indeedthe meltingtemperatures

as indicatedby the several ourvesseemto differ. Althoughthe "heat of

fusion"areasfor theheating ourvesshowbetteragreementamongthemselves

than mightbe suspeetedfrom the appearanceof thé ourves,in general,with

the centralthermoelement,the "heat of fusion"areasobtainedfromheating

ourvesandfromcoolingcurves donot showgoodagreement.

TABÏ.E III

AComparisionofHeatingCurvesandCoolingCurvesobservedwithaCentral

Thermoelement;substancem-Dinitrobenzene

After some coolingcurvea wererun with the finalapparatus, heating

ourveswereagaintried,and it wasfoundthat withthisapparatusheatingand

ooolingcurvesagreedas weUwith one anotheras amongthemselves. (Cf.

TablesIVandV.) TMsis an indicationthat in thiscasethemeasuredthermal

dMfoMncebetweenthe radiating surfaceof the specimenand that of the

surroundingswasverynearly thé effectivethermalhead. 'Thedeoisionas to

whetherheatingcurvesor coolingeurvessha!Iberun dependsonthe follow-

ingfaotors:
Sinceit is desiredto have a uniformrate ofcooUngorheatingat dioerent

temperatures,the maximumrate ofooolingdesiredat the lowesttemperature
must equal or exceedthis constant rate. If the apparatus is so thermally

iso!atedby a DewarHaakas to givea slowrate of coolingat high tempera-
tures the rate of coolingnear roomtemperaturesbecomesexceedinglyslow.

It is aocordinglydifficultto maintaina constantrate ofcoolingovera range

Curve Wt.of Typeof HeatotFuaion Are&peruram
No. Spécimen Curva Area Heating CocUng

gma. (ArbitraryUnite) Curve Curve

ist Series

32 0.378 Heating 226 598

33 Cooling 237 627

34 Heating 299 6o6

3S Cooling 237 627

36
`

Heating 231z 6~z

znd Series

38 o.373 Cooling 24~ 649

39 ~43 6S!

40 Heating 231 620

41 ~5 657

42 Cooling 243 6$!
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of temperatures. Thisdiffioultydisappearsif heatingourvesare used,for
the heatingourrentcanbesoregulatedas to givethe desiredrateof heating
at anytemperaturewithinthé limitaoftheapparatus.

A second factorrelates to the possibilitiesof undercoolingor super-
heating. In general,fora liquid-solidtransformation,underooolingof the
liquidoccursin theabsenceof crystalswhereassuperheatingof the solidia
unusuat. For solid-solidtransformations,the rule is not so invariable,for
slowrates of transformationare frequent,resultingin the persistenceof a
crystalformfar beyondthe temperaturerangein whiohit is stable. Again,
the rate may dinerwiththe directionin whichthe transformationcoeurs.
It is apparentlyoommonfor the transitionofa low-temperatureform to a
high-temperatureformto prooeedmorereadilythan the reversetransition;
as an examplemercuriciodidemay be ciied,the transitionof the red low-
temperatureformto the yellowhigh-temperatureform proceodingreadily
withoutsuperheatingat the transitiontemperature(t~C), but the reverse
transitionshowingthe phenomenonof undereoolingso that theyellowform
maypersistat roomtemperature.

A third factorrelatesto the possibilityof irreversibility.Areaotionmay
occuriu the liquidstatewhichdoesnot ooourin the solidstate;undersuch
conditionsit mightbe possibleto run a heatingcurve,thoughnota cooling
curve. Irreversibuity,onthe otherhand,maybedue to the conditiondfthe
solid,as in the caseof the metalswhere"quenched"and "annealed"speci-
mensare knownto bavedifferentproperties. Acoolingourvein sucha case
wouldshowonlytheheatoffusionof the annealedsolid'tothe liquid;a heat-
ingourve,however,couldconceivablybeusedtodeterminetheheatof fusion
ofa quenchedas wellasofan annealedspecimen.

Afourth factoris thedegreeofcertaintyofextrapolationofthe "specinc
heat" boundary. Althoughit is préférableto have ourveswhiehapproach
the "ideal" curveasnearlyaspossible,deviationsfromsucha limitingcurve
donothave asgreateffecton theheatoffusionareaas theshapeofthe curve
mightlead one to suspect,if the extrapolationis carriedout properly. The
eifectof impurityon the time-temperaturecurvebas beendisoussed.The
effecton thé heatoffusionarea,however,dependsonlyon the actualamount
of heat involvedin such transformationwhichproceedsoutsidethe tem-
peraturelimitacoveredby the curve,providingthat the impuntycausesno
largeheat eBéctof anotherkind. If the amountof impurityis smaMand
formaa nearly idealsolution,in the liquidphase,with the substanceunder
investigation,thé amountof materialmeltingor freezingoutsideof the
temperaturelimitaof theexperimentis amall. Anadvantageofthe heating
curveover thecoolingcurveappearshere,forin theformer,aftertransforma-
tion is complète,the extrapolationof the "speoinoheat" boundaryof thé
specimenis doncfromthe liquidcurveon whichthe effectof the impunty
isalight;in the latter,theextrapolationisdonefromthe solidcurve,thé slope
ofwhichis affectedbythefreezingof the impurity.

Thèse considérationsled finallyto the utilisationof thé heatingeurve
as the best fitted forthe presentinvestigation. The constanoyof the "ap-
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paratusconstant" X will,however,bedisoussedforthe coûlingourveas well

as for the heating curve. A typioalcoolingourvefor Tube ï is shownin

Fig. SA,andtypioalheatingcurvesforTubesi and2 areshowninFig.SB.

The ApparatusConstantK

Asindicatedpreviouslythe apparatusconstantK isdefinedbythé equa-

tion L = KA, whereA==heatof fusionareaforonemole. If thecurvesare

plotted on a uniformB$a!e,the unit areabeingthé square centimeter,K

A.–Coo!mgCurveNo.tM(Tube1)0.304g.nitranitine.
B.–1 HoMncCurveNo.ts§(Tubei) 0.306g.tM-nittanHme.

11HeatiBf;CurveNo.igo(Tubeit)o.3!6g.tn-nittami!ine.

measuresthe number of caloriesper squarecentimeter,for the partioular

set-up. As long aa constant conditionsare maintainedthere ahouldbe no

deviationsin itavalue,but suchconditionsnolongerobtainrigidlywhenthe

apparatusis usedat a seriesofdifferenttemperatures.Froma considération

of the experimentalprocedure,it wouldbeexpectedthat the apparatuscon-

stant will vary somewhatwith the temperature. Three effectsmust be

considered:
ï. The change in the constant due to the conditionsof heat transfer.

Someof the heat is transferredby the air whichsurroundsthe specimen.
Theconstant of thermalconductivityofair betweeno" C and !oo"Cranges

from5.66to y.ïQX 10- oran increaseof27%inthehundreddegreeinterval.

Ther6teplayedby airasa conductorisslight,but the increasedconductivity

mayappear in inoreasedlossby convection,forthe increaseofviscosityofa

Q

f

a

S
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gas withtemperaturenear roomtemperatureis slight. The lossof heat by
radiationchangeastillmorerapidly,for,witha températurediSereneeofs°C
betweenthe radiatingbodies,an inereasein temperaturefrom400"to soo°
Kelvinnearlydoublesthe rate ofheat !oss. The lossofheat byconduction
alongtheglasstube variesby about s% for a hundreddegrees. Sinoethé
relativeheat lossby thesevariousmeansisunknown,a quantitativecaloula-
tion oftheireffecton K cannotbemade,but the generaleffootis to inorease
the rateofheat losaat thé highertempératures.

a. The effeoton the constantdue to the reoordingof the thermalhead
(C &)in miorovoltsinstead of degreescentigrade. In thé temperature
intervalof zoooto 7000miorovolts(whiohcorrespondsto 50"to is6"C)thé
numberof degreescentigradeperhundredmicrovoltschangeafrom 2.33to
1.97*,or a decreaseof 15%. At the higher temperatures,therefore,thé
effectis to increasethe area underthe curvefor a deSnitedifferencein tem-
peratureaincethe recordeddiSerencein microvottswillbe greater. This
effect,then,is todecreaseK.

3. Theeffectofthe changeinrate of heatingorcoo!ingdueto the varia-
tion of degreescentigradeper microvottwith the temperature,sincea rate
of 10microvoltsper minute wasmaintained. The effectshouldbe emall
or negBgiNeif thé rate is not sorapidas to causeaeriousthermaldifferencea
in the spécimen;this appearsto betrue, fora run witha rate ofheatingof 5
microvoltsper minutedidnot showa greateffecton K.

It willbe observedthat the firstand secondaffectsdisoussedexert op-
positeimauencesonthe apparatusconstant,thé firsttendingto inoreaseand
thé secondto deoreaseX. Fromthe data in TaMesIVand V,it canbeseen
that thereisno uniformtrend oftheconstantas highermeltingtemperatures
are approached;the two effeetstend so to compensateone another that
the temperaturecorrectionis for our partioularapparatus !essthan the
experimentalerror.

Theassumptionimplicitin thépreviousdiscussionis that nogreaterrors
in the valuesof the heat of fusionof the substancesusedin the calibration
of the apparatus,(i.e.,in the determinationof the apparatusconstant)exist,
and a checkontheacouraoyof thevaluesliesin the smoothneseof thecurve
representingthé valuesof K basedonthose heats. The publishedvalues
of the heatof fusionof organiooompoundsare not all reliable,withthe re-
sult that, if they areusedin oalibration,onecan not becertainwhetherap-
parent déviationsin the valueof K are due to experimentalerror,or to the
use oferroneousheatsoffusionasstandards. The valuesof Andrews,Lynn
and Johnstonfor the heat of fusionof someorganiccompoundsappeared
to yieldconsistentresulteand they are accordinglyusedexclueivelyin thé
evaluationofthe apparatusconstant. Sincethe valueof K is dependenton
the sizeandkindofcontainerused,there is a set ofvaluesforeachofTubes
i and a; but as willbe seen, they giveconsistentresultswhenappliedto
phenolandbenzophenone.

*Copperconstantanelement."internationalCnttcatTables,"56.
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TABMSiV

Data onthe ApparatusConstant KobtainedfromCoolingCurves

Averagedeviationfrommean0.0011 2.%
Maximum 0.00:1 3.9%
ValuespubtMtedby Andrewa,LynnandJohnet.on:J. Am.Chem.Soc.,48,K74

(1936).

Asetofvaluesof K derivedfromcoolingourvesforTube i iacontainedin

Table IV}another set fromheating curveaia recordedin Table V. The

restrictionof data inchtdedin the mean value (Tube2,TableV)occurred

becauaeof an obviousdiscontinuitycausedby dmeMncoin positionof the

thermoelementin the specimen. The inaolationhad wom off the junction

of the element,resultingin contact with the platinumcapsuleat the open

end of the re-entrat tube. Since someexpérimentaon phenoland benzo-

phenonewereinsertedbetweenourves ica and 107,it wasthoughtadvisable

to utilize the value of derivedfrom the set of curvesimmediatelypre-

cedingand following.

Tube1
Substance Publiehed'Heatof Curve Wt.of Heatof K

M.P. Fusion No. Spécimen Fuooo od/om'
~0 caJ/mot (jpne) A)-eft(A)

(ent)*/mot

m-dimtMbeMene 90 4iso 84 0.327 758X10' 0.0547
85 753 -ossi
86 .394 74i .0560
87 75ï -OS53
89 .340 774 .0536
90 79° .0525
91

te
790 .os~s

92 .40ï 778 .0533

97
te 7~ -0538

io8 .334 76o .0546

Mean .054"

M-nitraniNne tt!! 5660 ïot .304 ï05~ .0538

ïoa 1057 -o53S

Mean .0536

o-dinitrobenzene 117 S46o 103 .333 966 .0565

104 974 .0561

Mean .0563

Mt5AN .0544
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TABLE V

Data on thé Apparatua Constant K obtatMd ftom Heating Curves

Substance Published 'Heatof Curve Wt.of Heatof
M_P. B~on No. Speeimen Fusion K
oc cal/mol (gma.) Area(A) cat/mot'

(cm)'/mot.

Tube 1

Naphthalene 80 4540 144 0.285 St~Xio' 0.0554
m-dinitrobenzene go 4:50 log .334 764 .0543

no 766 .0542
159 .394 805 .0516
ï6a .300 764 .0543

Mean .0536

M-nitraniline ua 5660 125 .306 1045 .0542
p-nitraniline 147.5 5040 152 .296 898 .0561

ïS4 .313 072 .0519
~55 970 *o52o
156 942 .0535
ï6o .303 919 .0548
'6i 934 .0540

Mean .0537
.MEAN .0538

Average deviation from mean o.oon 2%
Maximum 0.0022 4.j%

Tube 2
m-dinitrobenzene 90 4150 177 0.401 719 .0577

~S 717 .0571
179 .493 7~4 .0573

i8o 712 .0583

~-nitramime 112 5660 181 .ï97 jo49 .0540
182 1049 .0540
ï83 .306 1014 .0558
184 1012 .0559

p-nitraniline 147.5 5040 i86 .309 866 .0582
i87 874 .0577
i88 .373 828 .0609

m-dinitrobenzene 90 4:50 189 .422 672 .o6I8

m-nitraniline 112 5660 roo .3:6 923 .0613
Igl 97i .0583
192 978 .0579
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Substance Pubtiahed*Heatof Curve Wt.of Heatof
M.P. Fusion No. Spécimen Fusion K
"C o~/mot (~ma.) Area/A) eat/mot'

(ctn)'/moL

m-dinitrobenzene 90 4150 ïgy .47~ 689 .o6<M
198 68: .0608

For Curves 188-198 MEAN .060:

Averagedeviationfrommean o.ooi2 3%
Maximum 0.0023:3.8%
ValuesofAndiewa,LynnandJohnston:Loc.cit.
In thisexperiment,therateofheatingwas5miorovoltaperminute.

Applicationof the Method

In an endeavorto test the apparatus under a varietyof conditions,re-

actionsinvolvingthe heat of fusion of substancesmeltingnear roomtem-

perature,that of unstableorystalfonns, and the heat of transitionof enan-

tiomorphioorystatlinesoUds,wereinvestigated. For reasonsdiscussedabove,

the heatingourvewas seleotedas the suitaNe method; indeed,in someof

thé followingcasesthe coolingourve couldnothave beensatisfaotorityused.

Heat of Fusionof Phenoland Benzophenone

Someexperimentsweremadewith phenoland benzophenone,whichmelt

at 4t°C and 48.s°C,respectivoly,in the attempt to discoverthe relations

betweenthe apparatus constant K and the temperature of calorimeter.

ThesesubstancesweMchosenbecausevalues for their heat of fusionhad

recenttybeen published by Stratton and Partington,l and it wasthought

probablethat thesevalues wouldbe reliable. The apparatusconstant de-

rivedfromthis pairof values,however,differedby 17%fromTube and by

14%for Tube a. In viewof this disparity, valuesfor the heat of fusionof

phenoland benzophenonewerecalculatedby the use of K as derivedfrom

TableV, and since,within experimentalerror K doesnot appearto change

with temperature,the values0.0538for Tube i and o.o6oafor Tube 2 were

assumedapplicableat the melting températuresof phenoland benzophe-

none. The experimentaldata for the heat of fusionof thèsesubstancesare

givenin Table VI and a comparisonwith the publishedvaluesis given in

TableVII. Althoughthe accuracyof thé experimentalvaluefor the heat

of fusionof benzophenoneleavesmuoh to be desired,the evidenceappears
to indicatethat the value publishedby Stratton and Partingtonis at least

ïo% too low.

Théphénol usedwasacolorlessKaMbaumproductwhich,driedoversulfurio

acid,showeda satisfactoryBaton the heatingcurve. Becauseof its hygro-

scopicnature,it wasprotectedfrom the air by a cork in the specimentube

and the successiveruns weremade as rapidly as possible. The benzophe-

none,froman unknownsource,was recrystauizedfrombenzene,and then

furtherpurifiedby partial freezingin a centrifugingtube. Whenthe speci-
menwasabout half frozen,the mother liquidwascentrifugedoff,in a tube

PMt.Mag.,43,4~6(t9M).
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TABUtVI

Beat of Fusion of Phenol and of Benzophonone
on the basis that

K for Tube ï = 0.0538;
X for Tube 9 = o.o6<M.

SubstanceTube Curve Wt.of Heatof Fusion Heatof Fusion
No. No. Speeimenn Area(A) (L)

~) (om)ilmol aal/mol.(gma.) (em)'/mot cat/mo!.
Phenol

1 ~3 û.a86 501 Xio~ 2700
ï43 495 s66o

~93 .38ï 4Si! a~o
i94 444 267o

MfM)Ln ~~n~.

TABM)VII

Comparisonof Dataonthe Heatof Fusionof Phenoland ofBenzophenone
HeatofFusion

o~ot.
Method Observer RefeMnce

cal/mol.
Phénol

~340(25") Calorimeter Pettersson&Widman i
:8io Blopeof P-Tline Bridgman 9
2730 AdiabaticCaionmeter Stratton&Partingtoa 3
2690 RadiationCalorimeter Thieinvestigation

Benzophenone

4310 Calorimeter Bruner 4
4360 Tammann 5
4360 Stope-of-P-TIme Bridgman a
3950 AdiabaticCalorimeter Stratton &Partington 3
4600 -RadiationCalorimeter ThieinveatifatMn

Bruner
Tammann

Bridgman
Stratton &Partington
This investigation

Référencée

i. Oh. Stotkh., 39, No. 3, 57(iSyS); J. prakt. Chem., 24, !6ï (ï88t).
<. Fhya. Rev., (a)6, 94 (t~s).
3. FhN.Mag.,43,436(t~:).
4. Ber., 27, 2102 (!894).
5. Z. phyaSt.Chem.,29,63 (tS~).
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ofthe typedesoribedbySkau,'theremainingcrystalsbeingused. Withthèse

as with the othermatoriab,accuratemeltingpointdeterminationsworenot

made;the formof thé time-temperatureourveswasconsideredthé beat in-

dioationof the degreeof purity of the specimen. Indeedwith hygroscopio

substances,the increasingconcentrationof wateras impurityoouldreadily

be foUowedon successiveheating ourveseven wherespécialprecautions

weretaken to exoludewatervapor.

He&tot FusionofCNoMce~cAcid

CUoraceticacidwasohosenas a typioalorganiooompoundhavingun-

stablecrystaiforms. It ia knownto oryBtaUizein three forms--thestable

a modificationwhichmeltaat 6i''C.,and the tabite and'yformswhiohmelt

at 56"and sï° respectively. Whenthe liquidis cooledbelow5i"C and is

allowedto stand quietly,or is inooulatedwith a crystalof thé form,the

latter orystauizesout. Aheatingourveof this formoanbe run in the usual

manner. However,ifthis formissoratohedor touohedwith a crystalof the

form,the orystabtransforminto this modification;simuartythe 0: form

oanbeobtainedeitherfromthe liquidor fromthé or -ymodifications.The

data are shownin Table8; alsothe data of Pickering,'whomeasuredtwo

definitevaluesfor theheat of fusionofchloraceticacidandassumedthat, in

thosecaseswheremoreheat hadbeenevolved(onfreeang),the a fonn had

crystatlizedat 6ï.i8", but madeno tests to identifythe turm présent. In

the presentinvestigationit wasfoundthat insealedtubesheated above61"

thé ory formscrystallizedspontaneouslyoncooling,but neverthe a fonn.

TABI.EVIII

Heat of Fusionof MonooMoraceticAcid

onthe basisthat K = 0.0538forTubei

'ThesiB, YateUnhmMtty !995.
J. Chem. Soc., 67,664 (1895).

Ou MM DaatS Httt~ J~ – 0.05 jo tut ~UM~

CryBtamne Curve Wt.of HeatofFumon Heatof Fusion

Fcrm No. Spécimen AK<HA) L

~~) (cm)'/moL cat/mo!.

132 0.262 70:Xio~ 3780
~5 696 3750

a 133 0.262 850 457"
<y I49 .276 713 3840

iso 8a8 4450
iSi 871 468o

ThisInveattgtttion Pîcketing*
MeanValues

eat/moL cal/mol.

L~ 4630 3895

4450 3330
Ly 3790 ––

1~-Ly 840
––

L~ –Ly 660 –––

1~-L~ 180 565

J. Chem.Soc.,<?,664(tS~s)MonmetticValues.

1 Tt~MMn Va~ TTni~KMtat.~ Tf<Me
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However,thévaluesofPiokering,evenifreferredto j9and yohloraoetioaoid,
are ie% lowerthan thosefoundin thisinvestigation.

la orderthat satisfactorySats mightbe obtainedit waanecessarythat
the Kahlbaumproduotbopurified. Beoauseof its sotuMUtyin commonsol-
vents, the aoidwascrystaUizedin centrifugingtubes from its own liquid.
After severalfractionalcrystaUimtioM,the middle fractionwaadMtiUed,
and the middîeportionof the distiUatecolleoted. As with phenolthe hy-
~-oscopMnatureof chloracetioaoidpresenteddiaoMitiea:to reduceadsorp-
tion of waterby the specimen,thé apparatuswas ptacedover sulfuricaoid
ina desiceatorbotweenruns.

HeatsofTmnsiHoaofAmmoniumNi~&te

In orderto test the appMcabitityof the apparatus for the evaluationof
heat of transition,sometransition heats of inorganiosalts weremeasured.
Ammoniunnitrate exiatsin five crystallinemodifications,their range of
stabilitybeingshownbelow.

PolymorphioFonasof AmmoniumNitrateat AtmosphorioPressure

~< Range(StabUity) T)-<HN:ttonTempeMtute'
T:–:J

Thé transitionsat i~C and 84°Cproceedreadilybut the rate of the
traasitionat 32°Cproceedstoo s!owlyfor this method. The experimental
data are givenin TableIX and comparedwith those of previousinvestiga-
tors in TableX. BakerandAdamson's"C.P." ammoniumnitratewasused,
and sincethe experimentswerepreliminary,the substancewas not further
purified.

Heat of Transitionof Mercm-icIodide

Ina similarmannertheheatof transitionof theredformofmereunciodide
to the yeUowformat 127"Cwasmeasured. Thé resultsareshownin TaMes
IX and X. Merck'smercuriciodidewasused without furtherpurification.
In this case,as discussedpreviously,only the heatingcurveis satisfactory
for readytransfonNation.

Bowen:J.Phya.Chem.,90,y:! (ï9:6).
'EM-JyandLowTy:J.Chem.Soc.,tM,!3S?(t9t9).

Ltqmd t6g" to––
Isometrie I 125.2° 10169.6° 169.6°

TetragonaUI 84.3" to 125.2° 1:5.

Orthorhombic(?)in 32.i°to 84.2" 84.:)"
0

OrthorhombiolV -i6"to 32.1" 33.

TetragonaiV ––to-i6" -16"
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TABM) IX

Heats of Transitionof A) AmmoniumNitrate, B) MerourioIodide

on thebasisthat K 0.0538forTube i

TABMiX

HeatsofTransitionofAmmoniumNitrate andof Merouriclodide

Refetences

t. Att!. ht. Voneto,(6)4, t395 ('886).

2. Proo. Am. Acad.,St, 581(t9!6).

3. Ann. CMm. Phys., (s) 29,239 (t88~

4. Z.Kty9t.,2S,6t3(t896).
5. Compt. tend-, t45,68 (!907).

6. Ptoc. Am. Acad.,SI, 55 (t9ts).

HeatofTmmmon Method Observer Refetenee
cat/mot

AmmoniumNitrate

II-I (ias.2°C)
950 Calorimeter Benatiand Romanese i

1035 SIopeofP-Tlino Bridgman a

980 Radiationcalorimeter Thisinvestigation

111-11(84.a''C)

4!!y Calorimeter Bellatiand Romanese i

319 SIopeofP-TUne Bridgman z

310 Radiationcalorimeter This investigation

Merouriolodide

Red-Yellow(iz7°C)

3000 Heatof Solution Berthelot 3

gez Calorimeter Schwartz 4

695 Calorimeter Guinehant 5

547 StopeofP-TMne Bridgman 6

640 RadiationCalorimeter This investigation

TransMon Curve Wt.of HeatofTHMMKionHeatofTMnmtMn
No. Spécimen AreaNo.

(gma.)
en

(cm)'/mot ctJ/moL

a) AmmoniumNitrate

111-11 115 0.304 56.6 X io' 304
ït9 $8.t 3ï5

11-1 MO .304 ï82 979
M! 182 979

b) MercurioIodide
Red-YeUow 139 ï.ïoS 119.3 642
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Conclusion

Theadvantagesof the radiationoalorimeteroverthe ordinarycalorimeter
proceduremaybelistedas follows:

t. It is rapid,for if the apparatus is oncecalibrated,severalexperiments
ona substanceoanbemadeand the resultsoaloulatedin oneday.

It bas a spécialadvantage in the evaluationof certainheats which
couldotherwisebe measuredonlyby a "hot calorimeter"or by an indirect
method;forthereare a numberof transitions–suohas the transitionof red
to yellowmerourioiodide,and ammoniumnitrate 111to II-which, onheat-
ing,arerapid,butoncooling,proceedmuohlessreadilyand exhibita marked
tendencyto undercool. Furthermore, for substancessuch as ohloracetic
acid,the formof solidwhiohfreezesout ia fortuitous,so that, by the usual
calorimetriomethodthe sudden ohuMngof the specimenas it enters thé
calorimetermayresult in either a mixtureof orystallineformsor in a form
whichis not that desired. Indeed, the expérienceof the authorsindicates
the possibilitythat the values of Piokeringfor the heat of fusionof oMor-
acetioacid(TableVIII) refer to thé and -yformsinsteadof the a and
formafor,unlessprecautionsare taken to test the specimenwithseedcrystats
of the severalforms,or unlesaita meltingtemperatureiemeasured,onecan-
not be certainas to whichform of the solidactually crysMizedwhenthe
specimendroppedinto the calorimeter.

The disadvantagesof the apparatusare, in general,aasociatedwiththose
propertiesoforganiccompounds–suchas poorheat conductivity,instability,
etc.,–which render dmicult oalorimetriemeasurementson them by any
method. The openspecimentube precludesthe use of a substancewhioh
décomposesor oxidizeson heatingin air, or whichvolatilizesappreciablyat
its transitiontemperature. One sourceof error is variation in the position
of the thermoelementin the specimen;evenwithTube a the curveobtained
appearsto dépendto a certain degreeon the preoisepoint in the re-entrant
tube wherecontactis made betweenthe thermoelementand the platinum
capsule. In the absenceof thermal gradients in the specimenthe exact
positionofthethermoelementwouldbeof littleimportance.

Somevariationappears to be due to dmerencesin the precisecharacter
of the crystallizationof the apecimen,dmeronceswhich becameevident
whensuccessivetime-temperaturecurves for a specimen,undisturbedbe-
tweenexpenments,are oompared. Such variation is striMngtyindieated
in the heatingcurves(Fig. 4) obtainedwith a central thermoelement.Not
enoughevidencewascolleetedto indicatein howfar the observedvariations
are causedbyrealdifierencesin heat contentof the specimencorresponding
to inoompletereproducibilityof its précisecrystalcbaracter,*or by diner-
eneesin aggregation,and conséquentchangeofheat conductionandvelooity
of transition. For it is to be expectedthat an alterationin thé compactness

evidencebasbeencolleotedbyGfiffithe:Ptoc.Roy.Soc.,N9A,s6ï (t9ti), to
m~~theme~t~tofs~ummtheeoMda~tedependaonitepWt~tMt~~-the "NmeaM"and"quenched"apedmensehowin~adiBeKntopeciaB~
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and surfaceareasof the orystabin the specimenwillinfluencenot onlythe

thermal conduotivitybut also the temperature gradient in the specimen

necessaryto producethé ftatin the heating (cooUng)curve by the mainten-

anceof the properrate oftransition. Though a studyof a metalwherethe

dim~oult!e8assodatedwithpoorthermaloocducttvitiesareat a minimum,and

theerroraconsequentlyreduced,it may be possibteto investigatethe precise

affectof the natureof crystallizationin a spécimenon its heat of fusionas

measuredby a radiationoalorimeter.

In spiteof suchdiBicuMes,andin spite of the emallsizeof the specimen,

the maximumdeviationfromthe mean for a seriesof comparableresultsia

within5%andit isbelievedthat the meanvalueforthe unknownheat ofan

organioeompoundiswellwithinthismaximumerror.



A STUDY0F THE ACTIVITY0F CADMIUMMDIDE
IN AQUEOUSSOLUTION

BY FBEDEMCK H. GETMAN

In a previouspaper*wc presentedthe resultsof an experimentalstudy
of the activitiesof the ohloride,bromideandsulphateofcadmiumin aqueous
solution. The present paper embodiesthe resultsof similarstudieswhich
have since been made of solutionsof cadmiumiodide. The experimental
procedurehas been identicalwith that followedin the precedinginvestiga.
tion. In the present seriesofexperimentsthe data bas beenobtainedfrom
measurementsof two entirely independentgalvanicSystemsrepresentedby j
the followingschemes:

a

(i) Cd Cdïj,(m) AgI Ag,
and (a) Cd CdIs(m) PM, Pb, Hg.

The latter ce!Ibas beenshownby Gerke and others'to be reversibleto the
t

leadion.

Materials

(t) Cadmiumlodide. ChemioaMypure cadmiumiodidewasrecrystal.
lizedeither fromconductivitywater,or alcohol,beforeuse in preparationof
the solutions.

(2) SilverIodide. This saltwasproparedfroma solutionof chemically
puresilvernitrate by treatmentwithpure potassiumiodide,oarebeingtaken
to oonductaUoperationsin a darkroomin orderto preventpossiblereduction
of the silverhalideby light.

(3) Leadlodide. Lead iodidewas preparedby preoipitatinga solution
of chemioatlypure potassiumiodidewith a slightexcessof chemicallypure
leadnitrate. The resultingpreoipitatewaswashedwithdistilledwateruntil
the wash water was free fromnitrate, after whichit wasallowedto dry at i
roomtemperature. e

(4) Ry<iWo<~cAcid. A 50%solutionof hydriodicacid, obtainedfrom
the Eastman KodakCompany,wasredistilledandà solutionof the approxi-
mate concentrationdesiredwasmadeup by dilutingthe fractionboilingat
1:6" to 127°,under y6omm. pressure,with the estimatedamountof con-
duettvitywater. The exact concentrationwassubsequentlydeterminedby
precipitatinga knownweightofthe solutionwithsilvernitrate and weighing
the resultingprecipitateof silveriodide.

(5) Lead. Stick lead obtainedfrom two different,reliablesources,and
guaranteedto be free from silverand other metals,wasused in preparingaUof the amalgama.

Getman:J. Phys.Chem.,32,)t (!9<8).
P~~ ~89~ Soc., ~"S C9.6);T.yl.randPerrott:43,489(tgai). 1
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(6) Silver. The silveremployedin the preparationof thé silver elec-
trodeswasobtainedby oleetrolyMnga solutionofpuresilvernitrate between
an anodeof pure silverand a cathode of eheet platinum. The resulting
orystalsofdectrolytiosilverwerenrst wasbedwithdistittedwator,then with
a 6o!utionofammoniumhydroxideand finallywithconductivitywater,after
whichtheywererapidlydriedin a ourrentofdry, warmair.

(7) AfercM~.AUof the mercury ueedwaBexceptionaUypure,having
beenfumishedthroughthé courtesyof theEpp!eyLaboratories.

(8) fSo!~<MM.AUsolutionswere madeup by directweighingof both
sotuteandsolvent,exceptin the caseofsolutionsof hydriodicacid, where,
as pointedout above,thé concentrationwas determinedgravimetrically.
AUconcentrationsareexpressedin molsofsolutéper 1000gramsofsolvent.

Conductivitywater havingan average specificconductivityof z X to-
moisat 25"wasusedin thé preparationofthe solutions.

ExpérimentalData

lo Table1 is giventhemeasuredvaluesof the electromotiveforceofcells
set up accordingto the scheme

Cd Cdl2(m) AgI Ag.

TABLE1

The data of the foregoingtable are representedgraphicaUyin Kg. i. The

tendenoyof the electromotiveforce to falloffmore andmore rapidlywith
time as thé concentrationof the electrolyteis diminishedwas foundto be
even moremarked in the caseof thé iodidethan with the oMorideand bro-
mideof cadmium. In fact it was ahnostimpossibleto securesatiafactory
resultswithcellsin whiohthe concentrationof the cadmiumsalt wasmuch
belowo.oosmolal.This jnstability iBprobablydue to severalcauses,among
whichincreasingsôtubilityof the depolarizerwith dilutionof the eteetro-

lyte is consideredto besignifioant.
In order to computethe aotivity coeScientsof solutionsof cadmium

iodidefromthe foregoingdata it is necessaryto knowthe potentialof the
silver-silveriodideelectrodein terms of the hydrogenelectrode. This has
beendeterminedby Noyesand Freel, aswellas by Gerke'and Pearceand
Fortsoh*.Frommeasurementeof the electromotiveforceof the coU

Pt H~i atm.) HI(m~ Agi Ag,

NoyésandFree:J.Am.Chem.Soc.,42,476(i~so).
'Ge~e: J.Am.Chem.Soo.,44,1684(t~M).
PearceandFortMh:J.Am.Chem.Soc.,4S,~sa(19:3).

Cône.(m) Cono.(m)
(Mobpertooogm. E.M.F.(25'') Wb partooogm. E.M.F.(25°)

HO) votta EM~ votts

1.0274 o.374os 0.0389 0.42500
0.4883 0.38688 o.oïpy 0.43x50
o.toai 0.39036 0.0098 0.44~50
0.0969 o.4toa4 0.0039 0.46475
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the followingvaluesof the eleotrodepotential wereobtained: 0.1593volt
(NoyesandFree),0.1301volt(Gerke),ando.tsig volt (PearceandFortsoh).
The meanof thèse threevalues,0.1sta volt, has beentaken aa the bMMof
our catoolations.

On the aesumptionthat cadmiumiodidein aqueoussolutionbehavesaa
a bi-univalenteleotrolyteitaaotivitycoefficientsoanbe oomputedbymeans
of the familiarformula,

Fto. t

E Bo RT ln(4mY)-
E E"

~!n(4m~).

Putting E" ==0.3976volt,thevalueofthe électrodepotentialas determined
by Horsoht,and passingto commonlogarithms,wehave

E = 0.3976 0.08873log (1.588mf).

ImTable II wfllbe foundthe valuesof computedby Bubstitutingin the
foregoingequation the successivevaluesof the electromotiveforce,E, de-
rivedfromthe smoothedvaluesof the eteotMmotiveforce,E', as readfrom
the eurvein Fig. i and referredto thehydrogenélectrode.

Horsch:J. Am.Chem.8oe.,<t, ~87(1919).
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TABLEII

Activity CoeSdente ofSolutionsofCadmiumIodide

In the fifthcolumnof the table,the oorrespondingvaluesofthe conduotivity

ratio, «, at ss", are givenfor comparisonwith 7. Theseratios wereread

froma curveplottedfromthe conductivi~dataofJones'.

Theresultsof a similarseriesofmeasurementsof theeleotromotivefoMe

ofoeHaset up accordingto the scheme

Cd Cdlt(m) PM, Pb,Hg,

aregivenin Table 111.
TABM!ni

The potentialof the Pb(Hg), PHt, I- électrodewasoomputedfromthe

electromotiveforceof the eeH

Pt-H<(i atm.) HI(m) PN, Pb,Hg,

as recordedin Table IV.
TABLEIV

EleotromotiveForceof the Ce!l

Pt-H:(ï atm.) HI(o.o89iM) Pbl: Pb,Hg 1 1

1H.C. JMMS:CarnegieInstitutionPnbUoation,No.170,p.49.

m E' E ? a

1.0 0.3765 O.S377 o.oaa ––

0.5 o.386s 05377 0.033 o.ï6
o.a 0.3995 0.5507 0.059 o.ig
o.ï 0.4095 0.5607 o.ogi 0.23
0.05 0.4I9Z o.5yo4 o.i4 0.30
0.02 0.4335 0.5S37 o.3S 0.43
o.oï 0.4435 0.5937 0.39 0.53
0.005 o.4S8o 0.6092 0.5? o.63

C..c.(m) E.M.F.(E') Cono.(m) E.M.f.(E')

(Motepertooogm.H~)) volts (Motapeftooogm.H~O) volts

1.3967 o.ï6777 0.0196 0.22321

1.0:74 0.16738 o.oo99 o.:33!6

0.4897 0.18069 0.0050 o.:4632

0.2030 0.19227 0.0040 0.24869

0.0968 o.20ï6g 0.0030 o.as4!3

0.0389 o.at4ïo

E.M.F.(obs.)
`

BMom. E E.M.F.(corr.)

0.22530 745° o.ooo3 0.3356
0.33458 746.8 0.0003 0.3948
o.a3435 748.0 0.0002 0.3346
0.22512 749.Ï 0.0003 0.3353
0.22555 749.8 o.ooo3 0.3358
o.3a497 75o-o o.oooa 0.3353

Mean 0.3353
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The observedvaluesof the eleetromotiveforcewereoorreotedfordeviations
fromnormalbarometriopressureby meansof the formu!a,

E = 0.0:96log76o/p,

wherep is theobservedbarometriopressure.
Byinterpolationin the tableofaotivitycoefficientsofhydMcMorioaoidat

25~,ascompHedby LewisandRandati',thevalueof'yfor0.089:molalaoidia
foundto be0.823. Onthe justifiableaœmnptionthat theaotivitycoeBMents
of hydrochloricand hydriodioacideare equalat correspondingdilutionswe
let 'y = 0.823. Subatitutingthe meanvalueof thé eleotromotiveforce,as
giveninTableIV,in the familiarequationfornormalelectrodepotential,

E = E" + 0.1183log(m~),

wehave 0.2252= E° + o.ïi83 log(0.0891X 0.823),

or E" = 0.3504volt.

Theestimatedvalueof thiseleotrodepotentialgivenby Gèrke'is0.3579volt.
Acceptingthe value0.3594,as here determined,we calculatethe valuesof
the activitycoefficientsgivenin TableV.

TABLEV

ActivityCoefficientsof Solutionsof CadmiumIodide

It willthenbeseenthat thé valuesof 'Ycalculatedfrom themeasuredelec-
tromotiveforcesofthé twodifferentcellsarein closeagreement. Themean
valuesof givenin TablesII andVareplottedagainstthe logartthmBof the
oorrespondingconcentrationsin Fig. a. 8inu!arourvesfor the ohlorideand
bromideof cadmium,as givenin our precedingpaper, togetherwith the
ourveofconductanceratios forcadmiumiodide,arealsoplottedin Fig.2.

DiscussionofResttKs

The mannerin whiehthe activityeoeScientsof solutionsof cadmium
iodidevarywithconcentrationresemblesthat of the chlorideand bromide.
As waspointedout in our previouspaper,the valuesof the aotivityooeffi-

LewMandRandati:"Thermodynamica,"p.362.
Gerke:toc.eit.,andChemicalReviews,1, (t92s).

m E' E y
1.3 0.1677 0.5271 o.d7
i-o o.t7i$ 0.5309 o.ozo
05 o.ï8oo 0.5394 0.031x
o.a 0.1023 o.s5i7 o.o$S
0.1 0.2010 0.5604 0.092
0.05 0.2105 0.5699 0.14
0.03 0.2230 0.5824 0.26
ooi 0.2335 0.59~9 0.40
o.oo5 0.2470 o.6o6a o.e6
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oientsof the individualcadmiumhaMdesin aqueoussotutiondifferfromeaoh

othermuohmorewidelythandothé correspondingvaluesof-yfor the haMes

of the alkalimetala.

Whenthe oonductMtyratiosof solutionsof cadmiumiodideare plotted

against thé logarithmsof their respectiveconcentrations,we find a much

greaterdivergencefromthe correspondingourveofaotivitycoeSicientathan

withsolutionsofeither the chlorideorbromide.

No trustworthyfreezingpoint data for cadmiumiodidebeingavailable

it has not beenpossdbteto comparethe valuesof-yderivedfromcryoscopio

data with those computedfrom electromotiveforcemeasurements. It is

hoped,however,that experimentsnowin progressin this laboratorymay

soonsupplythe data neoessaryfor makingthis interestingcomparison.

SuBHBary

(i) ThéfollowingceUahavebeenstudied:

(i) Cd Cdl~m) ARl Ag,

(2) Cd Cdl!(m) Pb~ Pb,Hg,

(3) Pt-H:(iatm.) HI(m) PM: Pb, Hg.
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(a) Fromthe measuredvaluesof theelectromotiveforceof thesecoUs,
at 2$"~thevaluesofthe activitycoeNoienta,-y,ofsolutionsofcadmiumiodide
downto 0.005molalhavebeenoaloulated.

(3) Thevaluesofy derivedfroma seriesofmeasurementsof eachof the
twoceNsdesignatedas (i) and (a) werefoundto beincloseagreement.

(4) TheactivitycoefSeientsof thecadmiumhaMesin aqueoussolution
differfromeachother,forminga progressiveseneain whichthe valuesof y
for the bromideoccupya positionapproximatelymidwaybetweenthose of
thechlorideandiodide.

H«b«<eLo~o)-oio)~,
N<<M~b)~,Conn.
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CotMdSymposiumMone~Mph.Btt Harry B. ~~ef, B'<Mor. X cm;pp-894.

Newfc~ CAeot~:Ce<<~Cwtp~y, MSS. Pffi;e:~0. The fiftheolloidsymposium

monographcentainatwenty-fourpapers:Unityin the TheoryofColloids,byH.R.Kruyt;

TheStabuityof Emulsions,Monomoleoularand PotymotecularFHnM–ThiekneMof the

WaterFiimon SaitSolutionsand the SpreadingofUquids,by W. D. HarMns;Adsorp-

tionandCryfttatFonn,byC. H. Sayïor;AdsorptionfromSolutionbyAah4reeAdsorbent

Chareoa!,by E. J. Miller;SomeUnsolvedProMemsin the Motecuiar-KinetieBehavior

ofCoUoidalSuspensions,byE. 0. Kraemer;The Measurementof SurfaceTeneion,SoMd

againstLiquid,by F. E. Bartelland H. J. Osterhof;Investigationeon MolecularSieve

Membranee,by LecnorMichadtB;SymthetieKidnoys,byW. D. BancroftandR. L. Nu-

gent TheChemistryofBody PMcesses–theNatureof the ActionbetweenGelatinand

Electrolytes,by A.L.Fet~Mon:Physico-chenuealStudiesonProtein.111,byR. A.Gort-

ner,W.F.HoffmanandW.B. Sinchu-;RehtttonofHydrophilioCoUotdeto WtntmHardi-

neMin Inseota,byWilliamRobiMon;ColloidTypes,by E. C. Bingham;TheComistency

ofCaMinGlue,by F. L. BMwneand DonBrouM;PtasMdtyand Solvationof Cellulose

Esteta,by 8.E. Sheppard,E. K. CarverandR. C. Houck;A NewRapidExttumveType

ofPhmtotMtor,byP. M.Gieseyand8. AMoomMnao:TheFaNingSphèreVitcomete)-and

PlaetioityMeasurements,byH. E. Phippe;The FallingBallMethodfortheMeaBUfement

ofApparentVtMosttyof NitrooelluloeeMutions, by J. K. Speiehe)-andG.H. Pfeiffer;

TheCelluloseNitrates,by JamesCMik;TheInfluenceofa SecondLiquidupontheForma-

tionofScapGeb,byH. N.HottueeandR. N. MaMon;ColloideintheEieetrodepesitionof

Metals,byWiNiamBlum;CoUoidalFerdoHydratein MoldingSand,byG.C.Bmwnand

C. C.DeWitt;HydratedPortlandCernentaaa Colloid,by'A.H.WMte;EffectofEteotro.

tyteaonEIectnMndoamosethrough WoodMembranes,by A. J. Stamm;ThePhysioal

ChemiatryofColorLakeFormation,by H. B. WeiserandE. E. Porter.

Kruyt says that "inveetiga~onaoarriedout in my laboratoryduringthé bat e~ht

yeare(thégroaterpart ofwhichhaeuntilnowbeenpublishedonlyin Dutch)havetaught

tbat it iano longernecessaryto admit tbiadualismin cotMdohemistry.Ontheoontrary,

wehave«tatedthefollowingfacta:tyopMMcsolsare polymolecular;theiretectrioohargeia

ofexactlythe eametypeas that ofsuapensoida;eleotriochargeieaamuohaatabt)ityfactor

withlyopMHoMwithlyophobiosols,onlywe meetwiththe differencethat in thelatter

caseit Mthe ontystabiKtyfactor,whilein thé former,the well-knownhydrationof the

lyophilioparticteaplaysa part of equal importance. Finally,we havetttatedthat thé

importanceof hydrogen-ionconcentrationbas beenverymuchexaggerated,"p. n. His

conclusionsare perfectlytrue; but onewouldnovergueMfromthisor anyotherparagraph,

that a!tthiahadbeencommonknowledgeinthé UnitedStateaformanyyears.

"Thereis stiNonepointteft to be dmcumedhere. Wehaveah-eadysaidthatourpoint

of viewmuetenableus to understandnot onlythe stabiUtyeonditionB,but atsothé way

in whiohmatter geteinto coUoidaldivision. Wesha!!not diaoMaso-oalledcondensation

methode,but onlydisper~on,i.e.,thosecasesin wh!chweatart fromthesolidmassand

bringit intocolloidalaotuMom.

"Hèrewemeetwitha puzifMngproblem.wehavesaidalreadythatwedonotgotagold

solwhenweahakea pieceofgoldwithwater,norif weboitit; but whenweheatotarchor

gelatinwithwater,wedoget a sol. However,thiehas nothingto dowiththe différence

between!yophiiioamdlyophobieeole,forboilinga atonepebbledoesnotgivethe(lyophilio)

aMdcacidsols. Weoanunderstandthé problemif wepay attentionto a transitioncase

suohas stannicacid. Weseeoncomorethat a cryetatof tinstoneoannotbebroughtinto

colloidalsolution,but the variousformeofatannioacid (alpha-,beta~-andmeta-etannic

aoids)giveao!a,eachverydifferent,dependinRon the methodofpreparingetannieacidand

thé subséquenttreatment. MecUenburgpointedout that the mainquestionwas,howthe
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particles were in the solidmass that is to be peptbed; he and iMgmondydeveloped this
trend of thought and cattedattention to the fact that thé colloidalpartioles are formed in
the solidmaterial. Whenthis ia one large crystal, M peptization is possible. When the

primary partioles are all free 'protons,' then woget a highly dispersesol; when they stick

togetheras 'polyons,' there wiUbe the unitiesin the sol,whichwillthereforebe OMurse.
"So a necessary conditionfor dispersingis the performanceof partidea of eoHoidaldi.

mensions,not recipMcatiybound by netds of force, whiehare moreor lésa homogeneously
distributed (like the cet!sin a crysta!), but bound at distinct pointeM icosety that they
can be easilyspUtup. By what foMM? By the eCect of a wedge,driven in either by an
<!eetno tepuMon. consequent upon an eteetnc charge brought about the surface of the
two partideo or by water moleculesattracted by these. SuspeMoidpeptiaation bas atwaya
the fonçât charaoter (8n0, with KOH, NgS with Ht8, etc.) emutscidsol-building,moaUy
the second. However, we muet make thé aaaumption that these primary partictea are

alroady fonned,say in gelatin,agar, albumen,etc. p. !y
One wondtMwhether Kruyt haanot over-etated the matter. Arewequite certain that

one muet have 'protOM*intho condeMedaystem? Peptisation wiUtake place much easier
if that la the eaae and it le often a necesmty prorequioite; but thé reviewer does not feel

absolutely certain that water would not poptise tannin even if somebody aucceeded in

making a large crystal of tannin.

Harkim finds, p. 94, that di-naphthytamine and aynmtetncat di-tnphenyt ethyl
urea givespolymoleoularfilms on water whioh may teaeh a thicknessof n-<to~. The
other extreme bas also been reached, p. 3t. "However, with soap M an emuMfying
agent a highlyconcentrated emulsionmay be obtained by the formationofa&~M~ <H~e
"MnoMtMwht)-~M. The filmwillproduce suohan emuMoneven if it contains only about
one-fifth or one-tenth the number of moleculeeoontained in a tightly paoked monomole-
cular filmof the soap. Suchan emulsionis not stable, and a proceMoocursm whioh the
distribution of Nzeachangesin euoha way tbat thé meandrop aiseincreases. ThiBcatMea
a decreasem area per moleculeuntil this area becomeeabout that to be expected for an

ordinary tightly packed monomolecularfilm."
"The nature of the water filmbetweenan aqueous salt solution and an organic phase is

of intereat in biology. Unfortunateiy the only information in the literature which has
attracted attention indicatesthat at such an interface adts are positivelyabsorbed. That
this Mnot true for sodiumohlorideat the interface between water and benzene is shown
by eartier work in this laboratory. The preliminary data obtained in the present
investigation show, just as was to be expected,that sodiumchlorideisnegatively adsorbed
at sueh an interface, and that with more concentrated solutions thé thieknessof the water
film is almost exactly the same between salt solution and benzeneas it is between salt
solution and vapor. With dilute sotutions, however, thé film is elightlythicker with the
former than with the latter system," p. 39.

Baylor bas studied the general problem of the orystaMizationof sodium chloride in
octahedra on addition of urea, etc. tt is essentiattya question ofreactionvetoeity and not
of equilibrium,p. 49.

Miner Ends that ash-free charooajsadsorb acids and not bases fromaqueous solution
and that these charcoats thereforecause the hydrolysisof salts like sodium chloride, the
unadaorbed liquid becomingalkaline, p. 60.

"Still another fact in etriking agreement with the Gibbs adsorption theorem is the
negative adsorption of the strong inorganicbasesby ash-fteochaKoa!.TheoM<icaity,those
substances whieh raise the surface tension with increasing concentrationshould be nega-
tively adeorbed. Thé strong inorganic bases do raise thé surface tension and they are
negatively adsorbed. Furthermote, in thé hydrolytic adsorption cf salta the oharcoai
manifesta a setectivity of adaorption of those produots of the hydrolysisof salta which
lower surface tension and rejects those that raise the surface tension. That is, the aoid

resuttmt: ftom hydrotyas isadeorbedand the baseis set free," p. 68.
It is a questionwhether Millerand others do not take too natrow a view of the Gibbs

theorem. It ia perfectlytrue that there laa decreasedtendencyto adsorption ifa substance
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doesnot gointothé surfMefilmofthe solution;but maynot théreaUyimportantfactor

betheloweringof the hypothetieatsurfacetensionoftheeoiidchareoat?

Kraernerdevotesthirty-twopagesto théceonictbetweenPerrinonthe onehandand g
BurtonandPorteron theother. Fivepageswouldapparentlyhavebeenampte. "These

consideraMomlead to the conclusionthat the questionseoneemingthé limitsof va!idity

ofthé idealkinetioequationsas a descriptionofthe behaviorofcoMoidatsuspensionsre-

mainunansweredbytherecentatudiesofsédimentation.TheproMemofetabiiityofsueh

suspensionsbasthe sameetatus. It basnotyetbeenproventhat theforceswhiohprevent
collisionandadhérenceofthépartiolesalsogiveriseto the moreor tessuniformconeeotm-

tioneommonlyobservedin theMeyeteBM,evenwhendilute. If theseatabilMmgforces

wereto operatewith aaohlongrangeaas to preventBedimentationunderthe influenceof

gravity,thete everyreasonto beiievethat thesameforceswouldlikewiserevea!them-

selvesin suohphenomenaas Brownianmotion,diffusion,apontaneouaauotu&tiom,M g
weMaasedimentation.Untilthesevariousphonomena.yieldthé sameconclusionsconcer- =.

ningthenon-idealityin the kinetiobehaviourofMNpeMtOM,isolatedcasesofdiaerepanoy S

betweenobservationsand theorymaybeauapeetedto bedue to spuriouseffectsofanex- >
ternalchamcter,"p. !tt.

BarteUeayathat "thereis nocontroversyoverthe statementthatglaesMwettedby

water;theredoes,however,appearto bea differenceofopinionas tothé cormctnemofthe g
statementthat gtaMis wettedbymeKury. Furtherthoughtalongthis !inewiMmakeit s

evidentthat the commonlyneedterBm,sachaa"wet,""wett&biiity,""wettingpower,"

etc.,areeeneraitermewhioh,uptothe présenttime,havebeenbutpoorlydeBned.

"Considerthat onehaetwodifferentMMdsubetanceecompletelyin contactwith,or

entireiycoveredby&Uqutd.ïnwhattemMorMnitaehaNweeompatetheret~tivewettabM- î

ityofthesoUdaorfurther,inwhattettMahatiwecomparethe "wettingpower"ofdifferent

liquidafora givensolid?
"WeahaUacceptthe viewthat various«~~ arewettedtodifferentdegreesbyagiven

liquid;alsothat a fftt~MMMmaybe wettedto différentdegreesbyvarionsliquida. We

bdievefurtherthat the wettingpowerofeachofthe variouaMquidais specincin relation

toa givensotid. Unfortunatety,therearenotablesa.vaHab!ein theliteraturewhichwill g

giveeventhere!<t<t<~wettabitityofa solidbydifférentKquida.
"It isnowquitegeneraNyappreoi&tedthat "wetttngpcwer"iaa functionnotonlyofthe

amfaeetensionof a liquid,but aboof theepec~cattractionsoperativebetweentheaolid

andliquid. Anindicationof the magnitudeofthiaattractionor forceof adhésionMMd-

liquidcanbeobtainedincasethecontactanglesolid-liquidisknow)),"p. t !3.
"It basbeendenniteiyshownthat waterformea Mrcangleofcontactwithgtaes.ln

thosecasesin whiehthereexistaa zerocontaetanglebetweensolidand liquid,thesolid

willtend tobeoomewettedapontaneonstyandoomplete1ybythe liquidin contactwithit.

It foUowsfromthe weUknownprineipteaofcapiNaritythat thesurfacetensionof thesolid-

airsy<temmustthen begreaterthan thesmnofthé surfacetensionof the liquidandthé

interfaciaitensionof the solid-liquidsyatem;i.e.,

S,>,5,+~
"At the otherextrêmeit isiikmfiaepetfecHyévidentthat nowettingofsoiidbyiiquid

willoccurincasethe contactangleis !8o". Surfacesofsuchmatenatswillcometogether
'nth nodeereaseoffreesurfaceenergy,i.e.,

jSt+tSt=~x
"In thosecasesin whiohcontactof liquidwithsoUdresultsina decreaseoffreeenergy

theremustbethé followingrelationehip:

St + &> or~t + & +AF,
whereAFrepresentathe deereasein freesurfaceenergy. Thecontactangle,therefore,
mustbe lessthan !8o' It isobviouethat in atchcases,adhésionwilloccur,sineeAFor

theworkofadhésionis positive.Strictlyspeaking,then,thesolidwillbecomewettedby
théliquid. Mercuryand glassgivea contactangleofabout t~o' Sincethis is lessthan

t8o°mercurywiU,in reality,wetg!ass.
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"WhentheMtid-tiqaidcontactangle!8equalto90*,the forceofadhésionmaybeehown
ta beequalto one-haJftheforceofcohésionof thetiquidmoleoulesforeachother. When
thecontactang!eisbetween90°and!8o°,theforceofadhésionsotid-iiquidialessthanone.
hajfthefoKeofcohesiontiquid-tiquidanda dropof liquidplaeedonasolidwillpullitaetf

togetherandrecedefromthésotiduntilite characteriatiocontactangleiareaehed. Never-

thetess,wetting,accordlngtoourviewa,actuattydoeaoccMto a certaindefiniteextent.
If the aotidbefoKibtyinsertedintothe liquidwemaysay that the solidianowwettedby
the Uqaidto a certaindefinitedegree,the degreebeingdependentuponthe magnitudeof
the decreaseinfreesurfaceMM~.

"Whenthe MMd-Mqaidcontactangleia betweeno° and 90', the forceof adhésion

MMd-Mqddiagreaterthanoneha!fthé forceof cohesion!iquid'!iquid,andancha Uquid
whenptaeedontheeo!idwilltendto spreaduponitesurface. In aUsuohtases the extent
ofapteadingwillbe limitedby theeMrfaeetensionof thé Uquidandbythe contactangle,
whiehb charactetiatieof tMaeyotetn.la the CMCof a MM-uquidsytttemwMohgivesa
MMcontactangtetheforceofadheaionmuetthenbeequalto,0)'greaterthan théforceof
cohésionliquid-liquid.

"Theadhésiontensioni9thuathe numericaldiCeMneein dynesper cm.or ergspet
eq.cm.betweentheeurfecetensionofthe eotidagainstair andits interfaoialtensionagainst
the liquid. It maybedefinedsathe decreasein freesurfaceenergywMchoocoMwhena
unit interfacesotid-tiquidit MbtfMtutedfor unitinterfaceMUd-air.It ie aecordbtgtythe

energyfaetoruponwhoMmagnitudedependsthe wettingor non-wettingof a liquidfor
a solidsurface,"p. <t6.

"OntheMsampHonthat theinterna!pressoteofa liquidlaproportionalto a function
ofits surfacetensionwemayca!ou!atefromthevalueaobtainedforadhésiontensionssotid-

liquidan approximatevalueforthe pressureofadsorptionofa liquidonthe surfaceofa
eoUd.Thératiobetweenthepreaeuteofadsorptionofa liquidona so!tdandthe cohésion
pressureoftheliquidisthenthesameas that betweenthe workof adhésion,Wo,andthe
workofeohe<ionWc. Iftheinternatpressureofthe liquidieknown,the adsorptionpras-
auresolid-liquidiagivenby theproduotWa/WeX internatpressure.Thevaluesobtained
in this waywillundoubtodlybequiteasaecurateas thoseexiatingin theliteratureforthe
internatpressuresofliquida.

"Thèsevaluesareauchthatit appearathat théadhesionalpressurebetweenoarbonand
waterisat leasttoooatmosphèreslesathan theinternalpressureofwater,whiteevenin the
CMCofthemoatstrongtyadeorbedorganicHquids,thé exoessofadhesionatpressureabove
theinternaipremuresof theliquidaianotmorethan3000atmosphères,"p. t~a.

"Theworktodateonadhesiontension(whiohinctudeaoonsideraNedatanot oontained
herein)furtherconfirmathéconclusionsfromthé workon adsorption.Thosecompounds
whichhavea structurefavorableto highadsorptionMkewMeshowhighadhesiontension
values. It appearathat mthécaseofa polarhydrocarbonsubstancethemoteeutarorienta-
tionis auchthat the morepolargroupextendatowardsthe liquidphase. Thisappeamto
holdtruefororientationatbothcarbonandairinterfaces.

"In thecaseofsiticaasadsorbent,the situationLidiCerent. Whena liquidiabrought
incontactwithailicathémotecuteappearatobesoorientedthat the morepolargroupMin
contactwiththeailica. Accordingty,thoseliquidawhiehgivewithcarbona bighadhésion
tensiongivewithsitic&a lowadhésiontension. In caseof a.polarliquidboundedbyaitiea.
andair,aswouldbethesituationforsucha liquidina capillarytube,it maybeconsidered
that at théairinterfacethepolarendsof themoléculeswouldbedireotedinwardtoward
the liquid,whiteat the atioainterfacethe polarendswouldbe directedoutwardtoward
theaitica,"p. t33.

MichMtiseayBthat "theeffectofa puresievemembranedependstargetyon the size
ofthé ho)ee.SchematMtga littlewemay~disMnguishthé followingtypesofsievemem-
branes (t) sievemembranessachas mter paperwhichare imperméableonlyfor large
partietes;(~)eettSiters,e.g.,the onestsortsof mterpaper whichare not permeaMefor
bloodeorpusetesbutareforbacteria;(3)bacterialmtersauchas otayorkieaalguhrfilters
wMchareimpemeableforbaetenabut perméableforcolloidsin générât;(4)colloidfilters
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whichare permeablefor the so-ea)!edtruly dissotvedsubstancesbut imparmeablefor

eoMoids.Thèseare membranesof parchmentpaper,animalskins,etc., and the usuaUy

usedcoUodionmembranes.FinaMythereare motecu!arsievemembraneswhiehexertan

influenceevenonthe diffusionof Mndsofmoléculesofdeoidedlynon-eoUoidatcharacter,

suohasmgar,urea,andsimplesatts. Amongthesemembranest.)thébestknownone,thé

copperferrocyanidemembraneofW.Traube,whichplayeda greatrûtetnthedevetopment

of the theoryofosmoticpressure.Thedisadvantageof this membraneMthat it is very

deMcateandmechanicaBylittlerésistantevenwhenimbeddedintheframe-workofa e!ay

ceU. In orderto operatewith thèsemembrano-fonningsubstances,coppersulfateand

potadum ferrocyanide,mustbepreaontoneitherBideof the membrane.TMscondition

rendetsdetailedinveatiptionsveryeomp!h)ated,"p. t9S.
Theactuatexperimentsweredonewitha driedootiodienmembrane;but no proofts

giventhat this isa aievemembrane.MiohaeliabeMeveethat théapeedofdiffusiondependa

on the molecularaiseor evenbotteronthemolecularvolume,p. !39;but the reviewerM

veryaeeptioalaato the aceuraeyof tbisconclusion.It laprobablethat therésultawould

havebeenquitedifferentifacétonehadbeentakenaaoneofthesolutes.

BanoroftandNugentehow,p. !49,that the problemofanomalousendeanosemuetbe

workedoutin somedetaitbeforeonecanhopetomakeanyrealpmereœwiththequestion

of howthekidneyfunotionB.

FergoMniaoneof the irreconcuabtes."Thetopiowhieh1wiahto oonaiderin thisin-

troduction,however,is notpartioutartythiasomewhatuMatisfactoryconditionofcotMd

chemicailiterature,but the generalattitudeaasumedby manyinvutigatorsof eoMoid

phenomenaimtheirapproachto theaubjeet.Theindicationspointatronetytowarda de-

liberateattemptte buiMa kindofChinesewaHaroundwhattheychooseto eatithé field

ofeoMoidchemietry.MuohenergyhaebeenandiabeingBpentto demonetratethat inthis

fieldofcolloidalohemiatrynewforcesofsomemysteriouBnatureareat work.Theimpression

iagiventhat onewhoentoremuetleavebehindhimaUtheworkingtoobofctaasicatchem-

iatryandbepreparedto developnewmethodeofattackand to interprethiadata in terme

ofnewprinoiplosanda newtanguage,anddevelopasetofnewtheoriesandgeneralizations.

In thianewfieldoneehouldnotta!kaboutsolutionsandthegreatman oftaws,prineiplea,
and theoriesdeve!opedin conneetionwiththem;onemuâtnotmentionchemieatréactions

andthéquantitativerelationswhiehtheyimply;ohemicalforcesandchemica!energymust

bedispheedbysuttacetensionandadsorptionorsomeothereven!essunderstoodconcepte;

the termatoms,moleoules,chemicateompoundsandsolutemustbe droppedfromthe

voeabutaryof onewhowouldbea coUoidchemist,andin theirptaeesmuatbesubatituted

suchtennsasadsorptioneomp!ex,micelle,dispersedphase,etc.

"TMeattemptat isolationandségrégationotso-cauedcotloidphenomenafromolassical

chemistryis,inmyjudgment,fundamentauyunseientifioandunwarrantedbyfacts. It M

unseientinobecausethe outatandingobjecteofsciencearesimplification,coordination,uni-

Ûcation,theexpressionoffaoteandinformationintermsofweUknownandwellestablished

laws,formulas,generalizationsand théories.Eventheoolloidchemiatswhoareattempting

to bmidthiswailadmitthat a largeportionof thephenomenamoolloidchemistrymaybe

satisfactorilyexplainedonthe baaisofthéprinoiplesofctasaieatehemistry,but sineethese

phenomenamaybe exp!ained.a)soin termsof theirownnewlydevelopedlanguage,they

ohoosethetatter.In sodoingtheyadopttheattitudeofthesecessionist.Insteadofwork-

ingforunityandharmonyandsimpUcity,theyaredevelopingdissension,ségrégationand

diaunion,"p. 159.

Théreviewerquestionsthe acouracyofthestatement,p. r69,that Beobholdsucceeded

withhieultra-filterin filteringoutanythingwhicheverybodyadmittedwasintruesotution.

GortnertreateddifferentwheatBotNawithnormalsolutionsofvarioussattaandobtained

the followingvalues,p. 187,forthe averagepercentagepoptisationofprotein:KF, !3.t;

KCI,M.8;KBr,37.2;KI, 63.9. Thisisa ratherremarkablecaaeoftheHofmeisterseries,
notdue,aaLoebassumed,to the pHofthesolution.Thiataisesthe questionas to what

a globulinisandhowoneknowsit, p. t<)9.
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"Justwhycertainworkorsshou!dacceptthe viewpointthat aqueousSystemsofstarches,
collulose,rubber,andothertyophiiicand tyophobicsyetemsmayreaet as colloidsbutthat
proteinsareeharaetedzedbyan entirelydéfèrentbebaviorisincomprehensiMe.However,
evanLoeb'adataarecapableof morethan oneinterprétation,asH indicatedby théoited
commentaofRindeandHiB,and thefact that a !yotrop!osériesexista,whichLoebadmits
wouldnet beexplainableby bis theory,makesit eesextiatthat weuseall of thé tootsof
researchwhichwepasses, in our study of proteinsyatems. Woknowthat the protein
moleouleis largeenoughto bringthe sue of the partictesweUwithinthe boundaryof the
eo!Mdreahn. Webolievethat, withthe exceptionof the atbmnina,moatproteinsexiNt
in 'solution'a9mioeUes.If thoreareetectfoMnetiofoMesat interfacesbetweenwaterand
starch,cettutose,or ttass,theremustbe e!eetroMnettcforcesat the interfacesofa protein-
watersystemandto ignoresuohforcesis onlyto delaya fuMandcompleteunderstsnding
ofproteinbehavio)'

RobuMonexpertmentedwitha hardy,a neutral,anda non-hardyspeaiesofUMeotand
found,p.~ï8,that "thédifferentapec!esgainedortostinboundwaterin directproportion
to thewinterhardinees."

Thereare eithersomevery bad misprintein Bingham'aarticleor e!Mhehasnoteaid
whathemeantto say. "It appearspossiblethat nitrocelluloseandbutyl acétatearemis-
ciblein aBproportions.Nitrocettujoseand tolueneseemto bemutuallyInsoluble.Very
smaUpercentagesofnitroeelluloseare 8<Nacientto renderbutylaoetatoandtotueneim-
miscible,"p. M6. Thisis undoubtedtya typographioalerror;but the reviewerbasbeen
quite(maMeto tnakeoutwhatthe nextparagraphrea!jymeans. "Moorehasshownthat
in 100tjratnsofsotvMtmixture,theconcentrationofbutytaoetate,necesBaryforcomplete
solution,lanearlyindependentof the weightof thé sampleof nitrocellulose,asshownin
Mg.6. Theresultsmaybeexpressedin anotherwaybystaMnetthat the weightofnitro-
ceUulosedissolvedin 100grameofthé Botwntiedireotlyproportionalto the weightofthe
ample," p.2:8. Thiasoundsquiteimpossibleifthenitrocelluloseis homogeneous.

Brownesaysthat "eonaisteneyatudiesofcaaeingtueareaignificantto thewoodworker
in twoconneetio1lB.ta the Sret p!aee,Nncethe fundamentalprinoipleunderlyingthé
productionof ettongjointein gluingwood,givena suitsblewoodworkingglue,is the re.
ciprocairdationahipbetweenpressureand glueeonsistenoyat the time ofapplyingthe
pressure,the investigationof faetoraimSuenoinggluingoperationscan oftenbe reeolved
intoa laboratorymeasurementof theireffectonconsistencywithoutreeortto thedMtcutt
and tedieusteehnicof joint strengthteste. In the secondplace,conaatencyis a con-
venientlymeasurablephysicalproperty wbichis extremelysensiMveto changestaking
placeinthe ehemicalcompositionoreoNoidatstateof thégtueitae!f. It Mbetievedthata
studyof the rateof changein the consistencyduringthe workinglifeof caseingluesof
diNerentimdawMthrowmuchlight on the veryimportantbut hithartoinadequately
studiedpropertyof thé pentMMMtMeof water-resistantcaseingluesunder prolongedex-
posureto dampconditions.Glueswhiehare highlywaterresistantwhemfirstprepared
dohot neceesatityremainso after they havebeensubjeotedto moistureforsometime,"
p.~30.

Sheppardobjecteto Byron'sexplanationof the actionofethyl alooholas beingtoo
zpeciSo."Therearemanymixturesof liquidawhicharebettersolventsfor celluloseesters
thaneitherof theliquidapure,in whiehthereis nopartieutarévidenceofpctymerMation.
It appearsthat anytheorywhichis to besatisfaetorymusthogénéralenoughto appiyto
allcases,"p. <.n. Therelaherethé impliedassumptionthat mixturesof liquidaoanonly
ut inoneway.

Sheppardhimsetfinulinesto the polar,non-polartheoryofHildebrandasadaptedby
HighBetd,whoassames,"withverygoodovidence,that oneparticularmixtureofacetone
andwaterhastheopNmumpo!aroharaoteris<ieafordiMotvinK'ntro~eUutose.Nomatter
whatthe compositionofthé acetone-watermixture,the nitrocelluloseaggregateswilttend
toabsorbamixturecontainingthis optimunratio. Therefore,forexample,iftheacétone
aleoholmixturecontainslesswaterthan the optimum,the nitro-ceiMoseaggregateswiU
besarroundedbya liquidmixture,differingimcompositionfromthat of the bulkof the
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solvent,and tblewiUtendto reattietthe freeflowof thé moleculesof the liquid. With

exoesMvewater,the absorbedeotventwiUbericherin acétonethanthe remainingsotvent,'

p a~ Thiamayor maynotbe true;but it doeanot appearfromanythinginthe paper

howSheppardaecoHntaforthéactionofalooholonpyroxytin.It is a bit unMndto rejeet

an apparentlygoodexplanationonthe groundof itebeingtooepeeinoand then not to

showhowthesupposedlygénérâtexplanationapplies.

phippeehowBthat thefaOingspherevIscometo'f'gtveaa ourvewbiohdoeanotcoinoide

withtheoneobtainedwiththeBinghamandMurrayptastometer,p. M6. Ita oao!alimited

to the lowerportionof a normalplastioitycurve. SpeicberandPfeineraummariMtheir

reaultaaafo)!owe,p, zya: "UBingthéfaHingbaUmethod,andca!ou!atingresutteby Stckes

Lawaamodifiedby Ladenburg,teeatteMMietentMnonf;thenmehreswereobtainedwith

nitMeeUutosesotutiona.VerylowviscoattytypesofnitMeeMoseproducesolutionswhicb

not onlygiveeonaistentK~utsby théfaMne;ballmethodbutalsoshowthe samerelation

betweenthéfaMnghallmethodand eapiUatytubemethodthateastoroUahowa.Withthe

higherviscositynitrocellulosesa changein aheatingatresaas representedby a change

fromthefaNingbaUto acapillarytubevieoomete)-e~a a relationdiaerentfromcastoron.

Thecapillarytubeinstrumentusodwaanota MgMyenoughfennedinstrumentto j)UBtify

morethan comparativemeaeurements;eoMequenttythe resultacannotbe interpretedtn

tennsofabsotutovatues."
Craiknndathat thepeptizabintyofoetiutoMnitratescanbepredictedfromaknowledge

of thenitrogencontentoftheaurfaeeaof thepartictea,p. 973;butbisreaultewereobtained

bydenitratingthesurfaceornitratingit higher. Hewasnotableto startwith twodifferent

ceUutoMnitratesand to put themtogethereyntheticaUy,so that oneor the otherwaBon

the outside.
ForsomeuMpeci6edreason,Holmestriedto dispersepotassiumstéarateinhot turpen-

tineand to seourea gel(meaninga jolly)on cooting;but waauasucceMfutexceptonone

ocoamonwhena traceotwaterwaapresent. TheeffectofaddingwaterandoMcacidwas

thereforestudied,pp.~87,~6. Thedataarerecordedandnoconclusionsaredrawn.

BlumB)Hnaup Mapaperas Mowe,p. 3M:–"The precedingdiMussionmightatmoat

better bave beenentMed"UBSotvedProblemson the ESectaof Colloidein Eleetro-

deposition,"aait showssoeleartytheinadequaoyof existingknowledgeaa abaainforany

comprehemivetheoryofthembjeet. Theprogresain the paatnveyeamis,however,far

fromdiscourapng.Newméthodehavebeenappliedand oldones have been improved.

QualitativeobeervaMoMhavebeenaucceededby definitequantitativemeMurementeof

Buohimportantfaotomasaoidity,po!arMatton,and throwingpower. The X.rayis being

appliedto theproblemwithpromiangreaulte,whieh,however,requiremoreextendedetudy

for their completeinterpretation.The newconcepteof physicsand physiealchemiatry

havegivenat teastan inMingofwhathappensat an interfacebetweena metalandsolution

duringetecttoJyBia.It la,therefore,reasonaNeto expootthatwithinthenext<enyeaNthis

subjeotofcolloidsin eteetmdeposition,whiehbasalwaysbeenehroudedin anairofmystory

and empinoism,willtakeits rightfulplaceaBoneof thé moatimportantphasesofetee-

troohemistry."
It eeematothe reviewerthat Blumbasbeenundulydespondentandapo!oget)c.Wtth

a littlemorecouragehemighthavewrittenMapaperas a paeanof rejoicingover things

aeeomptished.Thepaperwouldthenhavebeenverymuebmoreinterestingandsomewhat

inore accurate.
DeWittandBrownpointout that "a moldingsandbas beendefinedbyLittlefietdae

anymaterialwhiohwhenmoiatcanbeformedintoa moldfromwhichusablemetaloestinga

maybemade. TMadenoitioninoludesanoombina~onaofsandandday orothermaterial,

and it impnesatt deairaNequalitiesthat a moldingsand muethave, the twomost im-

portantofwhiehare bonds,so that thé moldmay haveeumcientetrengthtosupportthe

metalwhilobeingpoured,andpermeabilityto gases,eo that thégasesmayNadByescape

givinga soundcastingfree fromblowholes,"p. 313.
"The atrengthsof thenaturaland syntheUcmoldingeandeare deereaBedto almost

the samedegreeby heatingto 6oo°Fforthreehoam. Thisaffordsfurtherevidencethatthe
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naturalmoldingsand bas beensubstantiaNydupHcatedby aynthetiomeana. The per.
meabiBtteaof the naturalandsyuthetioaandaare increMedte aboutthe eme degreeby
thé heattreatment. Thedata preeentedindicatethat the bond,permeabiNty,and dura-
bility of highgrade naturatmoldingsand can be subatantiattydup!ioatedby ~nthetic
meanausingadsorbedferriehydrogetaaa bondingagent. ThemoneMNBconetituenteof
naturatmoldingsand identifiedby Conditare not eMentia!to the proportiesof molding
eand. It has }uatbeenahownthat the propertieaof a high-grademoldingMndcan be
dup!ieatedby the useofontythreematetiab,Band,kaoMn,andfenichydmsol,"p. 340.

"Theptesecceof thehydratedironoxidefilmon theeiticaisehowoto exerta marked
inBaeaceon the strengthof siMca.htoMnmixtures. Hydratedtron oxideShMon both
eHMaandtmotingivea futherinoteMeinattength,espeoiallyat the higherwatercontenta.

"Thepormeabilityofthe aiMea-kaclindecreaaeswitheuecemiTeadditionsofwaterwhUe
the penneabiHtyof theaiHca-taoMn-ironoxidecombinationashowsan inoreasewithwater
content. Thismay be taken as an indicationthat adoorbedhydratedironoxideon the
particteaofeUioaia présentMa gelwhiohtakesup waterMtdBweHatherebyformiagtatger
partictef)tendinf:to becomespherica!or causingthé aeparatecaiM toaggbmerate,in either
casemetea~ngthepermeabiUtyofthema89,"p.344-

White'aconolusions,p. 350,are that "Portland cernentolinkeron hydrationforme
productesomeofwhiehareoryetatUneandsomeof~MchformaBtiffgel. Thisgelabaorba
andgivesupwaterwithchanginghumidityof theair. Abarofneatcémentmaychangein
lengthmorethan o.i percentwithatterationtn atmoapheriohmnidtty.TheMnearexpan.
Nonwhenchangedfromdry air to waterwillbegreaterthanthi<andmaybeMgreat aa
0.5 per cent. The gelretainetbis teveMibiiityat atmoapheriotempératurefor at least
twentyyeaN,andthereianothingte indicatethat it maynot continueindeSnitety.The
magnitudeof theexpansionincreaseswiththe numberofaitemationsbetweenthe dryand
the wetttate, dueto the progressivehydrationofparticlesofunchangedcMnker.Whena
bar ofhardenedcementiatranaferredfromdryair to benzène,theoapinarieabecomestowty
nUedwith benzènewith resultantinoreaMin weightandapparentapeciËogravity,but
withoutanychangein the lengthof the bar. Whouthe samebar,afterevaporationof
the benzène,is transferredto water,the capiBarieabecomeN!edwith waterwitha re-
aultant inereasein weight,apparentapeoinogravityand length. The volumeof water
adsorbedmaybe three timesas gréâtM that of the benMneabsorbedin the prior test.
If it beaasumedthat thébenzèneCBedthétMgereapiHariesandthat thesurplusvolume
ofwaterwasaUadsorbedin thémieropores,the increaaemvolumeof thébar ehouldgive
a meamreof the compressedvolumeof the water. AnMsumptionof thiasort indicates
that the waterwaacompressedto hatf itevolume,but the figureeannotbe givenmuoh
weightbecauseof the unoertaintiesaa to the amountofair temainingin the ca.pillaries
on immersionin benzeneand in water respeetive!y.80aho the increasein apparent
epeoincgravitycannotbe givenmuch weightin computingpreMures.Freezingtests
on bars of wellhardenedneat cementaaturatedwith waterfaitto showany expansion
althoughthebamcontainabouti i.opercentofwaterofwhiehtwo-thirdaiain sucha form
that it wiHevaporatein dry air and be absorbedagainonimmemionin water. In fact
the bars of cernentahrinkto a greaterdegreethan caetironaa thé temperaturedrops
furtherbelowthefreeiMngpoint.Thisfailureto expandat thefreezingpointmay indicate
a veryhighcompresaionof thé wateror it mayindicatethat théwaterwasaheadyinthe
solidatatebeforeit wasfiozen."

StammEnds,p. 367,that "diluteatkaMsolutionsinereMetherate ofeteottoendoemose
throughwoodmembranes,and diluteacidsolutionsdecreaaeit in eueha wayaa to givea
atraight-tmerelationbetweenrateandpH. DHuteacidsaCeotthémembranepermanentiy,
perhapsoauainghydrotysiain thé internatsurface,in sueha wayMto reducethe rate of
flow.Concentratadacidsandbasesbothreducetherateofetectmendosmosepennanentty."
Weiaerand Porterahow,p. 386,that Markerand Gordonwerewronginpostulatingthe
formationofoompoundswhenOrangeII istaken upby ahmum. Theyahoshow,p. 383,
that the expérimentabyBullandAdkinsinthé reviewer'alaboratoryontheadeorptionof
sodiumaiizMateby aluminamoapparentlywrong. Theyfoundno inereaMof alkalinity
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whenaluminawaatreated with a sodiumausarate solutionand that praet!eat!yau the
sodiumstayedin thé solution,beingneutratizedbyohtonnewhichcameoutofthoatumina

gel. UnpubMshedexperimentain the Mviewer'alaboratoryindioatea diCerenceofco!or
forfreeatizatintakenup byatuminaandfor sodiumor ammoniumaUzaratetakenupby
atumina. Untilthis discrepaneyia o!earedup, thé matter is et! a debatableone. It
seemsto thereviewertbat it wouldbeinterestingto makesomeexperimentswitha reaUy
purerumine,preparedby theactionofamaigamatedaluminumondMUedwater.

tftMorD. B<:)Mr<~<

ThéLogteofModemPhyetca. B~P. W. BW~ewM~.? X J6 em;pp.~f +
NewI~wb:M<MocMtBe)!CompoMy,~?7. J*)~c<~0. In the préfacetheauthorBaya:
"Thieexcumioniatothefieldoffundamentaledticiambyonewhoseaotivitieshavehitherto
beenconfinedahNoatentirelyto experimentis not evidenceof aenBedecay,aamight
becynicattyaMmned.ï havealways,throughoutallmy experimentalwork,fettan im-
perativeneedofa botterunderatandingofthe foundationaofourphysicalthoughtandhava
fora longtimemademoreorleeeumyatema.Moattemptato reaohs<tehan undemtandiog.
Ontynow,however,haaa haMeabbaticatyoar givenmeteisureto attempta moreor !eaa

orderlyexpoMt!on,"p. v.
In thé Httroductorychapterwe readthat "beforeEinstein,an everincreasmgnumber

ofexperimentalfactaconoemingbodiesin rapidmotionrequiredmoteasingiyoompticated
modificationsin our na!venotionsia order to preeerveaetf-con~stency,until Einstein
ithowedthat everythingcouldbe reatorodagainto awonderfulaimplicitybya dightchange
inemneofourfundamentalconcepts.The conceptswhich~ere moetob~touatytouched

byEinsteinwerethoaeofepaceandt!me,and muchofthe wntingcoMeiouatyBmp!redby
EinsteinhaebeenconcentedwiththèsecoMepta. But that experimentcompetea critique
ofmuohmorethanthe conceptsofBpaeeand timeis madeincreaaingtyévidentbyaUthe
newfaetebeingdisooveredinthe quantumrealm.

"Thesituationpresentedto us by~eao newquantumfactaia two-fold.In the firet

place,all thèseexperimentsareooncemedwith thingssoamaMas to beforeverbeyondthe

poN)ibi!ityofdirectexperienee.aothat wehave the problemoftranatatinf;theevidenceof

expemnentintootherlanguage.Thuawe observean émissionHneina apeotroscopeand

mayinferaneteetronjumpingfromoneenergytevetto anotherin anatom. In thesecond

place,wehavethe problemofundMstandin<[the transtatedexpérimentâtévidence.Now
ofcourseeveryoneknowsthat thiaproblemismakingus thegreatestdiffioulty.Theex-

périmentâtfaetearesoutterlydiNerentfromthoseofourordinaryexpériencethat notonly
doweapparentlyhaveto giveupg~nerauzationsfrompast expérienceaebroadas théfield

équationsof eteetrodynamies,for instance,but it is evenbeingquoetionedwhetherour

ordinaryfonnsof thoughtareappUeaNein the newdomain;it is oftensuggested,for ex-

ample,that theconceptsofspsaeandtimebreakdown,"p. viii.
Thefourohaptefsare entitted:broadpointaofview;othergeneralconsidérations;de-

tailedconsidérationof varioueconceptsofphysics;specialviewaofnature.
"Hithertomanyof the conceptsofphysicshavebeendefinedin tenns of theirprop-

erMes. Nowthere is noaaffuramcawhateverthat thereexistain natureanytbing
withpropertieslikethoseassumedinthéde&tution,andphyaics,whenreducedtoconoepta
ofthischarteter,becomesaapurolyanabatraetscienceandasfar removedfromrealityM
théabstractgeometryof themathematiciana,builtonpostulâtes. It is a taskforexperi-
mentto diaeoverwhetheroonceptasodefinedcorrespondto anythinginnature,andwemust

alwaysbepreparedto findthat theconceptscorrespondto nothingoronlypartiallycor-
respond.In partieutar,if weexaminethedefinitionofabeolutetimein thelightofexpeti-
ment,wefindnothingin naturewithsuchpropertiea.

"Thenewattitudetowarda conceptis entirelydinerent. Ingénérât,wemeanbyany
eonMptnothmgmorethamasetofoperations;~e<WM~~sytKMt~)tow<c<WMpoH~Mt~
sa ofopentttoM. Wemuetdemandthat the setofopérationsequivalentto anyconceptbe
a uniqueset, for otherwisethere are poasiMitieaof ambiguityin practicatapplications
whichwecannotadmit." p.4.
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"Thereprobablyis nostatementeitherinEinsteinorotherwritetathat thé changede.
scribedabovein theuseof "concept"haabeensetf~onsciotMtymade,but that such h the
caseisproved,1believe,by an examinationof thewayconceptsarenowbandledbyEin-
steinand others. For ofcoursethetruemeaningofa termis to befoundby observing
whata mandoeswithit, andnotbywhathesaysaboutit. Wemayshowthat thislathe
aotualsenséin wbiohconceptMcomingto be usedby examiningin partiouiarEimtein'e
treatmentofsimultaneity,"p. 7.

"Anotherconséquenceof the operationatcharaoterofourconcepts,ahnosta coroMary
of that consideredabove,is that it isquiteposaibie,nayevendisquietingtyeasy,toinvent
expressionsor to ask questionsthat aremeaning!ess.It consMtutesa great advancein
criticalattitude towardnatureto realiaethat a greatmanyof the questionsthat weun-
criticallyaakarewithoutmeaning.If a speciBoquestionhasmeaning,it mustbe pMaibIe
to findoperatioMbywhichan aarnermaybegivento it. It willbefoundinmanycases
that thooperationecannotexiat,andthequestionthereforehasnomeaning,"p.98.

"Toadoptthe opeïationatpointofviewinvolvesmuchmorethana mererestriction
of theMBMin whichweunderstand"concept,"butmeansa far-reachin~changeinallour
habitsof thought,inthat weahaUnolongerpermitoutselvesto useas toolsinour thinking
conceptsofwhichwecannotgiveanadequateaecountin terrnsofoperations.In Mmere-
spectathinking beeomesaimpter,becausecertainold generaiiMtionsand ideaUzations
becomeincapableofuse}for instance,manyof thespecùtationaof thé earlynaturalphi.
iosophersbecomesimplyunreadaNe.In otherrespects,however,thinkingbecomesmuch
moredifficult,becausethe operationa!implicationsofa conceptareoftenveryinvolved,"
P 3'.

"I bdievemanywilldisooverinthemsetvMa longingformeohanicalexplanationwhich
bas allthe tenaeityoforiginalsm. Thediscoveryofsucha désireneednot occasionany
partioularalann,becauseit iaeasytoseshowthe demandfortbis sortofexplanationbas
had iteoriginin theenomouspreponderanceofthe mechanicatin ourphyetcatexpetienoe.
But nevertheiesa,justas thé oldmonksstruggtedtosubduotheBeah,somustthe phyaicist
Btruggleto subduethis sometimesnearlyirrésistible,but perfeettyunjustifiabledésire.
Oneofthelargepurpoeosofthiaexpositionwiltbeattainedifit camesthe conviotionthat
this longingiaunjustifiable,and iswrth makingtheefforttosubdue,"p.47.

"Theconviction,arMmgfromejtperience,that thefutureladeterminedby tho present
and coKeapondingtythé présentbythepast,isoftenphraeoddifferent!ybysayingthat the
presentcausaBydéterminesthé future. Thisia ina certainsenséa generalisationofthe
ea-usatityconcept.It is oneof theprinoipaljobaofphysicstoanalysethiscomplexcausal
connectioninto components,repKsentingsafar aspossiblethé futurestate of the syatem
as the sumofindependenttrainsofeventsbyeachindividueleventof thé présent. How
far suehan anatysiB!spossiblemustbedecidedbyexperiment.It iscertainlypossibleto
a verylargeextentinmostcases,butthereseemstobenoreasonto expectthat a complete
analysisisalwayspossibte,"p.8S.

"Theconceptofenergymay beextendedfrommechanicaiSystemsto all system with
whichweareaequainted:the operationsbywhiohmeaningisgivento theextendedenergy
conceptinvolvethegenera!izedconservationprinoiple,or theftrstlawofthermodynamics.
The extensionto thennalSystemsisimmédiate;the inclusionofopticalandelectricalSys-
temsinthe schemewasa mostimportantphysicatetep,whichof coum requiredcarefu!
experimentaljustification.Becauseof itswiderangeof application,the energyconcept
hasnowcometo beregardedasoneofthemostimportantinphysics;thisideawasheldby
Ostwaldtwentyandmoreyearsago,andisnowmuchtothefrontbecauseoftheconnoction
betweenmassandenergyindicatedbythe theoryofretativity,and theimportantrôleas-
agnedtoenergylevaisin spectrumanatysis,"p. tog.

"FmaNy,weemphasizea fact alreadyimpBoittymentioned,name!y,that nophyaioal
eignificancecanbe directtygiventoBowofheat,andtherearenooperationsformeasaring
it. AHwecanmessureare temperaturedistributionsand ratesof riseof temperature.
Asat presentdefined,a heat cmrentisa pureinvention,withoutphysioalreality,for any
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doterminedheat flowmay alwaysbemodinedby the additionofa sotenoidatvector,with
changein nomeasurabtequantity," p. t30.

"Thereare other intereetiagquestionsof a fundamentalthermodynanHOeharacter,
such,foroxample,as whetherthe entropyconceptbasanygeneralsigmScaneeapartfrom
theacateofourmeasuringinstruments,andthat isthe operationalsignMcanceofapplying
thermodynanMOconcepteto radiation,butweshaUnotcomiderthesoquestionahere,"p.nt.

"Nowwehavealreadyseen,in disousdngtheconceptsofmechanies,that théopérations
bywhiehmechanieatmassis definedcannotbecarriedoutat highvetocMes,sothat either
theconceptofmechanieatmassbeoomesmeaningtemat highve!ocMes,or wemuatadopt
anotherdefinition.In attemptingto givethisnewdefinitionofMaMat bighve!oc!tte8,we
are drivento a reaultof apecialrelativitytheory,nametythat aUmaœ,meohanieator
eteotneat,muetbe the Mmefunctionofveloeity. If nowetecMcatmasscan befoundin
tenns ofvelooity,our immedtateproblemis solvedandweBha!ibe in a positionte com-
ptetetheexperimentalcheckofthe equation.Butaea matteroffact,inorderte determine
e!eotricatmass,webaveto usethat equationwhichwearenowengagedintryingto estab-
Uah. Lo~icaUywehaveagainthe vioiouscirole,the phyaicatBigninoaneoofwhichisthat
independentoperationsdo not existfor givinguniquemeaningto theconceptof forceon
a chargeat highvetocity.

"Weeemedsocloseto ourgoala minuteego,that wemayallowomaetveBto jumpthe
logicalchaNn,andassumethat the equationia correct. Eteetricatmassnowbecomesa
definitefunctionofveloeity,meohanicatmasathe sainefunotion,andwearein a position
to comparethé actualaooeterationreceivedby a chargelna netdwiththat eatcutatedby
theequation. Ourconviction,on the baaisofaMexpérienceupto the présent,lathat the
twoaeceterationBwiUbefoundto agree,"p. tgS.

"Thestatueof light is exaet!ythé sameas that of an etectriofield;there is not the
alighteatwarrantforascribiagphysiealrealityto eitherat pointaofemptyapaee–Mghtand
field-at-a-pointhavenotneaninguntilwegothereandmakeexperimentewithsomematerial
thing. Of coursethe etectromagnetictheoryof lightmakesthis reeemblanceinevitable,
providedthe theoryandour v!ewsofthe natureof lightandthefieldarecorrect,"p. tS!'

"Wenowaekwhy it is that Einsteinwaaablein the gênera!theoryof relativityto
obtainnewandphyBioaUycorrectrésultafromgénérâtreasoningofanapparentlypurety
mathematicaleharacter. We are convincedthat purolymathematicalreasoningnever
can yieldphyaicalresutts–that if anythingphysioalcomesout of mathematicsit m'Nt
havebeenput in in another form. Ourproblemisto findwherethe phyaicagotinto the
générâttheory. Thereare twoquestionsto be disentangtedhere:webaveto conaiderin
the Brstplacethesigninoanceof the fact that Einateinbasbeenabletodesoriberelations
in natureof mathematicalform,and in the secondplaceof the fact that he wasable<o
arriveat thé mathematicalformulationof thèsephysicatrelationsby reasoningof ap-
parentlya purelymathematicaloharacter,frompostulâtesofmerelyformatmathematical
content(invarianceof natural lawsin genetaUzedeoordinates),"p. t6o.

"Withrespectto the secondquestionwemaystop to noticethat the apecialtheory
standsin quitea differentpositionfromthe generaltheory. Thespecialtheoryis muoh
morephyeicalthroughout;;tspostulâtesarephysieatin oharacter,andit isobviousthat thé
physicsgot intotheresultsthroughthé postulâtes.It seemsto mewithoutquestionthat
Einsteinshowedthe intuitiveinsightofa gréâtgeniusinreeogmzingthat therearemutual
reiationsbetweenphysicalphenomenawhiohcan be desenbedin verymuchsimplified
languagein tennsof conceptsslightlymodifiedfromthosealreadyin commonuse. In
viewofthéremarksmadein thenatureoflight,it islegitimatetowonder,however,whether
theformulationso<eventhe spécialtheorywiUalwaysstand. It seemsto be true that aU
thefactsofnature,evenin theabsenceofa gravitationatMd, cannotbeconnectedbythe
simplefornnnationsof the epecia!theory;that the physicalrelationsaresimpleonlyina
sub-group;and that if we wishto deatwithaUopticalphenomena,wehavecarriedour
simplificationstoofar, forthe émissionofa lightsignalisnota simpleevent,andlightisnot
in naturelikea thing travelling. Just the sortsof physicalthingwhichare ignoredin
treatingtightas the specialtheorydoesarecomingto bemoreandmoreimportantinthe
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nundaofphyaicista,andthiaMareasonforwonderingwhetherultimatelyEinstein'sspeeiat
theorymaynot bereprdedMaveryconvenientwayoftyingtogethera largegroupofim-
portantphysicatphenomena,butnotMbeingbyanymeansa fuUorcompletestatementof
nataratrelations, p. '70.

"It ia oftenMidthat quantumphenomenaare ineonaistentwithordinarymechanies,
andproofaof tbisaMerMoaareoftenonered. 1be!ievethatnoauchpmof,i&thespMtin
whiehthe attomptMusuattymade,oanbeeorKet,forMMêmeto methat thé remarkot
PoiMMeapplies,namelyth&tanywrt ofbehavioroanbetmitatedbya mechanica!~yetem,
providodit is onlyoompMoatedenough,"p. !<)0.

"I be!iev9it meMangteMto epeakof diBoontinuoaBtime. Wemay bavephenomena
ditMentimmasinspaceandtime,butnotdieMntinuouespaeeor time,"p. t9!.

"Theinventionofneweoneeptaiscertainlynotanea~ything,andis somethingwhieh
phyaicshaealwaysdeliberately,andperhapsjustifiably,ahirked,118shownby the per-
aietentattempteto carrytheBotionaofmechanicadownintothe NneatBtrtMtMMofthinfp.
Thisshirkinghas nothadbadKsutta,but ontheoonitarygoodMaolta,aalongasphyetea
hasbeenprimarUycon<iwnedwithphenomena.neartherangeot ordinaryexpetlence,but
1believethat aawegotfartherandfartherawayfromordinarye~tpedence,theMtvention
ofnewconceptswillbecomeanUMKaeingneoea~ty,"p. t~s.

"It seemsfairlyevidentthonthat thelavaofnaturecannotbe reduoedto eitherthose
ofnMehanioaot ofeiBotncity,notptobaNy,aa iaauj~~tedby quantumphenomena,to a
combinationof both. ThiBofcoursedoeanot preoludethé posmbi)itythat thé tawsatilt

maybeeimptewhonexpNaeedinotherforma. AnMampteof sueha broadgeneifatlaw
that goesdeeperthan méchantesor etectrodynamicaiaprobablyaffordedby thé Becond
lawofthermodynamicswhenextendedto inoluderadiaMonphenomena,"p. aoo.

"In gênera!,wecannotadmitfor a minutethat a etatisticatmethod,unteeausedto
smoothouturetevantdetaUe,canevermarkmorethana temporarystagemom'pKgtMB,
becausethé assumptionof éventatakingplaceaeoordingto purechanceconstituteathe
completenegationofourfundamentalaaaump~onofconnecttvtty;euh atattsticatméthode
alwaysindicatethe présenceofphyaieatcomplicationswhichit mustbeouraimto diaen.
tangleeventuaHy,"p. ao6.

WilderD.B<tMH;f<

TheConsttttttbmof Gtaaa. F<M«< W. E. & y<tnMr.f4 X ? cm. SA~Ht The

&eMy<~G!<Ma!'<c~teb~a97'.ThevoiumebeforeuscontXtaofaMrieaoftwetvapapera
al ofwhiehhavebeenaheadypubliehedbetweentheyeamtozi~ay. In viewofourvery
impetfeetknowledgeand inadéquatethéoriesrespeeMngthe constitutionof gtam,thia
coBeotionofpapemwillservea veryusefulpurposebybringingtogether,in a convenient
fonn,aorneof thé moreimportanttamttaofexperimentalinve8tiga<Mnandthétheoretical
viewBratfardmgtheeonaMtationofghaa.BeingaoottectionofpapeMbydMerentauthora
andofdiversecharacter,thevolume,as the éditerstates,'Tankstheayatematieprésenta-
tionwhioha singleauthoror oompitermayhavegivento it," andMaohiefvalue,perhaps,
may betookedforin "stimutatiagaddi~onatmvMNgatotsto entera fieldMfaeoinating
andeoeomparativeiyvirgin."

Thetwetvepapetswhiehformthe collectionare:thenatureandconstitutionofghas,
by W.E. 8. Tamer;gtaNesaempercootedliquide,byG.Tammann;on the constitution
anddensityofg!asa,byA.Q.ToolandE. E. Hill;onthéviscosityandaMottopyofghas,
byH.LeChate!ier;thevMeoaityo{g!ass,byV.H.Stott;theternarysystemMdiummeta-
aHica<e~)ahaummetasilicate~aica,byG. W. MoreyandN. L. Bowen;x-raydiffraction
measurementsonsomesoda~ime~tiMcag!asses,by R. W.G. WyokoBand G.W.Morey;
someKmarhson the oomMtutionof gtass,by F. Eckert;the structureof quarta,by Sir
W.H. Bragg;générâtdiscussionof the foregoingpapers;the viscoaspropertiesof gtass,
by V.H. Stott; the structureandconstitutionofg!ass,byW.Rosenhain.

A glancethroughthesedifferentpaperawMchdeatwithalmosteveryaspectof the
problemofthé constitutionofgtass,showsthatoneisteaMyonlyat thé verybeginningof
attaokon the probiemand that opinionis ahnostas diverseas the numberof workere.
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OneMHUtotbutfeeithat in manyof thé investigations,thenumberofvariablesistoogréât

toa!towofde&uteoonolusionsbeingdrawn. Ïtecentinvestigationsonsinglesubstances:n

thé vitMouaconditionseemto indicatethat thereare certainpeeuiiaritieaof behaviour

wMohdineren<~tethe vitreousfromthéUquidanderyataUinestates,andit MenMimportant
toinvestigatethisbehaviourmorefuUy. Inviewofthevagueneaswhiohat presentinvesta

theproblemoftheglaesyetate,the hypothesisputforwardbyRosenhainthatlna gtasawe

aredeaiingwithau aasembiyofatomsinwhiohinter-atomietinkagestendtobeformedin

certain deSmtedirectiona,and that ontythe numberof inter-atomioMatées whiehare

operativemayvary,iBofintereetand mayproveofvaluein directinginveattgation.
ForaUwhoareinterestednotonlyinglassbut in thé vitreousatateof matter,the col-

lectionofpapersindudedin thevolumeunderreviewwiiibeof muchvalue,andwiUbe

wetcomedby them.
.M. MtMthty

TheHMMeRuteand itaApplications. A~Mnderftttdhty.M X eM;K'.M'+ S~

Londonand WeMYork:~~M~WM,(~-<~andCompaq,Mi97.Prfee~~0<.M. Thieaixth

editionofProfesserFindtay'awell-knownandsuceesafuibookb dedioatedto WilderD.

Banoroft,and thematerialpresentedhaeundergonea thoroughrevMon. Certainparteof

the volume,moreespeciaUyth<MOdeaungwithequilibriumin one-and two-oomponent

syatenM,have beenre-eaatandr~arranged. In the reviewer'aopinion,eonaideraNe!m-

provementbasbeeneneotedthereby. Roomis foundfor eomeréférenceto the problem

presentedby intenaivetydriedeubstancea,aaabofora briefdiscus~onof théSantétheory
ofallotropyinre!ationto the phaseru!e.

Aninterestingand valuablefeatureisa newohapterin whiehthepractica!applications
ofequilibriumdiagMNM,in connexionmorepartMuhH-iywiththe winningofaaKebyerys-

taUiaation,are disoussedand iMuatrated.
Thereare but fewpointsonwMohcommentmightbe oneredand theoeareof minor

importaneo.Thereviewernotesthat ProfeMorFindlayusedthe terrn"inatabb,"although

thia is a MMorevenobsoleteword. Mmayaeemillogiaalto write"umtaNe"and"in.

etabiiity,"but the formerof thèseia firmlyeetabiishedby usageandshouldbeemployed.
Aa!ighterrorappearsto haveoreptinto théauthor'adescription(p.ï t4)ofthe oooling

recordfor certainbinary mixtureswhiohdeposita compoundwithinoongruentmeiting

point. A finaleutectïearrestwillbe observedon!yfor thosemixturesthecompositionof

whiohNésbetweenthe transitionpoint and the imaginarysummiteorrespondingto the

oompound,-not,as the authorsuggeste,foraUmixturestyingbetweenthetransitionpoint

and thepureconstituentB.
ThevolumeiswrittenwithProfesserFindlaysusualeiearnessandcompetenceandwill

be foundindispeaaaMebyaUstudentaofphysicatohemistry.
J. C.PMtp

Mmic Fonn with SpécialRefereneeto the CoaiBgm'ationof thé CarbonAtom. By
M<MK!F. Pr<ce.~ee<M<<e<K(<M. X cm;M'.xxi + ~S- LM<!oKandNewy<M-~

i~NMMM,6~'eeMand Co.,~aM. JPttcej?.00. In the préfaceto the secondeditionthe

authorsayathat "whilethemainfeaturesofthebookarethesame,thetheoretioaistructure

ofgraphiteanddiamondbasnowbeendevelopedmaocordancewiththé theoryofatomio

form,and ohaptemhave beenaddedonstoriohindranoe,meuiticacid,andeiticon,white

otherohaptershâvebeenen!arged."
Il

Theheadinesof the ohaptersare: introduction;monovalentanddivatentatoma;the

oarbonoidand ethyloid;benzèneand someofite derivatives;the aNotropicformaofsolid

carbon(2); tawof even numbere;tautomeriam;isopreneand rubber;ailicon;triphenyl-
methaneand hexamethyl-ethane;metiitioacidand the carbonmotecale;sterichindrance;
isomerismand optioatactivity; changeain thé earbonframework;oydiocompounds;
oondensedrings;oonoludingobservations.

TheauthoradmitequitefranMy,p. a,that "ifoneconsideraa substancein the gaseous
stateaaconeistingofsphericaiorellipsoidalforms,it isdimeuttto conceiveof theirarran-
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gingthemsetveaaecordingtogéométrietawa,as aoonasthe températurebasbeenlowered
sunieienttyto reducethé movementsof the atomsto a certaindegree;but if théatome
themsetveehavedennitegéométrieforma,thenarrangementinanorderlyorystalatructure,
soas to producedeNnitegeometriofigurespeoullarto eaohatom,appeaMto bethenatural
reault of the withdrawalof heat

"Webavethéoriesin whiohallmatteriedeemedto beentirelyeteotrioat,andtheoriea
areputforwardwheMtheeteetroMareaMumedto beinconstantmotion.Thereareother
theorieswhiehare basedupontheviewthat thé protoMandeteotronsarehetdto be in a
etatiocondition.Furthertherearesystemsin whichtherevotutioMofthe eteetfOMare
assumedto adoptorbitebothoimularandeUiptic,and to emitenergywhenmovingfmm
oneorbittoanotherofaaatteraise. Thèsedifferenceaofopinioneeemtoustoindicatethe

gravit of the dNMuMesbywhichmodemtheorieaof the atomaresurrounded.In the

pt'eMctatateofourknowledgeit Mnodoubtimpossibletoreconcitethesethéorieswiththe
postutatesoftheTheoryofAtomieForm. Thelatter iabasedupontheconceptionof the
teantyoftheexistenceoftheatom,the variationof iteformfromatomto atom,through-
outthePeriodioTable,andingenefatthégreatstabilityoftheindividualatomitseif,"p.5.
WhatareBohr,Lewie,andLantimnirinoomparisonwiththe eternalverities?

Onp. t6theauthoracceptethepostulatethat the Momerwiththehighermeltlng-point
iathe morestable.Thiaianeoeasantytrue,onlyin casethereiabutoneforminthe mett.
Onp.MtheauthordiseaBaeathérelationofgraphiteto meMt~caeidontheassump~oathat
graphitecan beoxidizedto mellitioacid. TMais veryinteresting,but oangraphitebo
oxidiaedto metNtioaeid?

WilderD.BooeM~t

ChemieotACm~. L. J. N«<BM<<~9 X e~; pp. + London:Zon~
tMatM,CreemandCo.,J!a?&Prict:7<t.M. The tatest additionto thisexcellentaeriesof

monographsdeaiawithehemioataBnityfroma purelythermedynamioetandpoint.The
sixohapteKaare entitled:Energyand its Traneformationa,Entropy,FreeEnergy,Sotu-

tions,TheNematHeatTheoremandThirdLawof ThermodynamtM,Applications.Thé
Btatandsecondehaptemforma verycondensedstatementof theFiNtandSecondLawa
ofThennodynamies,whitethé thirdandfourthohaptereintroduoetheconceptofaotivity
andthe methodaandnotationdevelopedby G. N. Lewis. In the lastchapter(~ pages)
tiesthé mainpurposeof thebook,whichlathe applicationof the previouslyderivedthe-
eKmsto the oalculationofohemicalequiMbria,inoludingexampieswbiohdeatwiththe

possibiNtyofdeteotingexperimentallynewcaaesofequilibriumstates. Theauthorworke
througha scoreorMofprcMemBwhichappearto bewellchoaenfortheendinview.The
baaisofhiecateutatioasisthetable(repmducedin anappendix)offreeenergyvalueseom-
putedby LewieandRandaB:"Thennodynamieaand the FreeEnergyofChemioalSub-
stances." Theimportanceof the oyatemizationofauohdata forprediotingthedirection
andequiKhtmmconditionsof chemieatproceseearequiresno advoeaey,and the présent
workehouldserveasa usefuloommentaryon the méthodeofutilieingfreeenergytables.

fartiouiartyhelpfulto thé studentare the clearrécognitionof the HmitatioMof thèse
méthodein certaincasesand the diMusmonin othersof the effectof imaecaraciesin the
dataemployed.Thereviewerhasdetecteda fewnumerioalandothererrorsin the text
(forexampleonpages33,44,6~,66,79and t n)and eomereademmightraMeobjections
tocertainambiguousetatenMntein theopeningchapters. Theseare comparativdyminor

blemishes,however,and thebookiaonewhichoanbereoommendodforuseby tesearoheM
andsenioretudente.

R. 0. GM~KA



CARBONDIOXIDECLEAVAGEFROM ACETONE

DICARBOXYLICACID*

BY EDWÏN 0. WHG

AcétonedicarboxyUcacidwasfirst isolatedby von Pechmann'in 1884.
The acid is a white ctystaHinesolid meltingat 135". It is very solublein

waterandalcohol,lessreadilyin ethyl acetateand still lessinether; insoluble

in chlorofonn,benzene,and ligroin. On boilingacetone dioarboxylicacid

with water,acids,or alkalies,it décomposesinto acetoneand oarbondioxide

as representedby the équation:–
CO(CH~COOH),–~CO(CHj,),+ :CO~

Accordingto the literaturethe aciddécomposesevenat roomtemperatureso

that it isgenerallyoonvertedto the ethyl esterwhichissubsequentlyusedin

organiosyntheses. Howeverit was found that acetone dioarboxylicacid

purifiedby <ay8ta!Iizationfromethyl acetateand kept in a desiccatorover

phosphoruspentoxideforsevenmonths (fromMarch to October)showedno

deoomposition.
A studyof the décompositionof acetonedicarboxylioacidin varioussol-

vents and withvariouscatalystswas undertaken for thé purposeof deter-

miningthé meohanismof the reaction.

Emei'inMNtat
M<t<erM~s

The acetonedioarboxylioaoidwaapreparedby severaldifferentmethods

but the methodwhiohgavethe best yield is that described'in OrganioSyn.

theses,Vol.V.

TheacidthuaobtainedwasreoryBtaUizedfromethyl acetateat least three

times;it gavenotest forsulfates,and meltedsharplyat 135". Theothersub-

stancesusedwereallpurinodm aocordanoewithstandard methods.

Apparatu andMethod.of Pfoce<h«'e
The rate at whiohthe acetonedicarboxylioaeiddecomposedwasfollowed

by measuringthe volumeof carbon dioxideevolved. The apparatua used

wasessentiaUyof the typedesignedby Watton.' The carbondioxideevolved

was conduotedby capitlarytubing to a calciumchloride tube whichcon-

tainedphosphoruspentoxideong!asswoolto removewateror alcoholvapors
and thence to a water-jaoketedburette whichwas maintainedat 25°. The

gas was coUectedover paraflinoit rather than water aincecarbon dioxide

Partofthiapaperwaaptesentedat theSeventhMidweatRegionalMeetingatChi-
cae~,Maya?,1927.ThiaMmmamcatKmieanabstractof thé thefmaubnuttedto the
GraduateSchootoftheUniversityofWiaoonBinbyEdwin0. WiiKinpartialfulffllment
of therequirementsfor?0 degreeofDoctorofPhilosophy.Theworkhereindeactibed
WMdonemdetthéditecHonofPtofesMrJ. H. Watton.

1vonFeohBMmm:Ber.,t7,~542(t88~).
C.S.Marvel,Edftor:"OtgNucSynthesesM'5,5(!9'S).
Walton:Z.physik.Chem.,4?,t8s (tao~).



9~' EDWIN0. WÏM

is appreoiablysolublein waterandonlyveryslightlysolublein paramnoit.
Ascarbondioxideismoderatelysolublein the solventsused,they weresatur-
ated with dry oarbondioxidegasat thé temperatureof the experiment. To
insurecompleteatirringof the réactionmixtureshakingbeadswereused in
aUcases. In aqueoussolutionsshortpiècesofBakeliterodwereadded,while
inatcohoticsolutionsbeadsmadeoftin wereemployedsinceat 40"and~o"the
alcoholsattacked theBakelite. Gtaasbeadsoouldnot beusedas it wasob-
servedthat they catalyzedthe réaction,due,nodoubt,to thealkaliwhiehwas
dissolvedfrom them.

ResM&s

(a) CMKpj~eMOMand Orderof the Se<K~on.WiMst&tterand Pfannen.
stioi' state that anilinedécomposesacetonedioarboxylioaoid oatalytioally
and quantitatively into acetoneand oarbondioxide. The procédurepre-
viouslyoutlined wasfound to give100%yieldwithinthe limitsof experi.
mentalerror. The yieldof carbondioxidewhenothercataiystswereused
orwhenthe aeidwasdecomposediapuresolvents,suohaswaterandatcohob,
wasnot foundto beequalto the thooretioai;this factwillbedisoussedlater,
however.

The order of the réactionfor the decompositionof acétonedioarboxylic
acidwasfoundto bemonomoleou!arin oharaoter. This wasdeterminedin
twoways: (ï) by theconstancyof thé velooityconstantsin any oneexperi-
ment,and (a) by theconstancyofthe velooityconstantswithvariationin thé
initialconcentrationof the aeid. Thevelooityconstantswereoaloulatedby
substitutinggas volumesfor concentrationsin the weU-knownformulafora
unimolecolarreaction.

(b) The i~~c<ofAcetone. Sineemanyreactionsare auto-catatyzed,it
wasnecessaryto determinethe effeotof the decompositionproduetsof ace-
tonedicarboxylioacidon the rate of reaction. Thesampleofacetonedicar-
boxyticaeid decomposedin allexperimentsweighedabout0.1450g.,whiohis
equivalentto about 0.05ce. ofacétone. Whentwicethisamountofacetone
wasaddedto the waterin the reactionflask,thé velooityconstant(K X 10~)
obtainedwas 182,whilethe averagevaluefor décompositionof the aeid in
wateralone is K X io<= 18$. Heneeacetonebasno appreciableeffeoton
the velooityof the reaotion.

(c) The ~c< ofa ~VoM-po~a-Uning. Becauseof the possibilitythat
alkalimight be dissolvedfrom the Pyrex BaskBand oatalyzethé reaction,
experimentswerecan-iedout in wbiohthe surfaceof thé flaskswascoated
withparaBSn.The Bakeliteshakingrods,however,werenotso treated. At
the conclusionof theexperimentsthe filmofparamnwasfoundto be intact.
That the cbaracterofthe wallsbaspracticaUynoeffectiashownby the fol-
lowingaveragevetocityconstantsat go":K X ïo<= 177for paramn-coated
wallsandK X 10*= 185forg!asswaiis.

(d) DecMMp<M~Mtin TonoMSolvents.The velooityof décomposition
ofacetonedicarboxylicacid in varioussolventswasmeasuredin thé hopeof

1WiiM.&tte)'andPfMmeMtM:Ann.,422,t-ts (t9<o).
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findingsomerelationshipbetweenthe solventand the réactionrate. Thé

data obtainedare given in Table I. The determinationswerecarriedout

prinoipallyat 40"and go' exeept in the caseof anilinewith whichthe re-

actionwasMrapidthat it oouldbefollowedonlyat o".

Inorderto comparethe velocityofdecompoeitionin mixedsolventswith

the reauttaobtainedby other investigators,Evesolutionsoontaimngvarious

percentagesof iopropyt alooholand water wcteusedas the réactionmedia.

The Ksutteobtainedare representedgraphioanybythe ourvein Pig. x. It

Reactionrateinisopropylalcohol-watersolutionsat40°C.

TABLE1

ReactionRates in VariouBSolvents

Initialcône.ofacétonedioarboxylioaoid='$0m. mol.perliter

willbe observedthat smallamountsof wateroatalyzedthe décomposition
of acétonedicarboxylicacid in atcohol,and co&verselysmallquantifiesof

alooholacceleratedthe reaction in water. The reactionvelooityreacheda

KXto'
Soient o° 4~ so" 60°

Methyl Aloohol 88

Ethyl 47 ï77

Propy 1~9 467
Isopropyl 68 206

Butyl 63 soi

Isobuty! 62 ï8i
Isoamyl 64 iM

85%Glycerine 70
Water 57 i8s 548

Aniline 2420
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maximumwhenthe alcoholand waterwerepresentin approximatelyoqui-
molecularratio. In studyingthe deoompositionof hydrogen peroxidein
mixedaicohoUcsolvents,Bohnson'generallyobtained a minimumin the
réactionvelooityinsteadofa maximumas in this work. Thereisapparently
no relationsbipbetweenthe réactionrate and the knownpropertiesof so!.
vents or mixedsolvents. Bohnsoncameto the conclusionthat the solvent
exertsa speoifieeffeot,this effectbeingthe resultantof a numberof other
effects,such as associationof the solvent,viscosity,surfacetension, disso-
ciationof the catalystand possiblereactionbetweenthé solvent and the
dissolvedsubstance.

(e) TheJ~6c<of Ca<a~<sMtAqueousSolution. Sinceanilinegreatly
increasesthe speedofdecompositionofacetonedicarboxylicacid, a studyof
the effectof varyingthe concentrationof thé catalyst wasmade. Bredig,~
in studyingthe decompositionof camphocarboxyUoaoid in organiosolvents
suchas acetophenone,o-nitrotoluene,and m-xytene,found no relationship
betweenthe reactionrateandthe dissociationconstantof the nitrogenbases
whichheusedas cata!ysts. Ontheotherhand, Schierz"fôundthat tertiary
nitrogenbaseswereactivecatalystsin the decompositionof formioacid in
aceticanhydridesolutionandthat the velocityof the reaotioncorresponded
ina générâtwayto thestrengthofthé base. Primaryand secondarybases,
however,werenot catalysts. Thèsefacte led to the reactionmeohanism
whichhe put forth toexplainthe décompositionof formicacid in acetican-
hydride.Withthe hopetbat simiiarexperimentswouldlead to a meohanism
forthe decompositionof acetonedicarboxylicacid,a study wasmadeof the
effectof varioustypesof nitrogenbaseson thé reactionrate. The velocity
constantsobtainedwithaqueoussolutionsof anilineand of severalother
substancesat variousconcentrationsare representedgraphicallyby thé
ourvesinFig.a. It willbeobservedthat anilineisa muchbetteroatatystthan
anyof the otherstried. Thereis noapparentrelationbetweenthe strength
of the baseand its effecton the reactionrate. The velooityconstantsob-
tainedwithaniline,methylaniline,and quinolineas catalystsat 50°at con-
centrationsof 30 miMimo!sper liter are respectivety:860, 300, 220; while
theirdissociationconstanteare respectively:3.5X to* 2.5X !o- 1.6X
to' Pyridineis aboutas emoienta catalystas quinolineand bas a disso-
ciationconstantof 2.3X 10'

(f) The ~ec< of Ca~~a A~coMs. The nitrogen base catalysts
tned in aqueoussolutionindicatedthattherewasnorelationshipbetweenthe
strengthofthe baseand the velocityofdecompositionof acétonedicarboxy-
lieacid. However,owingto limitedsotubiiityin water,fewsuchbaseswere
tried. Thenitrogenbasesaremuchmoresolublein alcoho!sthan in water,
sothat by studyingtheireffecton the reactionrate in alcohouosolutionsa

Bohnson:J. Phys.Chem.,24,677(!<~o).
Btedix:Z.Ete)ctMehen)ie,M,~85(t~S).
ScMeM;J.Am.Chem.Soc.,45,455(t9~3).

<Sc.tdder:"TheE!ectncatConductivityandïoniMtionConstantsof OrganioCom.
pmmda,"(t~t~).
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greatervarietyof thèsebasescouldbe tried. Sincethe effectof anilinein

aqueoussohttionhad beenstudied,it wasatscof interestto atudyits effect

in alcoholiesolutions, ïaopropylalcoholwaschosenas the solventin most

of the expérimentewithalcoholiesolutionsof catalysts,sincea goodsupply
ofit wasavailableand alsobecauseit caneasilybeobtained!nan anhydrous
oondition.1

The resultsobtainedwith anilinein isopropylalcoholare tepresented

graphioallybyourveAin Fig.a. It willbeobservedthat the ourvesfor the

velocityofdecompositionofacétonedicarboxylioacidinalooholandinwater

EBectofcatalystsonreaotionrateat so C.
A-AnilineiniaopMpy!atcohot
B–AnitinemwaMr
C–SutfaniNeMidinweter
D–Methy!ani!ineiawater
E–Quinoiineinwater

withanilineas a catalystare of approximatelythe aamemagnitude,except
that the formermconcavedownwardand the latter concaveupward. The
curvescrosseaohotherat a concentrationofanilinewhichisaboutequivalent
to the concentrationof the sampleofacetonedicarboxylicaoiddecomposed.

Phenylhydrasine,inadditionto beingbasic,alsoformephenythydrazones
withketones,etc. Accordingto vonPechmannandJenisch',phenylhydrazine
andacetonedicarboxynoacidforma hydrazoneof theformula:–

SchuetteandSmith:Ind.Eng.Chem.,18,t~ (t9t6).
von PeehmmnandJeniach:Ber.,24,3~53(tS~t).
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.~CH,COOHC~,NHCN==<.
~H,COOH

ThevelocitycoMtantsobtainedwith phenylhydrazinein isopropylandiso-
amyl atcohobat several temper&turesand concentrationsare given in
TableII.

TAB~II

RéactionRatewithPhenylhydrazinein IsoamylandIsopropylAlcohols
Initialconc.ofacetonedicarboxy!icadd = 50m.mo!sper liter

Concentrationofcatalyst in miUimohper literofalcohol

Concentrationsofcatalyst below50miMimoIsper liter (whichcorrespond
toaratioofonemolofacidto onemolofcatalyst)couldnot be usedbocause
the phenylhydrazinewaaused up by reactingwith the acetoneformedas a
reaultofthe decompositionof acétonedicarboxylioacid. With 10 millimols
of cata!ystto 50millimolaof acid about one-fifthof the acid decomposed
rapidlyand the remainderslowly. That the phenylhydrazinewas usedup
bycombinationwithacetonewasalso shownby usingequimolecutarquan-
tities (so mialimolseach per liter) of phenylhydrazineand acetone in iM-
propylalcoholandthen droppinginto the solutiontheusual sampleof acé-
tonedicarboxylicacid. The apeedof decompositionwastooslowto measure
at 10"whereaawithout the acetonethe réactionproceededrapidly. It will
beobservedthat the velocityconstantis almostconstantfor concentrations
of phenylhydrazinein excessof 50millimols. This wouldseemto indicate
that the catatyticactionis due to the formationofa phenylhydrazineinter-
media.tecompoundand not to the formationof a salt by reaction between
the carboxylacidgroupand the phenylhydrazineactingas a base. If the
catalystformaintennediatecompoundsat the ketocarbonylgroup, then the
cata!yticactivityshouldnot be determinedby the strengthof the nitrogen
base,but ratherbythegroupaassodatedwiththe nitrogenatoms. That thia
is the caseisshowndearly in TablesIII and IV, whichsummarizethe data
obtainedwithvariousnitrogencompounds(and iodobenzene)aa catalysts,
bothin aqueousand alcoholiesolutions.

Cono.of Conoof
Temp. estalyst K X to< Temp. catalyat K X to'

Isopropyl Alcohol Isopropyl Alcohol

40.6 663 40 $0.8 Toofast
'o so.8 714 Isoamyl Aloohol
"=' <o-9 730 !o 50.8 6o!

763 737 M 50.8 ï75o
50.8 2370 20 6o.9 1750

30 50.8 6560 go 76.~ 1750
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Fromanexaminationofthe two precedingtables it willbeobservedthat

there is norelationbetweencatalytieactivity and the strength of the basic

catalyst as measuredby its dissociationconstant. Furthermore,mlfanilic

acidisa fairoatalystandyet fanetionBas an acid in solutionas evidencedby

its aciddissociationconstant.Ofthe reagentstried, all thosewhichare eS-

cientoatalystscontainthé aminogroup. Urea is not a catalyst, but in this

compoundthe twoaminogroupsareunitedwith thenegativecarbonylgroup.

It seemsthenthat theaminogroupisnecessaryfor an efficientcatalyst,but

that the natureof the groupcombinedwith the aminoradicalalsohas con-

siderableinfluence.

FromSeudder'e'"nMEteotrtcatConduoMvityandlonM&MonConstanteofOfpHuc

COlnP.9undet(191!1).
MMid,not bMe,hMeethisv~ueh.théMiddbMCt~oneoMtM)t.

TABt.BlV

RéactionRatewithVariouBCatatystsin Isopropy!A!cohol

Initialcône.ofacetonedicarboxyHcacid = 50m. mob per !iter

Concentrationof catatyatin milUmobper liter of alcohol

K X.10~forisopropylalcoholat 50°==:o6

TABM)III

Ration RatewithVanou~Cat&lystsin Water

Initialoono.ofaoetonedioarboxylica<ad-= 5om. motsper Mter

Concentrationof catalystinmiUimobper Mtetof water

Tempe~tute=.50' K X io<forwaterat so' = 185

DiMoeMon'

Cat~yat Co" KXto* CoMtaatofBMe

Amtme 55 '734
3.5X10-

ABNme 33 960

Methy~nttine 30 zgs

Quiaotine 4!' ~3° '°

Pyridine 69 200
b~

SuIfaniUcAcid 50 486 6.6
Xio-~

Acetanilide 50 ~03 4 4 X10-

Dissociation

Cataty~ Cono. Temp. KXto* Constant of Base

Phenylhydrasine 50 30 6560 i.6 X io-*

p-Toluidine 50 50 375o ï.6Xio"*

Am!ine 55 5o ï74o 3.5X10-

a Naphthylamine 50 50 890 z.SXio-

Urea 50 50 235 1.5X10-~

Pyrrol 72 5o 2:0 –

Acetylphenylhydrazine 50 50 :i66 –

Diphenylamine 50 50 ~9
io"'a

QuinoUne 42 50 645 i.6Xio"

Dimethyl Aniline 40 50 300 2.4X10-"

Iodobenzene 89.7 50 223
–
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(g) TheEffectof Fan'oM.SMM&tMCM~'sso~<dM Aniline. Mentionhas
alreadybeenmadeof the resultsobtainedfor the vetocityof decomposition
of acetonedioarboxylioacid in anilineas the solventat o". In his atudy of
the décompositionof malioaoid in ïoo% sulfurieacid Whitford'foundthat
the additionof varioussubstanceswhiohformedmolecularcompoundswith

FIo.33
EtfectofethylbromideinaaiMneato*C.

sulfuricacidretarded the rate of decompoaitioB.He postulatedthe forma-
tion ofan unatableintermediateadditioncompoundofsu!furicaeidandmalic
acidandexplainedthe behaviorof the negativeoatalystsin accordancewith
Tay!or'8'theoryofnegativeoatalysis. Accordingto this theorythe inhibitor
decfeasesthe speedof a reactionby formingmolecularcompoundswith thé

1Whitford:J. Am.Chem.Soc.,41,953(i~g).
Taytor:J. Phya.Chem.,27,g~ (~3).
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"active"moléculesofeitheror bothofthe reactants.Onthis basiathe addi-

tionofethylbromideto anilineshoulddecreasethe velocityofdecomposition

ofacétonedicarboxylicaoidin aniline,sineeethylbromideand anilinewould

formphenyl-ethyl-ammoniumbromide. The oppositeeffeot,however,was

obtained,the velooitycomstantnsing to a maximumand then fallingoff

againasthe concentrationofethylbromidewasincreased.Thedataobtained

are ehowngraphicallyin Fig. 3. The resultsobtainedwith thé other sub-

atanceatried in anilinesolutionaregivenin TableV. Sincewaterdissolved

in anilinewaafoundto acceteratethe decompositionof acetonedioarboxylic

a-ruwav va wJ wwuavaav wvaaa vu aawvvavav aww w.. J.

acid,thereactionmediaaataratedwithearbondioxideat o" weretransferred

to the shakingBaskawithoutexposureto the moiatair of the laboratory.

TABLEV

ReactionRatewithVariousSubstancesDiaaolvedin Anilineat o"

Initial cono.ofacetonedioarboxylicaoid=*$0m. motsper liter

Concentrationofcatalystin millimoleper literof aniline

(h) Thei~ect of ~f~ocMoWcAcid. Therate ofdecompositionoface-

tone dicarboxyiicacid with variousconcentrationsof hydroohloricacid in

waterwasmeasuredto determinethe e~eotof hydrogenion concentration

onthereactionrate. It wasfoundthat the velocityconstantat nratdecreased

and then remainedconstant with increasingconcentrationof hydroohloric
aoid. Thereaultsobtainedin theseexperimentsat 500arerepresentedgraphi-

Catatyet Concentration K X lot Catalyst Concentration K X !0*

Water ~78 2830 Acetic Anhydride 106 2830

(AeetanUide)

Merourielodide 75 2730 None –
2420

Dextrose 25 3240
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caHyby the curvesin Fig. 4. A studyofthe data rovea!athe faotthat con-
centrationsof hydroohlorioaeid greaterthan 0.05Normal (the molecular
equivalentof the acetonedioarboxylicaoidprésent)havevery little added
eSectin retardingtheréaction. Thismayindicatethe formationof an in-
termediatemolecularoompoundofhydrocMoricadd andacétonedicarboxylic
acidwhiohis somewhatmorestable than the acetonedioarboxylioaoid in
water. It wiUbe observedthat the curve for velooityconstant plotted
againstnormalityof hydroeMorioaoidisidentioalwith the oneobtained if
normalityisreplacedbyaotivity.* It muâtberememberedthat the velooity
constantat zéronormalityhydrocMoncacidiathevelooityconstantfor water
saturatedwithcarbondioxideat 50°andthat the latter solutionconsequent!y
containsa smaUbut definitehydrogenion concentration. Sincethe curve
showsthat the velocityconstantincteaseswithdooreasinghydrogenion con-
centration,it Mprobablethat K X 10' inpurewaterwouldbehigherthan
!8s,the valuefoundforwatersaturatedwithcarbondioxideat $o".

(i) yAeJ~M~Vett-MKMSa~.Theeffectof saltson the décomposition
of aoetonedioarboxylioaeid in wateris interesting. Ordinaryneutral salta,
suchas potassiumbromide,sodiumnitrate,and sodiumohioride,have prao-
ticallyno eifecton the veloeityofdécomposition,whereadsodiumsulfate,
whichis generallyconeideFedneutral,accélérâtesthe reactionsHghtIy.Simi.
larly,salts whichon hydro~sisgivean alkalinereactionalso inoreasethé
reactionrate. If to a solutionof sodiumbicarbonateat 50"acétonedicar-
boxylioacid ia addedin equimoteoutarratio,about65%of the acid decom-
posesimmediatelywhilethé remainderdécomposesslowly,as it would in
wateralone. In likemannertri-sodiumand di-sodiumphosphatesolutions
décomposerespeotivelyabout 75%and 4S%of the aeidimmediatelywhile
therestof théaciddécomposesstowly. Thevelocityconstantsobtainedwith
varioussaltsare givenin TableVI. The velocityconstant increasesas the
strengthof the acidfromwhiehthesalt isderiveddecreases. Thisalsode-
tenninesthé degreeofhydrolysisofthe salt, henceit may be saidthat the
greaterthe alkalinityat a givenconcentrationof salt, the greaterthe aecel-
eratingeffecton the velocityof decompositionof acetonedicarboxylicacid.
Saltsehowingan aeidreactionon hydrolysiswouldundoubtedlydecreasethe
reactionrate sincethat is the effectproducedby hydroehioricacid.

Theabovesalt solutions,however,areacidratherthanalkalineinreaction
becauseof the carbondioxidepresent. The hydrogenionconcentrationof
fourofthem wasdeterminedby a hydrogenelectrodewith the followingre-
sults:–sodiumacetatesolution,pH = 6.3;sodiumoxalatesolution,pH =

6.3;sodiumsulfatesolution,pH = 4.8; sodiumdiacidphosphatesolution,
pH==3.i. Whilethesevaluesaresomewhatinerrorbecauseof thedimoulty
in makingaecuratehydrogenion concentrationmeasurementsat such low
(0.05molar)salt concentrations,theresultsshow,neverthetess,that the so-

TheactivitycoeaScienteofhydrochloricMidwereobtainedbyinterpota~cnfromthe
Yalueaz'Yenonpage~6 ef"ThennodyMmiceandTheFreeEnergyofChemioalSub-
eCMea~'by LewisMdRandaU(t~g). WMetheaevaluesmûfor25*andwouldbe
OMM~Mtd)Cerentat 50",thé teMvecnierofthéectMty~eoeacientewouldbetheaMoe.
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!ution6are acidieinreaotionand that the lowerthe aeiditythe greaterthe

velocityconstant. If the ourvefor the changeofthe velooityconstantwith

changein concentrationof hydrochlonoaeid could be continuedto the

hydrogenionconcentrationofpurewater(pH = 7.0),thévaluesgivenbythe

salt solutionswouldprobablyfallontheourve(Fig.4).

TABMVI

ReactionRate withSalts in Water

Initialcono.ofacetonedioarboxyUcadd '= 5om.~o~ perUter

Concentrationofsait inrniHiotoh}perliterofwater

(j) r~JE~ec~CoHoM~. AccordingtoFindiayandThomas'thépres-

enceofcolloidein a solutiondecreasestherate at whichgasesareevolved,so

that if the velooityofa chemicalreaotionis followedin thiswaythemeasure-

mentsare in error. In thia taboratory,Pray,' in studyingthe decomposition

ofdiazobeBzenecbloride,foundthat collodionhad noeffectonthe reaction

rate. It wasof interest,therefore,to determinethéeffectofcoUoidaontherate

of décompositionof acetone dicarboxytioadd. Solutionsof virtuaMythe

samecolloidsand thesameconcentrationsas FindlayandThomashad used

werealaoemployedin thèseexperimente.Thedata obtainedforthe velocity

constantsaretabulatedinTableVII.

TABMVII

Reac~onRate in AqueousColloidalSolutionsat 40"

Initialcône.ofacetonedicarboxylicaoid = 50M.mo!sperliter

It willbeobservedthat starohbasnoeffect.onthe vetoeityofthereaction,

whichagréeswith the workof Pray, whilethe othercolloidsemployedspeed

upthé reaction. The2 agar solutionwaspractioallyset to a geland yet it

'FindbyandThomM:J. Chem.Soc.,119,ï/o ('9~'); MS,~44('9~4)-
Rr~y:J. Phys.Chem.,30,t48a(!936).

Conc. Ageof Conc. Ageof
CoUoid FeMentSotutionK X to< CoMoM PercentSolution K X to<

None S? Gelatin z 3 days 80

Starch i tday 58 3 3 io6

a i s? 3 fresh 92

3 59 EggAlbumin t adays 87

3 fresh 58 Agar a fresh 64

(ahnost a gel)

~onceaw~Mua u< etM)< m fmmtuwo poi uMj' t*M<

8a!t Cono. Temp. K Xto< Mt Cono.Temp.K X !0<

None o 40 57 KBr 50 So 184

N&tSO~ 50 40 63 N&!SO< 50 50 aoo

K~SOt 50 40 65 NaH:PO< 50 5o 205

None o 50 185 N~0:04 50 50 342

N&C1 50 50 ï8o NaC,H~, 50 5o 2755

NaNOa 50 go 184 N<tCJïj)0, 33.7 5o 249
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did not decreasethe velocityof the reaction. Withthe exceptionofstaroh,
the colloideused are proteincompoundsand probaMycoatam the amino
group. Thiaprobablyaecouatsfortheiroatalyticactionand atsofor the in-

TABM)VIII

Effeotof Temperatureon the ReactionRate in Water
Initialcono.ofacetonedioarboxylioacid 50m.mo!sperliter

Concentrationofcatalystin BNUimobperliterof water

TABLEÏX

ESectofTemperatureonthe RéactionRate in Aieohob
Initialœnc.ofacétonedicarboxylioMid = 50m.molsperliter

Concentrationofoatalystin miuunobperliterofsolvent

Temp. Critioal
Temp. Alcohol Catalyst Cône. KXtO* CoeS~entIn~nt

(E)
40 Ethyl

te
– –

~y
5° – – 177 3.77 26,600
40 Propyl 139
S° 467 3.6a 23,800
40 Isopropyl – 68
50 te

206 3.03 22,200
40 Butyl 63

– Mt 3.19 23,aoo
40 Isopîopyl 62

50 !8t 2.02 2i,soo
40 Isoamyt 64
50 –

193 3.02 22,100
30 Isopropyl Aniline 66 688
40 66 1170 i.yo 0,970
5o 66 ï<)30 i.6s 10,000
to Isoamyl Phenythy- 50.8 Ooï

drazine

50.8 ï75o 2.91 17,500
10 Isopropyl go.8 7t4

50.8 3370 3.32 10,700
50.8 6560 2.77 t7<90o

Temp. C.t<dyst Cène. KXto< Temp. CriM
CceBc!ent Inotentent

(E)
4. ––

s?
5~ –– –

TSs 3.as 23,600
-–

548 9.96 23,100
40 ANtUM 44 5~
5o 44 ï3So 3.68 ïo,yoo
50 i6.s 463
00 t6.s5 1190 a.57 ï~MO
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Temp. ReMtionMediom PercentYield

60 Water 100

60 Waterand Aniline 100

50 Water 97

So Waterand Aniline ïoo

So Aloohols 97

50 Alcoholsand Water 98

40 Water 9~

40 Alcohols 9S

40 AlcoholandAniline 98

40 AlcoholandPhenyihydrazine 99

30 AlcoholandAniline 96

30 AlcoholandPhenythydrazine 9~
ao Alcoholand Phenylhydrazine 89
to AlcoholandPhenylhydrazine 89
o Aniline 89

Tolman: J. Am.Chem. Soc., 42, ~506 (t~ao).

oreasedcata!ytioaotivityof a three daysold solutionover a freshsolution

sincehydrotysisanddecompositionwouldtakeplaceonstanding.

(k) The~ec< of Temperatureon theReactionRate. The data for the

effectof temperatureon the velocityof decompositionof acétonedicaf-

boxylioacidare aeeembledin TablesVIII and IX. Fromanexaminationof

the tables it willbe 9eenthat the temperatureeoeBcientalwaysdeoreases

with increasein temperatureandthat the temperaturecoeffioientfor the re-

action in a pure solventis alwayshigherthan the valueobtainedwhena

oatalystis added.
The effeotof température(T) on the velooityconstant(k) has beenex-

d!nk E
pressedby Arrheniusin the equation =' -n~'

The mtegratedfonn
d T RT=~

of this equation,E = ~T~X~ogk~
expressedin

~Z JLt

calories,wasusedto aaloulatethevaluesforE, the "oritioalincrément". The

latter is definedbyTohnan*as the differencebetweenthe averageenergyof

the moleoulesand modesof eiectromagneticvibrationwhiohaotuatlytake

part in thé reaction,and thé averageenergyof thosesameelementswhether

or not they are in a reactivestate. The critioalincrémentshouldvary but

slightlywithtemperature. Anexaminationofthe precedingtableswillshow

this to be true forany singlesolvent,auohas water,or for any one catalyst
in a givensolvent,as anilinein water or phenylhydrazinein alcohol. How-

ever,the valuesobtainedfor the critioalinorementvary greatly withthe

solventand alsowiththe catalyst.

TABLEX

PercentageYieldof CarbonDioxidefromKmeticMeasurements
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(1) Jtf~MMreMe~<~PercentageKïeM. While studying the kinetics
of the decompositionof acetonedioarboxylicaoid,it wasobservedthat the
yieldof carbondioxideobtainedwasnotalwaysevenapproximatelyequalto
the theoretical.At temperaturesof500and60°the amountofcarbondioxide
evolvedis aboutequal,withinthe limitaofexpérimentaierror,to that oaicu-
lated fromthe sampleofaciddecomposed.Thé yietdwhenthe acétonedi.
carboxyMcaoidiadecomposedin puresotvents,droppedto about93-95%at
40",but theyieldwithoatalyst,wassti!tapproximately100%. Theréaction <
couldnot befoUowedby the gasometncmethodin wateror atoohobat 30~ )
or belowbeoausethe reaotionproceededtoo stowly,but with catalysteat
these lowertemperaturesmeasurementscouldeasilybe made. The yield
of oarbondioxideat 30' andbelow,in thepresenceofcatalysts,fe!loffcon.
siderablyas willbeobservedby anexaminationof TableX, whichgivesthé
averageyieldsofseveralexperiments. r

To oheokthe aboveresuitsa seriesof experimentswasoarriedoutusing )
the foUowingprocédurein whichthe carbondioxidewasdeterminedby an a

entirelydinorentmethod. Aha!fgramsampleof aoetonedioarboxylioacid
in a hardg!a98capsulewasdroppedinto10ce.ofan isoamylalooholsolution
of theoatalystina6 X i~' Pyrextesttube. The latterwaasupportedina
thermostatat the desiredtemperatureandnitrogenwu paasedthroughit to
sweepout thecarbondioxide.Thégaseswerethen passedthrougha tubeof
calciumohloride(throughwhiohcarbondioxidehad previouslybeenpassed ]
to reaetwithanylimeorbasioohloridepresent)to removeanyalcoholvapors
whichwouldotherwisehavebeenabsorbedby the potashsolutionwhiohfol-
lowed. Isoamylatoohotwasusedbeoauseof ita lowvaporpressure(9.7mm.
of merouryat 40")sincewithethylalcoholas thé solventanappreoiableerror
was introdueedbythe absorptionof the alcoholvaporsbythe potashsolu-
tion. Tin shakingbeadswereusedto preventsupersaturationandthe tube
wasahakenvigoroustybeforethe nitrogenwassweptthroughit.

Dueto thes!ightsolubilityof oarbondioxidesomeof thegaswasretained
by the a!coho!iosolution. This waaoorrectedfor by titrating the carbon
dioxidein a similarsolutionsaturatedwiththe gasat the temperatureof the
experiment. Titrationsweremadeby addingexcessstandardbanumhy-
droxidesolutionandbacktitratingwithoxalioacidsolution. <

Theprocédurewaatestedbydeterminingthe yieldofoarbondioxidefrom
the decompositionofacetonedioarboxylicacid in isoamylalcoholwithaniline
a8thecataly9tat4o°. Twoexperimentsgavean averageof99.4%,indioating
that thé methodwassumcientiyreliable.

The lowyieldsof carbondioxidepreviouslymentionedmightbe due to E
the presencein solutionof two formsof acetonedioarboxylioacidas il!us-
trated bythefollowingformulas:

CH,COOH CHOOH

!t
CO ~=±: C-OH t

CHtCOOH CH,COOH
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The keto formof the aoidwouldbeexpeotedto reaotwith phenylhydrazine
to forma hydrazonewbiohwouldnotocourwith the enolform. If thé enol

formchangesonlyvery.slowlyto theketoform,thenthe precedingstatement

wouldsuggesta methodof determiningthe concentrationof the two forma

présent. In the kinetioatudiesmadeat 10°whenthe ratio of pheny!hydrft.
zine to aoetonedioarboxylioaoidwaa i mol to i mol,the yield of oarbon

dioxidewas89%of the theoretical,whilewhenthe ratiowas made t.s mo!s

of catalyst to ï mol ofacid,the yieldwas 05%. Henoein the followingex.

periments the ratio of phenylhydrazineto aoetonedioarboxylioaoid was

equimolecularso tbat the excessof catatyst over the amount necessaryto

react with the keto formwouldbe smal1. A largeexcessof catalyst might
causean acceterationin the rateat whichthe enolformis changedto the keto

form, or perhapscausethe decompositionof the enolform. The data ob-

tained in theseexperimentsare tabulatedin TableXI wherethe percentages

givenare the averagesof twoexpérimenta.

TABLEXI

Percentage Yield of Carbon Dioxide

Conoentration of Catalyst i Mot
a

Concentration of Acid i Mol

Temp. Timein Houre PercentYiold TimetnHours PercentYietd

o 9 9a.3 24 97.0

10 5 88.0 i8 97.3

20 4 ~9'o – –

30 3 9~.3
– –

40 i 8s.o 3 98.0

It wiUbeobservedin theabovetablethat the décompositionispractioaUy

completeif the reactionisaUowedto prooeedlongenough. The firstcotuma

of percentageyieldsgivenin the tablewas determinedafter a time interval

whichwastwoto three timesas longasthe timenecessaryfor 255/356of the

aoidto have decomposed.This latter time waaoaloulatedfromthe kinetic

measurementspreviouslymadein whiohthe timefor50%décompositionwas

observedexperimentally. The time for 75% decompositionas catoalated

fromthe timefor 50%decompositionalwayscheokedwiththe experimentaUy
determinedtimefor 75%decomposition,whichwouldseemto indicatethat

the caloulationof thé time for 255/256decompositionis valid. Moreover,
as has alreadybeen mentioned,at teast twiceas muchtime as this waaat-

lowedto elapsebeforethe yieldofcarbondioxidewasdetermined,so that the

réaction shouldcertainlyhavebeenpractieaUycomplete. From the results

obtainedit wouldseemthat about80%of.the acid,whenin solutionat tem-

peraturesrangingfromo"to 40",is inoneform,probablythe keto form,and

the remaining11%in the otherform. It is mostnketythe keto formwhichis

presentto the extent of 89%sinceit seemsmoreprobablethat the phenyl-

hydrazinewouldreact withit rather than withthe enolfonn. There is, of
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course,the possibuitythat somesideréactiontakesplacein additionto the
mainreact-ionand that the productformedsubsequentlydécomposes.This
hypothe8isseemsimprobablesinceaniline,whichcausedabout 100%decom-
positionat 40"and highertemperatures,gaveonlya 96%yie1dat 30°. Ani-
!inewasnot used in theseexpedmentsbeoause,unlikepheny!hydramne,it
isnot usedup duringthe reaction,so that afterall the keto formhad been
decomposedthere wouldbe presenta largeexcessof anilinewhichmight
catalyzethe transformationof the enolto the ketoform (or its décomposi-
tion). The meanvalueof89%obtainedinthèseexperimentsagreeswellwith
the valuesobtainedfromkinetiomeasurements.The experimentalerror is
largosothat tMavalueis onlyapproximate. Thepossibleexplanationsfor
thedecreasein the yieldofcarbondioxidewillbedisoussedin anotherpart of
thispaper.

t
1

DiscMssioa
JtfectatKMtof theReaction

Discussioa

1
r

The catatytic decompositionof acetonedicarboxyUcadd may be ex-
plainedbythe assumptionthat anunstableintermediatecompoundisformed
bytheadditionof the catalystto theketocarbonylgroupof the acid. When
phenylhydrazineand anilineare usedas catalysts,thé intermediatecorn-
poundswouldbe

CH,COOH CH~OOH

CO.H~NHCtH. COH~NOtH.

CH,COOH CH~CCOH

Thereareseveralreasonsforbelievingsuchanassumptionto bevalid.
First,the intermediatecompoundisprobablyformedby the unionofone

moleculeeaohofcatalystandacetonedicarboxyUcacid,rather thantwomole-
culesofoneto onemoléculeof theother. Thisiswhatwouldbeexpeotedona
basisofprobability,sincebimolecularcollisionswouldoccurmuchmorefre-
quentlythan termotecuiarcollisions.Furthermore,whenphenythydraane
isusedasa oatalyst,ifthe ratio ofcatalystto acetonedicarboxylioaoidis less
than onemol to one mol,only part of the acidis cataiyticsttydecomposed
sineethephenylhydrazineisusedupbya secondaryreactionwiththe acetone.
If to 50miilimobofacetonedicarboxylicacidperliterof isopropylalcoholat
10°concentrationsof so.8,60.9,and 76.2millimolsof phenylhydrazineare
added,the velooityconstants(K X io<)obtainedare 714,730,and 737,re-
spectively. This indicatesthat, in thecaseofphenylhydrazine,the ratioof i
molof catalyst to i molof acid is required,sincegreaterconcentrationsof
oatalysthave very littleaddedeCectandsmallerconcentrationsdo notgive
completedécomposition.Finally,accordingtovon Pechmannand Jenisch,'
acetonedicarboxy!icacidand phenymydrazinereact to fonn a hydrazone
of the formulaCeH,NHN:C(CH,COOH)t.The twomoleculesundoubtedly
firstforma complexwhiehthon losesamoleculeofwater.

1vonPechmaMandJeniech:Ber.,24,~s3 ('8?').
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Onexaminingthe formulafor acetonedicarboxylioacid,it willbe ob-

servedthat thereare three oarbonyloxygenatomspresent,numberedI, II,

and III in the fouowingformula:

HO 0' OH

"0:CH,C-C-CH~C:0"'

ThosenumberedII andIII arealikein that they areassoeiatedwithan aoid

carboxylgroup. Sincemostofthe catalystsusedarenitrogenbases,it might

besupposedthat the intennediateoompoundformedisa salt,dueto reaotion

ofthebasewithacidcarboxylgroup. However,a studyofTablesIII andIV

wiUshowthis hypothesisto be untenablesincebasesof thesamestrength

showfar différentoatalyticaotivity andoonveMety,substanceswhiehare

activecatatystsvary in baaiostrength. Moreover,eulfanilioacid is a fair

oatalystandyet it isacidicin reaction.

Thereis onemorereasonfor believingthat thé intermediatecompound

formationtakesplaceat carbonyloxygenI, rather than II orIII. Tschetm.

zeff,'froma studyof heatsof formation,bas shownthat the secondaryva-

lencesofcarbonyïoxygendecreaaein strengthin the ordergivenin the fol-

lowingcompoundsofvanousstructures:

(i) Hs. )C=0 (2)
R\ X!=0

(3)
P\ ~C=0H~ H Ri

(4)H~~C=0
(5) H(X.>C=0

(6) CL.>C=0

(4) u~

0 0
(5)

0
cl

= 0

HO~ H(X C~

Theketonegroupin acetonedicarboxylicacidwouldcorrespondto type (3)

andtheaoidcarboxylgroupato type (4),hencethesecondaryvalencesof the

formerare stronger. Ofall the catalyststried onlythoseareactivewhich

containthe NHt group. Thosecatalystswhicheontainthe secondaryNH

groupor the N groupareweakcatalysts. Tsche!inze6'hasa~soshownthat

the secondaryvalencesofnitrogenare strongestin primaryamines,weaker

in secondaryamines,andweakestin the tertiaryamines. It wouldseemthen

that the intermediatecompoundformationis due to the attractionof the

seopndaiyvalencesof thenitrogenof the catalystforthe seeondaryvalences

of thé carbonyloxygenofthe acid. Sincethe secondaryvalencesof the keto

carbonyloxygenare strongerthan thoseofthe acidcarboxylgroupoxygen,

the intermediatecompoundmustbe formedat theformer. Purthermore,in

the caseofoatalystswhichcontain the secondaryor tertiaryaminogroup-

ing,thésecondaryvalencesareweakerthan in theprimaryamines;hencethé

formerareweakcatalysts. It wiUbe remembered,however,that urea (NH,

CONHI)wasa weakcatalyst and yet it containstwo aminogroups. The

'hehe)inMe:BuH.,3?,!8t (!995).
Tbohe!i!Meff:But).,3?,t76(t9'5).
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probablereasonfor this is that the aminogroupsare alreadyunited with a
carbonylgroup and the secondaryvalencesofthe two nitrogen atoms and
the oxygenatomhaveformeda stableconfiguration.

Theformationofan unstableintermediatecompoundwouldalsobe pré. idictedonthe basisofthé theoryofmolecularoombinationsproposedby Mar-
tinet and Bomand.1 Theydivideorganiccompoundsinto "acidoids" and
"basoids,"thé formerbeingchromophoresor substancesconstitutionaMy
unsaturatedand containingsuohgroupaas CO,CN, N0,, etc., whichare
charaoterizedby the presenceof multiplevalencebonds,while the latter
are auxochromesor substancesatomioallyunsaturatedand cootain such J
groupsasOH,SH, NHs,etc. Themoleculesare assumedto be polar andthe
fieldsofelectricforce,whichare centetedin the charactenatiogroups,are
responsiblefor the e!ectnoatattractionwhiohbringsthe acidoidand basoid
into a oomplex.Acetonedioarboxylioaoidwouldbeolassedas an acido!dand
the catalystsand alcoholsusedwouldfaUin thé groupof basoids. This
theory,however,doesnot indioatetherelativestrengthsof the variouscata-
tystsasweUasthetheoryofTsohelinzec.

varlous
<

Theinstabilityofthe intermediatecompouadisbestexplainedby reoourse
to thé eteotronicconceptionof matter. Ashasalreadybeen indioated,the
formationof the intermediateis due to thé attractionbetweenthe partial
valencesofthe nitrogenofthé catalystand theketo oxygenof thé aoid. In 1
termeofelectronsthiswouldmeanthat the nitrogenandoxygenatomstend
to shareelectrons. This sharingof the electronswouldprobabtycause a ?
shiftingof the electronsthroughoutthé entirechainof carbonatomsin the
acid andresult in a strainedconditionof the moleoulewhichsubsequently
causesits decomposition.

Themechanismofthe decompositionofacetonedioarboxylicacidalready
outlinedmay be extendedto its decompositionin pure solvents. In pure
anilineat o" the aciddecomposesina fewminutes. The decompositionin c
waterandaîcohobat 40and 50"isverymuohslowerthan in anilineat o".
Likewise,accordingto Tschelinzeff,the partialvalenceof nitrogen in the
aminesis muohstrongerthan that ofthé oxygenin the aicohots,whichis in
accordwiththeobservedvariationsin thevelooityofdecomposition.Again }the intermediatecompoundwouldbeexpectedto beformedat the keto oxy-
gen sinceits seoondaryvalencesare strongerthan thoseof thé carbonyl
oxygenin the carboxylacidgroups.

AUthealooholsmightbeexpectedtogiveapproximatelythe samevelocity
constant,but thisis notthecase,as isshownbya glanceat Table I. Further <
studyrevealsthefact that thévelocityconstantishigherforthe normala!co- o
holscontainingan oddnumberof carbonatomsthanfor thosewithan even
numberofcarbonatoms. Alaothe velocityconstantinoreasesin goingfrom
an alcoholof loweroddor evennumberedoarbonatomsto the next higher
alcoholofoddorevennumberedcarbonatoma,respective!y.This isinaccord
with théhypothesisof Cuy' whoassumesthat thecarbonatoms in a ohain

M~tinetandBornand:Rev.gen.aoi.,M,659(tg~).C<)y:J.Am.Chem.Soc.,42,so3(t9M).
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have a natural tendencyto appear altematetypositivelyand negativoly

oharged. Asa result,carboncompoundscontaininganoddnumberofcarbon

atoms wouldbe expeotedto formonohomologousseriesandthose with an

evennumberof carbonatomsa secondhomologousséries. Thismayexplain

thé variationsin the physicalpropertiesofsuchhomologousseriesand alao

the variationin theratesofreaotionobtainedin thiswork.

TheMmaybesomeobjectionto the hypothesisthat thealcoholformaan

additionproductat the ketogroup,sincean alcoholandanaoidwouldordi-

narilybeexpeotedto forman ester. Thisobjectionmaybemetin two ways.

In thé firstplacethedi-ethylesterof acetonedioarboxylioacidis verymuch

morestablethan theaciditself. Seoondiy,to makethisesterthe mèrebring-

ingtogetherofthealcoholand theacidisnotsufficient;theanhydrousalcohol

must bo saturatedwith dry hydrogenohloride. Accordingto Tschetinzen,

strongminéralacids,suohas hydrogenoMoride,wouldbeexpectedto addto

carbonyïoxygen. In the preparationof theesterthen,thehydrogenchloride

may first add at the keto groupof the aoidwhiohwouldleavethe weaker

carboxylgroup for the alcohol. On the additionof waterto the reaction

mixturethé hydrogenchloridewouldbeset freeagain. Suchan explanation

as the abovewouldholdonlyif it isassumedthat thehydrogenchlorideaddi-

tion compoundisstable. That this assumptionis validisshownby the ex-

perimentallyobservedfaot that hydrogenchloridedecreasesthe velooityof

decompositionofacetonedicarboxylioacidinwater. Fromthestandpointof

the sharingof électrons,the formationof the hydrogenchloride-acetonedi-.

oarboxylicaoidcomplexwouldcausea shiftin theelectronssothat thestrain

whichisnormallypresentin the moleoulewouldberelieved.

The hypothesismaybeextendedto explainthe enectofsaltson the rate

of decompositionin aqueoussolution. It willbe rememberedthat the rate

of reactionwas determined,not in purewater,but in watersaturated with

carbondioxide. Thecarbonieacid presentwouldbe expectedto causethe

reactionto prooeedslowerthan inpurewater,justashydrogenchloridedoes,

but to a smaHerextent. The additionof slightlybasicsaltsdecreasesthe

hydrogenion concentration,hencedecreasesthe retardingeffectof the acid.

Qualitativeexperimentsindicatedthat the hydroxylionwouldhave been

foundto bea positivecatalyst if the experimentscouldhavebeenconducted

in alkalinesolutions.

The intermediatecompoundtheory proposedmay be extendedto the

catalystsusedin anilinesolutionsand alsoto explaintheeffectofcolloidson

the reactionrate. Starch,it willbe recaUed,had noeffecton the reaction

rate, whiehagreeswiththe workofPray' but iacontraryto the observations

of Findlayand Thomas.' However,the other coUoidsusedwere protein

produots;hencethey wouldbe expeotedto oatalyzethe reactionbecauseof

the presenceof theaminogroupsin theirmolecules.

1 Pray:J.Phya.Chem.,30,!48a(t9~6).

Fimdl&yandThomas:J.Chsn.Soc.,12S,~44(t9<4)-
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Accordingto Matièreand Lumière,' chemicalcatalysts, that is, those
whichformintermediatecompounds,decreasethe senaitivenesaof the re-
actionto temperature.Thisis in agreementwith the résultaobtainedwith
anilineand phenylhydrazine,bothstrongcatatyste. Thèsecompoundsgave 1lowertemperatureeoenicientstbamwereobtainedwithpuresolvents. 1:
P~-cem~eYieldofCarbonD:'0!M<~

In commentingonthe percentageyieldsof carbondioxideobtainedfrom
the décompositionofaoetonedicarboxytioacidat temperaturesbelow40",it
waspointedoutthat a possibleexp!anationfor theselowyields(about80%)
is that the acidMprésentinsolutionin twotautomerioforms-the enoland
the keto forme. Theketoformwouldbe expectedto reaotwith a catalyst, )likephenythydraNne,whiletheenolformwouldnot,and if the rateofchange ¡of the enolto theketo weresmaU,the percentofthe twotautomerioforma
couldbe caleulated.The structureof acetonedicarboxylioaoidis analogous s
to that ofaceto-acetioacid,sothat the assumptionofan enoland ketoform <
isa possibiHty.Furthermore,ferrieeMoridegivesan intensevioletcoloration
toan aqueoussolutionofacetonedicarboxylioacidwhiohiasupposedto bea
test foran hydroxycompound.Thislast observation,however,is nota eure
indicationof the presenceof the enol formin solution,sineethe coloration
mightbe broughtaboutinsomeotherway.

ProfesserHomerAdkinsof thislaboratorybas pointedout that there are
at leastthreeotherpossibleexplanationsfor the decreasein percentageyield )
to 89%orfortheslowdecompositionof the tastn ofacetonedioarboxylic
acid. Fromthéavailabledatait isimpossibleto saywhiehofthefourpossible
explanationsiscorrect,althoughtwoofthemseemhighlyimprobable.

Theslowdecompositionofthe last ï i ofacetonedicarboxylieacidmay
bedue to a poisoningofthecatatystat the lowertemperatures. Thispoison-
ingof the catalystbecomesnegligibleat higher températures,so that ap-
proximatelythe theoreticalyieldis obtained. Thisexplanationseemaun- )
tenable,however,whenit is observedthat there issnoba sharpbreakin the r
reaction,approximately89%of the acetonedioarboxylioacid decomposing
rapid!yandtheremainderverystow!y.If the catalyst werebeingpoisoned, 1a graduaifallingoffin theréactionrate wouldbe expected. 1Thé resultsobtainedmightaisobe accountedforby the assumptionthat
the activemassof the acétonedioarboxylicacidmaynot have beenwhat it
appearedto be. Theve!oeityconstantswerecalculatedby assuming"a" in
theformulafora monomolecularreactionto beequalto the numberofce. of (
gasevolvedwhenthe reactionappearedto becomplete. Anyerror in "a", ¡wouldcauseanerror in the calculationof the time necessaryfor 100%de- L
composition,and the ealculationof the percentsof the tautomericformais
basedonthe assumptionthat thereactionbashad timeenoughto goto com-
pletion. ThiserrorwouldseemtobeamaU,however,as it makesa difference
ofon!ytwominutesin the timeofha!fHfeat io". FivehourswereaUowedto
eJapsebeforethe percentageyieldof carbondioxidewasdeterminedat 10°,

MatièreandLtuni~re:Ann.Phya-,tt, 53(!9t9).
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whichwasalmostfourtimesthat requiredby oalculations,Mthat anyerror

in the assumptionoftheactivemassofaoetonedioarboxylicaoidshouldhave

beenmorethan compensatodbythélargeexcessof timeallowed.

The fourth possibleexplanationfor the extremelyslowdecompositionof

thé last n of the acetonedicarboxylioacidismoreprobable. Lowertem-

peraturesmay favorthe formationof saltsrather than the ketoneaddition

compoundsformedat higher températures. The assumption that these

salts are formedto thé extentofabout tt and that they décomposevery

stowlywouldaooountfor the resultsobtained.

Thua, whilethe percentageyieldsmaybe interpreted by assumingthe

présenceofthé tautomericenolandketoforms,anotherexp!anattonispossible.

The writerwishesto expresshisappréciationof the kindly interestand

helpfulguidanceof ProfesserJ. H. Walton,underwhosedirectionthis work

wasperformed.
SUIDIIIaIY

i. The decompositionof acétonedicarboxylioacid is a reactionof thé

firstorder.

2. Thereaotionrate ispracticaMyindependentof the nature ofthe walIs

of the reaotionSaak.

3. Acetone,a productof thé decomposition,has practioatlynoeffecton

the velooity.
4. The velocityof decompositionbas beenmeasuredin water,aniline,

and variouaalcohob.

5. Theeffeotof catalystsdissolvedinwater,aniline,and aloohobon thé

reaotionratebasbeendetermined.

6. Observationshâvebeenmadeof the effectof hydroohloricacidand

varioussaltson the rateofdecompositionin aqueoussolution.

7. Theeffectof colloidson the velocityofdecompositionin water has

beenetudied.
8. Températurecoomcientsfor the variousalcohols,for water, and for

catalystsin alcoholsand waterhavebeencalculated.

9. Measurementsof the completenessof the décompositionin various

solvents,with andwithoutcatalysts,havebeenmade at températuresrang-

ingfromo"to 60".

lo. Amechanismfor thé réactionbasbeenproposed,postulatingthé for.

mationofan unstableintermediatecompoundof the formula

CH,COOH

CO.Catatyst

CH,COOH

ïï. The possibleexplanationsfor the deoreasein thé percentagedecom-

positionof the aoidwithdeoreasein temperatureare discussed.

f~tom<M-~<~OeMMtCt<M<<
~tfMMtaaft~tMMMta,
AfadttMt,tftM<MM<M.



THE SECONDLAWOF THERMODYNAMIC8IN CHEMISTRY

BY R. C. CANTELO

Thé SecondLawof Thermodynamicsis oneof the most preciousof the
lawsofchecaistryas weUas of the other sciences. Its statement, however,
is usuallysuchthat its fundamentalnature in chemistryis conceated.Such
expressionsas: Heat of itsetfcannotflowfroma lowerto a highertempéra-
ture theentropyof an isolatedsystemtends atwaysto increase;themathe-
matioalexpressionderivedfromCarnot's cyo!e;and even the morereadily
graspedidea that in equilibrium,the freeenergyis a minimumat constant
temperatureand pressure;do not reveal themselvesas of importanceto
chenucatscience.

The fundamentalidea of thé SecondLaw is given by the statement:
Heat cannotbe convertedinto workwithouteompen<oM<M;and fromthis
expressionof the Law,fouowa!Ithé ideasas expressedabove.

Thereare two possiblecases:
i. Heat is convertedinto work at constant temperature, i.e.,an iso-

thermalpmcessby whichheat is convertedinto work. What is the compen-
sation? Thiscan best bemadec!earby exampîes.

(a) A compressedperfect gas expands isothermaUyand doeswork.
Thé initialstate of the gasmay bedefinedby the equationf(m,T,V,,)= o,
and the finalstate by f(m,T,V):,)= o, the resultbeing that heat basbeen
convertedinto an equivalentamount of work, but this energy changebas
beenaecompaniedby a changetMstateof the gasitsetf.

(b) Isothermalevaporationof a liquidagainsta pressurelessthan its
vaporpressure.

Againwemay deSnethe initial and final states by the équations:

f(mt,m,,T,V)= o

f(mt omt~tn:+ dmsT,V + dv) = o

Againa changein state is the compensation.
(c) Finally,considerthe isothermalproductionof e!eotrioityby means

ofa voltaiccell. Weconsiderthat the eleotricityisproducedas a resuitofa
chemicalchange,whichis itselfthé summationofthe twoelectrodereactions,
the chemicalchange beingaccompaniedby an evolutionof heat or heat
is absorbedfrom the surroundings. Here again we have a simultaneous
productionof energyfromheatanda changein state.

So that, from expérience,we may say that an isothermalprocesscan
convertheat into workonlyif that isothermalprocessbe accompaniedby a
changein state. This may be ca!ledconvenientlythe First Half of the
SecondLawof Thennodynamics.

Sincean isothermalprocessmust be accompaniedby a changeof state,
it followsat once that an isothermalcyclecannotconvert heat intowork.
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Acycleinvolvesnochangeinstate. If it werepossiblebysuohanisothermal

oyoleto converthoat into work,we could (to use thé o!assica!example)
utilizethe heat of thé oceanand convertthis immensereservoirof heat into

usefulwork. ThefirsthaKofthe SecondLawsays that this is impossible.
Such perpétua!motion obtained from an isothennat cycle bas been

caUed"perpétuâtmotionof thé secondkind." Hence,the statementofthe

SecondLaw found sometimes:"Perpetual motion of the secondkind is

impossible."
Fromthe First Half of thé SecondLawanses also the conceptof a re-

versibleprocess. Forexample,the expansionof a perfectgas fromstateA

to state B maybecarriedout insuoha waythat a definitemaximumamount
ofworkcan beobtainedfromit. Nowsincework cannotbe obtainedfrom

heat by meansof an isothermaloycle,it wiUrequire as a minimumamount
ofworkto restorethe gasfromState B to StateA, a quantityofworkequal
to the maximumobtainedby the expansion. Otherwise,if it werepossible
to return to the originalstate by expendinga smalleramountof work,the
differencewouldbe gainedas usefulworkbymeans of an isothermalcycte.
This is contraryto experience.We donne,therefore,a processas reversible
if the maximumamountof workis obtainedfromit, or the minimumis ex-

pendedonit. Otherwisetheprocessis irreversible,andhereagainexperience
basshownthat all naturaUyoocuringspontaneousprocessesare irreversible.

Consequentty,the work-producingpowerof the universe (as weknowit) is

continuallydeoressing;for to restorethingsto their originatstato, wewould
hâve to expanda greateramountof work than can be obtainedfromthe

irreversibleprocesses. This Mthe idea containedin the Prinoipleof the

DegradationofEnergy,sometimesgivenas a statement of the SecondLaw.

Now,sinceany definitechangein state iscapableof producinga definite
maximumquantity of work,a quantity that ia never exceededno matter
whatthe processbe by whiohthe changein state takesplace,wemaysay
that a systemin a givenstate posseasesa definiteoapaoityfor doingwork.
It bas a definiteworkcontent,A, and this changesby a definiteamountin

goingfrom an initial to a finalstate, whereits work content is A:. Then

A, At is the maximumworkobtainableby thé changein state fromstate
i to state a.

A, Ai,= -AA = WR,

whereW~representsthe reversiblework,and we may write whereWrep-
resentsthe workobtainedbyany process:

W = –AA for a reversibleprocess
W < – AA for an irréversibleprocess
W> AA NEVBB

Sothat a mathematicalexpressionfor the FirstHait of the SecondLawmay
begivenaa –AA = W~.

The secondcasewe have to consideris that in whichheat is con-
vertedintoworkandis accompaniedby nochangetMa(a<e,i.e., the casewhere
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wehavea oyole,and obviouslyfromthe FiratRalfof the Law,this cycle
cannotbe an isothermalone. What is the compensation,therefore,when
béatia oonvertedinto workby cycle wMchisnot isothermalthroughout?

Againfromexperience,we6ndin thiscasethatalwaysa certainamount
ofheatmaybe taken up at a giventempérature;a partof thiabéat maybe
convertedinto work, but the remainderof it mustbe givenup at a lower
temperature.Thisrejectionat a lowertemperatureofpartofthe heat taken
upat the higheris the compensation.

This casefindsits mathematioalexpressionin the familiarformderived
bymeansofa Camot orothercyole:

Qt-Q. BW~ Tt-T,
Q' Qt Tl

Therejectionof thequantityofheatQ<at the temperatureT, isthe compen-
sation.

Thetwohâtéesof the lawmaybeconsideredtogetherbeetinthe foUowing
form:

FM-stHa~
AnM~Aen~cycle cannotconvertheat intowork.
Conaidera proceasin whichthe workingnuidis an idea!gaa. Camot'a

theorembasshownthat the conolusionsdrawnwithan idealgasas working
fluidwillholdindependentlyofthe materialused.

Thenfora perfectgas,the changein internatenergyisgivenby:

dU = ~U/yr.dT + au/~r.dv -t. ~U/op.dp.

and3U/ov = o, au/~p = o, and fordT = o,dU o.

i.e.,foran isothermalproeess.
Nowconsideran isothermalproceM1inwhicha gasexpandsfromAto B.
TheFirst Lawsays:

AU – Qt +W1 and foran isothermalprocess
– AU = o

.Qi =W,

Considorthe isothermalprocessII in whiohthe gas is compressedB to A.
Againbythe FirstLaw:

o=.Q,-W<orQ,=Wt

ThenQt Q, =- W. W<by the First Law. Nowthe SecondLawapplies
and says that Q, Q<,=.W1 W;>o, i.e., wecannotabsorba quantityofHeatQtat a temperatureTi, andbyreversingtheprocessgiveupa smatter
quantityof heat QIat the temperatureTi, therebyconvertingthe quantityofheatQ) QIinto the equivalentquantityof workWi WIat the con-
stant températureTi, or an isothermalcyclecannotconvertbéatinto work.

AgainQt Q, =. Wi W~oo
but Qt Qt = Wi W:may=. o
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andifWl W:*=o,Wt W, andthe processiareversibleandWt maxi-
manworkdoneby the systemgoingfromAto B; andW: is the maximum
amountof workthat muetbe doncon the systemto restoreit fromB to A.

The SecondHalfofthe SecondLawisas foUowa:

If weallowtheexpansionA to B to takeplaceisothermattyat a higher
temperatureTt againfor processi at Ti, Qt = Wt.

If weconsiderthe proeessB to Ato take placeat lowertemperatureT,, for
processa

Q.=W,

Fromthe FirstLawasbeforeQI Q, = Wt WBandthe SecondLawnow
saysQi Q. Wi W, can be >o i.e. Q,,oanbe greaterthan Q,,or we
oanabsorba quantityof heat Qiat the highertemperatureT,, andthen re.
versingthe proceœcan giveup a smaUerquantityof heat Q<at the lower
temperatureTe,therebyconvertingthe quantityof heat Q. Q, into the
equivalentquantityofworkWt W~.

Sofar wehave beenable to correlateseveralof the expressionsfor the
SecondLawwiththefundamentalat&tement:Heatcannotbe oonvertedinto
workwithoutcompensation.It remainsto shownowthat thoseexpressions
involvingthe ideasofentropy,and of freeenergya!sofoUow.

The expressionQt Q, = SW = Q, bas alwaysbeenderived

by the use ofa reversibleoycle,and it is shownin elementarybooksupon
Thermodynamicsthat fora reversiblecyoleQi/Tt+ Q</T, = o,andthat fora
cycleinwhichthereis anelementofirreversibUityQt/Tt+Q;/Ti <o. Further
it is shownthat for any cycHcprocessinvolvingonly reversibleelements
S Q/T =o, orforaproceMconsistingof innnitesimaléléments Q/T=' o.Then

0
fora cyoleconsistingofthe changeinstate AtoBbythe pathACB followed
byohangeinstateBtoAbythepathBDA, .Q/T=o.0

Thismaybebrokenup intothe two partsaafollows:

/(TL~(ïL-

O

o

Q /T

A
T AOB

B
~rr~BD

0

i.e.

~TL-/(ïL-

O

A A

Or
/Y~ = /Q~

<

A
\TAoB \TADB

i.e.
thé

valuef Q/Tdependsuponthe initialandfinal state8atone.

Q/T = 83 SAwhereSbasbeencaUedtheentropyofthesystemia the
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givenstate, and d8 fromthe aboveiaseento beanexactdinerentia!.Again
it basbeenstated that fora cyo!ewhichinvolvesanelementofirrevorsibuity
S Q/T < o, or Y Q/T< o,i.e.in suoha cyclethe entropyof thesystembas

decreased.

Supposenowthat wehavea cyc!icprocessmadeupofthepathsAB C,C
D A,whereA B Cisan tn-eeerNt6!echangeinetate, andC D Aisa reversible

path. ThenforthewholecycleV Q/T< oandforthé pathCDA,a

~=8.-Se.
J T=sA-sc.
c

ForthepathABC.
c

~=/§-~and/~
c

/'Q
= Se s~-

C

or
< A S

A

orQ/T < dS i.e.TdS> QorTdS = Q+ f where8 = somepositivequantity.
Nowforan isolated~atemQ = oaswellasW,i.e.an irreversiblechangeinan
isolatedsystemis alwaysaccompaniedby an increasein entropy. In some

way,the systemitselfgeneratesentropy. This isimmediatelyreeognizedas
anotherstatementof the SecondLaw.

It maybeehownnow,quite readily,that the spontaneoustransferofheat
froma hotter to a colderbodyis an irreversibleprocessandas such is ae-
companiedby an increasein entropy. Fromthé fact that this is an irre-
versibleprocessfollowsat oncethewell-knownstatementofthe SecondLaw;
Heat cannotof itselfpaaafroma colderto a hotterbody.

ThemostgeneralexpressionfortheSecondLawnowbecomesSU T8S
p$V,wherethe equalityaignappliesto reveraiMechangesin an isolated

system,and the inequalityto irreversibleprocesses;and in addition this
equationappliesto a systemof invariablemass.

Nowinthe scienceof chemicalthennodynamics,wefindourselvesat once
at variancewith otaasioatthermodynamica,for chemicalprocessesdo not
occurin isolatedsystems,but in systemssurroundedby a médium(e.g.air,
the containingvessel,etc.). It isnecessarytherefore,to extendthe equation
SU 5 TS8 – pW beforeit oanbeusedsaccessfuUyinohemistry.

Ourextensionis, that the systemplusthesurroundingsconstituteau iso-
latedsystem. Thenif S bethe entropyof thesystemand Sothat of the sur.
roundings,and if wealsoassumethat all changesin the surroundingstake
placereversibly,therelation<S+ SS. 5 oholds.

Thenif in an inSniteaimalstageofa prooessthe heat q is absorbedfrom
the surroundings,fromthefirstlaw,8U= q pSV.
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Againthe increaseinentropyof the surroundingsSS. = q/T

S8 o orfromthe equationfor the firstlaw.
?

ë o

or SU ë T<8 pSV,anexpressionofexactlythesameformas wehaveob-

tainedaboveforan isolatedsystem.
Now it is quite possibleby suehdevicesas the van't HoffEquilibrium

Boxand semi-permeaMemembranes,to bringaboutour desiredchangesof

state reversibly,so that wemay dropthe inequalitysignand writeour tiret

fundamentalequationofchemicalthermodynamicsas

SU = TSS p<V,

fora systemof invariablemass.
Nowtheenergyofa systemmaybeexpressedU = f(StVtm),m: M).)

andforany reversiblechangeinstateforwhiohthecompositionof the system
remainsinvariable

eU = TaS pSV.

Nowit is possibleto changethé entropy by thé additionor subtraotionof

heat, the volumemay be alteredby work doneon or by the system,both

types of changesproducingcorrespondingchangesin energy. It is possible,
however,to inoreaseor diminishtheenergy,entropyandvolumeofthe system
simultaneoustyby increasingor diminishingits mass while the internat

physicalstate as determinedby p andT remainsthe same

Thenfora changeinmassdmforany oneofthe componentswewrite

dU=8V+U.dm
dS-M+S.dm

dV=oV+V<,dm

andsolvingfor SU,S8,~Vand substitutinginouroriginalequationSU TSS

pSVweobtaindU = Td8 pdV+ (Uo TS. + pVo)dm. whereU.,
8., V. represent the energy,entropyand volumeof unit massunder the

specifiedconditionsof temperatureandpressure
Nowletting U. – T8. + pVo Gibbschemioalpotentialfor the sub-

stance, wehave finally
dU = TdS pdV + p dm

The générâtequation,then, extendedto any numberof independently
variable components becomes,

dU TdS pdV+ dm, + dm<+ + ukdmk

This equationbas beenof fundamentalimportancein chemistrybecause
ofthe variety offormsintowhichit maybe transformed.Forexample,

dU-Td8=-pdV+~dm,+~dmt+.
If T and V are constant

dU TdS = Sjttdm.
or d(U TS)T,v= S~ndm

The functionU TBhas beencalledthe FreeEnergyFunetion,but is
knownin this countryasthe workfunction,orworkcontentA.
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Now Ai~Ut-TS,
A, = U< T8,

Thereforeifbya reversibleproeesswegofromstate i to state
At A;= (Ui Uo)+ T(S, SJ

=-AU+Q-WR
a conclusionwhiohwehad reachedfroma fundamentalconsidérationof thé
SecondLaw.

Againourfundamentalequationmaybe put intothe form.

dU-TdS+pdV=~dmt+~,dm,+.
For constanttemperatureand pressure.

d (U TS + pV)ru, = S~ndm
and the funotionU TB+ pV hasbeenknownas the thermodynamiopo.
tential, but in this countryis knownas the freeenergyfunctionF. Since
dAand dF are exactditferentiab,A and F are functionsof thé stateofthe
ayatemonly. This meansthat -AAand -AF are independentof the
path bywhichthe procesaiscamedout. Evidently

Ft F, = -AF= Ai A, + pVi pVi:
-=–AA pAv
= WR pAv.

SiacechemicalreacHoasare regaJarlyoarriedoutat constanttemperature
andpressure,this functionhasfoundreadyapplicationin chemistryaswiUbe
shownbelow,

F~Ut+pV,-T~
F,=U,+pV,-TS,.

Ft Fa = (Ut U~+ p(Vi V:)+ T(8, SJ
= AU+ [TAS pAV]
= o

sinceAU =-TAS pAV fora finitereversiblechangeat constanttem-
perature and pressure,but fora finiteirreversiblechangeat constanttem-
peratureandpressure,TAS – pAV > AU

Fi – F: =' S,somepositivequantity.
Foran irreversiblechange(- AF)T,p> o.

And in this we havea criterionfor an irreversibleorspontaneousprocess.
This isofsupremeimportanceto thechemistforin thisquantity (- AF)ï,p
>o, he has a criterionas to whichofbis reactionswiUgo, a criterionas to
whichreactionsmaypossiblybecatalyzed,and, moreimportantstiH,a quan-
tity whichwillenablehim actuallyto calculatehis equilibriumconcentra-
tions.

Againhe bas in this quantitya criterionof physicalor chemicalequiiib-
rium. For, imaginea systemin equilibriumto undergoan inBnitesimauy
mall reversiblechangefrom equilibriumat constant temperatureand
pressure,

Then (dF)~~ = o

Againwe have seenthat

U=f(8tVimt,m,m;.)
Then dU=TdS-pdV+~dmi+~,dn!,+.
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and dU-aUd8+aU.dV+~Udmt+aU~dm<+
98 as amt ~m:

whence T=f)U,p= -J~U.
? ~V amt

NowU is a homogeneousfanotionof the first degreein S, V, ml, m~,m<
.mx.

ByEu!er'sTheorem

U=8~U+V~U+mt~U+m,c'U_+.
as av amt amt

and thereforefromthe relationsgivenabove

U=T8-pV+~mt+~m:+.
Differentiating

°

dU TdS + SdT pdV Vdp + dm,
+ mtd~ +1<:dm: + m:d~i+

0 = SdT – vdp+ mid~ + o~ d~t+

Again F=' ~ïnt+~m:+~tmt+.
dF == dmt+ mid~ + dm:+ mad~ +.

dF == SdT + vdp+ dmi + dm..
whenee mt d~n + m<d~ +. <= Vdp SdT.

CollectingouréquationsinvolvingF. wehave,
For equilibrium,(dF)'r,p= o.
For a finitereversiblechangeat constantT and p,

-AF=o
For a finiteirreversiblechangeat constantT and P

AF -> o

Again (dF)T.p= S ~dm.
and mid~i + m: dps+ = Vdp SdT.

By an applicationto chemistryof thèse equations,obtainedultimately
fromthe First and SecondLawsof thermodynamics,suchvariedexpressions
as the foUowingmay bederivedreadily:

Thé MassActionEquation,the PhaseRule, thé Equationsfor the Cot-

ligativePropertiesof solutions,the Clapeyron-ClausiusEquation,the van't
Hoff Isotherm and Isochore;the electromotiveforcesof voltaic cells,the
variationof the equilibriumconstantwiththe temperature,the fugacityand

aotivityrelations,etc., etc., andoflateyearsit bas beenpossiMeto oaloulate
tablesofstandardFreeEnergiesofFormation(StandardAffinityTables.)

Thus fromthe fundamentalstatementof the SecondLaw:"Heat cannot
be convertedinto workwithoutcompensation,"wehave ledourselvesfinally
to the familiarlawsofphysica!chemistryand of chemicalthermodynamics.

Depar<men<<~C/~o)ttS<
MR<Mt't<)[y<~C&tc<tttMM,
CnM!tMM<OAte.
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THE OXYGENELECTRODEASAQUASI-QUANTITATIVE
INSTRUMENT*

BYWtLUAMT.MCHARDS

Beforetots thé thermodynamicvalueofthe hydrogen-oxygenohainhad
beendennitetyfixedas t.23 voltsby indirectméthode,and the attempt to
obtain reversiblepotentialswith the platinum-oxygengas eleotrodehad
beenabandoned. ONiyreoentlybas interestin this electrodebeenrevived
froma morepracticatpointofview,and littleornotheoreticaldiscussionbas
accompaniedit. Furman"andRidealandGoard*andothers'have,however,
demonstratedthat the instrumentis ofsomepracticaivalue.

It is withthe hopeof extendingthe rangeofusefulnessof this electrode
in analyticalworkfor the déterminationofhydrogen-ionaotivitiesandthe
partialpressureof oxygeningaseousmixturesthat the presentcommunica-
tion ispresented. Theresultsgivenhereinareessentiattya condensedversion
ofone-fifthofa thesissubmittedto the DepartmentofChemistryofHarvard
Universityinpartial fumihnentof the requirementsforthe degreeof Dootor
of Philosophyin May 1924,and were for the most part obtainedin the
WotcottGibbsLaboratoryunderthe supervisionof ProfesserT. W. Rich-
ards. They were intendedto substantiatea theoremwhiohit waafound
necessaryto abandon,and havenot beenpreviouslypublishedbeoausethe
writerdid not considerthemof gênera!interest. Nopriorityis otaimedfor
that part of the workwhiohhas beensubsequentlyand muchmore com-
pletelyinvestigatedbyothers. In orderto preventthepaperfromassuming
theproportionsofa Gargantuawithoutthevitalityofthat engagingcharacter,
it basbeennecessaryto suppressboth a lengthyhistoricalintroductionand
manynumericaldata. Anyone to whomthesemay be of use mayobtain
themeither fromthe filesof HarvardUniversityor bypersonalcommunica-
tionwith the author.

Referencesto the literaturewill be confinedonly to thosemost olosely
touchingthe workinhand and,to avoidduplicationandconsequentwasteof
space,be quotedlargelyin thefinalexpluatory section. Manywhichhave
beennecessarilyomittedmaybefoundin thepapersof Sohoch''or Furman."°

ContributionfromtheChemiettLaboratoryofPrincetonUnivemity.1 NernstandvonWartonberg:Z.phyNk.Chem.,56,534('906);Nachr.hgLGes.Wim.,
GCttmgm,MM,35; I~weaatem:Z-physik.Chem.,34,715(1905);vonWartentMtg:tM<<
5~ 5ï3(t9o6);LangmuNf:J. Am.Chem.Soc.,28,!357:Lewia:tM(t9o6);Bottger:Z.
phyak.Chon.,4&Mt (1903),NoyeaandXchr:42,336(!903):B~nsted:65,84,744
~S~~= J. ~Chern. 565 d9i3)!Lewë:J.Am.Chem.'a.c:,2~
15"(!9o6);Z.physik.Chem.,SS,465(t9o6).

Funaan:J.Am.Chem.Soc.,44,~5 (t9<a);Trans.Am.Etectrochem.Soc.,43,79
(r9a3).

GoMdandRideal:Trans.FatadaySoc.,M,740(toM).
Britton: J. Chem.Soc.,1M t~ ~4);t27, t896~5)! MO,t47(i9='7){Smithand

Œeay.J.Am.Phann.Assoc.,12,85:(t993);TiMeyandRabton:TrMts.Am.Etectrochem.
Soc.,44,3t (t9M).

Schoeh:J. Phys.Chem.,t4,665(t9to).
'Furman:J.Am.Chem.Soc.,44,9685(t9M);T)-ma.Am.Etectmchem.Soc.,43,79

(r923).
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1. ThePreparationof the ElectrodeSurface

Althougha syatematioexperimentalsammaryof theconditionsaffeoting
potentialoftheoxygen-platinumelectrodehavenot beenmade,investigators
areunanimousinascribinggreatimportancein thébehaviouroftheelectrode
to factorsofpreparationandenvironment.It basbeenfoundbythe present
writer that, for thé obtainmentof roproduoibleresults, certaindetails of

preparationmuâtbe observed;theseare brieflyenutneratedbelow.

i. The electrodesurfaceshouldbe as largeas possible. Whereaathe

dissociatingpowerof platinumfor hydrogenis large,and a smallelectrode

givesreproduoiMepotentialvalues,its dissociatingpowerforoxygenis small,
and a very largeeleotrodeis advisable. In this investigationeleotrodesof
sheetplatinumï X9 cm.wereused. Theywereheavilyooatedwithplatinum
blackby the usual eleotrolytioprocess,usingplatinumchloridefree from
leadacetate,a highourrentdensity,and an e.m.f.of about10volts. They
wereheatedorangered and replatinizedwhenthey began.to giveirregular
valuesdue to poisoning.

ii. Afterplatinizationandwashing,the électrodesweretransferredto a
dilute oxysatt (preferablyborate or phosphate)solution,and alternately
madeanodeandcathodein thissolutionto removetracesofchlorideiondue
to the initialplating. A greatdifferencewasobservedif the electrodewas

BnaUymadeanodeor cathodein this process. In thé formercase,the poten-
tial of the oxygen-hydrogenchainmaybe raisedto 1.5voltswhenthé elac-
trode is subsequentlyoonneotedto a gas-oollehain,the magnitudeof this
effectbeingapproximatelyproportionalto the currentdensityand to the

lengthof timeofelectrolysis.Arise in electrodepotentialof this kindmay
appropiiate!ybe tenneda "superpotential"to indicatethat it is consequent
upon and the inverseaspect of overvoltage. In eleotrolytesolutionsthe

superpotentaalof the oxygenelectrodewasquicklydisoharged.If thé élec-
trode was dried immediatelyafter thé purifyingeleotrolysisit retained,
however,ils excesschargefor manydays but not indennitety. If last made
cathode in the purifyingeleotrolysis,the electrodecausedthe hydrogen-
oxygenchainto have a very lowinitialpotential,whiohquioMyrose to a
valueabout ï.ovoltsfollowedbya graduaifalltowardthesamelimitas that

approachedasymptoticallyby the over-chargedelectrode. An eleotrode
wMchbas reachedthis final,virtuallyconstant,valuewillbespokenof aaa
"seasoned"electrodein thé subséquenttoxt, andwillbeusedin allmeasure-

ments, uniessotherwittespecined,as the only reliableoxygenelectrode.

"Seasoning"may alsobe effected,althoughnot as safely,by disoontinuing
electrolysis,with the electrodeaa the anode, at thé first instant that gas
bubblesareseento appearonits surfacewitha lowcurrentdensity.

iii. The surfaceimmersedof the platinumelectrodemuetbe maintained
as constantaspossible,a suddenlargeincreaseof immersedsurfacecausing
a suddenfall in potential. The simplestmethodof maintainingadequate
constancyofthisconditionis tohaveastreamofoxygengasbubblingthrough
the solutionsufficientto keepwet the entiresurfaceof the electrode. This
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isalsomadenecessaryby the fact,broughtout in Section4, that the poten.
tial of the électrodeis dependentuponthe partia!pressureof oxygengas
abovethe solution.

iv. The typeof solutionin wMohmeasurementsare made bas also a
3 profoundeffeotonthe constanoyofthe oxygenélectrodepotentia!. Furman'

mentionsa greaterfaUper unit timein alkalinethan in acidsolutions,and
earlierinvestigatorshavementionedepoeifioallythe effectof sutphateions.'
If, as seemsincontestible,the potentialof the eleotrodeisdueat leastinpart

ë to an oxideofplatinum,thé oxidisingpowerof the mediumin whiehit ia
i immersedshouMinBuenceitemagnitude.Thiswas,indeed,foundto be true.

Ir Nitrate solutionsgavea continualfaUin potential,sulfatesolutionsa some-
r what !ess rapidfall, and onlyphosphateand boratesolutions--bothexcès-

sivelyhard to reduce–~averésultaapproachingconstancy.

r: 2.~aMtas:ASimpîeCenwi~aFtowiagJaactïon
` The Hudebrapdtype of hydrogenélectrode"showed,in comparative

tests,consideraMytessabilityto givequicklya sharpreproduciblehydrogen
potentialthandid the enc!osedtypeofélectrodewherethe partial pressure
ofthegas ismaintainedconstantat oneatmosphereovera saturatedsolution.
This type ofélectrodewastherefore abandonedby analogyforoxygen.

An electrode-chainwith a flowingjunction*usingonlysmallportionsof

[. solutionwasdevisedin its placewhich,althoughfamiliarin prinoiple,is
perhaps sumoient!yconvenientto warrant description. It is pioturedin
T'ig. A representsthe hydrogenelectrodevessetwith its bubblingjet.
B representsa normalcalomelelectrodeof oonvenientdesignfitted witha

T pressurebulbH whiehis levelwithanotherpressurebulb1, alaoconnected
with the chain. Cand D are three-waystopcocksof thé T type connected
with theirarmsin series,their stemsbeingoppositelydireoted. The tube J

f servesas an outletfor the droppingbridge. Thepressurebulb1 filledwith
f the solutionundermeasurementin A, is levelwiththe potassiumchloride

pressurebulbH. The thermostatlevelis keptat TT' thus immersingat
J constanttemperatureail of the apparatussaveonlythe junotionstopeocks
1 and tubing. If the roomtemperatureis approximatelyconstantthis device

¡ assuresreproducibmtyof the junotionpotential. It is convenientto bend
the apparatusnormalto the paperat KK' thus aUowingthe outlettubeJ
to dropoutsidethe thermostatintoa convenientlyplacedvesse!. Theonly
point at whichthisapparatuscan daimthe leastoriginalityis at théstop-
cock C. Onearmof the boreof this stopcoek,that nearest thé hydrogen
electrodewhenat!threepassagesareopened,is tightlypluggedwithabsorbent
cotton. Thusa clearpassageis Mtbetween1 andD, but theflowofsolution s
I intoAis eft'ectua11yprevented,whlle,atthesametime,electricalconduotion

'F<nmMt:J.Am.Chem.Scc.,44,tMs(t92:);TrMM.Am.EtectMehen!.Soc.,43,79(t9<3). <y

S" P~- Chem..9S.('90!);Z.EtektMchemie,?, 8!7(tgol); WihmoK:Z.
p Boae:Z.physik~Ch9~)·

8, z (zgoz),Z.Elektroohemie,T,8z7(zgoz),Wz7ennore:Z.
phyak.Chant.,99,a~j(tgoo).

'HiMebmNd:J.Am.Chem.8oc.,35,&ty(t9~).
< LambandLMaoa:J.Am.Chem.Soc.,42,929(ig2o).
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:s freetymaintainedby the saturation of the plugwiththe solutionunder

measurement.Beoauseof this treatment it is best to use in atopcockC a

solidboredplugrather thana hollowblownp!ug.
The procedurein usingthe apparatus ia as fo!!ows:After fillingthe

electrodevossels Aand B and the pressurebutbs1 andH with suitable

solutions,enoughliquidisallowedto run throughthe tube system,by ad-

justmentof C and D andthe stopcookscontrollingthe contentsof the pres-

surebulbs,so that a liquidjunotionis effectedat D. D is then completely

FM.t I

Acalomel-hydrogencellchainwitha flowingjunotion.

closedand the potentialmeasurementscarriedout until a satisfactoryoon-

stancybas been observed. During the time necessaryfor this processthe

valueof the junotiondifferencehas altered, and the total potentialof the

chainthereforeno longerrepresentsits reproducibtevalue. By a suitable

adjustmentof D, and of the pressurebulbstopcocks,a gontledroppingof

bothliquidais thensecured,and a changingtiquidjunctionsurfaceis formed

at D andremovedthroughJ. Thepotentiometerreadingis then taken,and

itadefinitivevaluerecorded.If the bulbsH andare of25ce.capacitysev-

era!suchreadingsmaybetakenwithout refilling.
The performanceof this electrode chain has been very satisfactory.

Potentialsabout the neutralpoint are reproduciblewithintwo tenths of a

mulivoltand, with acidor alkalinesolutionsof considerableconcentration,

within,at worst,a millivolt. The error avoidedowingto junctionpotential

changeis, of course,directlyread upon the establishmentof the dropping

junction,and is atmostinvariablyas largeas a millivoltin neutralsolutions.
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Suchan arrangementmakesunnecessarya coUodionmembrane'or the glassbulb devicerecommendedby Bovieand Hughes'. No di&outtyfromthe
diffusionof calomelinto the hydrogenve~ was ever experienced. The
Systembas the advantageof the old-fashionedoottonplugjunotionmethod
of preventingimteroirou!ationof the solutionsundermeasurement,without
its intolerabledisadvamtageofobseuringthe junotioneSect.

The hydrogenelectrodeusedbelowhadthe formwhiohis illustratedin
~g. i. Aground-gtassstopperF wasfittedto A whiohsupportedthe spiratof platinizedplatinumwireE whichservedas électrode,and providedan

escapingpassageforthe bubbledhydro.
gen gas through G and the stopoook
M. The platinum wire whichserved
aselectrodewaamade continuousfrom
F toL, beingsea!edin the glass tube in
both piacea;eteotrioaloonneotionwas
madeby copperwire wrappedaround
an endleftexposedat L.

Thisapparatuswas,however,modi-
Sedforuse with the oxygenelectrode,
bothbecauseofthe largesurfaceofeleo-

trodeused,and becausea quickchange
from one solution to another in A
wasoftennecessary. Hence duplioate
bridgeSystemsofthe type illustratedin
Fig. i were construotedwhich might
be alternatelyconnectedwith B by a
groundjoint at the latter being
held in place during.meaaurementby
rubber bands. The oxygen electrode
vesselswere of the type illustratedin
Fig.2whereA representsa two-ounce
wide-mouthbottle. B a four-holerub-
berstopper(thefourth holecontaining
an eecapingjet for bubbledgas is not
shownin the diagram),C a centrally-o-y, .av.ou~ylocatedtube connectingthe eleotrodeE to the potentiometerby a mercuryMtumncontainedin therubbertube GwhichfiteC dose!y,F a conneotionto theatcpcock C in Fig. i, and a bubblingjet for mMntaimngoxygenflow. In thia waygreat aexibiJitywasseeuredand the advantagesof the

tflowingjunctionat the sametimeretained.
Afour-fingermerouty-totuenereguhtorwasusedto controlthe thermo-stat temperaturewtthm0.1°of 25.0". Theoxygenusedin the cellohainwas

takenfromacomprMMdcylinder,needingapparentlynofurtherpurification. ,1
1FalesandStMMndmm:J.Am.Chem.Soc.,45, i~t (tg~).BovieandHughes:J.Am.Chem.Soc.,4S,!9~ (~3).
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Hydrogenwas obtainedfroma battery of fouramalgamgenerators,being

purifiedby Gay-Lussaotowerscontaining1/10normalsodiumhydroxideand

distiUedwaterin the ordernamed. Thecalomelelectrodesin the cellohains

wereoarefullypreparedalthough,in theworkbolow,theirconstancyandnot

their absolutevalueis aloneof signifioance.Thepotentiometricsystemwas

of the usual type,witha sensibilityofgreaterthan o.t m.v.

3. CoastantOxygenElectrodePotentials

The Srst stepin the standardizationoftheoxygenelectrodeis to obtain

potentialswhich,althoughnot reversiblein the thermodynamiosensé,are

at least stableanddependable. Table1indicatesthat this wasaccomptished.
A singletypioatdeterminationwith a nitratesolutionis also appendedfor

comparison. Table1 illustratesthree effects. J
i. That innitrate solutionsthere isa perpétuaigradualfall in potential

wbiohapproaohesapparentlyno asymptotiovalue,andcontainsnoneof the

"resting points" observedby Lorenz~undersimilarcircumstanceswith a

bright platinumeleotrode.

ü. That constantpotentials,of su&oientstability to excuse the con-

clusionof pioneerworkerswith the eleotrodethat a reproduciblevalue had

beenobtained,mayreadilybeestablishedinboratesolutions. The existence

of a constantbut not réversiblepotentialof this kind raisesan interesting
theoreticalpointwhichwillbe dealt within Section6.

i

TABLE1

Potential of the Oxygen-HydrogenChainat 25.o"Cin Various Solutions
xr,. t"1. of r <"Ii:.6'46"0

m. That, in borate solutions,the averageof all values for the concen-

trated and all forthe dilutesolutionsgivesa differenceof –.003volt for the

concentrated. This effectis fully investigatedand discussedin Sectiong.

4.VMi&HonofPotentialwithOxygenPressure

It hasbeenmentionedin Sectioni, iii, that the potentialof the oxygen
electrodeis not independentof the partialpressureof the oxygengas sur-

roundingit. Thisobservation,becauseofthe indicationit givesofthe nature
of the oxygenelectrodepotentialas discussedin Section6, has been con-

firmedby a seriesofmeasurementssummarizedin TableII.

1 LorenzandSpiehnMn:Z.Etekttoehenue,t5,2<)3,~9;Lotenz:66t Lorenzanditftuber:
!S7,206(1909);Sptehnfmn:'R'MN.FaradaySoc.,5,88(!9to).

No. Compomtion 1 2 3 4 g <6days
1 NaNOt,o.sN i.o~t i.o47 i.ozy 1.019 –– 0.965

II H)BO<,O.OSN !.o89 1.102 I.!02 1.102 ––– –––

HtBO},o.sN 1.102 ï.ioi i.iot i.tot –– ––

III HtBO~o.osN 1.089 ï.o89 1.093 i.o9S t.o9S ––

HtBOt,o.sN 1.087 i.o88 1.088 i.o88 –– ––

IV H3BOa,o. oSN 0.981 0.999 t.ooï t.ooï t.ooi ––

H,BOt,o.sN o.97s o.99S 0.999 0.999 0.999 ––
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Thèsemeasurementswereobtainedwith the flowingjunctionapparatus
and carefullyseasonedoxygeneleotrodeswhich had beenbrought to con-
stanoyofpotentialwitha constantoxygenftowat oneatmosphèreina .05N
boraxsolution. Ato timean equal flowofnitrogengas(ïooce. per minute,
enought~ givevigorousstirring)wastumed on by a setof stopeockswhich
automaticallydiscontinuedthe oxygenflow:thus the oxygenwasgradually
sweptfromthesoMon witha correspondingfall in potentialuntil the oxygen
partial pressurebeoamezero and the nitrogen one atmosphere. At the
indicatedtimethe nitrogenflowwasdiscontinuedand the oxygenresumed
at the samerateof8ow;this causedthe potential to riseto ite formervalue.
The processwas quantitativelyrepeatedmany times, two charactenstic
readingsonlybeingreproduced.Since,withinlimitoferrorofmeasurement,
these two seriesare congruent,exceptin the absenceofoxygen,they have
beenindicatedgraphicallyin Fig. 3aaa type curve,pointsfromboth ofthe
seriesbeingset downwithoutdistinction.

TABLEII
The Potentialof the OxygenElectrodein the Presenceand Absenceof

OxygenGas.
·

r

At the 6rat o timenitrogenwas turnedon, and oxygensimultaneously
discontinued. At the secondo timethe oxygenSowwaaresumed,and the
nitrogensimultaneouslydiscontinued.

They indicatethat the oxygenelectrode,auitaMypreparedand standard-
ized, ma.ybe usedas an analyticalinstrument in determiningthe partial
pressuresof oxygenin a gaseousmixture,an observationwhiohmay havea
certain appacation-inbiology. The effectof increasingthe oxygenpressure

DetettMMtionÏ DeterminationIITime(nuM) H,-0, Potential(vott.) Time (mins) H.S~ (volts)
o o-979 0 0.979

0970 t 0.970
0.961 a 0.962

5 0.938 5 o<M8
0.898 n 0.900

i5 0.880
ogyg

0.851 zS 0.838
3~ o.8tt 56 0.801
53 o.?9t 68 0.798
Oxygenturned on Oxygen turned on
o 0.790 0 0.797

0.874 2 o.895
09~ 3 0.937

3 o.94< 4 0.947
5 0.958 6 o.963.

0971 8 0.969
~5 0.978 is 0.978
20 0.978 27 0.980
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aboveoneatmospherewasalsoinvestigated,but sincea paperbyTammann

and Runge'has recentlyappearedtreating this mattermuohmorefully the

resultswillnot be published. The type ofexperimentdetailedabovedoes

not seemto have beenattemptedby these authom, who were interested

ohieSyin an attempt to securethe réversiblepotential of oxygenions by

raisingthe pressureandtemperature.
It shouldbe notedthat, at the momentbeforeturning on oxygengas,

althoughits partial pressureis effootivelyzero,andalthoughnitrogenis not

madeelectromotivelyaotiveby platinum,the potentialof the oxygenetec.

1

l"Ia.33
Thevariationofthepotentialoftheoxygenelectrodewithpartial

pMssureofoxygengas.
At Aa ourrentofnitroeenofabouttooceperannuteiaturmedon,thepxygenaow

beit~simu!ta<Mouatydiscontinued.AtB auoxygen,withtheexceptMnof'~M~t
tram, basbeenexpelledfromthesolutionAtCthéflowofoxygenMresumed,andthe

nitrogendiscontinued.AtDthepotentialof theoxygeneleotrodeMconstantat iteinitial

value,andthecycleierepe&ted.

trode bas by no meansdisappearedbut is both finiteand constant. This

effectmaysafelybe attributed to an irréversibleoxidationof the electrode

surface. The remainingaapectsof the phenomenonare consideredin Sec-

tion 6.

5.The QuantitativeMeasurementof HydroxylIonActivity

Usingthe apparatusand expériencegainedin the precedingsectionsit

was foundpossibleto developa method of measuringindirectiyhydroxyl

(and hencehydrogen)ion activityby the oxygenelectrodewitha precision

ofa fewmillivolts.It is possiblethat Barendrecht'has deviseda somewhat

similarmethodbut, fromhiapublishedresults,hecannothâveworkedit out

in anythinglikethe detail givenbelow. The methodis describedat some

length in the hopethat bio-chemistsmay findit usefulin dealingwith oxy-

haemoglobinsolutions.

G.TammannandF.Ruafie:Z.anorg.aUgem.Chem.,156,85(1927).
BMendrecht:Kon.Akad.Wet.A<mterdNn,M, (t9t9).
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In orderto establishthe methodthe followingprocedurewasadopted.
TwomodificationsAand B of the samesolutionwereadjustedto différent
hydrogenionactivitiesby the suitableadditionof amallquantitiesof aoid.
Theirhydrogeneleotrodepotentialswerethen oarefullymeasuredat 95"in
a thermostat. An oxygenelectrodewasseasonedin solutionA, and then
removedfromthe cell (Fig. 2), rinsedwith a previouslyoxygen-saturated
portionof solutionB, and placedin anotherportionof B whichhad aiso
beenoxygensaturated and broughtto the temperatureof the thermostat.
Measurementeof potential changewith time were thenmadeat suitable
intervaisforaominutes,at the endofwhiohporiodthe potentialhadahnoet
invariablyceasedeignificantchange. The electrodewas then removed,
rinsedwithsolution Asaturated with oxygen,and p!acedagainin the cell
chain in a warmedand oxygen-saturatedportion of A, and the potential
againobservedfor twenty minutes. The processof rinsing,transference,
and timed measurementwaarepeatedwith both E and A a secondtime.
Twosets of valueswerethus obtainedfor the oxygeno!eotrodepotential
differenceof the two solutions,one by the subtractionof the arst resting
potentialin A fromthe averageof the firstand secondrestingpotentia!sin
B, and the otherby the subtractionfromthe secondrestingpotentialin B
oftheaverageof theSratandsecondrestingpotentialsinA. Valuesobtained
in thiswayare independentof any driftupwardor downwardresultingfrom
irreversiblechangeof the potentialof the oxygenelectrode. Theyexpress,
witha degreeofaccuracywhichis at oncean indicationof the reUabitityof
the process,the differencein hydroxylion activity of the two solutions A
andB. Comparisonof thevaluesobtainedshowsthat theincreaseinoxygen
electrodepotentialis ahnostexactlyequalto the decreasein hydrogenelec-
trodepotentialin the moreacid of the two solutions. Onthe assumption,
surelyjustifiable,that {H+I[OH-}<=k in any givensolutionthe différence
of hydroxylion activity betweenthe two solutionsmaythus be quanti-
tativelymeasured.

Boratesolutionswerechosenformost of thèsetests forobviousreasons,
the solutionsbeingo.os normalin borateas this concentrationisassmaUas
is compatiblewith the minimumconductivitynecessaryfor the obtainment
of accuratepotentiometerreadings. In order to teat thebehaviorof the
electrodein moreconcentratedsolutionsa 6N solutionof ammoniumsul-
fatewassimilarlymeasured. Somewhatacidsolutionswerepreferablyused
fortworeasons. In the nrstplace,it ismucheasier,in slightlyacidsolutions,
to obtaininvariablehydrogenelectrodepotentialswithoutcarefuiexclusion
ofatmosphericcarbondioxide;in the secondplace,as Forman'bas pointed
out, the oxygenelectrodeshowsgreaterpotentialstabili~rin acidsolution.
Asummaryof the résultaobtainedis givenin Table III. AUthe measure-
mentsare at ~s-o"and allpotentielsare againsta normalcalomelelectrode
except,of course,those in columns6 and?. In the headmgsof the columns
of this table the symbolir bas its usual significance,potential.The table

Furman:J.Am.Chem.Soc.,44,~68$(t~M);TifaM.Am.Electrochem.Sec.,43,79("?3)..
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containsall informationneoesaaryto oatcu!atethe desiredquantity,but is

in eonsequenceexceedinglycondensed.The notationmay be expoundedby

takinga typicalcasewheresolutionsA and B areundermeasurement.The

electrode,seasonedin A,istransferredto B andobservedfortwentymiautes.

ïts potentialafter twominutesis the firstentry mcolumni forthe seriesof

measurementsin tbis partioularsolution. After twenty-oneminutes,its

potentialhavingbecomevirtuaUyconstant,a readingwith flowingjunction

ismadeandenteredin cohunn5. SolutionA is thensimilarlymeasured,its

oxygenelectrodepotentialafter twominutesbeingthe thirdentryin column

i. Thesecondmeasurementof B after nineteenminutesgoesin the second

lineof column3, and thesecondofA onthe fourthline. Thus in anygiven

determinationfrom columni through column$ the actual orderof the

oxygenelectrodemeasurementsis first, third, second,fourth, of the values

given. The interruptedline subdividinghorizontallyeach determination

showswhiohof the columnsgivesresultsapplicableto onlyone of the two

solutions,and whiehgivesvalues commonto both. Column8 givesthe

aUcatinityof the solution.

TABLEIII

Measurementsof HydroxylIon Activitywiththe OxygenElectrode.

Theresultsgivenin TableIII showfrom a comparisonofcolumns6and

7that in aoidsolutionthere is a closequantitativecorrespondence,both in

dilute and concentrated6o!utione,between the differenceof the oxygen

ColumnNo. a 3 4 5 6 7 8

Detn. Changeof *0withTime,!n v. andmuM.Av. <0Av.~H

No. Composition 9 3 t9 M 2t9<w dNer. differ. )rH

i Boric~oid– 0.581 o.s8o 0.574 0.574 0.5745

Borax, o.o5N 0.572 .S7i .567 .567 .5670 0.053 0.050 Q.4943

.622 .6:3 .624 .624 .6:43

Ditto..612 .613 .615 .6:5 .6163 0:4446

2 .496 .496 .496 .496 .4961
Ditto..491 .490 .490 .490 .4000 0.285 0.28~ 0.428

.199 .200 .206 .206 .2057
Ditto..197 .198 .2ïi1 .2ii .2ïio 0.703

3 Sodium .170 .170 z66 .166 .1667

Phosphate, o.oSN .154 .156 .189 .190 .1933 0.102 0.111 0.711~
Borioacid– .061 .062 .085 .085 .0855

Borax, o.oSN .075 .076 .082 .082 .o8n 0.822

4 Ammonium .224 .227 .227 .2278

Sulfate, 5.9N .220 .221 .224 .224 .2258 0.233 0.241 0.624

.454 .454 .459 .459 .459'

Ditto..449 .450 .457 .457S .4575 0.383
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electrodepotentialsand the differenceof the hydrogenpotentialsof two
solutionsof differenthydrogenionactivity. Thisindicatesthat the oxygen
electrodeinspiteof its irreversibilityis areliablemeasureofrelativehydroxyl
ionactivity.

The procedurein determiningthe hydroxylion aotivityof an unknown
solutionis precisetysimilarexcept that, of course,the checkinghydrogen
electrodepotentialof this solutionwillnot be obtainable. The comparison
solutionshouldbe adjustedto nearly thesamepH, andhaveapproximatoly
the same vaporpressureas the unknownsolution. It should preferably
containsodiumtetraborateand boricaoidin appropriateproportions. The
oxygenelectrodeis seasonedto constanoyin tbissolution,and the procedure
aboveoutlinedfollowed.Themethodofcomputationof the pH fromthese
resultsis soobviousand wellknownthat it willnot bediscussed.

It basbeenobservedin Section3, m,thata concentratedsolutionofborax
and boricacidgivesa valueforthe hydrogen-oxygen-chainwhiohis lessthan
that in the dilutesolution. Smalelfounda similareffect,althoughthe solu-
tions in whichbis measurementsweremadewereneververyconcentrated.
The methodjust describedobviouslygivesa meansof studyingthis effect
rapidly and with considerableaccuracy,sinceit makeslongwaitsfor the
stablepotentialto be attainedunnecessaryand,by eliminatingthe effectof
irreversiblechangein the potential,bringsa greaternumberof anionsinto
the realmofpossibleinvestigation.Onlycertainconcentratedsolutionsmay,
however,be so investigated. For examplethey must not containas an
impurityelementssuch as lead,arsenic,or antimony,whichare capableof
poisoningthe platinumelectrodesurface;probablyall metals lessetectro-
positivethan hydrogenshouldfor this reasonbeexcluded.

Becauseof theiroxidizability,solutionsof theatkatihalidesare obviously
unsuitablesince,as was pointedout by Lewis,!the halide ion wouldbe
oxidizeduntil its potential againstfree halogenwas equal to that of the
oxygenelectrode.Nitrates,ontheotherhand,althoughreducedcatatyticaUy
by hydrogenelectrode,may be made to givesatisfactoryresultsby extra-
polatingto find the initial potentialof the hydrogenelectrode;a method
whichbas beencarefullyjustifiedboth theoreticallyand praoticaUy. A
similarréductionof consideraNy!essimportanceisobservedin concentrated
solutionsof sodiumacetate; it maybe dealt within similarfashion. Solu-
tions of alkaliperchlorates,werealso foundsuitableif the sodiumcMoride
normalelectrodewassubstitutedfor the potassium. Sulfatesolutions,after
many preaminarytests, werefoundntost suitableof all for this purpose,
and werethereforegivenmostattention. Table IV,'whilenot as detailed
as its immediatepredecessor,givesa summaryof thé resultsobtained,and
shouldbeself-explanatory.

Smete:Z.phyak.Chem.,M,S77(t8M).
Lewis:J.Am.Chem.Soc.,28,ts8(t9o6);Z.phyaitt.Chem.,55,465(<9o6).
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TABLE IV

The ESeot of Inoreasing Etecttotyte Conoentra.tion on the Potential of the

Hydrogen-Oxygen Chain

6. Discussion

The theory of the oxygenelectrodeat present acceptedis that its ir-

reversibilityis due to a coatingof oxideofvariableand uncertaincomposi-
tion. With this conclusionthe present communicationcan findno fault.
Manywritersbelieve,however,that the measuredpotentialof the electrode
isentirelyoxidic. ThisconceptionoriginatedwithLorenz,'wasdeclaredfinal

by Schoch,~and has apparentlybeenwholé-heartedlyacceptedin the more
recentworkby Foerater,'Grube/ and evenTammannand Runge.' While

Lorenzand 8pietmM)n:Z.Etektrochemie,15,Z93,349(t909);Spielmann:TrMM.
FaradaySoc.,5,88(t~o); Lotenz:Z.Elektrochemie,t5,66n LorenzandLauber:~7.2o6(t<)09).

Schoeh:J. Phya.Chem.,14,66s(~9:0).
FoeNter:Z.physik.Chem.,M,~36(1909).

<Grube:Z.Blektrochemie,16,6:t (:9to).
G.TammannandF.Runge:Z.anorg.aUgem.Chem.,156,8s(t9<7).

Detn. Average Hydn~en Hydrogen DMerence
No. Compositionof Solution Correeted etectrode Oxygeo betweenDilute

Oxygen Potential Chaus, and Coneen-
Potentiat votta trated,votts

i H}B09 o.SN 0.208 o.yt9 o.oz? o.008
H,BO, o.osN .214 .721 .935

"°

a Lit804 o.sgN .498 .402 .ooo
HaBOa o.ogN .~o .406 .Qt6

°'°"

3 KtSOt i.2N .408 .431 .o:o
o.oagH3BOa o. ogN .516 .4:9 .945
°'°~

4 KtSOt i.zN .50$ .431 .936
o.oa3HaBOs o.osN .465 .494 .957
°'°~

5 LieSO~ S.3N .4~9 -409 .838
o.oga

HtRO; o.oSN .g!7 .413 .930

6 Li,804 s.3N .468 .393 .851
H,BO, o.ogN .344 .587 .93~

7 (NH4)2SO< S.gN .458 .383 .841

Hj~O, o.osN .502 .406 .908
°'

8 NaCt04 6.iN -o.n6 .931 -8!5 o.o8i
H,BO, o. o5N -0.038 .934 .896

°'°°'

9 NaNO~ 7.sN .t37 .623 .760
o~r46N~HPOt o. o5N .28: .624 .906
°'
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the measurementsset forthaboveareby nomeansa completerefutationof
this hypothesis,they fumishevidencewhich,in conjunctionwith the work
of others,makesit seemhighlyprobablethat the electromotiveactivityof
oxygengas itself,at the platinizedsurfaceofthe eleotrode,p!aysa consider-
ablepart in the total effect. Anumherof phenomenaemphasizedaboveare
difficultor evenimpossibleto explainonthe totallyoxidictheory.

The first of these is the superpotential,or highroeidualvoltageafter
anodiotreatment,of the electrodementionedin Section M. If this is con-
sidereddue to a bigher unetableoxideof platinumit must, owingto the
characterof its over-voltagephenomena,he solublein the electrodein all
proportionsand decomposeaccordingto the law ofa monomolecularréac-
tion,a combinationof conditionswhichbasfewanalogiesin polyvalentoxi-
dations. Moreoverthe oxidePt0<isnecessaryto accountfor the potential
of t.9 voltsobservedby Foersterforthehydrogen-oxygenchain,sinceGrube
basfoundthe potentialof PtO. to beonly i.s votta. Pt0<by analogywith
RuO,and RuO~shouldbe consideraHymorestablethan PtOa,whereasit is
generallyagreedthat the superpotentialof the electrodeis increasinglyun-
stablewith inereasingmagnitude,thefunotionbeing,in faot,an exponontial
one. If, on the other hand,it is consideredthat oxygengasdissolvedin the
electrodeis responsiblefor its temporarilyelevatedpotentialno similardiffi-
cutty is encountered. Althoughnever,apparently,specificallyenunciated
in this conneotion,Bose*basevidentlyassumeda similarhypothesis,and thé
measurementsof Harding and Smith' makesucha conclusionahnost in-
contestible. Thèseauthors, in a paperthe importanceof whichfromthis
point of view canhardly be overestimated,haveprovedthat the electrical
resistanceofa paHadiumwiredeoreasessuddenlyonbeing.madecathodein
electrolysisdue to the occlusionofhydrogen.Anexactlysimilardecreaseis
observedwhenthewireismadeanode,differingonlyin magnitudefrom that
observedduringcathodization,andfollowed,after the discontinuanceof the
etectrotvsingcurrent, by a permanentincreaseof resistancedue to oxide
formation.' Hydrogenoccludedunderthèseconditionsis generallyacoepted
as beinguncombined."The extensionto oxygenby analogy,and henceto the
phenomenonof the superpotentialseemsat present,therefore,incontestible
in viewof the feeblecharacterof the oppoaingevidence. Here,therefore,is
a casein whiohit seemswiseto attributeto oxygengasat leasta part of the
total electromotiveactivity. ·

It mayperhapsbe broughtout,inpassing,that nocogentreasonisat hand
forthe beliefthat oxygenandnothydroxylionsarecrowdedintotheelectrode
by the high currentdensi<y;whileunconventionatthis viewis not entirely
fantastic.

Boae:Z.Etektroohemie,?, 679(t<)0t);Zeit.anorg.Chem.,30,406(t9oa).
Cf.Smithandothers:J.Am.Chem.Soc.,3a,zs77(!9t6);40,~508(tûtS).
T.W.RichardeandW.T.Richards:J.Am.Chem.Soe.,46,89(t~).
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It is dKBcuttalsoto understaad,withoutattributingelectromotiveactiv-

ity to oxygengas,the often observedphenomenonthat an electrodewhich

basnot beenmadeanodeat onceassumes,in thepresenceofvigorouslybub-

blingoxygen,a potentialcomparableto that of seasonedanodMedelectrode

under the sameconditions. In other wordsthe superpotentialand possible
oxideformationproducedby anodiotreatmenthave no necessarypart in

theahnost instantaneousproductionofa potentialoflikemagnitudebyplati-
numand oxygengas alone. Moreover,the quantitativeand immédiateres-

ponse of the électrodeto variations in the partial pressureof oxygengas
brought out in Section4 makenecessaryacoordingto the oxidictheorythe

reversibleformationof high oxidesof platinumwhich WoeMer,'working
undermuohmorefavorableconditions,basshownto be formedonlyduring

many daya.
It may bo mentionedin paasingthat an attempt was madein this con-

nection to measuredirectly the ionizationof oxygengas due to ita passage
over a large quantity of platinizedasbestos. A speciallyconstructedand

verysensitiveradioactiveetectroscopewasusedfor this purpose. Whilethe
ionsso producedwouldhavehad to traversea apaceof only2 cm.in about

one secondnot the slightestionizationwasdotected. The fai!uroof this

measurement,whiledisappointing,bas obviouslyno disqualifyingeffectupon
the argument set forth above.

In viewof theseconsiderationsthereseemsnovalid reasonfordenyinga
certainelectromotiveaotivityto oxygengas. That oxideformationisatsoa

faotoris hardlyoontestibie,espeoiallyinviewof the measurementsrecorded
in Section4. Weare then forcedto picturethemeasuredpotentialas a com-

promise betweena low oxidiepotential and the only partially attained

0~– zO"potential. AlthoughtheoreticaUythé highestof the severalpossi-
blepotentials in a concentration-ohainshouldalonebe manifest,actuallya

numberofsuch"compromisepotentials"areknown. For examplethe half-
ce!]sFe/FeSO<,Fe~SOt)!; Ft.H,/FeSO<,Fe,(SO<),;andFe/FeSO~,H<804
havebeen shownto exhibita similareffect.' Thewriter intends,in the near

future, to discussa numberof thèsepotentialsfromthe pointofviewof the

velocitiesof the concomitantréactionsinvolved. Failingsuchquantitative
justificationthe conceptionof the "compromisepotential" mustbe accepted
as the onlysolution,howeverdisagreeable,forthe situationinhand.

This hypothesisof dualitybeinggrantedonlyonefurther assumptionis

necessaryto accountfor a!lapparentlyanomalouseffectawhichare at hand,
namely,that with increasingoxidationof the blackedplatinumsurfaceits

aetivatangpowerforoxygenis diminished. Thisassumptioncannotbesub-

stantiated by any directevidence,but seemsin iteelfhighlyprobable,and is
in accordwith many observations.

For exampleit was observedthat an electrodewhiohhad givena stable

potential in a solutiongave,after havingbeen treated etectrolyticaUyonly

'WoeMer:Ber.,36,3475(!90)).
T.W.RiohardsandW.T.Richards:J.Am.Chem.Soc.,46,89(!~4).
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as cathodein boricacid,a potential considerablyaboveits formervaluein
the samesolution. Therecan bevery littlequestionfromthemeasurements
ofHardingand Smith thata filmofoxideundergoesreductionuponcathodi-
zation. The risein potential is simplyaooountedforby the inoreasedelec- itromotiveaotivityofoxygengas due toa removalofobstruotingoxidefrom
the platinumsurface. Again,the constancyof potentialsinboratesolutions
notedin Section3ismadeplausibleby thisexplanation. Sincebothan oxide
ofplatinumand electromotiveoxygengasmayreasonablybesupposedto be
together responsiblefor the oxygeneleotrodepotential,it doesnot seemex-
cessivelyfantastic to supposethat a balancemay be reaehedbetweenthé
formationofoxide,whichis irreversibleandin the natureofa poisoning,and
the activationofoxygengas. Sinceboththese processesareweakit might t
beexpectedthat, witha solutionofsuffioientlyinactiveconstituents,a mota.
stablebalancebetweenthetwo wouldultimatelyresultwhichwouldbemani-
festedby constancyof the potential. Anyextremelystablesolutionshould <
givesimilarresultsand, infact, observationsofa sunitarcharaoterweremade
in !ess investigatedbut comparablephosphatesolutions,whereasin nitrate
solutions,wherethe loweringof the potentialdue to oxideformationshould
bomuohgreater,no constancywasobserved.

Onefurtherphenomenonia elucidatedbythis interpretationoftheoxygen
electrodepotential,namely,the loweringof the valuefor theoxygen-hydro.
genchainwith increasingelectrolyteconcentrationemphasizedin Sections.
Severalhypothesesmayat oncebeabandonedfor thispurpose. It isevident
that neithera decreasein the ion produotofwaternorin theaotivityofdis-
solvedoxygencanbe responsiblefor this result,sincebothof thesevaluesare
differentlydefinodthennodynamicaUy. Passivity and poisoningof the
oxygenelectrodemanifestthemselvesirreversiblyand in a very différent
manner fromthat observed,and both may be unequivocallydisoardedas
explanations. It bas,however,beenfoundconvenientto infera considerable
dependenceof the dissociatingpowerof platinumbtackforoxygenon the
conditionof the platinumsurface. With increasingoxysattconcentration
an increasedoxidationof thesurface,witha concomitanttossofdissociating
powerfor oxygen,and a conséquenttemporaryfall in potentialMto be ex-
pected. It ispossiMe,as an attemate hypothesisto accountfor this effect,that the hydrationof the ions in the concentratedsolutionswouldalonebe
sufficient.Dataarenotat handto treat thematterconclusively.

It is hardlynecessary,althoughagreeabte,to acknowledgeindebtednessto
ProfessorTheodoreW. Richardsfor his interest in this investigation.To
ProfessorF. G. Donnan of UniversityCollege,London,the most cordial
thanksare aisoextendedforhis hospitalityunderunusuatcireumstancea. [

SuïNNMry
i. The preparationof an oicygan-platinumeleotrodecapableof giving

reproduciMeresuttsisdiacussed.
a. A convenientcellchainhavinga flowingjunctionandrequiringonlysmaUvolumesof liquidis described..
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3. It bas been demonstratedthat, under suitableconditions,oxygen-
electrodepotentialsconstantto a millivoltfor manydayamay beobtained,
althoughtheseare far belowthe thermodynamicvaluefortheoxygen-.hydro-
genchain.

4. Thé potentialof the oxygenelectrodebas beenshownto vary quan-
titatively but not thermodyoamicaHywith the partial pressureof oxygen
gasbetweenoand i atmosphere.

5. Amethodia describedformeasuringhydroxylionactivitieswiththe

oxygenelectrodewhichiscapableofconsiderableaccuracy.
6. In orderto explainthèseandotherphenomenait basbeennecessary

to attribute electromotiveactivityto oxygengas, and to considerthe meas-
ured potentialof the electrodea compromisebetweenthis and the oxidic

potentialwhiohis currentlybelievedto producethe totaleffect.
It ishopedthat thèsefindings~iUproveusefulinbiochemicalwork.

Prinedon,NewJersey.
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BY A. KB!TH BBNWBB

Perhapsnophaseofohemistrybas receivoda moreintensivestudy than
hassurfacecatalysis,especiallyduringthe past fewyears. A great massof
evidencebasbeena.coumulatedwhiohindicatesina mostsatisfactorymanner
that a catalytiosurfaceis not uniformlyactive,but that its ability to pro-
moteohemicalactionseemslargelyconfinedto the moleculesofgasadsorbed
at certaincentersor activepointsonthe surface. Whilethis muetbe looked
uponas a deoidedstep in advance,the fundamentalmechanismemployed ,j
by theseactive centersin promotingohemicalactionis still an unsolved
question.

The writerwhiteinvestigatingthe physicalsideof the réactionprocess,
namelystudyingthe ionioemissionduringohemicatactionand the effectof
gasesonthermionicemissionandon contactdifferenceofpotential,basbeen
led to certainconclusionsthat he hopeswiUadd to our knowledgeof the
reactionprooess.

Thebasioprinciplesinvolvedin the proposedmechanismare not funda-
mentaUydifferentfromthose suggestedby Sir J. J. Thomson. In brief
the mecbanismis that the imageandintrinsicsurfaceforcescombinedwith <
kineticenergyof agitationdissooiatethe gasmoléculeson the surfaceinto
ions;the ions thus formedare drivenfromthe surfaceby kinetioagitation

°

witha probabilitydistributionofvelocities;and that chemicalactionresults F
froma rearrangedcombinationof the ions thusdrivenfromthe surface. In
thismannerit ispossibleto treat chemioalactionasaspecialcaseofthermionic
emission.

The experimentalwork,consistingof a study of ionizationin reacting
gases,andthe thermionicémissionin the presenceofvariousgases,onwhioh

°the proposedmechanismis based,bas beenpresentedin a seriesof recent
articlesM~.t.t.ï

Thesalientpointsmaybe summarizedasfollows:

i. The ionization,whiohbas beendetectedin everyreaotion investi-
gated,is specificfor eaohreaoëon.

2. The ourrentthroughthe reactinggas is proportionalto the number
ofmoleculesreaoting,but the ratio of ions capableof beingremovedfrom

PMtittzerandFixedNitrogenInvestigationsBureauofChemistryandSoibU. S.
DepMhnentofAgneuttwe.

'SiTj.J.ThNBMn:TheEtectMninChemiatty,Ch<tptertV. JTmm.Am.Nectfoehem.Soc.,44,~57(!9a3). t
J.Am.Chem.Soc.,40,1403(ï~). t

<PMC.Nat.Acad.,n,5M(ïo25).
'Phya.Rev.,2<,6M(t~).
PMC.Nat.Acad.,t2,560(iot6).
Ptoc.Nat.Acad.,13,5M(tozy).
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the reactinggas by an appliedvoltageto moleculesreactingMexceedingly
small,beingof the orderof magnitudeof i to to'

3. Theionsprésentin a surface-catatyzedréaction,suchas theoxidation
of ethyl alcohol,are liberatedonlyat the electrodesurface*~wherethe re-
action is taking place,with no detectableionizationoccurringin the gas
volume. Gasphaseionizationwasobservedduringthe thermaldecomposi-
tion of ozone,and doubtlessexistsduring the decompositionof nitrogen
pentoxide,althoughthe test wasnotmade in the lattercase.

4. The ionisationourrent,as weUas the amountofohemicalaction,is

dependenton the ohemicalnature of the surface. Platinumand gold
gave quitesimilarresultsin the casestested, but copper,iron,brass,glass,
copper oxide, iron oxide, and aluminum oxide possessedoharaetenstic
properties.

5. Theemissionduringthe oxidationof ethyl alcoholand hydrogenon
goldand ironand copperoxides,whencomparedto the thermionicemission
from thèse electrodesin the presenceof the gasesseparatetybas shown
definitelythat the ionsemittedin the reactionare thesameas thoseemitted
thermally. Apparentlythe chemicalaction allowsionsto escapefromthe
surface at a lower temperatureand with tess work than when in the
presènceof the variousgases taken singly; this loweringof the tempera-
ture and workof emissionis morepronouncedfor the negativethan for the
positiveionsin the caseof the oxidationreactionsstudied.

6. The ionizationourrentat atmosphericpressuresis directlypropor-
tionalto theapplieddifferenceofpotentialbetweenthe electrodes,i.e.,Ohm's
Law hotds. This faot seemedsurprisinguntil the chemicalémission
wasshownto boa typeof thermionicemissionwheresaturationis obtained
onlyat lowpressures. The effectof pressureon the saturationourrenthas
beengivenin a seriesofexperimentsby Brotherton.' Saturationdisappears
at pressuresas lowas a fractionofa millimeterofmercury.

7. The temperature-currentcurvesfollowthe Richardsonéquation*for
thermionicemission(i = AT'e'). A straight lineis obtainedby plotting
(log i i/a log T) against (ï/T z.go~),whereb, a measureof the work
necessaryfor the removalof an ionfromthe surface,isgivenby the slope
of the Mne.~

8. In the case of both thermionicand chemicalemissionsa definite
interdependentrelationshipwasshownto exist betweenthetemperatureand
workof émissionfor the positiveandnegativeionsin variousgasesand ie-
actions/ This interdependencebas been made use of to postulate the
presenceof a selectiveintrinsicforce,eleotriealin nature,existingat the
emittingsurface. Thisintrinsioforce,it is believed,is oneofthe controlling
factorsin thermionicémissionin gases,and in chemicalaction;it is effect-
ive to approximately3 X lo"~cm.fromthe surface.

Brotherton:Proo.Roy.Soc.,MS,468(t9!!4).
*O.W.M<)h&KtMn:"TheEmiae:onotNectnMtyfMmHotBodtea."
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AafdysisofResults

WhUethe abovephenomenado not offera directexplanationof the re-

!ationshipexistingbetweenchenucatactionandionioomission,yot whenthe
results are analyzedfrom the standpointof e!ectrodynamicsit becomes

possibleto drawcertaindefiniteconclusionsregardingthe conditionsexisting
onhot surfaces.

~ppKco~tOMoftheC'ONcep(ofEdectrostaticimageA«fac<MW

Sincethe ionsliberatedby the variouschemioalactionshad their origin
at the electrodes,they must be treatedas chargedbodiesnear a conducting
surface. (Littleif anythingbeingknownabout the conditionsunder which [
gasphasereactionstake place,the discussionwillbe confinedat present to
puresurfacereactions.) A chargedbody,situatednear a plane conducting f
surface,willinducea chargein the surface,such that the body will be at- a
tracted to the surfaceby a forceequalto that whichwouldbe exertedby
anotherchargedbodyofequalbut oppositesign,placedat a similardistance

ibehindthe surface,that is,at the aurror imageof the bodyin the conductor.
Theforceofattractionactingon a chargeq e.s.u.at a distancer cmfrom

a conductingplaneis givenby q~/4r~dynes. The chargeq is in an eleotric
fieldof 300q/4~ voltsper cm. If q is thé electroniccharge4.774X 10-

e.s.u.,the fieldactingona singlychargedionat differentdistancesfromthe
surfaceis givenin the followingtable.

t

Distancefrom Distancefrom
surfaceincm. Voltapercm. nurfeeeincm. VoMapercm.

10~ 3.6 ïo-* 3.6 X 104
io-' 3.6 X io' to-' 3.6 X 106

It willbe noted that a diBerenceof potentialbetweenthe electrodesof
1000voltspercm. willjust holdin balancean ionsituated at 6 X 10'*cm
fromthe surface. Fromthis it beeomesobviousthat to removeall the ions
fromthe surfacea fallof potentialbetweenthe electrodeswouldbe required
that isfar abovethe break-downpotentialof thegas;saturationis,therefore, t
quite impossiblefor any appreciablegaspressures. It willbe notedthat the
distancea givenappliedvoltageis ableto plumbdowninto the imagelayer
and removean ionvarieswiththe inversesquareroot of the voltage. {

Animportantdeductionto bedrawnfromthe applicationof the electro-
statioimageconceptto thestraightlinerelationshipexistingbetweeneurrent
andappliedvoltagesis that the concentrationof the ionsupon approaching
thesurfaceMMreasesas thetKeerMcubeof thedM<amce.Thèse ca!cutations, t
however,take accountof only the imageforce. The recent experiments 1;
on the intrinsicforcewouldleadone to believethat a still morerapid in-
ereaseexistsverynear the surface. Thus,whilethese considerationsthrow
nolighton what is happeningat the surfacetheydo showthe conditionex-
isting at a very short distancefromthe surface,in whichregion it is be-
lievedthat the ionicrearrangementresultinginchemicalactiontakesplace.
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Théenormousmagnitudeof the imagefieldwouldmakeit seemunlikely
that any appreciablechangein the amountor rate of reactioncouldbe oc-

casionedby the applicationofany voltageunderthe break-downpotential
of the gas. The question,however,mightwellrepayinvestigationas there

is a possibilityof deteetingsuoha changeespeciallyin réactionspossessing
a highchemioalworkfunetion.

Applicationof ~!tC&<t!'dsOM~M<!<MMt.

The straight !inerelationbotweenvoltageandcurrentbasmadepossible
theexplorationofonlythe outerregionofthe imagelayer(lo~om)fromthe

surface. The fact that the temperature-currentcurvesfollowan equation
ofthe Richardsontype,the developmentofwhiehis presentedlater, enables

the study to be carriedmuchdeeperinto the surfaceregion.

In the Richardsonequation,i = AT'e* wherei is the ourrent per

sq. cm. ofsurface, Aand b areconstants,and T the absolutetemperature,
b may be lookeduponas a measureof the total workdonein removingan

ionfromaomepoint nearthe surfaceto a pointoutsidethe sphereof image
attraction. This workis w = bk, wherek is Boltzman'sconstant. If we

substitutedC/dt for i,and E forw,wehavethe usualexpressionfor the rate

of ohemicalaction. It is significantto note that not onlyis the formof the

equationthe same,but that the valuesofthe constantsare ofthe sameorder

of magnitudefor chemicalaction as for thermionicémissionin gases; in

generalb is fromtwo to four timeslargerthan E/k. Thiscloseanalogybas

ledsomephysiciststo concludethat thermionicemissionis due to chemical

actionbetweenthe emitterand the gaspresent;Richardson9,however,bas

shownthat this cannotbe the case,sinceb is largerthan couldpossiblybe

expectedfroma chemicalprocess. Conversely,thefaotthat b is larger than

E/k is in Unewith the proposedconceptthat chemicalaction is a special
caseofthermionicémission. Thus,forchemicalactions,b becomesameasure
of the workdonein removingan ion,not throughthe entireimagelayer, but

to a point just far enoughfromthe surfaceforsuccessfulrecombinationto

take place.
The escapeofan ionfroma surfaceagainstitselectrostaticimageattrac-

tion shouldnot be affectedby the signof the chargeon the ion, since the

imageforceis purelynon-sélectivein character. Acomparisonof the values

of db and dT for the positiveand negativethermionicemissionin various

gases' bas shown that a selectiveforcealsoexistsat the surface. This

forceis of such a nature that it allowsa morereadyescapeof positive ions

fromthe metalsgold, iron, copper,and platinum,but of the negative ions

fromironand copperoxides. Thenatureof thisselectiveforcethus imposed
on the imageforce,as givenby its behavior,is that of one possessingthe

propertiesof a resultantelectricalfieldeffectivetoa fewmoleculardiameters

out fromthe surface. Sucha fieldwouldbe positivefor ironand negative
for iron oxide,forinstance. It basbeensuggested"that the positiveintrinsic
fieldmay result froma leakageof the positivefieldof the nucleusthrough
the electron lattice of the surfaceatoms (especiallythoseof small atomic
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radii), whilethediminutionandchangeofsignof the fieldaccompanyingthe
accumulationof oxideon the surface may resdt from the surface being
coveredwith the negativeoxygenionsof the oxide,which,with increasing
concentrationon the surface,graduallyneutralizethe positiveintrinsiofield t
of the pure metal, and ËMUy,upon high oxidation,actuaUyestablish a
negative6eM.~This intrinsicforce,whiohit is boiievedis oneof the con-
troUingfactorsin thermionicémission,and chemioalaction,is doubttessvery
closelya!!iedto contactdiiferenceof potential.

Mechanismof lonization
The themionieand chemica!emissiondata clearlyindicatethe presence

of positiveandnegativeionsin the imageregionof an emittingsurface,a!so
that the concentrationof theseionsincreasesveryrapidlyuponapproaohing
the surface. Whilethe exact proceasof ion formationcannotbe told with
certainty, it is possiblethat the mechanismis not fundamentallydifferent
fromthat foundinsolutions,i.e.,the moléculesofgas are dissociatedby the L
electricalforcesat the surfaceas are the motecutesof the solutedissociated
by the dielectricforcesof the sotvent.'

The strengthof the imagefieldin voltscapableof drawingan iun to the
surfacehasalreadybeenpointedout..This sameforcewiUalsoact, but to a
tesserextent,on a neutral moleculehavingan electricalmoment. As the
moleculeisdrawnto the surface,its poleswillbecomemorewidelyseparated j
andjust to the extent that the momentis increased,the morestronglywill s
it be drawnto the surface; the forcesof attraction and dissociationare, ,j
therefore,cumulative.

c
The imageforceexistingbetweena moleculeof gas and a surfacedoes

c

not becomecomparablewith the bindingforcein a moleculeuntil the mole-
culeis withinaboutita diameterfromthe surface. At this point,as has been
mentioned,themoleculeis alsooperatedonby the intrinsicforcetendingto f
drawoneionto thesurfaceand to repel the other outsidethe regionofin-
trinsicattraction. Formeta!ssuchasgold,wherethe intrinsicfieldis positive [
in character,the negativeion is held morecloselyto the surface,while the
oppositeshouldbe true fora highlyoxidizediron surface.

s
Natureof the Ions

Very little can be told at present about the exact nature of the ions
emitted thermallyin the presenceof singleor reactinggases. The negative
ion emissionin gaseson such surfacesas goldand platinumtakes placeat
severalhundreddegreeslowertemperaturethan doesa correspondingelec- t
troh émissionina vacuum;positiveion emissioncompletetyor ahnost com- .1
p!ete!ydisappearsin a vacuumwhilein the presenceofa gasit oceursat even e
lowertemperaturesthan doesthe negative. r

Unfortunatelyit doesaot seemlikelythat massspectrographor mobility
measurementswillbe of much help in determiningthe chemicalnature of

ithe ionsemittedin the presenceof gases,due to the shortnessof the mean
freepath and the associationof the ions.
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Two generaltheorieshâve been'advancedregarding the nature of the
emittedions. II. A. Wi!son'"bassuggestedthat the positiveionscornefrom
thegas througha dissociationof the moleculesof gas into positiveionsand
e!ectrons;the negativeions,on the otherhand, he considérato be électrons
wbichare able to escapefromthe electrodebecauseof an electricaldouble

layer formedby the gas on the surface. The writer bas put forwardthe
hypothesis*that thegasmoleculesare dissooiatedinto positiveand negative
ionson thesurfaceand henceareatomicin oharacter;this, ofcourse,applies
only to those ionsemitted in the presenceof gasesat temperaturesbelow
whiohélectronemissionwouldbe obtainedin a vacuum. In linewith this
contention,someindirectevidencebas beenobtainedwhich indicatesthat
ethylalcoholdissooiatesintoH+and C2H60-ions. It is possiblethat mole-
culeswithsmaUelectricalmomentsdissociateintopositiveionsandelectrons
whileit seem~probablethat highly polar moleculesare dissociatedinto
positiveand negativeions.

MechanismofReaction

In order that an ion be able to escapefroma surface, it must possess
kineticenergyof agitationwitha velocitycomponentperpendieularto the
surfacecapableof removingit against the attractive forces to a distance
greater than to~ cm.fromthe surface;then it becomesa thermion. How-
ever,shouldan ionwhosevelocitycomponentis lessthan thiscomeincontact
withanother ion of oppositechargeto fonn a neutralmolecule,the energy
necessaryto completethe escapebecomesmaterially smaller. If heat is
liberatedas a resultof the union,then the probabilityof escapeis greatly
enhancedbecauseof the inoreasedkinetioagitation. However,shouldsuch
a new bornmo!ecu!ebe formedwithin lessthan a certain criticaldistance
fromthesurface,the chanceforitsescapeis small,becauseincasethesurface
forceis largethe probabilityof beingdrawnback to the surfaceand redis-
sociatedis proportionatelylarge. it follows,therefore,that the formation
ofmoleculestakesplaceat a pointin the imageregionso far removedfrom
the surfacethat the chanceforredissociationis smaU.

The energythat an ionmustpossessinorderto move out to this critical
distancewhereit canundergosuceessfuicombinationisgivendirectlybythe
equationderivedlater. The orderof magnitudeof this energyis approxi-
matelyhalf that necessaryfor the escapeof thermions.

Whiledefiniteevidenceis lacking,it doesnot seemnecessaryfortwogases
to react chemicallythat both be equallydissociatedat the surface. In the
caseof the oxidationofethylalcohol,for instance,it was veryevidentthat
the ions escapingfromthe surfaceregioncame primarily fromthe alcohol
andnot fromthe oxygen. It is possiblethat theeffectof the partialpressure
of the variousreactantson the rate of reactionis determinedby the deg~ee
ofdissociationofthe respectivegases.

MH.A.WOson:Ph!LTmns.,208A,248(t9o8).
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AMatbematicalAaalydsof 'theRéactionMeehaaism

The suggestedmechanismmaking surfaceoatatysisa speoialcase of
thermionicémissionis readilyamenableto a mathematioaltreatmont,since
it employsonlythe electricalforcesof the surfaceand the kinetioenergyof
agitationofthegas.

The analysisshouldnot only be simplerbut moreeluoidatingif the
variouseontributingfactorsare treated individuaBy.Letusconsidera plane
metalconductorbathed ina gas,and havingitasurfacecoveredwitha melee
of gas ionsas bas beenpreviouslyoutlined. Let the casebe simplified,for
the present,by assumingno intrinsicforceat the surface;the esoapeof the
ionsfromthe oonductoris impededonlyby their imageattractions. Since
the imageforceand the kineticenergyof agitationwillbe the sameforthe
positiveas for the negativeions, the treatment will applyequallyweUto
either.

Fromthestandpointofthe mechanismoutlined,the numberofmotecutes
of the reactionproduotformedper secondin a givenunitvolumesituated
at a distancer fromthe surfacewillbea functionof the numberofionsthat
it contains.

To determinethe rate ofescapeof the ionsfromthe surfaceto a region
whereohemicalactionis possible,wemustconsiderthe velocitydistribution
ofthe ionsat thesurface. The numberof ionsperunit volumewithveîooity
componentsbetweenu + du, v + dv,w + dw,is:"

m – M'+v'+w*

t.2~T~
du dv dw

n beingthe numbertif ionsper unit volume. The numberof ionsper unit
volumehavingvelocitycomponentsw. to ooperpendicularto thesurfaceand
any velocityparallelto the surfaceis:

M m ~M' J' m..
N n

~:k<rT/ ~e-Tn~du/e''T~dvFe'TPTwdw
.0.'

=n~e-~=n!J-~
=n

2WM =n -e-Wf z~rm a~m
e

For an ionto beemittedthermally,it mustpossessenergysuNicienttobe
completelyremovedfromthe imagelayer. However,an iondoesnot have
to possessenergysufficientto makeits escapethroughtheimagelayerto be
able to combinewithanotherion to forma neutralmoleculegivingohomical
action,sow. forchemicalactionistesathan w. for thermionicemission.

i!~c<dueto the7n&-MMtcFarce.
In determiningthe effectof the imageattractionon therate ofescapeof

ions,an idea!surfacewasassumeddevoidofanintrinsioforce. Whileit may
be possiblethat sucha surfaceexistsamongmetals,it iseertainlynot true
for those that areordinarilyusedas catatysts.

Sec,forexample,R.C.Tolman:"StatistioalM~hMics,"Chapter5 (t9~7).
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Anironorcoppersurfacemaybeoxidizedto the pointwherenoeffective
intrinsioforceappears,likewisean aluminumsurfacecoveredwitha filmof
oxidepossossesa verysmaUintrinsiofield. Thé aluminumsurfaceshowed
noability to catalyzethe oxidationof ethyl alcoholat temperatureswhere
gold was an excellentcata!yst'; under similar conditions the catatytic
powerof the ironand copperoxideswasverysmaU.

Poisoningof cata!ystson the basis of the proposedhypothesismay
largelybedue to the formationofa compoundonthesurfaceof theeatalyst
ofsucha naturethat the intrinsicfieldof the metalbecomesneutratized,thua

deereaaingits ability to dissooiatethe gas moleculeson the surface.
The mathematioattreatment for the effectof the intrinsic fieldis the

sameas for the imagefield,withthe exceptionthat whilethe imageforceis
an attraction for ionsof either signso that (workdonc against the image
field) e~i s Wt> oalways,the intrinsioforceisan attractionfor ionsof
onesignanda repulsionfor ionsof the oppositesign,so that the (workdonc
againstintrinsicfield) =!e~t s w: o, dependingon the nature of the
surface. Thefield(imageor intrinsic)willbecaUedpositivewhenit urgesa
positivechargetowardsthe surface.

Takingaccountof the imageandintrinsicfields,the concentrationofthe
ionsin the chemicallyactiveregionis

n~-Ye-
\2ma/ e-e(q,.+~/k'1'

yAe~ec<<~PressMre.

Theequationas it nowstands,althoughgivinganexpressionfor therate
of réaction,is not aufEcienttycomprehensivein tnat it eonsidersonlythe
surfacein detail,whilethen termalonerefersto the reactants.

It wiUbe recalledthat n is the ionioconcentrationin unit volumeofgas
at the surface. This concentrationis obviouslydeterminedby two factors,
thepressureofthegas,andthe natureofthe gas,i.e.,itsdissociationpotential.

The effectof gagepressurep on the ionioconcentrationas givenfrom
thermionicatudiesis

n =Be'

whereB isa constant,Ft and w:are funotionsofp only,and not ofT. This
canbe written.

n=n.e"

wherew~isthedifferencein theenergycontent betweenan iononthesurface
at pressurep and an ionon the surfacewhen the pressureis suohthat the
ionicconcentrationis n..

TheEffectof~e NatureoftheC<M.
In a previousarticle. in determiningthe distancefrom the surfaceto

whiehthe intrinsicforcewas effective,the assumptionwas made that the
valueof b foundfrom the slopeof the curve representedonly the work
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necessaryto getan ionawayfromthesurface,anddidnot inoludethe energy
necessaryto completethe dissociationof gas into ions.

Thisassumptiondoubtiessservesas a fair approximationwhereit was
intendedto beapplied,name!yto the dissociationofethylalcohol. Suchan
assumption,however,cannotbegivena generalapplication;forhighlypolar
moléculeslikeethyl alcoholthe electricalforcesat the surfaceare suBMent
tososeparatethe ionsthat but littleexternalworkwouldbeneededto remove
an ionfromitsmate. For non-polarmoieoutes,on the otherhand,it would
seemevident that the energynecessaryto completethe dissociation,of the
moleculeinto ionswouldbecomeveryappreciable.

The workw, necessaryto completethe dissociationof a moleculeis ex-
pendedin removingone ion againstthe electricalattractionof the other;
w<> o always,by an amount determinedby the natureof the gas. The
previousexpressioaforn must bemodiSed,therefore,bythe faotoro
whichis an obviousapplicationof the Maxwell-Boltzmandiatributioolaw.

GénérâtExpressionsfor the Rateof RMcthm
The energyofan ion in the ohemicallyactiveregionis thus madeup of

fourparts:

(ï) The workdoneagainstthe imageattraction,e~, = Wt.
(2) The workdoneagainstthe intrinsiofield,e~ ==w<.
(3) Theenergydependentonthe gagepressure,w<.
(4) Theenergyto completethe dissociation,w~.

It willbe notedthat the Srst twoaredeterminedby thesurfaceandthe last
twoby thegas.

The completeexpressionfor therate R at whieha givenkindof ion getsintothe chemicallyactiveregionis, therefore:

kT w+w,+-.+w4
~AT~ (6)

by puttingbk = Wt+ w<+ w. + w4. b is a measureof the workwhichanion must do in escapingfrom the surface to a regionwhereit can react
chemically.

Thé aboveexpressionfor the rate of escapeof ionsfroma catalytiesur-facemay nowbe applieddirectlyto the rate of chemicalaction. Let us
considera conditionin whichc ionsofC, d ionsofD, leavethe catalyst
persq. cm.of surfaceper secondand enter the chemicanyactive regionto
formintermediateioniccombinationproducts, S, T, accordingto the
equation

cC*+ dD* + eE* ~±:sS + tT +
where(*) referato ions. An ionenteringthe chemicallyactiveregionmaybe eitherof two types,a simpleionresultingfromthe initialmoleculardis-
sociation,ora complexionformedbythe attachmentof the simpleion to a
neutralmolecule.
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In generaleach kind of ion willhave a differentrate R of getting into
thechemicallyactive région. The forwardreactionwillbe, therefore:

R,=a;A&A&A&T""+<+-~e-<+'+-

sa,A'T'e-

n'=e+d+e+ is the numberofionscontributingto the forwardre-

actionai is the fractionof the ionsof C, D, E, arrivingpersecondin the

chemioallyactive regionwhichactuaUycombineto formthe intermediate

productS,T,
The ioniocombinationproduetS, T, maybe convertedinto the final

reactionproductin severaldifferentways: (t), S, T, maythemselvcsbe
the end product; (a) S, T, may combinewith gasesC, D, E, in a

homogeneousréactionaccordingto the equation

s'S + t'T +. o'C + d'D + e'E + = xX + yY + zZ+

whereX, Y, Z, are the end reactionproduotswhichescapefrom the

imagerégion;or (~), S, T, maybe drawnback to the surfaceandagain
decomposedinto C, D, E, (3)willalwaysbe in process.

Therate of the forwardreactionmay nowbeexpressedby

dC'/dt=a(~A'T'e~

BA.T~e-

wherea,is the proportionalityfactorreferringto the probabilityof S,T,
beingconvertedinto X, Y,

BysettingE/k b, the aboveexpressionfor the rateof chemicalaction
becomessimilar in form to the Arrheniusequation, whereE of the latter
referato the "energy of activation". The present development,however,
givesthe termaan entirelynewsignifioance.b, a measureof the workdone

by the ionsin escapingfar enoughfromthe surfaceto reactohemically,may
best bo termed the e&eMMCt~workfunction. A. containingthe termaa<Bt

referringto the probabilitythat the ionsenteringthe chemicallyactiveregion
wiUcombineto form the initial and final reactionproductmay be termed
the combinationfactor. Sinee,as bas beenstated, an iondoesnot have to

escapefromthe imageregionto reaotohemioally,the ChemicalWorkFunction
is lessthan the ThermionieWorkFunotion.

It is to be asaumedthat chemicalcombinationis dividedaccordingto the
!awBof probabilitybetweenaU processeswhiehbring therequiredionsand
moleoulestogetherin the chemicallyactiveregion. Theprocesamost favored

by chanceunder oneset ofconditionsneednot necessarilybe sounderall.

The back reaction is representedby an equation identicalto that de-

velopedforthe forwardreaction,but with differentvaluesforthe constants).

dC'/dt =a,'ai' A"T" e-

sA~r' e-
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whereq is the heat of formationof s moleoulesof S, t moleoulesofT.

Ëquiubnumis reachedwhen

dC7dt = dC"/dt

andis expressedbytheequation

( ')
A' p,I1'

K=.T~e-<
(a,~). A"

T

whereKis the equiiibritMnconstantand representsthe probability
(at~f)o

at equilibriumthat the averagemotecute,situatedm the chemicallyactive
region,wiUesoapefromthe imagezonerather than bedrawnto the surface
and dissociated.

Deducthms

The effectof gases,tMd the previoustreatmeat of thé oatalyston the
intrinsicforce can onlybe expressedia a qualitativemannerat this time.
It is hopedthat the continuedatudyof contactdiBerenceof potentialwiU
add to our knowledgeof the factorsundertyingthe mtnnaicforce. This is
important sinceitrfoUo~s:on the basisof the proposedmechanismthat the
changeinw, due to variationsin the intrinsioforcefrompoint to pointover
the surfacegives rise te the "chemicauyactivecenter"phenomenaestab-
lishedby H. S.Taylor. It has alreadybeensuggestedthat the poisoningof
catalystsmay be dueto the formationof a compoundonthe surfacewhich
materiallychangesthe mtrinBioforce.

Fromthe argumentas presented,it willbeseenthat if the intrinsiofield
is uniformover the surface,the ChemicalWorkFunctionwiUbepracticaMy
independentof the strengthof the intrinsicforce. Let a casebeconsidered
in whiehthe intrinsicfieldis positiveas on gold,then thenegativeionswill
be drawnmorecloselyte thé surfacewhilethe positiveionawillbe pushed
out. Thus,sincethediata-ncer is lessfor thenegativeionthan forthe posi-
tive, the imageforcewillb<greateronthe negativethan onthe positiveion,
so that (wi+ w~)+< (v, + w!)-. Sincew<muâtbe the samefor either
ion it foBowsthat b+ < b" in proportionto thestrengthof the positivein-
trinsio field. However,for ehemicalactionto take placeboth positiveand
négative ionsmust enterthe chemicallyactiveregion;hencea concomitant
loweringof b+and a raisingof b- willhavebut littleeffecton the catatytic
activity of a surface.

For mostsubstances,on the otherhand,it is to Heexpeotedthat the in-
trinsic forcewillvary over the surface,or it mightactuallychangein sign
from point to point ona Mrfacelikepartiallyreducedironoxideor a heavy
metal impregnatedwith atkaM. In this casethepositiveionswillenter the
chemicallyactive regionin greater numbersand with :essworkfrom the
areasofetrongpositiveintrinsicforce,whilethenegativeionswillcomemore
readily fromthe weakpodtive or negativeareas;therefore,(b+ + b-) will
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be lowerthan on a surfaceof uniformintrinsioforce. From this it will be
seenthat the more irregularthe intrinsicforceover the surface,the lower
willbe the ChemioalWorkFunction,and the greaterwillbe the numberof
moleoulesreaotingper sq. cm. per second,hence the greater the catalytio
power.

The writer isespeoiallyindebtedto'Dr. W. E. Demingofthis Laboratory
forhisconstructiveoritioismsand hismanyvaluableadditionsto the present
paper.

Summary
Certain observedfacts, namely,the emissionof ions duringvarioussur-

face oatalyzedohemicatreactionsfollowingan equationof the Richardson
type, and the concentrationof these ions inoreasingas the inversecubeof
the distanceuponapproaeniogthe surface,havebeenmadethe basisfor the
proposedmeohanismof surfacecatalysis,whereinthe subjeotis treatedas a
speoialcaseof thermionicemissionin gases.

In brief, the mechanismis that the gasmoléculesupon approachingthe
surfaceare dissooiatedinto ions by the combinedimageand intrinsicforces
of the catalyst. The ionsso formedare drivenfrom the surfaceby kinetio
agitationwith a probabilitydistributionof velocities. Chemicalactionre.
sultsfroma combinationofthe ionswhosevelocitycomponentsperpendioular
to the surfaceare sumeientto carry them out to a regionof weaksurface
forces–thé chemicallyactive region.

The equationfor rate of the forwardreactiondevelopedfromthe point
ofviewofelectrodynamicsis

dC'/dt = A~T" e-

whereAis the coMtMna<tOM/ac<orand b is thecompletechemicalworkjunction.
The back reactionis expressedby the sameequation as is the forward

but with differentvaluesfor the constants. Equilibrium,therefore,is ex-
pressedby

IÇ
AI TÉL2--n'

-(q v)T
K=-~T~'e-=-

T 9 0 -ca ~r
Ali



THE ELECTROCHEMICALBEHAVIOUROFSILICATEGLASSES.V
TheEteotncatPropertiesofthe AnodeLayers**

BYJ. B.FERCtUSON,M.jf.tt~OLUGANANBt. W.REBBBOK

Whenan electrioalourrentis passed througha sampleofglass,the elec-
trical propertiesof the samplewiUbe ohangedif the gtasscompositionis

therebyaltered. The nature andextent of someof these changesare dis-

oussedin this paper.
BxperimentalMethods

The sampleswerepreparedinthe fonn oftest-tubes,6-8cm.long,ï i mm.
boreand 0.7 mm.wallthickness. The upperendsof thesewereseatedto
smaUertubesofthesameg!asswhichwere30cm.long,4mm.boreandofthe

samewall-thicknesa.OneeleotrodematerialwasplacediNsidea sampletube
whichwasheldina tMck-waUedPyrexteat-tabecontainingtheothereleottode
material. In orderto preparean anode layerusingmerouryas anode,the

sampletubewasfilledwithmerouryby distillationat lowpressuresto a point
severalcentimetersabove the seaL After the deotrolyais,the mercurywas

pipettedout until the levelwasjust belowthe eea!and measurementswere
camed out with the electrodein this condition. Otherélectrodematerials
weresimplypouredinto the tubes. Aqueoussolutionswerecoveredwith

paraSn. Whenpowderedgraphitewas employed,it waspressedinto place
andto faciUtatethissampletubesofa uniformwideborewereused. At tem-

peraturesup to andincludingioo"Cthe outerelectrodematerialwaeusually
an aqueoussolutionofsodiumhydroxide,5wt. andabovethis temperature
mercurywasemployed. Whenothermaterialewereused,theyareindicated
in the text.1

Current measurementsweremade by determiningthe drop in potentiat
acrossa standardrésistanceby meansof a precisionpotentiometer,thé read-

ingsbeingproportionalto the ourrentflowingin thecircuit. Niohrome,silver
and platinumwireswereused to make connecëonswith the electrodema-
teria!s. Thèsewireswereinsulatedwith rubberorglasswherethiswaspossi-
bleas an additionalprécautionagainstelectricalleakage. The latterwasob-
servedbywithdrawingthe innerelectrodewiretoapointjustabovethéélec-
trode surfaceand takinga reading. The leakagewaskept downto a neg!i-
giblequantity by shietdingand insulatingthe electricalcircuits. ParasMc
currentsin the potentiometercircuitweredetectedby meansofan élimina-
tionswitchas auggestedby White.'

Conttibuttonftom~theDepartmeat~'ChentMtry,UniveMttyofToMntc.
ThMinvestigationwaaeaniedout,withtheaMMtfmeeof TheNfttion&tRMearch

OoomcaofCanada.Mr.MutËMnMdBtM&esmvetythree sehotMaMpawardahomthem'
`~

aBumaty,aStudentehipandftFettowaMp.AmomdetattedaocountofthéexcenatentatproceduremaybefoundinearEerp&pers
oftMaseries:RebbeckandFerguson:J.A!n.Chem.Soc.,4$,tt~t (i9t~);Rebbedt,MuHi-
ganandFetguoon:J.Am.Cenun.Soc.,a, MO.~9~5).RéférencesforgtaastHMtyaeamaybe
foundinPartIII MuUisMt.FetpMonandBeBcee)::J. Phys.Chem.,32,770(!9:8).

W.P.White:J.Am.Chem.Soc.,96,t~ (t9!4).
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Theourrent-voltagerelationfortube606DafterdmerentpenodBofetecttotyaiawith
amerouryanode.

The BnectofEtectrolysison CurrentReadiag

Sincethe passageof currentthroughglassiaahnoatentirelydue to the

cations,the magnitudeoftbis carrentia naturaMyverydependentuponthe

kindofanodeinuse. If theanodematerialis readilysolublethe ourrentdoes

notchangeverymuchduringanelectrolysisat constantappliedvoltagebut

if theanodematerialiadiBicultIysolublethe currentdeoreasesrapidlyasthe

eteetrofymBproceeds. Correspondingvoltagechangesoccurwhenthe elec-

trolysisis carriedout at constantcurrept insteadof at constantappliedvolt-

age. Thecurrentdecreaseisbroughtaboutby theformationofa filmofglass



t020 J. B. FBBGUSON, M. J. M~)LM<}ANAND J. W. BEBBECK

at theanode,the so-caUedanodelayer,in wMohthe conductionproceesdoes
notappearto beidenticalwiththaïofthe originalglass.Forexample,the our-
rentdoesnot inoreasewiththeappliedvoltageinaccordanoewithOhm'sLaw.
Theeleotrioalpropertiesoftheseanodelayershavebeennotedby manyin-
vestigatorabut noneappearto havestudiedthe dependenceof the current-
voltagerelationupon the time of electrolysiswith the diSiouMysoluble
anode.

Mercuryis a goodexampleofa dimcuittysolubleanodematenal.' The
dependenceof the ourrent-voltagerelation onthe time ofelectrolysiswas
studiedwithsampletube No.606D of newsoda-limeglassusinga meroury
anodein the followingmanner.*

Theeiectrolysiawas caniedoutat ioo"Cusingno volta. Themeasure.
méatsweremadefrom timeto timeat variousvoltageswhichwereprogres-
sivelyinoreasedforthese duringanyone séries. The atnountof eleotrolysis
whichtookplaceduringthemeasurementscouldsafelybe neglectedin com-
putingthe total timeof eteotrotysisat this temperaturo. Agraphof the re-
sultsisgiveninFig. i.

The zeroourveindicatesfor the originalglassan Ohm'sLawrelation.
Astraightlinethroughthepointswouldnot exaotlypassthroughzerovoltage
ontheplot. ThedeviationisslightandisduetocertainE.M.F.'sofa ohemi-
calnaturewhichwereset upinthesystem. Thesewillbediscussedlater. The
lowerportionsof the otherourvesrepresentthe nearly constantvaluesto
whichthe readingsfell afterapplyingthe voltage. Asthiswasincreasedthe
dmetenoesbetweenthe initial and final readingsbecame!esaand on the
nearlystraightportionsofthe ourvesat highvoltagesthèsedicèrenceswere
negligible.This faotmadepossiblethe rapid measurementofthe ourrentat
thehighervoltagesand thusreducedthe possibleerror fromelectrolysisdur-
ingmeasurement.The actualreadingsupon whichthe graphia basedare
givenin TableI.

Themeasurementsmustnotberegardedasexactdeterminationsalthough
the experimentswerecarefullyoonduoted.The initialhighcurrentreading
observedin manycases,nrst rapidlyand then slowlydecreasedsothat the
finalreadingtaken was to someextent a matter of individualjudgment.
Whentheappliedvoltagewasjust belowthat requiredtogivereadingsat the
lowerendofthestraightportionofthecurvefortheelectrolysedtube,in some
casesthe initialourrentfellelightlyandthen rose. The doubleentriesin the
last columnin the table representthe minimumvaluesand thefinalnearly
constantvalues. In apiteofsuchuncertainties,the resultsindicatethe gen-
eralcharacterof the ourrent-voltagerelation.

A greatmanyexperimentsweremade, the detailsofwhichneednot be
givenhère. Simuartypes ofcurveawereobtainedat ioo*Cwiththefollowing
giasssamples:

TMepomthasbeendiscussedinPartIV,Mulligan,Fet~ueonandRebbeok:y. Phys.chem.,32,843(t~aS).
'NewgtMssigmaesgtaaswhiehbasnot~ceived&nyMpecMthenMt.dectnoatofothertreatmont.
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TABLE 1

Cmrent-vottagemeasurementswith tube6o6D

(a) Newsoda-limegtasswithmercury-containinganodelayersfonned
at varioustemperaturesrangingfrom100to z7S°Cusing110volts,and at
too"Cwithvoltagesrangingfrom30to 220volts.

(b) Annealedsoda-limeglass with meroury-containinganode layers
fonnedat 100and at i85*Cwith no volts.

(c) Newand annealedsoda-limeglasswithanodelayersfonnedat ioo"C
usinga carbonanodeand 100and Movolts.

(d) Newsoda-limeglasswith an anode layer formedat 45o°Cusinga
carbonanodeand a tin cathode.

(e) Newglass,Schotttype 50' withmercury-containinganodelayers
formedat 100andat:?5°C usingnovolts.

The fonnof the curvessuggeststhat the loweredcurrentreadingone!ee-
trolysisis due to an increasein the tme ohmicrésistanceand to a counter
E.M.F. whichis setup. Anexperimentalstudy of thèsefactorswasaccord-
inglycarriedout.

The tentative theorywouldindieatethat the tme résistanceof the elec-
trolysedglasssamplecouldbe approximatelydeterminedfromthe slopeof
the upper nearlystraightportionof the current-voltageourve. From this
déterminationthe resistanceof the mercuryglass filmcouldbe oalcutated.
If the hypothesiswerecorrect, and the mercuryglassfilmweresimilarto
otherknownglasses,the changeof thisrésistancewithtemperaturewouldfot-
lowthe ruleof Raschand Hinrichsen:' logp = A/T + B Atube of new

'RMehMtdHinnctMen:Z.E!6){tMchem.,t4,4t(t9o8);BaumeMter:Diss.Rcstoek(t9MAmbronn:Ann_Phyaik,Sa, .39 (t9t9),Mathy: J. FranklinImt. 1M,229(t~);Sohonbom:Z. Phyetk.22,305(t9~); Rebbeek.MuMiganmdFerKUMn:J. Am.Cemmc
Soc..a. 329,Ms(t9a5);FefgaMn:Can.Chem.Met.,10,:)! (t9:6);SchiUer:Arch.E!ek.
trotech.,lt,&o<)(t9a7);Ann.PhyNk,N3,~7(1927).

~urmux-VUtNtgc MKHMtUteHM'tHB WtTin tUCB 000~

Applied PotentiometerreadinginmillivoltaafterhouMoftotalelectrolysis
Voltage indicatedat headofeath column
(volte) o J. 15 ~.ig 5.46 8.83 ~.37

o

'° 0.2S
20 37.6 a3.7 $.: 2.0 o.a

30 55.6 5.7
40 74.3 58.0 23.6 12.s t.o 0.03 0.03
50 92.5 75.85
°o 92.7 494 3~.7 5-75 0.1 0.08
80 81.4 590 197 0.7 o.is

*oo 8o.2 43 5.5 ï.o
"o ii.6
"o 7S.2 ~3.9 6.g- 8.o
'30 iS.o-t6.3
"40 Si.o 27.0
160 80.2 53 4
i8o 8~.2
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FM.aa
Curve1 TheKNatmeeof theoriginalgtaaaample.CurveII. Ther.<MtMceoftheete.tmtysedgt~ ample.CurveUt. Thetrue reaNtanceofthe meMUty-eamtaimnganodegtae
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soda-limeglasswas thereforeeleotrolysedfor35minutesat ayo~Cwith t :o
voltsusingmerouryforboth cathodeand anodeliquids. The cathodemer.
ourywas then replacedby an aqueoussolutionof sodiumhydroxideof the
usual strength and current-voltagemeasurementswerecarriedout at ss.S,
73.aand99.2*0. In ordertogetmeasurementsonthestraightportionsofthe
ourves,it wasnecessaryto usefrom296to 390volts.l Theresultsof these
experimentsare givengraphicatlyin Fig. z. The resistanceof the original
glassis indioatedby ourveI, the résistanceof the eteotrotysedglasssample
by curveII and the resistanceof the mercuryglassfilmby ourveIII. The
last mentionedrésistancewasoaloulatedonthefurtherassumptionsthat the
filmwaso.s~ thickandcontinuous.Otherexperimentswerecarriedout with
othersamplesat temperaturesrangingfrom65.:to :39*C. Theseconfirmed
the results just givenand also indioatedthat the rulewouldprobably hold
at ï39°Cif the errorsdue to electrolysisduringthe measurementscouldbe
eUminated.

The counterE.M.F.'sset up duringan electrolysiswitha difficultlysolu-
bleanodemaybecalculatedfromtheourrent-voltagecurveormaybedirectly
observed. The directdeterminationofthesewascarriedoutin twoways. In
one,the sourceof the appliedpotentiaJwas disconneotedfrom the circuit
whiohwasthen elosedand the potentialdifferenceinitiallyset up acrossthe
standardrésistanceinserieswiththe sampletubewasdeterminedbymeansof
the potentiometer. From this readingthe counterE.M.F.was calculated.
In the othermethod,theappliedvoltagewasquicklyreducedand the voltage
whichwouldjust preventa currentflowingin the oppositedirectionwas de-
termined. The galvanometerof the potentiometercircuitwasused to indi-
cate the balance. Whenthe counterE.M.F. was above100volts, both
methodsgave lowfesultsbut thesecondmethodwasthebetter. Theexperi-
ments could not be carriedout withsucicientrapidity by these methods.
In all suohcasesof suspectedlowresultssughtchangesin techniquewhieh
increasedthe speedwithwhiohthe measurementscouldbemadegaverise to
higherrésulta. Anumberof our resultswhichwereobtainedat ioo"C with
soda-limeglass sampleshavingmeroury-containinganodeglass layers are
givenin Table II. The calculatedvaluesagreeso wellwith the observed
valuesthat the hypothesisappearsto bewellgrounded.

Aftera glasssamplebas beenelectrolysedfora longtimewitha mercury
anode,the apparent résistancedoesnotchangemuchwithchangeof tempéra-
ture. Thisbas beennotedby othersin their experimentsat highertempéra-
tures.' In ourexperimentsthe mercuryglassbasbeenfoundtoshowa normal
temperaturecoeScientof résistanceand the formereffectbasbeentherefore
attributed to the counterE.M.F.'swhieharesetup. Thiswascheokedinthe
followingmanner. Current-voltageourveswereobtainedat various tem-
peratures. The nearly constantcounterE.M.F. whiohis obtainedat the

~WewiBhto thanktheDepartmentofPhysicaforcertainapp&mtMusedinthèseex-
pernnenta.

MWarburg:Wied.Ann.,~~?. Kersohbaum:Z.physik.Chem.,
7Z,468(t9to);8chube:ABB.PhyNt:,37,jt35(t9t!t).
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TABUSiI

Examples of counter RM.F.'s at ioo"C

TABLE IIITABLElII
Examplesof counterE.M.F.'ac&Icu~tedfromourrent-voltageourvesobtained

at differenttemperatures

h~her voltageswasdeterminedgraphicallyfrom eaoh ourve. The valuesfoundare givenm TableIII andsupportthesuggestionjust previouslymade.

~h.~
thMP~Perwe have bneay summarizedthe conditionsunderwhichwehaveobtamedcurrent-voltagecurvessimi!arto those givenm Fig.

"°~ '° caaesseemBauSoient

d~~ ~P~onthatthe
induction procès werenot e~ntiaUy(Merentfromthat whichwehavemorefullyinvestigated.When the gtasstubeswereelectrolysedwithmercuryas cathodeand a<Mutesolutionofsodiumhydroxideasanode,the currentreadi~ dec~ed

TubeNo. ApptMVotta~ CounterE.M.F Tempe~C Senea
°ï5D 320-390 vo!t8 203.6 volts 73.3 A

~o-5 138.8

73.3 B
~3~ 55.5

6o8D 1~16. ~.s B
120-200 Q9.g

M-t-––

0~Voltage Observed Caloulated
6o8D 3ovo!tB ï9.svo!ts .19.8 volts A r

39.5 39.6
59.5 $9.a

80 76

6o6D 60 S9 59.8
79 79.5
96.6 98.9

104 ïoy.7
1

592A 100 oa.

150 ea. 85

6ïoD 80 65 65
~o 66 65

~~5D t4o 86 86

°"D Mo ~8 j
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;~t,ta. m., .t.1_ "_h- '1
etigMtyas the electrolysisproceeded. This decreaseappeared to be mainly
dueto the counterE.M.F.'sset up. Whena tube whiohhad beensoelectro-
lysedfora longtimewasshort-oirouited,the ourrentfeUrapidlyat Srstand
thenoontinuedfor a longtimeat a practicaUyconstantvalue. The counter
E.M.F'.swerethereforeof twokinds,oneof whiehrapidlydecreasedandone
whichpersietedfora longtime. The Srsttype weresimilarto thoseobserved
withthemerouryanodebut thèsewereonlya fewvolts. Howeverwhenthe
sodiumhydroxidesolutionwasreplacedwitha solutionof mercunoohloride,
theourrentfellmorerapidlyas theelectrolysisproceededandthe valueof the
counterE.M.F. of this type morenearly approachedthat found whenthe
anodewasmetalliomercury. Thesecondtype werefromi to 3 voltsandare
theresultof a chemiealpolarization. Whena tube wasset up forelectroly-
sis, with a mercurycathodeand a sodiumhydroxidesolutionanode, the
variouscontactpotentialsin the electricalsystemgaverise to a measuraMe
currentwhichcorrespondedto that obtainedwith an applied voltageof 0.2
to 0.5 volts dependingon the partiou!ararrangementand on the tube.
Slightlyhighervalueswereobservedwhenthe tube waswashedoutwiththe
dilutesodiumhydroxidesolutionand driedby evacuationbeforefillingwith
meroury. An actual increaseof 2.83volts was notedwith tube No. 48 tD

TABLEIV

Examplesofthe counterE.M.F.'sofa chemicalnaturewhiehareobtained
aftera preliminaryeteotrotysisusing ïio volts, sodiumhydroxidesolutionas
anodeliquidandmercuryas cathodeliquid.

TubeNo. TimeelectrolysedCounterE.M.F. Temperature
469D o minutes o.ggvotts ioo°C

1 o.8i

58A 2i.ihours i. cafter 35 sec. discharge ~"C
i.7 405"

» ?y

6oD 20.2
I.p ~2" ~~C

ï.7 420"

54A 22.6 l.f) ~o"
rs

y~C
1.8 M20"°'

2 ï.ig
4 1.37

18 i.oy
40 2.tg

107 2.20
263 2.24

!9i 2.7 is" y~c

2.1 70"
1.9 i3o"

ss
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wheno.:s ce.ofa concentratedsodiumamalgamwasaddedto thecathode
meroury. Thisdecreasedto 9.45voltsafter an eleotrolysisofsévèrehours
but didnotfurtherchangeinan additionalelectrolysisofo.shours. Counter
E.M.F.'s of thistype couldeasilyresult fromthe Mborationofsodiumat the k
cathodeduringtheelectrolysisof the sampte. Typioalexamplesoftheseare
givenin TableIV.

The idea that the loweredcurrent readingobtained aftera prolonged
electrolysisofa g!asssamplewaamainlythe resultof a typeofpolarization
wasfirstadvancedby Buff.' The explanationbasbeenusedbymanyothers
sincethat time,'but the phenomenonhas not previouslybeensyBtematicaHy
investigated. In the eleotrolysisofcrystals, largecounterE.M.F.'aarealso
encountered'andsimilareffectshave beennotedwithsuchmaterialsasporce-
tain.< SinjetnikoiTand Walther6believethat theyare the importantfactors t
in the electricalbehaviourofdielectncs.

Investigatorswhohavestudiedthe conductionofglassat a temperature
ofseveralhundreddegtee8"havenot foundit necessaryto usethiaexplanation
in orderto interprettheir results. Sohulzowasable to correlatehisobserva-
tionson the assumptionthat a glasssamplewitha meroury~ontainingglass
anodelayerbehavedasa capacityin serieswitha highKaiatanee.Theanode

tayerwasthedietectrioandtheongmatgtasathehighreMBtance.Inapptying
thisexplanationtoourresuttsdiBBouttiesareencountered.Whenthecounter
E.M.F. is very near the appliedvoltage,the dischargeourvefora tube re- )
semblesvery ctosetythe disohargeof a telephonecondenserconnectedin
serieswith a similartube oforiginalglass. Thisexperimentallydetermined
tact tendsto supportthe ideabut ourobservations,that at thehigherapplied
voltagesthe counterE.M.F. is nearly independentof the appliedvoltage,
cannotbereconciledwithit. Inorderto accountfor suoha peculiarcharging
of the glasscondenser,onewouldhaveto assumethat the conductionin the
anodelayerwasdependentuponthe applied voltagein an equallypeculiar ]fashion.

Whetherthe conductionprocessesat high andlowtemperaturesdifferin 1
f

kindor merelyin the importanceof thefactorsinvolvedcanhardlybedeter-
minedfromthe experimentalworkavailable. The truè résistanceof mer-
curyanodeglasshasbeenfoundby us to vary with the temperaturein ac.
cordancewiththeruleofRaschand Hinriohsenandit isreasonabletoassume
that this wouldbe the caseat the highertemperatures. ThesmaUtempera-
turecoefficientreportedby Schulzeisat variancewith this assumptionif his
resistancevaluesrepresentthetrue résistanceofthiskindofglass.

'BuB:Ann.Chem.P!tMm.,M,~(t8s4).
j

J'~3~ (iSM);T. Gray:PhiLMM.,(5),M,3~6(tMo);A.GmyandDobbie:POU.Roy'fion4~(gIg(i)'j; 6~
· Ph~'

~c,(5)10,
~a6(i8$o)A. Cirayand

Dobbie:Pi6cRw.So~M.gS(:898);67,t?? (!90~-8c!~àer:Z.phy~ChM).,2~
36~5)9ig);

$chiller:Ann.~hyéiky 8 io (1924(~)c~ hr8derZ phyei&Grhem;,36,f&
Schiller: zo )

EJoNe:Ann.Physik,72,46~(t933);SeMUer:M, w(t~y).
<BrMe:'hMM.Am.EtectMehem.Soc.,33,205(!9t8).
SinjehukoefandWidthM-:Z.PhysiJt,40,786(ï~y).
LeBImcandKeKchbaumloc.cit.;Schnbe:toe.cit.
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If weooasiderthe aotingvoltageas the différencebetweenthe counter
E.M.F.and the appliedvoltage,the conduotionin our meroury-containing
glasslayersfollowsOhm'sLaw. Thèselayerswereverythin andthe poten-
tial dropaorossthe layeronthe sampleusedin the experimentdescribedin
oonneotionwithFig.must haverepresenteda highaveragepotentialgradi-
ent. Theconductionofeleotrioitybyglasswhensuchpotentialgradientsare
usedbasbeenstudiedby manyinvestigators. Quittnertbas recentlyfound
that Faraday'sLawis obeyed. The ourrent-voltagerelationdisooveredby
Poole*basbeenfoundby Schillerto holdundera varietyofexperimentalcon-
ditions.This relationmaybe written:log i = C + DX + logXin whichi
isthe current,CandDare constantsandX is the averagepotentialgradient.
Asomowhatsimilarequationfitsapproximatelythe lowerpart ofourcurrent-
voltageourvesfor glasswith meroury-eontauungglassanodelayera. The
equationis logi = A + BE inwhichA andB are constantsand Eis the ap-
pliedvoltage.It fltsfairlywellthe valuesgivenbyWarburg*forhisglasswith
a meroury-oontaininganodelayer althoughhis experimentswereconducted
at hightemperatures.Warburgwasnotawarethat mercurycouldenterglass
but bassinceagreedwiththe findingsofSchutze/

It doesnot fit the resultsofLeBlanoand Kerschbaum'whioharebest rep-
resentedbythe equationi *=KE'. Thisrelationis alsothe oneproposedby
Mundet'as the result of his studiesof glass conductionat high voltages.
The signifioanceof thèse agreementsis not apparent but it seemedwiseto
pointthemoutat thistime.

Thegréâtinfluencewhiohelectrodeconditionsmayhaveon theresistance
valuesobservedwithmaterialslikeglassis a matter ofcommonknowledge.
If the counterE.M.F.'swhichnearlyequalthe appliedvoltagesareinvolved,
slightchangesin the electrodeconditionsmight easilycauselargechangesin
theactingvoltageandgiveriseto theeffectsnoted.

ExperimentsonCurrentRevetsal

The chemicalenectsaasooiatedwithourrentreversa!ontubescontaining
mercuryand certainother anodeglasslayershave beendealtwithin detail
inthe previouspaper. Theelectricaleffectswillnowbedisoussed.

TubeNo. 3iyD waselectrolysedwith 80.5volts at 76"Cfor 16.2hours
usinga mercuryanode. Measurementswere then carriedout at 74.45"C
using85votts. Readingsweretakenasin theordinaryourrentmeasurements.
Aninitialreadingwastaken with the originalglass and anotherreadingat
theendofthepreliminaryelectrolysis.Themercurywasmadecathodeanda
senesofreadingsweretaken. Themercurywasmadeanodeandthereadings

1Quittner:Bits.AJmd.Wiss.Wien,136,Ha,ts! (t~ay).
p). (121);ScMUer:Z.tech.Phyak,H, 588(!MS):Ann.

Phystk.,8t,39(t9it6);M,!37(t9:7);AMh.EtektMteoh.,t?,6o9(t~.
'Warburg:loo.oit.
<SeeAnn.Physik,37,441(t~).
6 LeBlanoandKeMehbaum:toe.cit.
MundehAMh.Eiektrotech.,15,~ao(t~zs).
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FN.33TheeffectonthecurrentreadingsproducedbytherevetMtof thedirectionof thécurrent,(tube317D).

continued. The experimentwasagainrepeatedin sofar as it relatedto thé
last twoseriesof measurements.Thé resultsare indic&tedby Fig.3. The
pointson thé vertical Uneto the leftare the initial andfinalreadingsof the
electrolysisproper. The circleson thegraphare the readingswith mercury
cathode,the dota-thereadingswithmercuryanode. Thehighinitialreading
withmercurycathodewouldappeartoindicatethat theaoëngvottagewasthe
appliedplus the counterE.M.F. Thecourseof the curveof suchreadings
withmercurycathodeis, webelieve,mainlythe resultof a decreasein the
counterE.M.F.anda puncturingoftheanodelayer. Thecourseof thecurve
obtainedwith mercuryanodewouldindicatea rapidhealing,as it were,of
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thèsepunctures. A similarseriesofmeasurementswasmadewith tubeNo.

47 yDwhiohhad been givena preliminaryelectrolysisat ioo''Cusing 110
voltsfor12hours. The experimentalconditionswerehoweverslightlydiffer-
entandtheresultsare thereforegivenin Fig.4.

Theeffectonthecurrentreadingsproduoedbythereversalofthedirectionofthe
current,(tube477D).

Thesedifferfrom those indicatedin Fig. 3 in that the longerelectrolysis
withmercurycathodenecessitateda longereleotrolysiswithmercuryanodeto
reatorethe loweredcurrent teading.

RésiduelCharge
Hopkinsontreportedthe reversâtof the directionof the dischargeourrent

duringthe disohargeof a Baskwhichhad previouslybeenchargednegatively
for many hoursand positivelyfor fiveminutes. An attempt wasmadeto

1HopMnaon:Phil.Tr&M.Roy.Soo.,167,599(tSyy).
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obtaina similarresultunderbotterdeSnedconditions.Tube No.4?,D was
e!eotro!y.edfor 18hours.t io."C with i tovoltsusinga merouryanodeanda
ddute~umhydr.xidesotuti.n~~h~e. The~tio.

cthe coatamer~d thetube andcontainerwellwashed.Theyweredried with
°

the vacuumpumpand mercurydM!ed intothe container~he
~ercu~My anodewasmadecathodefor 6 hours.Thecurrentwas thenobservedafterthe externalsourceofpotentialwasdis-

~E?~ divisionsand rapidly in-cre~d to +40. After6 minutesit was+ 30. Thehighinitialreadingwas
undoubtedlythe usual counter E.M.F. readingobtained with a sample yhaving a mercuryglass anode layerand the maller positivereadingwas echemical pola.rizationsimilarto that obtained when atube is electrolysedwith merourycathode. Oncethe tube wasprepared,
~r~e~~dr~ a short timewith the initialanodemerouryascathode.

Summary
Whena glasseampleis electrolysedat moderatotemperatureswitha diacuMy solubleanodematerial like mercury,the ourrentdeoreasesasthe electrolysisproceeds.This decreaseie causedbythe settingupofcounter

~~S~

1highervoltagesthe oounterE.M.F.tendsto assumea constantvalue. Theminimumvoltagewhichi8requiredtogivethisnearlyconstantvalueinoreasgs 1

S~~.degt~ layerhas beenfoundto bemanytimesthat ofthe originalglassSi~~ temperaturein of S~Hinrichsen.
2.

ThesmaUercounterE.M.F.'sofcoMtantvdueswMcharenotedwhen II
~u~ Jchemicalinorigin.

~L" eleotrioalmeasurementsare ~fectedby cur-

~<anodeglasslayers.
~condS~T~experimentonresidualchargehas beenrepeatedundernewconditions.

Toronto,Canada,
0<<ot~,t~y.



OPTICALISOMERSOF CYSTINEANDTHEIR Ï80ELECTRIC

SOLUBILITIES

BY JAMES C. ANDBBWS AND EDWtN J. BBBEER*

The comparativephysicalpropertiesof the possibleoptical isomersof

cystinehave neverbeenolearlydoSnedalthoughit basbeen observedthat

cystinesamplesof differentopticalactivitieshavediCerentisoelectriosolu-

bilitiesin water. It bas been suggestedthat someof the anomaliesin the

ohemicalbehaviorof this substancemay alsobe the result of varyingpro-

portionsof differentopticalisomersand furthermore,the peculiarseleciave

actionwhiohbiologicalagentsfrequentlyshowforoneoptical isomeras op-

posed to the other makesdesirablea moreminuteacquaintancewith these

isomers. The presentwork wasundertakento déterminethe solubilitiesin

water of isoeîeotriosamplesof oystineof differentMo valueswitha greater

accuracythan heretoforeand to use these figuresin their relationto the Mo

valuesto deducewhatisomersmightbepresentin samplesof variousactivi-

ties. It washopedthat the workmightultimatelymakepossiblea moreexact

separationand characterizationofthe opticalisomersof this compound.

Theusualformulafor the numberof optioatisomerspossible(a",wheren

= thé numberof asymmetriccarbonatoms)points to four compoundsin

additionto racemicoompounds;buthère,owingto thesymmetryofthewhole

molecule,twoof the isomersare identicalandonlythreeconfigurationsof the

moléculeare possible. To illustratethis moreolearly,the two asymmetrio

carbonatomsmay.be designatedas X and Y, a prefixedplus or minussign

indicatingdextro-or laevo-activity.

-X +X -X +X

-Y +Y -Y -Y

(1) (~) (3) (4)

Combination(i) wouldindicatelaevo,(2)dextro,and (3)and (4),beingiden-

tical sinceX and Y are, in this compound,interchangeable,both represent

the intemallycompensatedor mesoform. Thereis alsothe possibilityofan

opticallyinactivecompoundbeingformedofequimolarparts of dextroand

laevo,accordingto theequation,
d+I~=*:dl

this equibriumbeingcontrolledchienyby the prevailingtemperature.Each

of thesephasesis a chemicalentity and, assuch,basits own physicalprop-

erties suohas solubility,meltingpoint, etc. which,fortwo enantiomorphous
substancesare regardedas beingidentical. If then a solutionis saturated

with respectto one phase,the introductionofanotherphase shouldgivein-

creaaedsolubilitywhiohwouldbethe sumofthe solubilityvaluesof the two

DepartmentofPhystotogie~Chemietty,SchoolofMedicine,UniversityofPennsyl-
vanie,FMIadetpMa.
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individualsprovidedthe samplebe sufficientlylargeto maintainboth solid
phases. The possibilitythat the presenceof onephasemayaffect the sotu.
bilityof the otherseems,insuchdilutesolutions,to benegligiblyslight,

Althoughsolubilityfiguresforcystineare fewin numberand not in good
agreement,they do showdefinitevariationswithvarylngMo values. In-
active samplesseemto be moresolublethan laevoand Mômer obtained
figureswtuchindicate that the dextrovariety is alsomoresolublethan the
laevo. His figuresas weUasthoseofother investigatorsaregivenin TableI.

TABLEI

Asfar as can bedetermined,no accountwas taken,in any of the above
determinations,of the possibleeffectofvariationsinsizeofsolidsample. It
is impossibleto say, exceptin the ligbt of furtherexperiments,how manyphaseswerereaUyin equilibriumwiththe solution.

Experimental
Cystinesamplesof differentopticalactivitieswerepurifiedby makingat

leastfiveisoolectricprecipitationsfromHC1solution,usingdiluteNa-OHfor
neutralization. In all cases,a "c.p." cystine,givinga negativeMit!ontest.wasusedas the starting point. Partieubrcarewasalwaystaken in the neu-
tralization notto oarrythe solutionto a pH evenashighas y. The precipi-tate wasthonwashedrepoatediywithdistilledwateruntil the washingswere
electrolytefree,as determinedby testingfor eMorideion. The purifiedsub-
stance was kept in a desiccator.Nitrogendeterminationsby the Kjeldahlmethodgavealmosttheoreticalresultsandsu!furdeterminations,whenmade
have alwaysgivenrésultacorrespondingvery oloselyto the purity obtained
by K~IdaM. After wasbingthe sampleelectrolyte-free,it was alwaysex-
aminedminutelyunder the microscopefor the purposeof detectingany ir-
regularityin ctysta)!ineform. Thestandardmethod,recommendedby An-
drews*,was followedin deternuningthe specifierotation. Readingswere
madewith a Schmidtand Haenschpolariscope,sensitiveto ±0.0~. usinga
four decimetertube.

The solubilitymeasurementaweremadeby placingweighedamountsofthesampleswithdefinitequantitiesoftwice-distiHedwaterin PyrexKjeldahl
Hasks,wh<chwerethen tightlystopperedand deepiyimmersedwithfrequent

Specifie Sotubitity TemperatureRotation 'n go. per1 Centigrade.lain
"Laevo" ~Q HoSmanandGortner'

"Laevo" o. n~ Neubergand Meyer*
~4.~ o.m ly.o Môme~

o-333 i7.o MOmer*
,'S-S o.:so ~.o MSme~
"Inactive" 0.490 20.0 HoifmMMdGortner'
"Inactive" 0.~6 Neubergand Meye~
'47.0

°
0.344 i~.o Marner'
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shakingforat least 24hours (insomecasesfor weeks)ina Freaswater ther-
mostatkeptat 2S"C± 0.05". ThepH of the waterused,as checkedby the
indicatormethod,waswhat wouldresultfromequilibriumwithatmospheric
carbondioxide(about pH 6) and after saturatingwith the oystine,no de-
tectablechangein pH oouldbe observed. The solutionwasthen filteredat

2S''Cthroughoneormorelayersofhardenedfilterpaperandthe amountdis-
solvedwasdetenninedby makingfouror fiveduplicateanalyses,usingthe

Folin-Looneycolorimetriemethod. Bach analysis was checkedagainst a
separateand independentlymeasuredstandard. In orderto placetho solu-

bility figureson a more fundamentalbasis,micro-Kjetdahldeterminations
wereoceasionaUyrun against ammoniumsulfatestandards. The agreement
with the FoUn-Looneyresu!ts wasexcellentand the Folin-Looneymethod
wasthenusedfor mostof the workbecauseof its greaterspeedand conven-
ience. Asa rulethe Folin-Looneyproceduregavemoreconsistentresultswith
lesstrouble. The observedrotationof the solutionwasalsoreadin a 4 dm.
tubeat Z9"C. Thesereadingscouldbeduplicatedto within ~:o.01~.

TableII showsa summaryoftheresultsobtained. The individualfigures
foreachdetenninationare tabulated,as wellas the averagefigureadopted.
It willbenoted that all "A" samplesconsistof 0.05gm.cystineper 100ce.
water (a figureonly slightlyabove the solubilitypreviouslyreportedfor 1-

cystine),"B" samplesconsistof ten times the weightofsolidin "A," "C,"
ten timesthat of "B," and "D," wherenecessary,twicethat of "C." Thus
in thesampleswithgreaterexcessofsolid,anopportunityis givenfor phases
presentin comparativelysmallamountsto attain saturation. Thenecessity
for this is amplyshownin the table.

Sincethe déterminationswerecarriedout usingordinarydistilledwater,
it wasthought wellto determineif dissolvedCO; and the resultingacidity
producedanychangein the solutionfigures,althoughtheveryflatisoelectric
rangedeterminedby Mem!P madeit seemunlikely. Analyseswerethere-
foremadeof solutionswhichhad beenconstantlysweptin the thermostat
witha slowstreamofvery purenitrogen. Noappreciabledifferencein results
couldbe detected. Whiletheactual isoelectricpoint ofcystineis onthe acid
sideofpH 7,the differencebetweenthe presenceor absenceofsuohamounts
ofcarbondioxideas couldresultfromcontactwithordinaryairevidentiybas
nodétectableeffect.

Theoretical

Thèsedata present severalinterestingfeatures. The presenceof at least
twophasesis indicatedin all samplesby the fact that largeproportionsof
solidwererequiredto give plateausolubilityfigures. Thé 204.2"lot givesa
lowsolubilityvalueof0.083gm.per liter in the "A" sample,witha residue
consistingof hexagonalplatesas shownon microseopicatexamination,and a
plateaufigureof 0.163gm. per liter for the "B" and "C" samples. The ob-
servedrotation(notthespecincrotation)ofallthe sampleswasabout– o. 13"

°

indicatinga constant concentrationof the laevophase. The fact that the
usualhexagonalcrystalsmade up the residueof the "A" sampleconfirms
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the prevalentidea that thèsecrystalsrepresontthe laevoform,with which
even the "A" solutionbas beensaturated. Thé -148.7° lot givesa much
higherplateau,0.115gm.perliterbutpraoticaHythe sameobservedrotation.
This increasein total solubilitymustbe ascribedto the appearanceofa new
phase. Thé -!is.o" lot gavethe sameplateaufigureas the previouslot
indicatingthat, althoughracemizationhad proceedodfurther no newphase
had appeared. The inactivesamplegavethehighestvalueof aU,0.63$gm.
per liter. Theonedextrolothad a plateaufigurewhiohwasslightlylower,
0.555gm.per liter, indicatingthe absenceof oneof the phaseswhiohwas
presentin the inactivesample. Thèsefiguresobviouslyindicatean increase
in solubilityasopticalactivitydeereases,suchthat inoreasedproportionsof
solidto liquidarerequiredtogiveplateausolubilityfigures. Evenin thecase
of the sampleof highestactivity(-904.2°) thoreis evidentlya very small
proportionofan inactivephasewhichrequiredmorethan the minimum("A")
proportionofsoUdto furnishenoughforsaturation.

In racemizingsucha compoundas cystine,containingtwo asymmetric
carbonatomsof identicalconfiguration,a situationis encounteredanalogous
to that of tartane acid. Toracemizeany sample,the configurationofsome
of the carbonatomsofsomeofthe moleculesmustbe reversed. It seemsim-
probableandcontraryto pastexpériencethat bothasymmetriccarbonatoms
are affectedsimultaneously,formingthe opticalantipodeat one step. On
the otherhand,if theyare reversedoneat a time,the onlyotheralternative,
the resulteanonlybe the formationofthemesoformasan intermediatestep
in the racemizationprocess,followedby later reversa!of the group on the
otherasymmetricatom. Thusthe séquenceis:laevoto meso,mesoto dextro,
anddependingonconditions,dextropluslaevoto racemiccompound.

If the opticalactivity figuresbe temporarilyneglectedand the phasesas-
sumedtoappearin thisorder:laevo,meso,dextrowhichuniteswiththe excess
laevoto formthe dl compound,and (inaUya dextrophase,a roughideaof
the solubilityofeachphasemaybe gainedbythefoUowingmethodofreason-
ing.

Tho-204.2" lot is evidentlynot purel-cystinebut containssomeother
phase,mostprobaMythe meso. Becausea constantrotationofabout -0.13°
wasobtainedwithall samplesofthé -204.2"lot,the solutionsmust be, inall
cases,saturatedwith the 1-phase,and its solubilitymust be less than the
lowestfigureobtained.Therefore0.083gm.perlitermaybe taken asa maxi-
mumfigureforthe solubilityofthe laevophase. Moreover,as stated above,
a microscopieexaminationof theresiduedisclosedthe presenceof the hexag-
onal plates whichcommonlyoocurin the morelaevosamplesof cystine.
The increasein total dissolvedcystinofrom0.083to 0.163gm. perUtermay
beattributcd to saturationwiththe otherphasepresent,probablythe meso.
As racemizationprogresses,it is foundthat a newplateauvalue is reached.
Thé -148.7° andthé –115.0"lotsbothgiveo.3!5gm.per liter as a satura-
tion figure. Thishigherfiguremaybe assumedto be due to the appearance
ofa newphase,whichshouldbethe dl compound,formedby the combination
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of someofthe newlyformeddextrowithsomeofthe laevo. If then,the two

plateaufiguresbe subtracted,a solubilityvaluefor the third phasewill be

obtained.

1"~ °o°
1 + m + dl o.3ts gm,per t.

,1~8. y°
"204.3° 1+ m o. 163gm.per 1.

dl 0.152gm.per 1.

Théinactivesamplegavea stillhigherplateaufigureand a watersolution

whichwasdextrorotatory. Thesetacts suggestthe appearanceof a dextro

phase,more solublethan the laevo. Thedifferencein solubilityvalue be-
tweeathissampleand the 115-0lot shouldbedueto the appearanceof the

dextrophase.

0.0° t+m+dl+d d o.ô~ogm.per!.1.

us o" 1 + m+ dt 0.315g'n.pe' 1.

d o.32ogm.perL1.

The+ tz .0lotmay beassumedto havenolaevophasepresent.

0.0° m+dt+d+t 1 o.ô~ogm.pert.
-f-ïz.o'' m + dl + d o-~Sg'n.perI.

L o.o75gm.pert.

Thesolubilityof the mesocanbe obtainedfromtheRrstor –204.2"lot.

–204.2° t+m 0.163gIn.per1.

t_ o. 075gm.per1.

m o.oSSgm.per!.

It shouldbe noted that the figureof0.0~5g.per liter obtainedabovefor
the t-phaseis very closeto that obtainedas a maximumvaluefor its solu-

bilityinthe Aseriesof the 204.2°sample.

Ifthesolutionissaturatedwithoneormorephasesthe additionofa sample
containingotherphasesshouldcauseincreasedsolubilityvalues,eventhough
the rotationof the HCt solutionof thetotal sampleshouldbe the samefor
someample withfewerphasesthan the mixture. Thus the historyof the

sampleshould be consideredwhen makingsolubilitydéterminations. To
test this point a mechanicalmixturewasmadeby grindingtogether in a

mortarthe properproportionsof the inactiveandthe –:o4.z" lots so as to

givea rotationin HC1solutionof –jts.o". Theactual specificrotationob-
tainedwas –112.5°. Thismixtureshouldhaveall four phasespresentwhile

thé –115.0"sample,preparedby boilinga laevosamplewith HC1,should

have,accordingto the theory,only thel-,m-,anddl forms. Thesolubility
valueofthe mixturewasslightlyhigher(seeTableII) than that obtainedfor
the inactive,but showedno agreementwiththé -~5.0° lot. It is evident
that therewasno interactionduringthe timeavailablebetweenthe various

phasespresentsinceotherwisethe dextro-phaseassumedto bepresentin the
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inaotivesamplewouldhavecombinedwith the excessof laevophase from
thé ao4. lot, withthe conséquentremovalofthe dextro-anddropin solu-
bility.

However,thereshouldaisobeconsideredthe posaibilitiesofa readjustmeat
of equilibriumconditionsbetweenthe d-and 1-formaand the dl-compound.
Since racemiocompoundsare usuallyregardedM beingdissociatedm aolu-
tion, thefollowingequilibriumwouldobtain:

d! ~=±: d. + 1-
(solid) (solution) (solution)

Suchan equuibriumwouldproducethe two antipodesin equimoleeutar
proportionsandan inactivesolutionwouldresult providedthat exteriorin-
fluencesreactequallyon the activitiesofboth forme. If suohanequilibrium
as the aboveholds,the solubilityof the dl-compoundshouldbedecreasedbythe presenceofexoessquantitiesof eitherantipode, particuiartyof the more
solubled- form. The resultingadjuatmen~sshould then causeprogresaive
solutionof bothd- and 1-formaand removalaa the dl-compoundsincethe
concentrationsof both antipodes,indioatedby their sohtbiutioa,are far in
excessof that indioatedby the "so!ubilityproduot" of the d!. compound,as
oaloulatedfromits solubility. The net result wouldbe that asampleorigi.
nally inaotiveinacidsolutionshouldproduceonlyan inactivewatersolution
since the inactivesampleBhoutdcontain equimolaramountsof both con-
figurations,regardleesof their fonn of combination,and the adjustmontof
the abovedescribedequilibriumreaultsin the removalof equimolarpropor-
tions to formthe dl-compound.Sincethe oppositeia true, i.e.,an inactive
sampleactuaUyproduceaa dextro-rotatorywater solution,it is tobe inferred
that no suchadjustmenttakes place. Wehave ehownby expenmentthat
the dextro rotationpersistsat !east for severalweeks. That the inactive
sample of oystmeusedfor these detenninationswas really inactiveaeems
fairly certain. It not only failed to show any deteotablerotationunder
standard conditionsbut it alsofailedto showany whenthe concentrationof
the cystine and the acidity of the solutionwere both varied. Change in
temperatureabohadno effect.

When weconsiderthe optical activity figurescertain disorepaneiesare
seen. Thevaluesforthe observedrotationof the solutionsobtainedfromthe
laevorotatorysamplesindicate constant saturation with the laevo phase,
althoughthe steadyupwarddriftof thèsevaluessuggestsa slightinoreasein
solubilityas théproportionof the inactivephase increases. However,if we
aimilarlycréditthedextrophasewithbeingthe causeof therotationobtained
fromsolutionsofthe +1.20"lot,it ia evidentthat whilesolubilitynguressug-
gest tbat the dextrophaseis fourtimesas solubleas the laevo,theobserved
rotationsare tespeetivetyabout–o.i~" and +0.21°.

In the caseofthe inactivesamplethe dextrorotationobservedcouldbe
expiainedby the diBerencein sotubiËtiesbetweenthe d- and 1.phase,the
+0.12° value beingregardedas the algebraicsum of the rotation of the
saturated d- and 1-solutions. Assumingequal rotatory effectsfromequal
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concentrationsof oach,this wouldarguea rotationof a water sotutionof d-
formaloneas about +0.25"or +o.a6". The dextrosampleaotuallygavea
valueof +0.21". Theartincia!mixtureof M]) <=–na.s" showsabout the
samepositiverotationas the inactivesampleforthe samereason.

The specicorotationsof these isoelectncsolutionsare a!soof interest.
Theactivitiesof the solutionsin TableII areoxpressedin term ofobserved
rotation. In ealcutatingthe specincrotation onlythe concentrationof the
activephaseand not the total solubilityof the sampleahouldbeconsidered.

Byusingthesolubilityfiguresfor1-and d- oystineobtainedabove,it isfound
that 1-cystinebasa specincrotationof-433andd-of +~64. Noexplanation
canat presentbe offeredas to whythese twoantipodesdifferin specincro-
tation. It canonlybepointedout that the rotationof cystinesolutionsbas
beenshownto be highlyinâuencedby the presenceofother substancesand
this influencemay notnecessarilybe identioalon the d- and 1-fonns. Such
aninfluencemayboexertedby the inactivephases. The aboveMn valuefor
1-oystineis,at this highdilution,approximatelywhatonewouldexpectfrom

previouslypublishedcurveaof oystinerotations.~
The conclusionthat the two enantiomorphsmay have differentsolubili-

tiesis obviouslyhigMyunorthodox. Whilethe possibilityof someotherex-

planationfor the aboveresults cannot be excludedit seemsjusttnaHeto

expectmuchmoreexperimentalproofthan existsat present in the literature
beforeidentioalsolubilitiesof suohsubstancesberegardedas a foregonecon-
clusion. Ofthemanyopticalisomersknown,exactsolubilitieshavebeende-
terminedforbut a startlinglysmallnumber. Ofthèsethere areas manydif-
ferencesas identitiesrecordedand the fewidentitiesconcernsubstancesof

comparativelyhigh solubilitiessuch that s!ightdifferences-and onewould

expectsuchdifférencesto be slight,if they existat all-would be easilylost

sightof.

SuniaMiy
Thesolubilityofisoelectricoystinein waterat 35"Cwasdetermined,using

cystinesamplesof differentspecifierotations.
Théexistenceisindicatedof thefollowingopticatisomersofoystinelaevo,

dextro,mesoand racemic.
Asolubilityfigureforeachphasewascaiouiated.The resultssuggestthat

thed-formmaybeaboutfour timesassolubleas the î-fonn.
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Introduction

This investigationgrewout of an attempt to dehydrogenatesunflower
seedoitand thus convertit into an oil possessingbetterdryingqualities.
Experimentsonthehydrogenationofaunflowerseedoilusinga nickeloatalyst
wereconductedin this laboratorywithsuccessby Frenohand Humphrey'.
What are the possibilitiesof the reversereaction? Severalseriesofexperi-
mentsby the methodand withapparatussimilarto that whichwiUbe de-
soribedgaveovidenceof dehydrogenation,but it alsobecameevidentfrom
the reactionproductsobtainedthat the dehydrogenationof sunSewerseed
oil présentsa di&cultproblemwhieh is complicatedby the fact that the
oit, composedas it is of a mixtureof glyceridesof oleicacid and related
unsaturatedacids,yieldaa. verycomplexset ofproduotawhenit undergoes
decompositionin theprésenceofcatatysts. Astudyoftheactionofcatalysts
onpureoleicacidthereforeappearedto bea logicalstartingpoint.

Whilethe literaturois feptetewithexperimentsonthe hydrogenationof
the unsaturatedfatty aeids as weUas the glycerides,the reversereaction
basreceivedbut séantstudy. Maithe~did someworkon variousglycorides
to fonnmotorapirits. Heusedcopper-ntagnesiaorcopper-atuminacatalysts.
Workingat températuresof 600"to oso'Che hydrogenatedthemorevolatile
componentsand obtaineda yieldof 30to 30per centof a motor fuelcon-
sistingof a mixtureof benzene,toluene,hexanes,andother hydrooarbons.

Bussy/Ti!Iey/and Krafft"studiedthe destructivedistillationof castor
oil. Stadnikovand Ivanovski'foundthat the fatty acidsobtainedby the
hydrolysisof linseedoilwouldbe decomposedbyan iron-ironoxidecatalyat
at a temperatureof4oo"Cwhena streamof hydrogenispassedthru the oit,
yieldingmainlyhydrocarbonsand carbondioxide. The most recentwork
isthat ofSimons~ontheoatalytiodecompositionoftriacetinandtripropionin.
He madea completeanalysisof the volatileproductsresultingfrom the
actionofa thoriumoxidecatalystat temperaturesrangingfrom4!:o"to 52s**C.

Abstraotofa P'ted in pNtMfutSmentcfthereqairementafor thedegreeofChemMMEngineer,UniversityofMiasomi,19:7.
H.E. FMMhandBL0.Homphrey:UnivetsityofMimonnBof!27,No.7(t926).
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Bxpeïtmemtal

By way of orientationsomeexperimentswere conduotedwith finely
dividedplatinumas oatalyst. Attentionwaafiretdireotedto the composi-
tion of the gaseousproductaresultingfrom the decomposition.Samplesof

75granMofo.p.oleioaoidworeheatedto ~ys" thepresenceof thecatalyst
and kept at this temperatureuntUteaction had praotioa!lyceased. The

gaseousproduotswerecoUectedand analyzedin a modifiedand improved
Orsatapparatus.~At the sametimethe liquiddistillatewascollected.The

compositionofthe gasmixtureis giveain TableI.

TABLEI'

0!eioAoid–Catatyst,ColloidalPlatinum.

Fromthevolatileliquidproduotsoapricacidseparatedas a solid. After

filteringoffthecapricacid,ooolingof the nitrategavea semi-solidn)aœ,but
no séparationcouldbe made by filteringit. An attempt to separatethe

componentsbyftactioaaldistillationdidnot giveptooiaeof suooesa.After
the distillatehadbeenseparatedinto17fractions,the boilingrangeofeach

beingio", it wasfoundthat in ahnoateveryfractiona.partial solidification,
like the originat,tookplaceonslightcooling. It wasfound,however,that a
considerableportion,–about35 per cent--boiledwithinthe rangeof3:0"
to 3i4"C. This fractionwaafoundto contain60 per cent unsaponifiable
materialwhichwaslater identifiedas hydrocarbons.

Togainfurtherinsightinto the courseof the reactionsomepretiminary
experimentswereconductedwithfinelydividednickelasoatalyst. Asample
of oleioaoidwasplacedin the reactionSaakwith ï per cent nickeloatalyst

TABLEII

LiquidDistiHate–NickelCatalyst;Temp. = 375°C.RunNo. 12

UnitedStateaBureauof MinesmodiScation.

Time Weieht Volume SpecMo Time Weight Volume Specifie
(hm.) ? (M) Ont~ntyy (hm.) (~ (eo) Gmvityy
0.5 ï.oyS 1.308 0.826 s.o 3.122 3.593 0.870
1.0 ïo.433 tt.795 0.890 6.o 3.227 3.363 0.837
ï.5 7.809 8.9~9 0.875 6.5 1.170 1.498 0.784
2.0 7.6S5 8.707 0.875 7.0 0.809 1.22: 0.663
2.5 6.235 7.140 0.875 7.5 0.751 1.140 o.66o
3.0 7.4:8 8.567 o.861 8.5 0.579 0.841 0.690
3-5 6.385 7.4i6 0.860 io.o 0.500 0.770 0.650
4.o 8.283 9.533 0.867 11.5 Onedrop
4-5 6.382 7.496 0.855

UMMUtMM

Sample Vo!.cc HydMeMbon8%C0,% 0.% H.% C0%

i yz.S e.34, 8.80 2.M 0.3 86.8

3 74.6 ~.14 8.ï6 2.75 i.88 6o.4*

3 S9.8 7.55 2.34 1-83 8:.o
Thislowvalueh probablydueto anexperimentalerror.
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and keptat 37s*Cfor ta hours. The vo!a~!eliquidportionwascoUeotedin
tared test tubesat halfhourintorvab. Thegrossweightofeachsamplewas
later determinedand atsoits volume. Theexporimentaldata are given in
TableII.

A graphof the total weightof distillateplottedagainst timeshowsa
nearlyMnearfunotionup to fourhoursandthongraduaUyreachesa Umiting
value. The specifiegravityof the distillateshowsa ratherabruptdecrease
in the fraotionsobtainedafter6.s hours. About?opercentoftheoloieaoid
wasvo!atitMedin la hours. No oaprioacidseparatedout in the distillate.

Withthesepreliminaryrssuttsm bandas wellas the résultaofmoreex-
tendedexperimentsconduotedwith sunnowerseedci!, a total of 13trials, it
wasdeoidedto makea systematicstudyoftheoatalyticactionofnickelon
oleioacid,sincethe nickelcatalyst gavepromiseof fumishingthemost in-
formationaboutthe courseof the reaction. Theexporimentsinctade(i) ten
runemadeat ohosentempératureintervabwithinthe rangeof300°to 4oo"C;
(a) analysisof the gaseousproduotsduringtheprogressof the réaction;(3)
determinationof thefollowingphysioa!andchemioalconstantsonthevarious
fractionsof the liquid distillate; the saponificationequivalent,mfractive
index,per cent saponifiable,mo!eoutarweight,and iodinenumber;(4) fac-
tionationof the residueteftin the reactionBaskundergreatlyreducedpres-
sure, anddeterminationoneachfractionoftheabovephysicalandchemica!
charaeteristics.

The experimentalreaultsobtained,whenconsideredcolleciivety,olearly
indicate that finelydividednickelexercisesa specinocatalytioeffecton
the decompositionof oleicacidwhichis quitedistinotfromthe thermalde.
compositionwhiehoccurssimultaneouslybut relativelyslowly. Theresults
finda satisfactoryexplanationifit isassamedthat thedecompositionproducts
obtainedrepresenta combinationof a specuioeatalyticanda thermaleSfeot.

It is known' that oleioacid will decomposeslightlyon distillationat
atmoapheriopressuresgivingcarbondioxide,loweracids,andhydrocarbons.
In theexperimentsit wasfoundthat in theprésenceof thecatalyticallyactive
nickel that decompositionbeginsat temperaturesas low as zoo'C. The
speciBcactionof nickel is also ahownby the faot that the maingaseous
productiscarbonmonoxide. The volumeofcarbonmonoxidewasalways
foundto bemanytimesthedioxide.The stoiehiometricalrelationsbetween
the quantitiesof water,gases,distillate,andresidueshowthat thecatalytie
activity ofnickelunder theconditionsofthe experimentshouldberegarded
as a decarboxylation.The followingmechanismia postulatedfor the pre-
dominatingreaction:

an(OnH~COOE:) n CnH,t + (Ci,H,!)<+ zn H,O + anCO

Neartyall the experimentswereconductedm the followingmanner: A
sampleof oleicacid weighing75 gramswasplacedin the reactionflask,

ABen:"CommercMOtgfmieAo~aiB,"2,409(t~to).
Ct.Douehetty:J.Am.Chem.Soc.,50,s?!(t~S).
P.SabatierandSendeMM:Ann.Chim.Phys.,(8)4,467(t9os).
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Fig. x,with active catalyst.' The SaskwaathenMatedto the system.
The air and oooludedgaseswerenext removedbymeanaof an oilpumpand
then the Saak and contentsheated to the doeiredtemperature. The tem-

pérature was maintainedconstant by the use of an etectncheating unit.
At the higher temperature,wherethe distillationofunobangedacid might
be excessive,pure nitrogenwaa introducedand thepressureof the nitrogen
inoreasedto about ï.3 atmosphères. (SeeTable III).

In the runs made at the lowertemperaturesthe gaseswereevolvedso

stowtythat all of them couldbe anaiyzedat the timethey wereproduced,
but in later runs, at highertemperatures,the timerequiredto completethe
réactionbecomesso short that onlya fewanalysœcouldbe made in each

experimentalrun. In theseexpérimentathe total amountof gaseswasde-
terminedto ascertain whetherany stoicbiometrioalrelationexistabetween
the gasesevolvedandthe otherproductsofthe reactionobtainedin the same

experiment.
Awater layer coltectedat the bottomofthe receiver.Thisvas separated

fromthe layer of oUby meansof a ~paratory tunnelandweighed.
No way of separatingthe componentsin the oit iayerof the distillateor

in the residueleft in the reactionSaskwasfound. Thepercentsaponifiable

The nickelcatatyat,waspreparedbytreatingasotutionofnickelonsnitratewitham-
moniumcarbonate.Théprecipitatedcarbonatewasheatedina muSetoconvertit into

The~~°"oxidewasthenheatedmastreamofhydrogenfor50houMat
aos'C. Thénickelwasfoundto hâvethenheatedin aappearaneewMcheuggestedthé
présenceofsometpwerojddeof mokeï.was

thé actmnof hydroMnaeemedto bemeeectiw
preeenoeofsomeloweroxideofnickel.Asthe

actionof h n 80emed
te beineffective

mreducingit further,thétemperatttrewasrtnœdto~5"C. ter amadditionalt6 houra,theproduotwaaa grey-blaok,naetydivided,oatalyticnickel.



Ï044 BARNARDM.MARKSWITHH.C.HOWABP,JB.

wasobtainedby findingthe averagemoleoularweightof the soaps,and the
totalamountpf titratableaoidity. Themoleoularweightofthe aoids,whioh
appear in the distillate,wasfoundby precipitatingas leadsoapsdireotly
fromalcoholsolutionby meansofa saturatedsolutionof leadperchloratein
95per centalcohol. The soapspreoipitatedalmostimmediatelyin !$ to 20
volumesofalcoholsolution. Afterfiltrationof the preoipitatedsoapsand
removalof alcoholin a vacuumdesiccator,the dned soapswereanalyzed
for lead by the standard sulfatemethod.t Thé moleoularweightof the
saponifiableportions was alsodeterminedby direct titration of the fatty
aoidewith a standard base'.

In experimenteon the solubilityof the distillateit waafoundthat a par-
tion was insolublein twiceits volumeof 95%alcohol,and this part proved
to be unsaponifiable.

The produotthat wasseparatedby its insolubmtyin ggper centalcahol
was colortessand remainedooMMswhilethe originaldistillateohanged
froma colortessto a UghtycHowoil. Theproduotobtainedasunsaponifiable
by the standard separationwascolored. The physicalconstantsof each
weredeterminedandveryslightdifferoneeswerefound. Thevolatileproduots
whichcondensedat roomtemperatureswerethus dividedinto threeparts:
(i) The water layer; (2) a saponifiableportaoncontainingthe unobanged
olaioacidandotheracids,whichweredeterminedin twoways,(a) by precip-
itation of lead soapsand (b) by direct titration; (3) an unsaponifiable
portionseparated(a)by its insolubitityin alcohol,and (b) by tho standard
method.

Theresiduesthat remainedbehindin theréactionnaskwerealsosub)eotod
toanalysis.Asma!iportionwasfirstremovedasasampleforanalysis. It also
servedas a standardforcomparisonwiththe distilledportionsinto whichthe
residuewasseparated.Theresidueswerefraotionatodby highvacuumdistil-
lationundera pressureof 5 mmor loss.Thereceiverwassealedto thedistill-
mgSaskby meansofa longpieceofglasstubingwhichservedasa condenser.
Threefractionsweretaken. Thefirstwasobtainedby regulatingthetemper-
atureto 2oo"C&ndallowingwhatwoulddis<~lltoaceumulate.It tookabout
24hoursto completethisdiatiUation.Whenit wasfoundthat nofurthordistil-
lationoccurredat aoo''C,the receiverwaschangedandthe temperatureraised
to30o"C.Thesame procédurewasfoHowedat thiatemperatureandthen thé
last fractionwascoBectedat a temperatureof 440~0.Thereremaineda dark
lustrousresidueadheringto the sidesof the hot reactionSask, whichon
coolingcontractedand brokeintomanysmallpieces.The distillâteswerea!I
dightiy coloredand showeda yetlow-greenfluorescence.The colorwas
observedto be darker.in the portionsthat distilled at the higher tem-
peraturos.

'W.W.Scott:"StandardMethodeofChemicatAnalyses,"~74.
The fattyaddareferMdtowereseparatedfromthediatahtebyaddtttonofMexeesaofpotasmumhydroxidesolution.ThehydmcmbonapresentweremdMotedwithether.

ThéaquMNalayereontainingthéao&pswmthenactdiSedwitheuMuticacid,andthéfree
fat actdsweteMt~factedwtthethar.AîterevapoMtionofthéether,&weighedmmpteofthéfreefattyaetdewaadissotvedinalcoholandtitrateddirectlywithstandardbase.
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Thedata obtainedfromtonrunsMgivenintabulatedfonn.InTableIII are

recordedthe temperaturerange of eachrua, periodof reaction,operating

pressures,runs in whichpure nitrogenwaspresent initiallyin the reaction

Sask,percentageofvolatileproduotsformedin the courseof the experimont,

the' equivalentweightof distillate,and the total volumeof gas evolved,

measuredat so"C.

TABLEIII

Decompositionof OloicAoid,Catalyst, 1%NickeL
"r.'I-..1 IT-1

It wasfoundthat at highertemperaturesthere wasa tendenoyfor un-

saturatedgaseoushydrocarbonsto beformed,whichwasnotobservedat the

lowertemperatureswherethe mixtureof hydrocMbonaas gases oonsisted

largelyof methane. In run 115thegasmixturecontained5.78%saturated

hydrocfu'bons.The volumecompositionof the gasmixturesobtained in

the severalruns isgivenin Table IV,whiohincludesinadditionthe percent

ofwaterwhicheachsampleof aoidyielded.

T&BMIV

CompositionofEvolvedGases

The compositionof the gaaesin run No.20 isabnormal, probablyM a result of analy-
tioat erroM.

Run Temp. Period Pteamm FoMign VolatileBqutv.Wt. Vol.
No. Range (lus.) mm Cas ofDistu. GMcc

14 235-240 yz 0-760 M.94 935 ––

i5 !:4S-~5o 96 760 27.40 Sac ––

16 z90-3ïo 96 o-?6o 33.80 830 ––

18 319-357 M 760 Nt 43.7 981 ––

17 330-370 96 o*76o 44.5 983 ––

21 345-390 3.5 iooo Nt 44.50 679 5251
'ï9 375-4ao 760 N< 45.60 x083 ––

22 380-440 4.5 iooo Nt 50.45 696 53ïo
20 400-475 – 760 Nt ~.6o gai 3000
23 420-490 a.5 xooo N: $8.00 6oo 4550

Run %CO %Ht %0, %CO. Unsaturation %H~O
14 y4.5o 1.82 3.73 9.~7 –– 4.oo
iS 81.29 2.93 i.37 ï3-7i –– ~'93
i6 82.48 a.71 2.44 9-7° 2.42 5-34
17 84.21 3.65 o-4i 8.32 2.5~ 4-54
i8 84.55 3.36 1.20 9.53 a.48 5.85
19 7S.oo 2.96 2.92 14.5~ 2~~ 5.64
ao* 55-40 16.20 6.i8 7.28 8.70 2.66
21 82.50 3.43 1.66 6.42 2.63 4.27
22 86.oo 3.78 1.50 6.19 2-~9 4.54
23 84.10 4.56 o-i4 6.97 4-73 4-6o
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Anexamptewillshowhowthe stoichiometricalrelationsgiveninTableV
werecomputedfromdata recordedin TablesIII and IV. In run $99,the
total volumeof gasevolvedmeasured5310ce. at 20°C,y60mm.pressure.
The carbonmonoxidein the gasesevolvedequab 0.915mole. The actaa!
amountof watercollectedwas3.405 or o.!89mole. Theequivalentweight
of the distillatewasfoundto be696andMBceits weightwas37.84g,thereis
présentin it 0.055moleof aoidwhiehwemayassumeto be oleioacidwhich
distilledoverduringthe run. The amountof carbondioxideobtainedwas
0.014mole,and ifweassamethat thisresultedfromthé thermaldeoompoai-
tionofoteicacid,thento findthe amountofaciddecomposedcatalyticallywe
deductfromthe originalchargeof o.265mole(y5g),ofoleioaoidbothofthèse
values,thus !eavingo.t~ëmole. Onthebasisof thèserelationstheéquation
on page ï043wasfonnu!ated.

TABM:V

SomeQuantitativeRelations

R~mMoiesOMcAoMdeeom-MoteeCO MotesWatet MotesCO
No. pmedcattttyticaNy fonned twmed MoteaH<0
~1 0.90l 0.189 o.tpa 0.984

0.196 o.igs 0.189 t.o~ô
~3 0.~9 o.ï6o 0.~7 .00:

Sincethe molecularratiosofacid andwaterandcarbonmonoxidedeviate
somewhatfromunity it isprobablethat the reactionmechaniamis morecom-
plexthan that representedby the simpleequationwhichwehavepostulated.
Theprésencein the gasesevolvedof hydrogen,oxygen,andunsaturatedhy-
drocarbonslikewiseindicatesade reaetionB.The carbondioxidein the gaa
mixturemay in the mainbe the resultof thermaldécomposition.Unfor-
tunatelythe importanceof the total gasvolumewas not recogmzedin the
early runs.

In eachrunthe indexofrefractionwasmeasuredon sevenliquidproducts
namely,the oi!ylayerof the distillate,the residuein thereactionBaak,the
three fractionsinto which the origind residuewas fraotionated,the un-
saponifiableliquidseparatedby the standardmethod,and theunsaponinaMe
portionobtainedby direct separationwithalcohol. The variationsin the
valuesof the refractiveindexof the differenttiquidsover theentireseriesof
experimentsareveryamaUindeed,lyingbetween1.446and 1.4564,oleicacid
itselfhavingthe index1.460

IodineNumbers. The iodinenumbershere reportedrepresentthe aver-
ageof twodéterminations. The condenseddata are givenin the following
TableVI. The runnumbersarearrangedin the orderof temperature. The
iodinevalueofoteicacid is90.

The iodinenumbersapparenttyare ratherSuctuatingbut at a tempera.
ture of about300°the valuesshowa minimumof 74for eachportionof thé
distillateaswellas residue.
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Thehighmoleoularweightofthe residueleftin the réactionnaakindicates
that polymerizationproductsare formed,whichon distillationin vacuo,de.
composeintocompoundsoflowermolecularweightas indicatedbythe lower
valuesforeachfraction. Themolecularweightsof the unsaponinaMeportion
of the distillatehave an averagevalue in goodagreementwiththe mole-
cularweightandiodinenumberof anuneaturatedhydrocarbonCHH,4.

The percentageof nonsaponi6aNeproduotsaveragedabout60per cent
in the differentruns,and appearedto be independentof the temperatureat
whichthereactiontookplace.

The moleoularwetgh<sof the severalportionsweredeterminedby the

freezingpoint loweringin benzèneas solvent.Themolecularweightofoteto
acid in benzènewasfoundto be $26,whilethe formulaweightia28:. The
molecularweightofbenzoioaoidwasfoundto bezgs in benzene. Themole-
culardepreesionconstantofbenzenewaaassumedto be 50.0

TABLEVII

MoleoularWeights

TABMBVI
lodineNumbersAUUMtt? l~UttH~OtB

Sample Runt4 !$ 16 t8 17 M M 20 zg

DistiBa.te 80.6 –– 15.2 85.0 96.8 80.5 88 88:$ 87

Residue 90.7 ?9.9 73.7 yy.i 85.1 82.3 74.3 80.9 yy.p 19.1

Residue !oo"

fraetiona.ted–– 90.8 73.0 71.4 y8.o 80.3 63.7 y~.o –– ––

Residue 300"

fractiona.ted8i.9 94. 53.5 70.8 74.5 67.9 57.7 74.6 69.4 ––

Residue 4400
fractioMted–– 65.5 77.7 69.0 67.4 71.0 74.7 82.5 75.6 59.8

UnsaponiSaMe

(Std.) ––
99.2 73.8 84.5 73.8 93.6 82.0 ––

92.5 75.7

Unsaponifiable

(direct) 88.8103.: 74.6 93.3 74.6 93.0 89.6 93.1 85.8 ––

Sampte Runi4 t; 16 18 !? 2t 19 22 M 23
DiatiUate 349 249 224 254 253 274 241 gog 287 337
Residue* 738 674 6io 667 68? 721 686 7ï2 647 583
Re8idue,2oo~frfM:tion– 245 936 256 zçï 334 248 340 260 –
ResMue,3oo'' 246 225 348 402 485 412 245 409 350 399
Residue44o° – 242 7:6 2i6 347 372 soi 320 331 380
Un8apom6aMe(Std)– 240 227 2i8 2:7 28ï 258 231 250 –
UnsapomSaMe

(diMCt) 244 214 240 24Ï 2~0 232 211 239 214 ––
ThérenduemthéMMtMaSMkwaafoundtobecompletelyM!uMeinether.
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SMBUNty
Thecatatyticactivityofnickeltowardoïeioaoidbasbeenatudiedthrough

thetemperaturerangeof3oo"Cto ~po~C.
Aaatytie&Idata aregivenfor thedifferentproduo~ofthe réaction.

add.Thé
decarboxylatingcatalysisof nickelbas beendemonstratedfor oleio

Oleicacidwasfoundto givomainlycM-bonmonoxidé,waterand hydro-
carbonsoncatalytiodecomposition.

Anexplanationof the observeddata is given;andan equationfor the
ntechaniamof the mainreactionis proposed.

CteMtMtLo6ofo<o~,
~Mf~ (~AffM<HtTt,
Ibt~T.

ofMùui~i,



THE LATENTHEATOF FUSIONOF NAPHTHALENEFROMNEW
SOLUBILITYDATA*

BY ABTHUB A. SUNtEB AND CHABLB8 BOSENBMM

ThemethodofHildebrandand Jenks~for evaluatingsolubilitydata bas
been appliedby Mortimer2to binarysolutionsinvolvingnon.po!arand in
severalinstancesevenpolar components.The methodconsistsin plotting
the logarithmof the mol fractionof solute againstthe reoiprocalof the
absolutesolubilitytemperature. Fromthe idealsolubilityequation

LogN= --J–+I
I

4.58 T

whereL is the molallatent heatof fusionof solute,N the molfractionof
solute,T theabsolutesolubilitytemperature,and1a constantofintegration,
it foBowsthat for an ideal solution,the curve obtainedia a straight Une

the stopeof whichis givenby S ='
'~T'

For mostsolutionsinvolving

non-polarcomponents,a fairly representativestraight line can be drawn
throughthe pointscorrespondingto higherconcentrationsof solute,and a
slopeobtained.

If substancesof distinottynon-polarnature are used,asaumingthat no
molecu!archangestake place in solution,the slopesare indicativeof the
relativeinternatpressuresof solventsconcemed. Mortimerbasconstructed
a nomographwitha greatmanycompoundsarrangedaccordingto theirrela-
tive interna!pressuresand findsthat by employingfactorsrepresentingthe
ratio betweenexperimentalslopesandthe ideal,he canpredictthe solubility
of thèsesubstancesin oneanotherwitha fair degreeofacouraoy.

AsthebasisforrelativeinternaipressurecomparisonMortimerusesthat
ofnaphthalene,whichgivesan ideal slopeof 97oascaloulatedfromthevalue
34.69caloriespergramgivenbyBogo~awlenaki'for the heatof fusionat its
meltingpoint. Thé more recentwork of Andrews,Lynn, and Johnston~
on the latent heat of fusionof organiccompoundsindicatesa somewhat
higheridealslopeof ggofor naphthalene. However,Ward,"whobas made
an extendedinvestigationof the solubility relationsof naphthalene,bas
obtainedaslopeof970fromthe upperportionoftheLogNversusi/T curve
for the systemnaphthalene-chlorobenzenewhichappearsto beapproximately
idéal.

ContributionfromtheChemioalLaboratoryoftheUnivotsityofRoeheeter
J.Am.Chem.Soo.,42,at8o(ig2o).
J.Am.Chem.Soo.,44, (t~:); 4S,633(toz~).
Chem.Zentr.,(s)911,945(!9<).
J.Am.Chem.Soc.,48,My~.(t~ïô).
J.Phye.Chem.,30,t~tô(!oa6).
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It seemslikelythat a studyof solutionswhiohdo not deviategreatly
fromthe idealwouldthrowlightuponthe magnitudeof the heat of fusion
of naphthalene. MorHmer~bas caloulated,apparently fromfreezingpoint
data, the slopesof theLogNversus!/T ourvesfornaphthalenein ethylene
chlorideand bromide,and nadathosesolutionsalmost idéal. Accordingly
the solubilityofnaphthaleneinthesesolventsas wellas in the corresponding
ethyUdenecompoundsbas beendeterminedin an effort to obtain a more
definiteindicationof the latentheatof fusionof naphthaleneffomsohbuity
data.

Ettpefimental

The ~ynthetiomethodof Alexcjew*bas been employedin making the
solubilitydeterminationarecorded. The methodis essentiaUythe heating
of weighedquantitiesof soluteandsolventin a sealedtube and notingthe 1
Mgbesttemperatureat whichbut few amallorystab of solute remain in
equilibriumwithso!ution. PMoantionsassuringthe attainmentof equilib-
riumat the solubilitytemperaturebave beendescribedby Ward. A bath
of fourliter capacity,a heatingrate ofnot morethan a.hundredthof a de-
grecper minute,and rotationof the sea!edtube by ïnotor were foundto ]
givesatisfactoryresults. Uniformtyamaucrystalswerentat obtainedby
heatingto abovethe solubilitypointand rapidlycooling. The maximum
errorin the solubilitytemperatureis estimatedby Ward tobenotmorethan
threetenthsofa degree.

Ward'sproceduxe,exceptforcertainmodifications,bas beenusedin this
investigation.ThewaterbathwaaheatedbymeansofCencoIagtessheatera )
or Hotpointimmersionheatersin serieswithrésistanceaumoientto eut out )
all currentif sodeaired. TheresistancesaNowedacouratecontrolofthe rate
of temperatureinorease.

Theprocédurein heatingwaasomewhatmodified. Insteadofheatingat
auniformlyslowrate,anattemptwasmadeto approximateconditionsof the
M-catledequilibriummethodof determiningsolubility. The temperature
wasraisedrapidlyto withinseveratdegreesof the solubilitytemperature,
thenmorestowtyat abouta tenthof a degreeper minuteto withinthree or
fourtenths ofa degreefromthesolubilitypointwhiehcanbe approximated
fromthe generalappearancoandquantityofcrysta!s in the tube. Thebath
temperaturewasthen keptcoMtantat eachtenth of a degreefor aboutan
hourtill the solubilitypointwasreached. The recordedsolubilitytemper-
ature was the highesttemperatureat whicha very smat!quantity (several
smaHcrystab)ofsoluteremainedinequilibriumwithsolution. Immediately
uponrecordingthe solubilitytemperature,the bath was cooledat a rate of
about 0.05degreeper minute. In all déterminationsrecorded,markedin-
creaseinsizeofthe orystahwasnotedwithino.ï"too.a". Thisis important
asan indicationthat supersaturationdidnot take placeand that the sotu-
bility temperatureas notedrepresentsequilibriumconditions. Beckmann

1J.Am.Chem.Soc-,44,t4t6(t~).
Wied.Ann.,26,305(tM6).
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thermometerswereusedto checkthe rateofinoreaseandtheconstanoyof the
bath temperature. This modiNoationin heatingprocédurewasmade in an
effortto overoomothe errorintroducedby différencesin the sizeof crystab.

Pyrexgtasstubing of 7-9mm.insidediameterand a half millimeteror
tessthickwasusedfor the solubilitytubes. Théheatingproceduretends to
overcomethe dimcu!tyraisedbythe timerequiredfor thesolutionto attain
thermalequilibriumwith the baththroughthe g!aaswall.

In makingup the sohtM!itytubesan attempt wasmadeto restrict the
vaporspaoeto a verymnaUvolume. For tubescontaininglownaphthalene
concentrations,it was foundadvisaMoto add the solvent6r8t. The solid
componentformeda sort of proteotivelayerpreventingexcessiveevapora-
tion of solventand allowingthe tube to besea!eddoser to the surface of
the material. For highernaphthaleneconcentrationsthe solutewas added
Srat,the greaterpart of it beingfusedin the tube by immersionin a water
bath between85 and 90"C. Thefusionwascarriedout with the solubility
tube insidea stopperedeight mohtest tube to preventabsorptionof water
vapor.

Uniformbath temperaturewasinsuredby a twelveinohCencoturbine
stirrer (1000R.P.M.). The contentsof the solubiNtytubewereshakenby
attachingthe tube to a <sroaa*pieceone endof whichwasalternately raised
and loweredby an eccentricmotion. It was foundthe bubble of vapor
movingfromoneendof the tube to the otheragitatedthecrystalsof solute
sumoient!y.

Thebath wassurroundedbya.woodencasinglinedwithasbestospadgto
preventany coolingaffectfromdrafts.

The acouracyof the methodwas checkedby repeatingsomeof Ward's
workonbenzène. Thebenzenewaspurifiedpartiallyaccordingto the method
of Richardsand Shipleylexceptthat no reorystaUizationsof soM benzene
wereattemptedand distillationwascarriedout overphosphoruspentoxide.
It wasfoundthat Ward'sdata eouMbe oheckedwithinthe erro):estimated
for the method. Someof the workon naphthalene-ethylenechloridewas
repeateduaingsomewhatpoorermaterials. The deviationwas wel!within
the three-tenthsofa degreelimit.

Somepreliminaryexperimentson morerapidheatingrates werecarried
out. It wasfoundthat heatingasrapidlyas a tenthof a degreeper minute
when approachingthe solubilitytemperatureoccasionedonly seldom an
errorof three-tenthsofa degree.

Measurementswerenot carriedbelowroomtemperaturesince,as Ward
bas pointedout, deviationsfromevenan approximatestraightline relation-
ship arealwaysgreaterat lowertemperature.

The thermometersused were comparedwith a thermometer recently
standardizedby the Bureauof Standards. It is believedthat temperature
measurementswereneverinerrorasmuchas *0.07

J.Am.Chem.Soc.,36,!8a5(19~).
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Materfals

Aitmaterialaused wereobtainedfrom the Eastman Kodak Company.
Twosamplesof naphthalenewereused in the determinations. Bothwero
purifiedbyrecrystaUizationfrommethylalcoholdnedoverc&Mumoxideand
distitled. A smattquantity of sampleA was reorystaHizedthirteentimes
makingStBaUcuts, whereasa largeamount of sampleB was teorystaUized
eight timesmakingvery largeouts in the amountof solidcrystaUiziNgout.
Bothsampleswereusedinterohangeablyin someof the determinationswith-
out anyapparentdéviationfromthetemperatureversusconcentrationcurves.

Thepurity of the naphthalenewas tested by taking its meltingpoint
aocordingto the methodof the Bureauof Standards.' The finalfractionof
sampleAheldoverone tenth of a degreefor morethan forty minutesuaing
an ordinarythermometergraduatedto degrees. The fractionof sampleB
tested (afterfiverecryBtauizations)gave a meltingpoint of 8o.M"to 8o.ï!
using the prescribednaphthalenethermometerobtained from the Taylor
InstrumentCompany. <

Noattemptwasmadeto purifyexces~velyanyof thé solventsusedother t
than byfraetionatdistiUationthrougha Ctarke-Rahrsootumn. Cohen'bas c
shownthat the solubilityof anthraceneis little ionuencedby tracesofmois-
ture. Thesameprobablyhoidsfor naphthalene,a very similarcompound.
Eachsolventwas twicedistuledandreprésentativefractionsfromthe second
distillationswereused in the finaldeterminations. Preliminaryworkwith
ethylenechlorideonlyoncedistilledshowedno déviationsfromthe finalre-
sultshereinrecorded. [

Thecorrectedboilingpointsof the solventsusedare:- B

ResMtts
The experimental results have been incorporated in Tables HV. Table

V contains the solubility of naphthalene in all four solvents at rounded tem-

pérature. AUexpenmentauy determined pointa have been plotted in Fi~.
i and a. As is apparent from the figures, the points are too close together to
altow individu~ curves to be drawn for each solvent on so small a soate.

SeLPaperBar. Standards, No. 340.
Z.phyMk.Chem., HC,~7 (ï~6).
AtthecoMitmon of the aotubiNtywork on ethytene bromide it was fomd toat Tim-

merman and Martin (J. Chim. phya., M, 747 (t926)) found that its boiJiM point was
!jt.7 whendetermined with great care. After aome tune it waefound thatthe Amchtttz
thermometer(usédonly for the boumgpoint of ethylene bromide and ethylidene bromide)
wasunretiableto the extent of o~ to o. Two other samples of ethyt~e bromidew<M
prepared; their boQtM pointe, dtermined with great care, are given m thé parentheseB.ttve newMtubthtytubes weremade up with thèse two new factions, and the sotubMity
Kmperat)mNdetemuned m thé usuat manner.four tubes were on thé averaze onty o.t°
tow.wMchMvety aatMactory agreement. K Mems certain, therefore, ~t aHthree
fraettOMot ethytene bMnnde were quite pure, but thé rmtded boiliM point o{ thé Smt
Mm error.

Ethy!enecMonde .83.~to&3.<t8C.
Ethylenebromide' .131.1(131.5) (131.y)

EthyMenechlonde. 5y.3to<?.4
EthyEdenebromide. io6.8 to io7.o

ft -t.&
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TABLElI

SolubilityofNaphtbalenein EthyleneChloride

TABLElI

SolubilityofNaphtha!enem EthyleneBromide

TABLE III

Solubilityof Naphthalenein EthylideneChloride

TABLEIII

Solubilityof Naphthalenein EthylideneBromide

NvsurmuvJ vs .I'N,AlV&&V ua ~VHJaVUQ vsasvaauv

Gram GrMM- MotFfMtton Solubility
Ct.Ht C,H<Ch CttHt Temperature
2.386 0.164 0.918 7S7"C
2.093 0.340 o.8:y 69.7
2.527 o.93i 0.678 ';9.4
2.137 1.236 0.572 51.1
1.966 1.433 0.51$ 46.1
1.627 1.748 0.4:9 36.5
t.t93 1.82: 0.336 27.2

Gram GrMM MotFraetioa Sotubitity
CmH< C,H,Bft CttHt Température
2.:t3 0.184 0.946 y6.8°C
2.804 0.966 o.8to 68.9
2.osi ï.as9 0.~05 6i.y
t.899 1.740 o.6t6 $s-'
1.325 2.o6!! 0.485 44.4
i.io3 2.51$ 0.39~ 35.3
1.065 4-287 o.:68 20.7

Gmma Grams MotFraction Solubility
C,ja. CBM)HC!, CxB, Temperature

2.637 o.ï8o o.gig 75.6"C
2.40: 0.396 0.824. 69.8

1.938 o.612 o.yio 6z.6

1.800 0.737 o.6s4 58.6
s.oSi 1.291 o.sss 50.8
i-3M r.152 0.470 43.3

1.259 1.629 0.374 33.0

.J v. 'l'-¥~u, su ~VUJUUV"Q aravausuv

Grams GrMM MolFraction Solubility
C,~ CH,CHBr, C,.H, Temperature
2.:3i 0.370 0.898 74.3°C
1.539 o.s4o o.8o7 68.5
1.948 1.082 0.726 63.0
2.063 1.97: 0.606 M.y
2.063 2.53S 0.545 48.4
ï.i8{) 1.77: 0.496 44.1
i-oi6 3.~9 0.315 ~3.9
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TAM.BV
Solubitityof Naphthateneat RoundedTemperaturesexpressedas Mol

Ffactioa Naphthabne

Discussion
Aabasbeenpointedout,the slopeofthe etraightlineobtainedbyplottingthe LogN versusi/T ourvefor an ideal solutioniagivenby S = L/4 <8TForsolutionsof non-polarcomponentadeviationsfromthisslopeare indica-

tive of the relativeinternai pressureof solvent. For solutionswhichap-
proachthe ideal,the upperportionof theLogN vemuai/T curveshouldbe
a straight!inewitha aloperelatedto the latentheatoffusionofsolute.

For the solutionshereininvestigated,TableVI containstheslopesindi-
catingheat of fusion of naphthaleneand the range throughwhieh the
straighthnefunctionholds.

The tableseemsto indicate that the lowervaluefor the latent heat of
fusionof naphthaleneia the more likely. Exceptfor the caseof ethylene
dichloride,whiehgivesa slopesomewhat!essthan oyo,thesolutionsin ques.

Tempera C~Ct, CH~HB~ C,H<Br, CH~HCt,
75"C 0.911 o.gio · o.9to 0.909

0.831 0.830 o.8a8 0.895
"S 0.756 o.yss o.~a 0.74560 0-686 0.68$ o.68a 0.6~4
55 o.6M o.62i 0.615 o.6o8
50 0.560 o.s6a o.ssa o.S4s

o-S03 o.so6 0.403 0.488
40 0.452' 0.4~ 0.439 0.43)'
35 0.405 0.409 0.389 o.39i
30 0.360 0.366 0.344 (0.350)
25 (o.3t8) o.3:!4 0.302

(0.286) (0.262)



ï<A'i'i!NT HEAT 0F FUSION OF NAPHTHAÏ.BNE tO$S

tionappearto supportWard's'valuefor the slopeof the LogN versusi/T
curvefor naphthalene. The somewhat lower slope given by ethylene
oMorMe*may possiblybe explainedon the groundaof slightsolvation,as
HUdebrandand Jenka' account for the similar case of naphthatenein
chloroform.

Summary
i. Thesolubilityofnaphthalenein ethylenechloride,ethylenebromide,

ethylideneohlorideandethylidenebromidebas beendetermined.
2. Theslopesof theupperportionof the logN versusi/T ourveshave

beencalcuJated.

3. Thedataseemsto indicatethe value4440caloriesforthe molallatent
heatoffusionofnaphthalene.

1J.Phya.Chem.,30,t3t6(t9e6).
HiMebMndC'MuMMty,"155('9~4))givesa logNvetMst/T ourvefornaphthalenemethyteMohloride;theelopethe cm'veisahmosttheemeaaoure,asnearlysacanbe

jadgedfromthesnaUfigure.It ieat~tedthatWardhaaeupptiedthédatabutthusfar
wehâveseennopublisheddataonthissystem.

J.Am.Chem.800.,42,et8o(!9~o).

TABLEVI
Sotvent Exper!mental Catcutated LowerLimit

Shtpe LfofCttH, of8tra!ght
LmoFunetfon

C~Ï~Cl! 960 4400cal. 5o"C
CHtCHBr< pyo 4440 60
CJ~&~ pys 4460 so
CH,CHCt, 975 4460 65



THE PREPARATIONOFTHE HYDROGENELECTRODEANDTHE
REMOVALOFA COMMONSOURCEOF TROUBLEIN

CONNECTIONWITHITS USE

BY STEPHBN FOPOFF, ADOM H. KUNZ, AND B. D. SNOW

Althoughan infiniteamountofliteraturehaabeenwrittenabouthydrogenion determinationby eteotrometricméthode,very little canbe foundabout
the actual details of manipulation,methodsof plating, factorsaffecting
equilibrium,etc. That whichbas beenpublishedis oftencontradiotory.

AfterdescnbmgtheplatingofélectrodesClarklfranklystates,"Itmuâtbe
admittedthat the abovedescriptionis toose. Thisis becausethe rushof ex-
perimentalapplicationbas preventeda detailedexaminationof conditions
and expeneneebas taught detailsdimcultto formutatein exact language."

E!Ii~maintainsthat the use of lead in platinizingsolutionis objection.able. On theother band,Beans and Hammett'have no diScutty in pre-
paringpiatmizedélectrodesof high activityfromsolutionscontainingtead.
Lewis,Brightonand Sébastian~finda goldor goldplatedelectrodesuperiorbut Beansand Hammett do not fmd gold plating an advantage. EUis
prescnbeaphtinizinguntil the coatingis thick enoughto shakeoff;Clark
until theelectrodeiscoveredwitha depositofthicknesssumcienttocoverthe
ghnt of polishedmetat and so that it adhèresunder a vigorousstream of
water;Tohnanand Ferguson,6till the electrodeassumesa velvetyappear.ance.

Similarly,authorsarenotagreeduponthe timerequiredfortheelectrodes
to cometo equilibriumand other detaib in electrometriodeterminations.
In viewofthie!ackofagreementand !ackof informationit seemeddesirable
to studytheconditionsandtherebyobviatesomeofthe difficulties.

Veryoftenin eleotrometriodteterminationsinvolvingthe useofthehydro-
genelectrodeapoisoningoftheplatinumcausesa decreaseinpotentialwhich
may evenresultin a reversaiof polarity. Thianécessitâtesthe rephtinMingofeleetrodes,anexpensiveandtime-consumingprocess.Therefore,it seemed
deatraMeto devisesomemeansof restoringthe potentialwithout reolati-
mzing.

In thisworka precisionof ± o.i millivottwassought. In an investiga-tion on oxidationpotentialsin which the temperaturewas kept constant
to ±o.oï, duplicateelectrodespreparedby the methodgiven showeda
maximumvariationof 0.01mv.

Clark: "The~< ofHydrogenIons."Secondedition(!~).Etim:J.Am.Chem.Soe.,39,737(i~).
BeansandHammett:J.Am.Chem.Soc-,47,Mt6(t~s).

< Lewh,Bti~tonandSebaaNan:J. Am.Chem.Soc.,39,M4S(t?!?).TohnanandFetguson:J.Am.Chem.Soc.,34,239(tot~).
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Procedure

Throughoutthis work the usualpotentiometricset-upwas usedwith a

Leedsand NorthrupType K potentiometer. A modificationof the Hilde-

brand form of hydrogenélectrodewas used with a saturated potassium
chlorideoatomelelectrode. Thehydrogenwasgeneratedby the electrolysis
ofsodiumhydroxidesolution. It waspurifiedby beingpassedthroughalka-

linepermanganatesolution,cotton,waterandthe samesolutionofwhiohthe

hydrogenion concentrationwas boingdetermined. The solutionwas sur-

roundedb~ a bath constant to ± o.t". The electrodesused oonsistedof

piecesofplatihumfoil15mm. X s mm.fusedon to a pieceofplatinumwire

andintoa glasstubeas recommendedby Clark.Contactwasmadeby filling
the tube with mercury. AUsalts usedwerereorystallizedand the meroury
for the oalomelelectroderedistiUed.

Use ofthe BovieTitrationCeU

Whenan openbeakerwasusedforhydrogeniondetermination,ten min-

uteswererequiredfora thinly coatedelectrodeto attain equilibrium. When

a Bovietitration oeBwassubstitutedthe timewasreducedto threeminutes.

The latter has the advantagethat the ourrentofhydrogenstirs thé solution

andmaintainsanatmosphèreofhydrogenabovethesolution. It isnecessary
to have the solutionsaturated withhydrogenbeforeequilibnumcan be ob-

tained. Untilthen the electrodebehavesmoreor lessasan oxygenelectrode.

Use ofGoldPlated Electrodes

A preliminaryplatingofgoldon the electrodeis recommendodby Lewis

Brightonand Sébastian~becausegold,unlikeplatinum,doesnotabsorblarge
amountsofgasesand thereforecornesto equilibriummorequickly. A com-

pansonofelectrodesplated withandwithoutgoldshowednodifferencewhen

placedin a solutionalreadysaturatedwithhydrogen,bothrequiringthree to

fiveminutesto attainequilibrium. Thisis inaccordwiththe resuttsofBeans

andHammettwhoconoludedthat themassiveplatinumneednotbesaturated
withhydrogen.

However,sincea slightlymore adherent coatingof platinum blaok is

obtainedwhenthe eleotrodeisgoldplatedandsincethedepositis moreeasily
removedwhenelectrolyzedin hydrochloricacid, goldplatedelectrodeswere

usedthroughoutthisworkandare recommended.

Useof LeadAcetatein PlatmizmgSolution

Onlya veryslightdepositcouldbeobtainedon aplatinumelectrodewhen

chemieallypure cbloroplatimcacid solutionwasused. This electrodegave
a fluctuatingreading,smallerthan thepropervalue,whenplacedina buffer
solution. Anuneuecessfulattemptwasmadeto obtaina depositofplatinum
blackfrompure chloroplatinicacid solutionusinga no volt current. This

onlyresultedin the formationof a shtdgein the vessel. The minimumquan-

tity ofleadacetaterequiredto producea gooddepositwasfoundto be 0.5ce.
ofa 0.1N solutionin 100ce.of 3% chloroplatinicacidsolution. Electrodes

preparedin this wayagreedto 0.1millivolt.
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Con-eatDeasttyin Plating
J,

Nonotioeabledifferenceoouldbeobtainedover a considerablerange of (eurent densitybut goodresultsworeobtainedwith a ourrentof 20 milli-
amperesfrom two dry conneoted ~Mer.Thisourrent wasmaintainedafterthe bubblesof g~ werebeingovolved.As

rt surfaceof '-S eq. ~n.Bp.n~ ourrent
density of about 1'35ampèrespersquaredecimeter.

NatureofDeposit 'II

en. fromsolutionsofeMoropbtimoadd containingenoughadditionalhydrochloricacidto makethe total aoidity0.5Nandfrom a
~~nt~ng..additi.nala.id.

A~panaonot~~qS 1
for equilibriumwasmadein a borax-bon,acidbuffersolution,a potassium
~? buffer, solutionof boraxand a ~i~~ ICfuric aoid.

Boththinly andthiokly platedelectrodeswerecompared.The
fonnerweMptatuuzedin6vemi.utesaadtheJatterinforty.6ve

TABM1

ESeotof Acidityon Plating the Electrodes n

No great differencein timeforequilibriumiacausedbytheacidityofthe
p!at.n,~ngsolutionwhenthé thinlyplatedelectrodeis used. TheS~ de-
Kd~ timein alkalinein aoid. In all casesthe thickdepositrequiresconsiderablymoretimeforequilibrium.As the~e readingisobtainedwiththe thin depositthe latter~reconunended. Anotherargumentfor the useof the thindSt~X
in the workwithphthalatebuffem.Memn/and OakesaMS.
a drifting in potentialwhenusedin a phthalatebutfor. Clark8and WoodandMurAck <~mdSndnoeuchdnft. DraveB.ndTartar'sh~that~e~ductionis due to the useof a thicklyoeatedelectrodeas employedby theformerwhilethe thin depositusedby Clarkcausesno reduction. Thewell-
knowneatalytic aetivity of finelydivided red~d~a.minimum.

J.Am.Chem.Soc.,0, 2688(!Mt).
OakesandSa!iabmy:J.Am.Chem.Sec.,44,948(t~)Chem.Se. -M. (~)WoodandMurdi~:J.Am.Chem.Soc.,44,aoo8(!M).Dr.v~andT~t~: J.Am.Chem.So. 47,,~6 (i<S).

T~ T~
Borax gmh. 7 mi.. ~y~ ~smin.
AIk.h.ebuffer 3 .o 4-5 “
Stdfunoacid s 7-10 3 “
AoidbufTer 4 “ “

7
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DirectionsforPlatingElectrodes

The followingmethod of plating platinumblaok electrodesis recom-

mended,althoughotherconditionsmaygiveequallygoodresults:
i. Cleanelectrodeby e!eotro!yzingas anode in concentratedhydro-

ohloricaciduntil olddepositis removed. Neweleotrodesshouldbe oleaned

in hot alkali.

2. E!ectro!yzeas cathodein a dilutepotassiumcyanidesolutionofgold.
ThedirectionsofClarkfor preparingthissolutionare:–Dissolve o.yg. gold
ohloridein 50oo.waterand precipitatethegoldwith ammoniawater, taking
careto avoidexcess. Filter,washanddissolveiounediatetyin a KCN solu-

tionconsistingof t.s g. KCN in 100ce.water. Boil till the solutionis free

fromtheodorof ammonia.

3. E!eetro!yzeas cathodeforSveminutesina 3%8otutionofoMorop}ati-
nicaoidoontaining0.5ce.of0.1N leadacetatein 100ce. Aourrentdonaity
of i.3Samperespersquaredeoirneterisemployed.

4. Electrolyzeas cathode in dilute sodiumhydroxidesolution a few

seconds.

5. Electrotyzeas cathodein dilutesulfunoaoidoneminute.

6. Keepindistilledwatertill readyforuse.
No advantagewasfoundin reversingthe current duringthe déposition

of platinumHack.

PoisoningofElectrodes
Thedecreasein potentialof the hydrogen-calomelelectrodesyetemafter

continueduse is oonsideredby BovieandHughes'as due to a poisoningby
mercunochloride. In the calomelélectrodethe followingdécomposition
takesplace:

Hg!C!,–HgC!t+Hg
Evidenceofthis is foundin the graycolorthe calomelassumesand in a posi-
tive test formercuriochloridein the potassiumchloridesolution. The mer-

curiechloridediffusesinto the titrating ohamberwhereit poisonsthe finely

dividedplatinum.
If this is the cause,then, whetherthe poisoningis due to the mercuric

chlorideitse!f,a productof reduction,or a productof interactionwith ma-

TABLEII

Removalof "Poisons"fromElectrodes

Bovieand Hughee: J. Am. Chem. Soc.,45, tgo~ (!933).

PoMonedby Readtngbefore Readmgafter Readingafter
poisoning poisoning treatment

Mv. Mv. Mv.

HgC!;Bo!n. 59~ i –aoo 593.2a

59a.tx -44 59~.3

593.2 -~8 593.11

587.88 -302 587.6
Electrode soin. 590-S5 –aoo 590.55

587.6 -zoo 587.5
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tenab m the solution,it shouldbe removed,inmostcasesat least,bynitric
acid. It wasobservedby one of us tbat the potentialcouldbe restoredat
leastquautativetybysuchtreatment. Table II showstheresultsofa quan-
titativestudyofthe poisoningbymeromcohloridesolutionandthesolutions
fromcalomelelectrodesand the removalof the poison.

In aUcasesaftertreatmentwithnitricacid,theelectrodewasetectro!yzeda fewsecondsin sodiumhydroxidesolutionand then in sulfurioacid. This
removesthe nitric acid and saturates the electrodewith hydrogen. The
poisoningwasmuchmore readilyeffeotedwhena thioklycoatedelectrode
wasused,anotherargumentfor a thindeposit. ExtrêmediScuttywasfound
in poisoningélectrodes. Apparentty,when repurifiedchemicaleare used
throughout,the poisoningdangeris notas great as withordinarychemioals.
Attemptsto poisonthe eleotrodewithformaldehyde,phenol,and potassium
cyanidewereunsuccessful.An électrodepoiaonedwith thesolutionfroma
calomelelectrodewasalso restoredbytreatment withdichromateoleaning
mixture. [<

SummaryandConclusions
r. The hydrogenelectrodeattainsequilibriummorequicklyin a Bovie

titrationceUthan in an openbeaker.
2. Apreliminaryplatingof goldonélectrodesdoesnot effectthe time

requiredfor attainmentof equilibriumbut causesa moreadherentcoating j:
of platinumbtackto bedepositedwhichiamoreeasilyremovedin cleaning. <

3. Athinlycoatedelectrodeismoredesirablethana heavilycoatedone.
014. Directtonsforplatingelectrodesare given.
°

5. PoisoningduetomercuriccMoridecanbeMmovedbytreatmentwith
nitrioaoidor dichromatecleaningmixture.

~'M4<<tta~M<W!<M~,
&0<e~HtMfMty<~7<MM.



ADSORPTIONBY CADMIUMSULFIDEAND ITS IMPORTANCE

IN THE ESTIMATIONOFCADMIUM

BY HABBY B. WEÏBBN AND BDWAND J. DURHAM

Preoipitatedcadmiumsulfideis alwayscontaminatedby anionsm the

solutionfromwhichit separates. Thedeterminationofcadmiumassulfide,

espeoiaUym the présenceofsumcienthydrooMorieacidto ensureits separa-

tion fromzinc,bas longbeenregardedas a uselessmethodbecauseof the

ohloridecanieddownwith the preoipitate. Treadwell'attributes the con.

taminationto théformationofa doublesalt, Cd8 CdClt,invaryingamounts

dependingonthe acidconcentrationand the temperatureand pressureat

which the preoipitationis carried out. Egerton and Raleigh'believethe

precipitateto havea constantcompositionwhenthrowndownat 80"froma

solutionoontainingfouroubiccentimetoraof ooncentratedhydrochlorioaoid

in 100cubiccentimeters,and washedwith an unspecined,definitequantity
ofwater. Undertheseconditions,the preoipitateis said to contain3.S7per-

centofohlonneas the allegedaalt, CdS CdCl! hence,in determiningcad-

miumquantitattvetyby weighingthe sulode,the moteoularweightof the

preoipitateis taken to be 147.4inateadof 144.47for purecadmiumaumde.

Sinceconolusiveévidenceof the existenceof a definitedoublesaltCdS

CdC!tis lacking,it ia probablethat the contaminationof the sulfidegel is

due to adsorptionof cadmiumohloridein varying amountadependingon

TABLE1

Adsorptionof Chlorideby CadmiumSulfideprecipitatedat :s".

(Fig. i, CurveA)

1TMadweU-HaN:"Anatytiod Chemistry," 2,190 (t~4).
s J. Chem. Soc., tM, ~otç (19~3).

\et'*t~–

Cubiecentimetereof

N/toCdCh FinalnormaUty CMorineadsofbed _y,~
Totalvolume75cubic ofHCt Grams Cde*X

ioo

centtmeters

25 0.033 0.00361 2.oo

zg 0.068 0.00467 2.S9

25 o.ist 0.00644 3 51

25 o.i56 0.00764 4.23

25 0.209 0.00815 4.51

25 0.349 0.00947 S.~4

25 0.419 0.00996 5-S2

25 0.407 0.00945 5-~3

25 0.596 0.00923 5-i!

25 0.664 0.00674 373
Con-espondingto 25M.ofN/to CdCh.
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by renderingthem alkalinewith ammoniaand saturatingwith hydrogensulfide. With the moatacidsolutiona faintyeUowcolorationwasnotedbut
no precipitate. Theamountof cadmiumrequiredto producethiscoloration
wasfoundto be negligibleas comparedwiththe totalamountofprecipitate.Anattempt wasmadeto repeatthe aboveobservationsat 80°as recom-
mendedby EgertonandRaleigh,but precipitationwasfoundto befar from
complete. Accordingly,the severalsolutionswereheatedat 80°,removed
fromthe sourceof heat,and hydrogensulfideconduotedthroughcontinu-
oustywhilethey cooleddownto roomtemperature. The precipitateswere
waahedand analyzedfor chloridewith the resultsgivenin Table11and
showngraphicallyincurveB ofFig. i.

Referringto curveA, it willbe seenthat the amountof chlorinein the
precipitatedoesnot inoreasecontinuouslywith thé concentrationof hydro-cMoncactd but exhibitaa maximum. Thiamaximumis due to a visible
changein the physicalcharacterof the precipitatefroma flocculentto a
(hstmcttygranularstructure. Theourveis thus a typicaladsorptioncurve
showmga maximumdueto a physicalchangein the adsorbent.'

CurveB for the secondseriesof the experimentsliesunder curveA as
wouldbe expeotedsincethe temperatureat whiohthe precipitationstarts is

1Cf.LottermoserandRothe:Z.phyaik.Chem.,62,359('908);Weiser:"TheHydrousUdes,"33O-3J2(1926).

conditions. To test this hypothesis,hydrogensulfideat roomtemperature
waspassedinto a definitevolumeofsolutioncontaininga constantamount
of cadmiumchlorideand varyingamountsof hydroohlarioacid. The pre-
cipitatewasfilteredon a Goochoruoible,washeduntilthe washwatergaveno test for chlorideand then analyzedfor the ohloridecontent. This was
accomplishedby diesoMngthe precipitatein nitrioacid,addingan approxi-
matelyconstantexcessof silvernitrate,filteringthrougha GooohcmciMe
andtitrating the exeesssilvernitratewithammoniumthiocyanateaccordingto Vo!hard'smethod.TheresultsaregiveninTable1and showngraphioaMy
bycurveA,Fig. i. Thefiltratesweretestedforoompletenessofprécipitation
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TABM! II

Adsorption of CMonde by Cadmium 8u!&do precipitated between 8o"and 25".

(Fig. ï, Curve B)

~t.~ ––~t–-t–~ ~<

higher,hencethe preoipitateismoregranularandthe adsorptionless. With

increasingconcentrationof acid, the adsorptionof cMoridoincreasesto a
maximumsothat the first part ofcurveB is verysimilarto that ofourveA,
and forthe samereason. But whenthe acid reachesa concentrationin the

neighborhoodof 0.3normal,the amountof cadmiumsulfideprecipitatedin
the hot decreaseBwitha correspondingincreasein the amountprecipitated
at lowertemperatures. This meansa largeramountofmorefinelydivided

particlesand a correspondinglygreater adsorptionwhichrisesto a second
maximumas the concentrationof acid is further increased. Thisbehavior
wouldbe difficultto explainon the basis of douMesalt formationbut is

readilyaccountedforbyconsideringthecontaminationasa caseofadsorption.
The Jo~adourvewouldprobablyrepresentthe adsorptionif the amountof
saltprecipitatedat eachtemperatureduringcoolingwereconstant. Thefinal
concentrationof add recommendedby Egertonand Raleighwasapproxi-
mately0.5normal. This mightappearto accountfor the constancyofcom-

positionof theirprécipitâtessinceourveB is relativelyflatwhenthe hydro-
ohloricacidconcentrationis in the neighborhoodofo.5normal. However,
the chlorinecontentunderthèseconditionscorrespondsto 12.2percentofthe

allegeddoublesalt insteadofto i6.s percentascalculatedfromEgertonand

Raleigh'srésulta.' The differenceis, of course,in the conditionsof the pré-
cipitation. Althoughthe aboveauthorsdo notsay,it is probablethat they
carriedout the précipitationas far as possibleat 80°and completedthe

processat roomtemperature. If so, they shouldhave obtaineda greater
proportionof relativelylargerparticlesand a correspbndinglysmallerad-

sorptionthan wasobtainedby the procédureemployedby us. The larger

B~ertonandRaleighclaimthat3.57percentofcHorineinsayo.t~s KMMofthe
cadmiumsulfideprecipitatecorrespondeto8.t6percentoftheallegeddoublesalt,butthis
&pneaNtobeincorrect.3.57percentofo.t~s gramia0.00512gr~nofcMormewhichia
eqmvabntto 0.0238grMnaof thé aMe~edCdS-CdCt,.Thisamountia t6.6percentof
o.t<t35gram,thetotalweightoftheprecipitate.

uuNCeeMuneteraot
N/toCdC!.

yg
F!n~nonatMty CMortneadMfbed Cl

X Io°
Totalvolume75cuMc ofHCt Grams C<B*

ceatimeteta

~5 0.033 0.00288 i.~

25 0.1~1 0.00452 :.so

25 0.209 0.00506 2.8o

25 o.zyo 0.00364 z.oa

25 0.349 0.00:87 t. 59

25 0.419 0.00538 2.o8

25 0.507 0.00558 3.09

~5 0.664 0.00459 !.54
Correapondingto ~sce.of N/!o CdCh.
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peroentageofchtormein theirpreoipitatesmayhaveresultedfromincomplète
washing,fromtheprésenceofammoniumohlorideto~ther withhydrocHonoacid in the solutionfromwhichthe sulfideseparated,or fromboth. In anyevent, the procède outlinedby Egertonand RaMgh is not sumcienHydefiniteto be of valueunderthe varyingconditionswhiohate encoun~in technicalpractice.

Sianmaty
The resultsof thisiovestigationmaybeaummanzedasfollows:

Cadmium
downfromhydrooMoncaoidMiutioncames

downchloride in varyingamountsdependingon the acid concentration,the
temperature,and the piqûre at whichthe precipitationis oarried eut.
XM:~S~X~ ofa definitedoublesalt. Cd8 CdCI9.

2. Determinationsweremadeof the adsorptionofohlorideby cadmiumsulfidep~tated frombutions containingvarying amountsof hydro.ohlorica..d, (A)at a temperatureof .5~; and (B) by conductingH,~
tmuou~mtothe~utionBwMethey~from~to.5~ Theprecipitationofcadmiumsulfideis incomplèteat 8o".

p'p~aHON

ad~rbe?~~ are obtainedbyplotting the amountof chlorideadsorbedby a definiteweightof cadmiumsulfideagainst the hvdrocMono
of the solution. Curve A ~~l~onourvewith a maximumdue to a physical adsorbent fromaoccutentto a diBtmcUygranuJarstruotureas the add concentrationis in-creased. belowthat ~ne pre-

c~~formedattheh~ertemperatureiBmoregranuIarandthead~rp~
correspondinglyless. Then~t part of thé curve is similarto curveA and
o~~ concentrationis in the neighborhood
.o~7 the amountaf salt precipitatedin the hot deoreaseswith a
correspondinginoreasein the amountprecipitatedat lower temperatures.Thisgivesa

7~~?~P~ <~Po~-inglygreater adaorpttonwhichrises to a secondbroad maximumas theconcentrationof the acidis furtherinoreased.
4. Thedeterminationof under technioalconditions~of doubtMvatue sinoeit is questionablewhetherthe conditionsof pM.cipitationoanbemamtamedBuacienttyconstantto obtaina cadmiumsuSoe

precipitatewitha constantamountofadsorbedchloride.
0<p<t~M~< <!fC~eBt~<M.TheRite7<t«t<M<e,
~0«~<<Mt,TertM.



Introduction

In a precedingpaperofthisseriestheauthortbaspresentedthe elementsofa theoryofunimolecularréactions. In thistheoryit isassumedthat acti-
vationis bycollision,that the moleculeshavemanyinternaidegreesof free-
dom,and that reactionocourswhensomespecialdegreeof freedomaoquiresat least a cnttoat amount of energy;as bas beenfrequentlypointed out
recently, all thé substancesknownto decomposeunimoleoularlyin the
gaseousstate have oomplexmolécules.In theformerpaperit was assumed
that all the degreesof freedomare c!assical.Thisis of coursenot a veryaccuratereprésentationofan actualmolecule.Thésametheorywillnowbe
appliedto a hypotheticalmoleculeconsistingofa numberof quantumosci!.
lators,all ofthe samefrequenoy,or offrequencieswhichare commensurable.If the moleculecontainsosoiHatorsof dme~nt frequencies,which are in.
commensurable,it is not possiblefor energyto be transferreddirectly fromonetothe other. Of course,if thereareanyalassioaloscitlatomin the mole-
oute,they couldaot as a "bridge"overwhichtheenergycouldpass; in theabsenceof c!ass.catosoiUators,there wouldbe someparts of the moleeulewhichcouldcontributeno energyto the oritioalosoittator,and thèse partswouldhavenoeSTecton the reaotion.

Just howthis is to be interpretedphysioallyis not certain. It seems
likelythat anoscillatorwilleitherhavenoecectat aU,or e!sean effectverynearlythe sameas if it wereof a commensurablefrequencynot too greatlydifferentfromits own. In either case,a sufficientlygood representationcou~ obtainedby a mode!in whichall the frequencieswere commen.surable.

MathematicalPart

that Suppose
that thereareosoiUatorsinthemolecule,aUoffrequencysuch

mhy= <“
whereeois the criticalenergy,that is, the amountof energywhich mustaccumulatein the criticalosctllatorin orderforreactionto occur.

Sinceweare dealingwith integralswhicharose
m~echsmoattheoryarereplacedbysummations.Thusthe general formulaegivenby Riceand Ramsperger'assumetheforma

N. ChemicalLaboratory,CaliforniaÏMt:tuteofTechnot<~y,No.169.
NationalReseaMhFellowinChem<stry.
KM<d:J.phys.Chem.,32,ses(t~8).

RiceandRamaperger:J.Am.Chem.Soc.,4~,t6t7(t~y).

STUDIE8IN HOMOGENEOUSCASREACTIONSII*
INTRODUCTIONOFQUANTUMTHEORY

BY LOUIS STEVENSON KAB8EL'*
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i7T 1

K
W.b.

"+~L~T (:)

and
ap

K.= S Wnb.. (~
n<=m

Here Wnia the fractionof all the tno!eou!eswhichwouldhave exactlyn
quanta at equilibrium,if no reactionooourred,bn ia the speoificréaction
rate ofthesemoteoutes,and

a=4~V~r~T,

T

It is easilyshownthat
.-<T.

W.=~(~).(°+s-i)t

i
Il :1" 1

n! (s- i)!

where a = p-h"/kT.
(3)

and s Mthe numberof degreesof freedom.'
Wemakethe sameaasumptionfor theevaluationofb. that wasmadefor

b. in the dassioa!case,namoly,that it is proportionalto the fractionof aU
the moleculesof the kindand energycontent in question,whiohwouldhave
at !eaatthe cntica!energyin the criticatosciNatorif no réactionooourred,
and equilibriumwerereaohed. The author~basshownthat this fractionis

n! (n m+ s – i)t1 (4)

(n-m)!(n+s i)!'

Substitutionofthesevaluesof W. and b. in (2)givesthe result

K~= S A«"(t-<.)'~–~±s__i)!
1

00
o.m (n m) !(8 i)t 1

=A~(r-.)' E
p-. p (a – i)!

wherewehavesubstitutedm + p for n. But

(P+s- I)

p! (a i)t1
is just the coefficientof «" in the expansionof (t a)"
Henee

B ~(P+s-i)!
P-. pt(8- l)!

and

K. = A«"' = Ae- = Ae- (5)

'Aathetermisaaedhere,andfromnowon,thenumberofdexteeaoffreedomlaequaltothenumberofosctM&tora.ThisdNerafromtheusageof theformerpaper,wherethe
numberwastakenaethenumberofttquaredtermaintheenergyfuno~on.

KaMe!:Proc.Nat.Acad.8ei.,14, (t928).
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Thie is fonaaMyidentioa!with the result obtainedwhenc!assioa!osoit-
lators wereused; the interprétationof the constantA is exacttythe samo
asbefore.

Substitutionof thèsesamevaluesin (i) gives,upon simplification,the
result

~(p+s-i)!
K/K y _P (s i)!

K/K. -(:) A(p+m)!(p"T~)t 1

aN(p-t-m+s- ï)!p! (6)
whereN is the numberofmoleculefiper cubiocentimeter.

Now oonsiderthe caseof two dMerentfrequenoies. Supposethat there
are8osciltatorsoffrequencyf and r of frequencyp, where

~-=tf,
<being an integer. Let the criticalenergybe mhf, and supposethat the
criticaloaciUatoris ofthefroquencyy. (Thiais the casewhiohseeaMof most
interestphysicaUy,sincewemaypieturethe reactionasoooumngat a "bond"
whichis not very strong,and henceonewhiehis assooiatedwith a lowfre-
quency.) It is easy to show,by the same methodsas wereused for the
precedingcasethat

W. = ( .)' ( ~)~" S
(n tv + s i) (v + r i) t,W.

v-. (n-tv)!(s-i)! 1 v:(r-!)t t

S
1 a- m-tv+a- I)t (v+r i)tt

andb. = A ~-o (m m tv) (s t)! vt (r i)!
1

(n-tv+s-i)! (y+r-ï)!
v-<, (n tv)! (a i)! v! (r t)!

where n/t i < k n/t, and (n m)/t t < i g (n m)/t.
Hence

K. =A~(.(.S s~+'+'KOII=Aam(l-a)'(x-atY2;
~«p(p-tv)1(s-I)! vl(r-I}tp. (p-tv)!(a-t)! v!(r-!)!

Thedoublesummatioa,however,is evidentlythe expansionof

(ï «)" (i ~)-~

andhence thisreducesto the samesimpleexpressionas before,

K~ = Ae" = Ae-<
It is uselessto writedownthe rather complexexpressionwhichis foundfor
K. In practice,numericatvaluesof W.b. and of b. are catculatedfor the
chosenvaluesofs, r, t, m,andT, forallvaluesofn suchthat the contribution
to the sum is appreciable. These valuesare subatituteddirectly into (i).
In making the computations,the valuesfor the logarithmsof the binomial
coefficientsweretakenfromGlover'stabte'.

'GIover:"TablesofAppliedMathematicain Finance,Irieurance,Statiatica,"459(1923)..
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Thèseformulaemaybe extondedwithoutdifficultyto the casewheret is
rationa!but not intégrât,and to the caseof morethantwofrequenoies.The
amountofcomputationthat wouldbe necessaryin the useof the moregen-
eral formulae,as weltas thé tact that the resultswbiohareobtainedwhen
twodifferentfrequenciesare usedare muchthesameasfora singlefrequenoy,
makesit uselessat the presenttime to considermorethan twofrequencies.
If wewereableto obtaincompleteinformationfromsomeothersource,say
fromspectraldata andBpecMcheat values,as to the frequenciesofall the
osciUatorsina substancewhichhas beenfoundto decomposeunimolecularly,
it mightbe worth whileto seohow nearlythe expérimentâtvaluesfor its
reactionratescouldbereproducedby a modelwhichhas just thosefrequen- 13cies. Suchinformationdoesnot existat présent.

Applicationto NitrogenPeatoxide

It requiressix coordinatesto fix the positionand orientationof a rigid
body; the sevenatomsin nitrogenpentoxidehave a: coordinates,so that
there must be fifteencoordinateawhichcorrespondto internaidegreesof
freedom. That is, s = 15. Even if all of thèse degreesof freedomwere
c!assica!,it wouldnot beeasy to accountfor the maintenanceof the rate in
this réaction. Wehave

E<, =
z~yoo calories,

A =
4.56 X io-

andif wetake
A = 4.S6X 10-1$, a

1
T =300°,
s 15,
<r ==10"~cm.,

and usethe formulagivenin the precedingpaper,wefindthe resultsgiven
in TableI.

Thé recentworkofHibben*seemsto requirebettermaintenanceof the rate
than thisat apressureof .003cm. it mightbe possible,however,byincreasing
somewhattho valueassumedfor the diameterand bypostulatinga reaction
chaintwomoleculeslong,to accountfor Hibben'arésulta. But it is surely
not allowableto assumethat the fifteendegreesof freedomare ailchssicat.
Equation(6) bas beenused to calculatevaluesof K/K~ for the quantum
case,withvariousvaluesassignedforthe frequency;theresultsarepresented
in TableII.

1Hibben:Rwc.Nat.Aetd.Sci., t3,626(t~?); J.Am.Chem.Soc.,SO,940~S).

TABLE1

Pfessare K/K. PtBseure K/K.em em.

3" .9968 .o~i .8797
-3' .9751 .0031 .6580
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In.the last unesof this table the contributionsof thèseosciHatorsto the
motecularheat and to the heat content,at ~oo'K.,are given;the contribu-
tionsdue to translationand rotationmuât be addedto thesengures,to get
the usualvalues.

The specifieheat of nitrogenpentoxidebas neverbeen measured;it is
reasonableto supposethat the vibrationalheat contentis about3000calories
at 3oo°K.;thiswouldmeana total heat contentofabout4800eatories,which
ia not unreasonablylarge. This wouldbe givenby assigninga frequeney
corKspondimgto about 25~to eachof thèse osoillators.Therearecertainty
somefrequenoiesin the mo!ecu!ewhiehare higherthan this, sinceWarburg
and LeithSuser'found absorptionbands at 3.30~and at s.8~. If there
werenot too manyoscibatorsof these frequencies,their présencecouldbe
compensatedbyotheroscittatorsofvery lowfrequenoies.

Thus, on the basisof a roughestimateof the heat content,it is possible
to accountfor about 50% maintenanceof the reactionrate at the lowest
pressuresstudied,and practical1ycompletemaintenanceat pressuresabout
a hundred-foldhigher. If this disorepancyis to beaccountedforsimplyby
inoreasingthe rateof productionofactivatedmoléculesby collision,it would
be necessaryto increasethis rate a hundred-fold,whichcouldbe doneby
inereasingthe diametersfor collisionaldeactivationtenfold, to io-< cm.
BernardLewis'hasattemptedto justifyauohvalues;it seemsto theauthor,
however,that whileit is undoubtedlypermissibleto usevaluessomewhatin
excessof kinetictheory values,it is not reasonableto expectdeactivational
diametersas largeas those found formetat atomswhichare etecttonicaUy
excited;the reasonsfor thisare two-fold:nrst, the résonancebetweensingle
atoms is undoubtedlymore perfect than betweenmolecules,sincein the
latter all the frequenciesare to someextent mutuallydependent,a change
in the rotational state altering slightly the vibrationalfrequenoies;and

WarburgandLeithatMer:Am)<Physik,M,3:3(tgog).
'B. Lewie:Science,C6,331(1997).

TABLE II

Va!uesofK/K~
Pressure m-< m=.z7

1

m=t8 m~o9< A ° eo gt.n~ x M.y4~ X = to.3~
3'- ––

.9995 .999 .990
S-~ -997 .995 .991 .920
-31 .975 .962 .939 .598
-03t .880 .8311 .~2 .ï43
.003! .658 .$6i .429 ––

Mol. heat 29-~0 t4.58 1951 6.4';
(ca-t/deg)

Heatcon- 8941 3769 2287 416
tent (cal)
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second,for the de-excitationofan atom of merouryor cadmiumin the ex-
perimentsquotedby Lewis,onlya singlequantummustberemoved,while
for the de-aotivationofanactivatedmoleculesevoralquantamayhaveto be
lost. In faet, in all the casesof importancein maintainingthe rate, de-
activationinvotvesthe bss of more than a singlequantum,siaoeit is the
aotivatedstatesof highestenergywhichare deptetedSmtand most when
the ratebeginsto falloff,andhenoeit isonlytherate ofproductionof these
stateswhiohneedsto be inoreasedto maintaintherate.

This ïast fact suggeststhat perhaps the actionof radiationis of im-
portanceat lowpressures. Indeed, it seemslikelythat the action of the b
thermalradiationatonetendsto maintainthe MaxweU-BoKtzmanndistribu-
tion; the requirementforthis tendencyiBthat foreachactivatedstate the °

rate at whichmo!eou!esleavethis atate throughradiation(epontaneousor
induced)is equalto the rate at whiohmoleaulesenter the state through
absorptionof radiation, whenequilibriumis reached. Thua the rate of
productionofactivatedmoleculesthroughcollisionis augtnentedby the rate
of productionby absorptionof radiation,and it is probablethat this effect
ia relativelygreatestfor themoleculesof greatestenergycontent. It is not
clear just howthe absolutemagnitudeof this effeotcanbecatoohted. If it
exists it shouldbe possibleto obtain a photochemicatdecompositionof
nitrogenpentoxidewith infra-red!ightat very lowpressures,wherethe de-
aetivating imiuenceof coHisionsis greatly reduced. Of course,the active

1radiationmaylie in the extrêmeinfra-red.

At least, the diffioultyin acooumtingfor the experimentaUyobserved
u

reactionrate isnot so insurmountableas it bas formerlyseemed.It cannot
be decidedat présentwhetherthe explanationwillbe foundin larger di-
ameters,or in a oombinationof activationby collisiansandby radiation,
the formerbeingeffectiveat higherpressures,the latter at lower,or in some
sort of "coupDng"betweenmoleculesaa bas beensuggestedby Polanyi*or
in the abandonmentof the FirstLawexceptasa statisticalprinciple,as has
been suggestedby Tohnan~and definitelyproposedby J. J. Thornson'.
At the presenttime, any of theseexptanationsis sufficientlyplausibleto
merit furthereonsideration.

AppHcatiomto Azomethane

Sinceazomethanebas ten atoms,there mustbe 24internaidegreesof
freedom. Thisnumberis muchgreater than wasfoundnecessaryfor the
interpretationof the experimentalresultswith dassicatdegreesoffreedom.
In fact, the dataofRamsperger'onthe deoreaseofreactionratewithpressure
can be very wellreproducedby assumings = 12,as the writershowedin
the precedingpaper.

PohByi:Z.rhyaik,t, M7;2,90;3,3' ('9~).
Tolman:J.Am.Chem.Soe.,4?,!5Sz(ï9:5).aThotMon:PNI.Mag.,3, ~t (t~y).<Ramsperger:J.Am.Chem.Soe.,49, ~95(t~)~
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Calculationshave been made,usingequation(6),takinga = 24, =
1.5X ïo-M,fortemperaturesof563.ï"K.and6o3.ï"K.,the twotemperatutes
at whichRamspergermeasuredthe decreasein rate, and for a numberof
frequenoies.The resultsof thesecaloulationsare giveninTablesIII and IV.
For purposesof oomparison,the theoretioalvalueswith c!assicddegreesof
freedom,takinga = Mand s 9, are inoludedin thèsetables. The values
fors = 19are not exaotlythe sameas thosegiven in the precedingpaper,
slightlydifferentvaluesfor A and E. havingbeen usedin the catcutations;
the agreementwith experimentis veryalightlybetter than that ofthe earHer
values. The values of A and E. whichare used hèrehave been obtained
froma considérationof those experimentswhiohweremadeat the highest
pressures;they are

A = 3.135X M",
E. =" 53441oatories.

TABLEIII

Azomethane6o3.K.
ValuesofK/K.

TABLEIV

Azomethanes63.!°K.
Valuesof K/E.

P– '"°~4 9-94 s-94 S"~ 9~M 8-09PreMcm. m =33 m~~ m'=ts m=M dasBi- c!Mai-° t7.37<' "-13.57~ '='8.t4:~ =. 5.428~ cat ça!

620 .860
–– .998 .994 .963 .874 .s9t
-98s .986 .9S2 .79s .640 .~g

.6~ .94. ,924 .8~ .379 .348 .0931

.o6z .789 .yso .518 .06~1 .140 ––

.oo6a .S3S .479 .214 .00703 ~~6 ––

.00062 .a8o .za8 .0413 .000709 ––

mo!.heat 40.91 37.Ï3 a4.53 ït.y8 23.84 17.88
heatcont. 13444 M553 4796 !6oz 14379 10785

&– s-~4 B-24 e=M e°o9"°-
~r~ m-ïo ctaaaicai ctMsiott!X 8.t43ft = s.4a8ft

–– –– '––
.891

56 -997 .970 -oie .648
5.6 .979 .819 .70? .337

.56 .~7 .396 .417 .123
-056 .584 .0677 .182 ––

.0056 .~7 .00729 .0596 ––

.00056 .osoi .ooo73S ––
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The last lines in Table III givethe contributionof the internatenergy
to the molecularheatandto theheatcontent. Onthe basaofthemoleoular
heat, we must rejeet the valuesfor m== 32 and m = a;. The molecular
heat for m = t$ is not unreaMnaNylarge,and the heat contentis quite h
possiblytoo low. It is of interestto compareclassioalandquantumcases
in which the moleoularheat or the heat contentis about the same. Thus
the heat contentforo classicalosciuators(at 603.i"K.) Maboutthésameas
for 24 quantum oscillators,with m = 25; yet with the latter modelthe
maintenanceof the rate is tfemendousiybetter than withthe former;also,
the moleoularheat for 12 olassicaloscillatorsia nearly the samoas for24
quantum oscillatorswith m -= 15;hèreagain the quantummodelgivesa “
muchbettermaintenanceof the rate, althoughthe differenceis notas great '¡as in the precedingcase.

In these compansons,wohavebeenusinga fixedvaluefor < namely
1.5X 10' Of course,in applyingthe theoreticalvaluesto experimental
data, we are at liberty to modifythe value assumedfor < the valuesof
K/K< are dependentuponp and c*only throughthe tertnp<~and henoe
whenda is multipliedby anyfactor,p must be multipliedby the reoiprooat
of this faetor. It is uauallypossiblein this waytobringthe~eoreUcalvalues
intoagreementwithexperimentat a singletemperature.

It is convenientto plot logK againstlogp. This bas beendoncfor the

dataofTabteIIIinFig.i,andforthatofTabIeIVinFig.2. Theexperi-
mentalvaluesare not inoludedin thesefigures,but the ourvesfor 12olassical
degreesof freedomare in goodagreementwith the experimentalcurves. In
these figuresa changein the valueasaumedfor o~movestheentireourvein
a directionparallelto the logp axis. It isevidentfromFig.i that the quan-
tum curvesform = 32,m = andm = ïg canbe broughtintoan ap-
proximatecoincidenoewith the elassicalcurvefors = 12bya paralleldis-
placementofthis sort. The curveform = 10fallsoffmuchmoresharply,
andcannotbemadeto coineidewiththe classicalourve. Hence,it ispossible
tofitthe dataat 6o3.i°.K.bytakings = 24,mbetween15and32,andassigmng
anappropriatevalueto a. It basa!readybeenseenthat themolecularheat
of the modelswith m = 32 andm ==25is too large,and it is nowfound
that for thesemodelsit wouldbenecessaryto assumea valueof<~ofabout
.5X 10" to bring the theoretiealourveinto agreementwith'experiment.
Thekinetic theoryvalue isat least40timesthis large,so that the activated
moleculeswouldsurvivemanycollisions;but the présentformof the theory
is based upon the assumptionthat everycollisionis fatal to an activated
molecule. The sameequationswouldholdif an aotivatedmoleculehad a
definitechanceof survivinga collision,thischancebeingindependentof the

energyof the aetivatedmolécule,and the energyof the othermolecule,that
is, of the temperature. If tbis weretrue, then we couldinterpret<~as a
target area, in the senséin whichFowlerand Rideal'haveused the term,
rather than as a (diameter)'. But it seemauniikelythat this target area

FowlerandRtdeftt:Prpe.Roy.Soc.,U3A,570(1926).
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shauldbe independentof the energieainvolved,untesait is at leastequalto
the oroes-aeotionofa molecule.

Thus the modelain wMohwebave takenm = 32and m ==asMe unsatis*
factory, becausetheir speciBoheats &? too large and their cross~eotioas
(ortarget areas)are too small. The ourvefornt 15can be broughtinto
approximateagreementwith experimentat this température by taking <~
equal to about6 X io' wh!ohis still somewhatsmaUerthan the probable
kinetiotheoryvalue.

Whenthe samevalueof <~is usedat the lowertemperature,the agree-
mentwithexperimentisverybad. In orderto obtainapproximateagreement

t'–––––)–––"––––––––)–––––––––––––––!1 !–––––––––––––)tn

Ï8-~4,m=3:
UUJ.t~

IVa~a~m~to118~a4,m=25 Va-'t~ctassiott
mB-94,m-t5 Via- ~ctasscaî

withexperimentat the twotemperaturestogether,wetake <~= 9.3X io-
The resultingourvesare comparedwith the experimentaldata in Fig. 3.
The agreementis not very satisfaotory. Thespreadbetweenthe two theo-
retical curvesisverymuohleaathan betweenthe expérimentâtpoints.

It is of interest to study the energiesof the reacting moleculesin the
variousmodelswehavec~.truoted. In Fig.4the contributionof thévarious
quantum statesto K. is represented,forT = 603.1",s = 94,and m a 40,
3~ "St 15,andto. Thetotalareaof the differentdiagramsbasbeenmadethe
same, and the area of eachrectangleis proportionalto the fraction of K
due to moleculesin the correspondingquantumstate. The diagramsfor
m = 40 andm = 32havea strikingresemblanceto the curvesin Fig. i of
Ricoand Ramsperger'sarticle(loc.ct(.); thefrequencieshereare lowenough
for the behaviorof the systemto be essentMiIydassical. But the plot for
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m = 25basbogunto deviatefromthe type ofourvealwaysobtainedin the
c!a~ie&ltheory,that for m = !$ ehowsa muohlater stagein the change,
and form = 10the changeiaalmostoomptete;herethe gre&terpart ofthe
reactingmo!eou!oscome from a singlequantumstate, and hence have a
single8peoi6oreactionrate. Thuswhenthe frequenoyof the oscitlatorsis
madehighenough,this theory reduoesto sotnothingvery likeTheory1 of
RiceandRamsperger;it différafromthiatheoryonlyin the useofa quantum
formula for the equilibriumconcentrationof aotivatedmolecules. It ia

1 9 :4,m ts III a 12,dMsic~
II a =e4,m =' go IV a = 9,chMie&!

evident fromequation(6) that whenonly the firstterm in the summation
is important,whichoccurswhenthe frequenciesare highenough,we may
write

i/K C + C'/p,

and hencethat a plotof i/K againsti/p willgivea straightNne. Therefore
the cùrvesfor logK against logp willbe of the sameshapeforhighenough
frequencies,regardteasof the valueswhichT, s, or m mayhave. In the
precedingpaperof this series,the writerbas shownthat, at least for most
of the casesin whichthe rate bas beenfoundto falloff,the ourvesare not
of thisshape.

It is scarcelypossibleto say just whatvalueofmis mostsatisfactoryfor
azomethane,in conjunctionwiths = 24. Thechoieem = 1$,givesa mole-
cularheatwhichisabout right,perhapsa littletoohigh,a heatcontentwhioh
ia quitepossiblytoo low,a valueof whichisaboutas amallas it is safeto
use,if it isassumedthat collisionaiwaysdeatmysanactivatedmolecule,and
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ieadsto ourvesat thetwotemperatureswhichdonotspreadapartsuftioiently
to givea reaUygoodagreementwithexperiment. It bas beenfound,from
a study of the numerouscalculationswhichhavebeenmadeon thebasisof
this theory,that the spreadbetweenthe ourvesat two Ëxedtemperatures,
measuredalwaysat thesamovalueofK/K~, increasesass inoreasesandas
the frequencyof the oseiUatorBdecreases. Thus, in order to increasethe
spread in the présentinstance,keepinga constant,we wouldhaveto de-
oreasethefrequenoy,whichwouldmeanan increasein m. Butthis increase
in mwouldinoreasethemolecularheat,and deoreasethe valueof< andwe
have deoidedthat neitherof thèsechangesis pennissiMe. The agreement
with experimentshownin Fig.3 is thereforeas goodas can beobtainedon

Azomethane,s -=~4,m=- 15
Theordinatestotherightareforthelowerourve,T m603.t"K;thoseonthéleftfortheuppercurve,
T "563ï°K. Theoirclesareexpérimentâtvalues.

this theory,with 24osoillatorsofa singlefrequency,and withthe molecular
heat and the diameterfor collisionaldeaotivationrestrictedto reasonable
values.

Whenweattempt to usea modelwith two frequencies,the numberof
possMitiea is greatly inoreased,since,instead of havingonlys and m to
selectarbitrarilyforeachmodel,wehavenows, r, t, and m. Nor is it easy
from the structureof themoîeeuleto obtain informationas to thesevalues.
Onemayarguesomewhatas follows:

Thécenterof thé moléculeis the group

-C-N=N-C-
1 I

and thisgroup,smoeit iacomposedoffour atoms,must havesixvibrational
degreesof freedom,all ofwhichare presumaMyof rather lowfrequencies;
then, to complotethe molecule,weadd six hydrogenatoms, eachofwMch
contributesthree degreesof freedom;all of these are of highfrequencies,
sineethe carbon-hydrogenbondis verystrong. Thereforeweoughtto take
s = 6, r = 18,and t = 3or 4. Thevaluefor <isofcoursea pureguess.
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But thisMMneargumentmaybe usedto MMha verydifferentconclusion.
It is true that the hydrogen-CM-bonbondis verystrong,and hencetho fre-
quencyofvibrationinthe directionof thelineofcenterswillbeMgh~but the
vibrationfrequenciesin the other two direotionawillnot be affectedby the
sttengthof thisbond. Thereforeweshouldtakea 18,r 'c 6,and t whatever
smallintegerwelike.

It is evidentlyimpossibleto reachany definiteconclusionfrom such
arguments;it is probablybetter not to attempt to comtructa definitecor-
relationbetweenthe frequenciesof the osciUatorsin our model,and the

~~u~.KuMuttB ut vttnuna quamum maKS M R~.

vibrationsof the atomsin the actual molecule,until the structure of tht
actualmoleculeis far more definitelyknownthan is the case at présent
Puttingasidethèseconsidérations,therefore,wewillattemptto seehowwell
theexpérimentâtdata may be fitted whentwo frequenciesare used for the
oscillators.

It ia foundthat whenwetake s =6,r-. i8,t=3,m = ~.wemuat
ohoose<~as about io-M,whichis reasonable,but that theourvesat the two
temperaturesdo not hâvesufficientspread. For this case thé vibrational
contribution(at 6o3.i"K.)to the moleoularheatis 14.46calories,and to the
heatcontent,3228calories.Withvaluesas before,exceptthat t = 2, the
spreadis increasedelightly,though it is still not nearlyenough,and the
valuenecessaryfor <~becomesabout ïo- The contributionto the mole-
eularheat is 23.28calories,andto the heatcontent5026calories. Increasein
the valuechosenform teadsto rapidlyinereasingmoleoularheats and de-
creaaingvaluesfor It is not possibleto get goodagreementwithexperi-
mentby usingsix lowfrequencies,and eighteenhighonesin the molecule.

If wedecreasethe numberof highfrequenoies,theeffectwhichthey pro-
ducebecomesama!Ier,andthat of the lowfrequenoiesgreater. A!so,to keep
thespecinoheatlowenough,wehave to takethe highfrequenciesquitehigh,
andthe case)s soonreaohedwherethey havenoappréciableeffecton the
reaction. Référenceto Table III showshowrapidlythe heat contentper
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osoittatorMdeoteasingwhenthefrequencycorrespondsto a wavelengthof

S~tor !ess;for frequenciesmuohhigherthan this, the effectof an osctUator
wouldbeen<melynegUgtMe.It isweBknownthat aUcompoundscontaining
the groupCH, or CHIpoasessanabsorptionbandnear3. and henceit is
reasonableto supposethat therearesomeosciMatorswhichmaybeneglected.
It is quitepossiblethat a satisfactorymodelcouldbebbtainedby negteoting
sixoaciUatorsentirely,and asagniaga singlefrequenoyto the remaining!8.

Accordingly,equation(6) bas beenapplied to the cases = 18,m = !$.

–––– a = M,ctaaaicat
Fm.55

upperourvee,563.t*K.
–––s'-tS.m-as Iowercurves,6o3.i''K.

Thé contributionto thé moteoubrheat (at 6o3.i"K.)Is 27.85calories,and
to thé heat content,7915cabnes. When = 1.5X ter", thé foHowing
resuttsareobtamed:

VJLABÏ~BV
V&!uesof K/K-

Whenwetake<~= 10- thisgivesalmostexactlythesameresultas for
12 classicdosaillatorswith c' ==1.5 X lo' The theoreticalcurvesfor
thèse twomodeleare shownin Fig. 5. It haa atreadybeenseenthat the
dassMtJmodelwith s = 12 is in fair agreementwith experiment. This

model, witheighteenoscillatorsof frequencycorrespondingto 13.57~and
six osciHatorsof highfrequency,is in equallygoodagreement,and the as-
sociatedvaluesfor the speoifieheat, the heat content,and thediameterfor
collisionaldeactivationareaboutas reasonablein onecaseas in the other.

N 6o3.t°K s63.t"K N 6o3.K s~t'K
10" .983 –– 1018 ..4:4 .490
lo~ .909 .938 io"' .173 .223
io" .707 .773 ioM .o.;i2 .0708
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To sumup the resultswhiohwehavefoundfor azomethane,wemay say
that if it is attemptedto useosciUatorsof a singlefrequenoy,the selection
ofs = 24leadsto diSicaities;forit is onlypossibleto fit the resultsat both
temperaturestogetherby selectinga frequencywhiohmakes the moleoular
heat toogréât,and the targetareatoosmaM;for s = 18,satisfactoryresulte
maybeobtainedby takingm tg, whichcorrespondsto a wave lengthof
i3.S7jttand to reasonablemoleoularheatsandtarget areas; fora ==M, it is
necessaryto taketheosciHatorsasclassica!,ornearlyso,to keepthevalueof
<~reasonable,and then themoleoularheat isplausible,but the heat content
is rather large. Forvaluesof<teesthan 12,the resultsare notsatisfactory.
Whenosc4!!atoraof twodifferentfrequénoiesare used,it has not beenfound
possibleto obtain reallygoodagreementexeeptwhenone frequenoyis too
Mghto haveany appreciableeffect. Thus by adding6 osoillatorsof high
frequencyto the groupof 18,or 12to the olassicalgroupof la, thé total
numberis broughtupto 24,thecurvesobtainedarenotappreciablyaffeoted,
and the resuttsremainsatisfactory}the frequencyof these osoiUatorBneed
not be extremelyhigh; a wavelengthof 34~, whichia alwaysassooiated
withthe CH; group,Msufficientlyshort.

GênentDisotsaion
The introductionof quantumtheory has lead to several interesting

results. Oneof the8eis that forhighenoughfrequencies,the dependenceof
Kuponp becomesthe sameasis givenbyRiceand Ramsperger'sTheory1
overthe pressurewhichHinshelwoodandThompsonlhave atudied,the de-
compositionof propionaldehydeexhibitepreoiselythis dependence. This
wouldseemto suggestthe possibilitythat herewe have a substancewith
veryfewosoUIatorsof moderatelylowfrequency,althoughthe experiments
mustbe caniedout at lowerpressuresforthis to be certain. It ia a1sovery
suggestivethat, as may be seenfromequation(6), and from the data in
Table III, the transitionfroma monomolecularreaction to a bimolecular
onetakesplacein a muchmaller rangeofpressurewhenail the frequencies
are rather high. It wouldbe very desirablefor someone to atudy
the decompositionof propionatdehydeat pressures lower than 20 mm.,
whichisas lowas wereusedbyHinshelwoodandThompson;it ought to be
possibleto extendthe meMurementsto.): mm.withoutgreat dimcu!ty,and
perhapsmuchlower.

In the applicationto azomethane,the mostsatisfactoryresultshave in
generalbeenobtainedwithvaluesfor whichdo not exceedkinetictheory
values,andwhichare possiblysomewhatsmaller;sincethe correctvaluefor
the molecularheat andthe heatcontentisunknown,it is impossibleto draw
definiteconclusions,but it wouldseemto be worth whileto investigatethe
possibiiitythat an activatedmoleculemaysurvivea coHision,its chanceof
survivaldependinguponvariousfactors,suohas its energy,the energyof
the coHidingmolecule,the relativeveloeityat time of coHision,and similar
influences.It wouldseemverydiincultto treat such a problemquantita-

HinahetwoodandThompson:Proc.Roy.Soc.,lt3A,zat (t~6).
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tively, but if it is foundthat evorycollisiondoesnot destroyan activated

molecule,then suohconsiderationscannotbe neglectedentirely. There is

anotheradvantagewhichmightarisefromsucha treatment;if the average
chanceofdestructionof an activatedmoleculeat a collisionincreasedwith
the temperature(presumablydue to thé increasingforceof the collisions)
the spreadbetweentheoretiealourvesat differenttemperatureswould be

decreased,whileif this chancedecreasedas the temperatureinoreased(due
to the greaterenergyof the collidingmolecules,andhencethegreater chance
for an activatedmoléculewhenthe energyis statisticallyredistributed)the

spreadwouldbe increased. If this latter faotorwerethe dominantone,the

experimentaldata for azomethanecouldbe moreeasilyinterpreted.
Withrespectto nitrogenpentoxide,the theory in ita presentform ianot

quite Bumoient.If theexplanationof themaintenanceof ratein this reaction
is to befoundin largediameters,the evidencein supportofsuchdiameters
willhaveto bemoreconvincingthanat présent;if inthe assistanceof radia-

tion, experimentalevidencewould seem deairable,although should the
activeregionbe in the far infra-red,thiamaybealmostimpossibleto obtain;
if the solutionmto lie in an abandonmentof the First Lawas appliedto

singleelementaryprocesaes,this mustcomeas a fundamentalphysical law;¡
the necessityfor sucha changeis at leaatsuggestedby variouslinesof evi-
dence. It is, however,hard to seewhy,if this last explanationis the correct

one, the decompositionof nitrogenpentoxideis unique. With respect to

azomethane,it is possibleto accountforaUof the experimentalresults,with
fair accuraoy,by the assumptionof interna!energyrelationshipswhich do
not disagreewith any of our very limitedknowledgeof the moleculeof
azomethane. The basicassumptionsof the theoryseemto be verified,but
the resultscanundoubtedlybe accountedforequallywellby rather varied
methodsofdevelopment.

Summary
i. The theoryof unimolecularréactionswhichthewriterhas previous!y

suggestedhas been extendedby the introductionof quantizeddegreesof
freedom. The casesofquantumoscillatorsofa singlefrequency,and of two

frequencieswhosequotient is an integer,have beenworkedout, and the
methodsformorecomplexcaseshavebeenindicated

2 The decompositionof nitrogenpentoxidehasbeendisoussed,and it
is shownthat there is no longerany dinioultyin accountingfor the rate of
this reactionat moderatelyhigh pressures;it is not quite possible in the

presentformof thé theoryto accountfor the completemaintenanceof the
rate at the lowestpressuresstudied,but the discrepancyisnot large. The
variouswaysin whichthe dimcultymay be overcomehavebeendiscussed.

3. The theoryhasbeenappliedto azomethane,and it is found that the
resnlts may be completelyaccountedfor by assumingosciUatorsin such
numbersandofsuchfrequenciesasto givereasonablevaluesto the molecular
heat and the internai energy,and that whenthis is doncthe value which
must be assignedto the diameterfor couisionaldeactivationis of the order
of magnitudeof kinetiotheorydiameters.

P<ModetM,Ctd~ontte.



APREVALENTERRORIN THE DERIVATION0F THE FREEZING-

POINTANDBOÏLING.POINTLAW8FOR DÏLUTE SOLUTIONS

BYARTHURW.OAYtOSOK

Introduction

The applicationof the olassicalmethodsof van't Hoff to the study of

very dilute solutionsno longerplayathe vital part in physM&tchemistry

that it heldduringthé earlydaysof this science,and it is entirelypossible,
nowthat moreuniformandrigorousUnesof developmentare available,that

theseolder methodsof approachto the problemmay eventuallybecome

obsoleteandpossesainterestfor the chemioathistorian only. Nevertheless,
the generalizationsofvan't Hoffare Btillquite widelyusedm thé présenta-
tion of the coltigativepropertiesof dilute solutionsin contemporarytext-

booksand treatmesof physicalchemiatry,although they are not always

correctlyinterpteted.~The authorfeelsthat it may yet be worth whileto

pointout anerrorwhiohbasoreptintotwo ofthe dilutesolutionderivations,
and whichstillpersistsin aeveralofthe recent Engiishand Amedeantexts.

ThéPfeez!ng-PeictLawfor Doute Solutions

This errorocoursin the thermodynamioderivationof the freezing-point

and boiling-pointlawsfromthe van't Hoff law of osmotiepressure. The

methodausedvaryin detaU,but aregenerallybasedon a réversiblecycUcat

processsimilarto ~at onginallyemployedby van't Hoff,'whichprocesa,

forolarity,it willbenecessaryto desoribebriedyat tMspoint. For freezing-

point dépression,the cyclemay be outlinedM follows. Start with a very

largeamountof a dilutesolution,containingone grammote~of solutein V

litersof solution,at the temperatureT., the freezing-pointof pure solvent.

(i) Bymeansofa pistonprovidedwitha eemi-penneablemembraneremove

isothermallyand reversiblyauehan amount of solvent as containedone

grammoleofsoluté.~(2)Freezethesolventso removedat To. (3) Coolthe

solutionand the nowsolidsolvent,separately,to the températureT, the

freezing-pointof the solution. (4)Melt (or dissolve)the solidsolventinto

the solutionat T. (5)Warmthe solutionto To.

In this cycleosmoticworkis doneuponthe system,heat is evolvedat T.,

anda smallerquantityof heat is absorbedat the lower. temperatureT. If

werepresentby wthe amountof workdoneupon the systemand by q and

'TMshaarecentlybeenemphaazedbyBancroft<mdDavis:J. Phye.Chern.,32,t
(tM8),whodtMttsspM~eutartytherelationbetweenoemoMepressureandvaporpreseure.

Van'tHoK:Z.physik.Chem.,Ï, 48!(tMy).Thederivationinquestionoec<MSonpp.
49~497<~thiaMtMe.

Van'tHoSusedthekHogrammoleandtheMogramcalorieasumtaofma<aandheat,
respectivety.Inthiadiseuamonthegrammoleandgram«doneareused,inconformitywith
modempMettce;thishaenoeffectwhateveruponthépointat îaaae.

<SincethesolutionMdilute,thevolumeofthisamountofsotveatmaybetakenasV
literswithoutappreciableerror.
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qo the quantifiesof heat absorbedat T and evolvedat T., respectively,
then, aocordingto the secondlawof thermodynamicswe may writeeither

(1) or (
q T qo T°

Nowthe onty appréciableexternalworkinvolvedm the cycleis the osmotio
work,*which,if we representthe constantosmotiopressureat T. by P, is
PV, and this, aocordingto the van't Hoff osmotiopressure equationfor
dilutesolutions,ia equalto RT., whereR is the gasconstant; so that BT.
maybe subatitutedforw in eitherof the aboveequations. There remains
onlythe interpretationof the quantitiesof heat q and q., and it ishere that
the above-mentionederror,nowto be disoussed,haa been made, although
it doesnot ooourin theoriginalderivation.

Van't Hoffhimselfdid not makeany dose analysisof the cyclewhich
has just been described,but, after the briefestof outunes,irnmediatelyde-
duced the familiarequationfor freezing-pointdepression,which may be
written

AT-
$ (3)

mi(

in whichAT iaT. T, the depressionof the freezing-point,Mis the mass
of solventin whiohonegrammoleofsoluteis dissolved,andIf is the heatof
fusionper gramofsolventat T..

Inmorerecentdiscussionsof thesubject,however,it basbeen customary
to describeand analyzeeachstepofthecyolemuchmoreminutelythan was
donebyvan't Hoff,andconfusion,ratherthan increasedclarity, basresulted.
For the statement is generallymadethat q. = m!<. But inspectionof the
cycleshowsquiteplainlythat qomustincludenot OM~theheat efo!fedwhen
theMhwM<~-eeMt,but al8otheheatgivenout duringthe rettMwa!of the schet~

oMM~tcMwA: This fact,which,it seemsto the writer, is essentialto the
correctinterpretationofthe cyoucatprocess,appearsto havebeenuniformly
overlooked. Sincethe internaienergyof the Systemunder considérationis
unchangedby removalof solvent,all of the externalwork done upon the
systemmust be changedinto heat whichis givenup to the surroundings.
For thisreason,q. is notequalto ml(,but is mt(+ w, or mlf+ RT.. AtT,
however,the onlyheat absorbedis that used in the melting of the solid
solvent,so that the usualprocédureof stating (or taoitly assuming)that

Thé quantitiesofheatevolvedinstep(3)andliberatedm(S)areMt~rtythesameandaredMregardedbyvan'tHoff;theywoutdobvioualybeident!oanftheapecifieheatsof the
MtventmtheaoMandtheUquidstatesweMthesame.

=t~~<.m~Mtwme

di~.d~aSe' bedisregardedwithoutappreciableerror.
negS~ confusedwithheatofdilution,wM.hwouldbeneg1igibleina dilutesolution.
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q ml'( (where1~ is the heat of fusion per gram at T),' Mentiroly correct.
But the supposition that qo is greater than 9 oï~y because ia greater than
t'f is altogether erroneous.'

Returning to equations (i) and (a), it is evident from the foregoing
discussionthat we may write

RT. AT (4)==
mt't" T

but that it is not correct to say that ~1' as is donc in many text.
m!t To

bocks,' although we might s&y*

RTo AT (s)

m~+RT. To

Equation (4) may be written

–~ (6)ml',

In order to Mducethia to the familiar expression for freeaing-pointdépression
in dilute solutions, two assumptions are necessary, both of which are vaMd
for dilute solutions. Hrst, T. and T must bo so close together that T.T is

practicaUyequal to T. Second,' l', must.be equal to When these as-
~T*

sumptions are made, equation (6) becomesAT = – or when m = 1000
m!<

grams and R is taken as 2calories,

~=-~~T°, =
!<

\8tncdy~'eaking,l't NthedMetentMheatofBchtthmratherthantheheatof fumon,butinaverydmtesotuttontheMmay becoaatderediden~oat.
Aaa BMttwoffaot,theheatof fusiondoeaKeneraNymofeaMwithtneteasingtempe~-

ture,meethe
apec~heatofa subatmceiegoneMUysomewhathigherin théliquidthan

~{!t ~<~ 't.?*~ tMppeMttBreintervat.wiNatwayabeex.
eeedin~y

minute
(MdjMU.mfact, be Manced by the minutedMerencebe~eenthéamountaofhMtMM~vedinsteps~) and(s)above);&)rsomeeubstMMeit mayevenbeo.Jn anv eaae,&e dt&M-eneebetweenh and t't iainno wayeMentiattothevation, forit mobtMusthatif it watezeMforany partioutarsolventthevaRdityofthefMezin)Motnt

equa~on
wouldnot be impairedin the a~htest degtee;on the eontraty, the~Sonwouldthenbemorerigorous. Ima cycleauohas that d'esoribed,howevar,the amountof

heat evolvedat the highertemperaturemustbegreaterthan that abaorbedat the lower,andthechangeinheatoffusionwithtemperaturecomeareadilyto mind.Thatisprobablywhytherealdifferencebetweenq. and qhMapparentlyescapedattentionhitherto.
«'r' ~e<\Watker: "Introductionto PhysicalChemiatty,"423(to~): Taytor:

~at~MPhyMal ChNnMhy,"1,~y (~5); Taylor:"NemmtatyPhyaica!Chem-
istrY,"252(1927).

Smcetheaotutionis dilute,MMa latgequantity and the amountofheatevolvedin
freesngtheMtyentis a muohlargerquaabtythan BT.. OntMaaecount,noaerious)nt-
MeMcoten-MtaintroducedbytXMKmifinateadofmtf+ RT.. It seemstothewriter,how-
eve~,thatttoa onumonoa~t tobe pointedout expMoittyas an approximation,otherwise

the~oM~ddef~
mMMtobepuMhne:toatudentaandlikelytoeauMfurtherconftNion,aewillbeshownbelow.

6 ThissecondasmmpMonbasreally beenmadeat an earlierstageelneetheamountsofheatinvolvedmateps~and (5)of thecyclehâvebeenconsideredequatto eachother.Thisimpliesthattheapectteheatsof 8ohdandhqmdaretheaame,inwMoheventtheheatoffusionMindependentof temperature. It maybe pointedout hereabo that if t'f tf.
equation(5)canbeobtainedfrom(4) byaaimptealgebraicttacafonnattom
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whiohis thé formin wbichthe equationis generaUyused, ATmbeingthe

mo!alfreezing-poiBtdepression.

TheBcitmg-PointLawfor DUuteSolutions

Thesameoversightoooursin mostof the texts whiehdesoribein detail

a oyolioalprooessfor the derivationof the boiling-pointlaw fordilute solu-

tions, even thoughin this caseit produces rather seriouscomplications.
This derivationdoesnot appearin the originalvan't Hoffarticle,but can

readilybe madebymeansofa cycleexaotlyanalogousto that usedat the

freezing-point.Thismaybe bneSyoutUnedas follows. Start witha very

largeamountof a dilutesolution,oontainingonegrammoleof non-voiatile

solutein V litersof solution,at To, the boiling-pointof pure solvent. (i)

By meansof an osmoticpistonremoveV Utersof solvent as before. (2)

Evaporatethesolventat To; (3)Warmthe solutionand nowgaseoussolvent

to T, theboiling-pointof the solution;(4)condensethe solventbaokinto the

solutionat T, andthen (5) coolthe solutionto T«. In this cycleosmotic
workis doneuponthe system,heat is absorbedat T., and a largeramount
of heatis liberatedat the highertemperatureT. Wemay thonwritel

w T-T. w T-T.
–t– (7) Or = -F- ?). where

q T qo To

q and q. are the quantitiesof heat evolvedat T and absorbedat T., re-

spectivety.
The net externalworkdoneuponthe systemis the osmotiowork PV,

whichis equal as beforeto RT.. The usual statementthat q. = mlv (!v

beingthe heatofvaporizationpergramof solventat To) is erroneous. ~ea<

is givenout ~Mn~theosmoticremovalof solventin an amountequivalentto

theosmoticworkdoneuponthe solution. The net amountof heat absorbed

at T. is thereforemlv – RT.. It is, however,correctto say that q = ml'v,
wherel'v is the heatofvaporizationat T.

Wemay nowassume,as before,that for a shorttemperatureintervalIy
and t'y are equat;thenmt'v is obviousiygreater than mtv – RTo,whichis

in accordwith the lawsof thermodynamics.But if we wereto fail to take

into acoountthe heatequivalentof the osmoticwork,and makethe same

assumptionas to the independenceof lv upon temperature,weshouldfind
no differencebetweenq andqo,whichwouldinvolvea violationof the first

law,sinceworkbasbeendoneuponthe system. Or if, recognizingthat q
mustbe largerthanqo,wewereto attempt to attribute this differenceto the

changein heat of vaporizationwith temperature,we shouldfindourselves

in a stillmoreembarrassingpredicament,in that the heat of vaporization

Aabefore.theamountsofheatinvolvedinsteps(3)and(5)arenearlythesame,and
thedifferencebetweenthemmaybedisregardedmthouterrorif thetemperatureinterval
isamaH.TheywouldbeidenticalifthespeciSoheataofthesolventat constantpressure
intheliquidandthévaporstateswerethesame,butofcoûtéethisisneveraotuallythecase.
Abo,itshouldbenotedthatworkisdonebythésystemintheevaporationofthesolvent
andtheexpansionofitavapor,whichisbaîaaeedby thepracticallyidentioalamountof
workdonconthesysteminthecondensationofthesolvent.
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alwaysactuaUy~ere<Me$withinoreasingtemperature,so that l~vcouldnot

possiblybegreaterthan ly. Nevertheleas,exaotlythis errorhaabeenmade
in severalwidely-usedtext-booksof physioalohemietry.'

Returningto equations (y)and (8),it isevidentthat, oallingthe boiling-
pointelevationAT, we mayfonnulatethe boiling-pointequationas follows

RT. AT
/.RT.

AT

~="T' r~=TT/

Makingthesameapproximationsfor a dilutesolutionas in the caseof the

freezing-pointlaw,equation(9)beoomes

miv

or, whenm=' 1000grams,

~=~-
DI'" 1..

whichis thefamiliarformof the boiling-pointlawfordilutesolutions,ATmDI
beingthe mo!atboiting-pointelevation.

It is admittedthat the equationswhiohhavehèrebeen critioized*lead
to the santéresoltsas the correctones, and, for that matter, are approxi-
mately truefor dilute solutionsand wouldbecomeexaotlytrue at infinite
dilution. But it is the wïiter's contentionthat thèseéquationscontainan
error in reasoningwhich is Ukelynot onlyto lead toseriouscontradictions
auch as thosewhichhave beenpointed out above,but also to encourage
adversecritioismofthe useofthereversiblecycleforderivingthermodynamic
equations,inspiteof the simplicityof thismethod.'

The Fteezîttg-PtiatLawfor IdealSolutions

In conclusion,it may be pointedout that, by meansof a slightmodifica-
tionof thevan't Hoffcycle,it ispossibleto derivethe approximateintégral
formofthefreezing-pointequationforidealsolutions(theso~alledSchroeder-

FormatatMe.inW.C. MeC.ï~em:"SystemofPhyaicatChetamtty,"2,M?(t~M),
whereaaintUfM',thoughnotMenttcat,cycleisdesonbed,it lade&Mtetyatatedmatthéheat
givenoutincMtdenaattonat a lowertemperatureMleuthanthat(tbBorbedinevaporationoftheMmequantityofsolventatahigher.Abo,inTaylor:"TreatiseonPhyaiealChem-
ifftty,"1,276(t~s~ whereanotherehmiarcycleMdesonbedbyR-Mef,wefindthestate-
mentthatthé osmohowotkiaequal(inthenotationhereuaed)tomt'v –mtv.Hère,again,thevatueoftvit)incorrectlyauMiOftedtoinareaeewithincreaaiBgtemperature,andtheat-
tempttoequatethéosmotieworktomt~–ndvteadetothératherBemou9diBereDaneythat
heatMrepreeentedbeing absorbedatahighertempérature,workdoneupontheaystem,anda amaMerquantityofheatliberatedat a lowertemperatMre,whiehMobvicuely)m-
poe<nMemaK~miNecycle.(Thereareseveralotherdétecteintm pM-ticutarcyete,wMch,
however,hâvenoimmédiatebeatingMponthepointat issue.ItMreprcdncedunchangedinTay!or:"NementaryPhysicatChen&try,"pp.sso-~s'('927)).

.~t~~and~~mlt =1'
an

wlv 1'

SeeWashbufn:J.Am.Chem.Soc.,32,~68(t0!o).
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LeChatelierequation)ïn a verysimpleand directmanner. Sincethe writer
basnot beenableto discoverthismethodofderivationin anyofthe standard

référenceworks,and it basapparentlynot been desoribedanywherein the

titeratureof the subjeot, it willbeoutlinedbneSy here.

Start witha very largeamountof an idealsolutionofany concentration,
at To,the freezing-pointofpuresolvent. (i) Bymeanaofan osmotiopiston,
removeisothermallyand reversiblyone grammole of solvent,the volume
ofwhichweshalldenote by V.. (2)Freezethis solventat To; (3) coolthe
solutionand solidsolvent to T, the freezing-pointof thé solution,(4)meit
the solidinto the solutionat T, andthen (5)warmthe solutionto To. Let

us supposethat the speciocbéatsof the solventare the samein the solid

and the liquidstates;~ in that case the amountsof heat involvedin steps
(3)and ($) areequal, and neednot be consideredfurther. Abo, in sucha

case,the diCerentiatmolarheat ofsolutionof the solvent,inan ideal solution,
willbe independentof temperatureand equalto the molarheat of fusionof

the solvent,whiohwe shal1ca!t Lt. Sincethe work doneupon the system
isPVo,wemaywrite

PV. T.-T
(10)

IL, T

Now,for an idealsolution, PVc = –RT!n x, x beingthe molefraction of

solvent,so that in this casewemaysubstitute –RTchtx for PV< Making
thissubstitutionwe get fromequation(ïo)

RT.Inx ~T-T. L,/T-T.\

RTLx T 'R\TT./
)

Here,of course,we may not assumethat T.T *= To', sincethe solutionis

not necessarilydilute. Equation(i ï )mayhe written

–)
whiohis the familiarapproximateintégrâtformof the freezing-pointequation
foridealsolutions.

Thismethodcouldnot very weUbeusedfor the derivationofthe boiling-
pointequationfor ideal solutions,since the changeof heat of vaporization
withtemperaturecouldhardly beneglected.

Summary
r. Anerrorwhich bas commonlybeen made in the derivationof the

freezing-pointand boiling-pointlawsfor dilutesolutionsby the methodof
van't Hoffbasbeenpointed out, and the correctapplicationof this method
basbeendisoussed.

2. It basbeenshownhow a similarmethodcan be usedforthe deriva-
tionofthe approximateformof thefreezing-pointequationforideal solutions.

C'A<!tt~L«6<M'0<0!-M,
<7otfef~ef XotMae,
Lo<M'ettee,KfttMM.

'TMaaumptionatw~yahastobemadein.derivingthe Schtoeder-LeChatelierequa-
tion.whatevermethodiaused.



iwo reoentpapers by W. D. BanoroftandH. L. Davis' uponthe above
topio,have presenteda numberofinterestingpoints~certainof whichseem
to meworthy of further comment,especiaUym viewof the tact that these
paperaappear to have beeninspired,to someextent,by certainstatements
concomingosmotiopressurecontainedin my monographon "SotubiUty.
Thé authora disoussat length the derivationof the equation eonceming
osmotiopressure with vapor presaure,paying partioularattention to the
questionof whetherthe volumeto be usedis that of the solutionor of the
pure solvent. They seemto regardthis equationas the basiseasentialto
the buildingof a sound theoryof concentratedsortions, sayingthat sinco
this equation "appMeato all solutionsand is absolutelyaccurate,exceptfor
the specinedlimitations,we must start from it as a base." Nowit was
pointedout a numberofyearsagobyWashbum'that the variouscoUigative
propertiesof solutions,whiohincludeosmoticpressure,vapor pressure,dis-
tribution coeSMenta,changesin freezingand boilingpoints, électrodepo-
tentials,etc., canallbe conneotedinpairsbythorougHyrigidthermodynamio
équationswhichinvolveno theoryof solutions. The correctéquations,at
least the more important of them, have alreadybeenderivedby vatious
competentpersonsand 1donotwiahto gofurtherintothesederivations,but
ratherto re-emphasizethat althoughthèse equationspermit the calculatian
of oneeoUigativepropertyfromanother,they donotserveto caloulatesuch
a propertyfromthe propertiesofthe purecomponentsand the composition
ofthemixture. Except inthe cases,therefore,whereonecoUigativeproperty
bas beenexperimentaUydetermined,itisnecessaryinthécatculationofanother
to invokesomerelationshipwithcomposition,whichiaextra-thermodynamic,
and whiehwill, in general, dependuponthe spécifiesubstancesmakingup
the solution. The equation whichBancroftand Davis insiatupon as the
startingpoint in a theory of solutionbelongsin the formercategory. The
van't Hoff equation giving osmotiopressureby a gaa law equation,and
Raoult'slaw conneotingvaporpressurewithcompositionbelongin the latter
category,and it jsnot possibleto gofromthe formertothe latter bya simple
togicalprocessor bythe aidof thermodynamicsalone.

It is interestingto note that Banoroftand Davisadmit the validityof
Raoult'slaw for many systemsthroughoutthe entirerange of composition.
They appear to be unwilling,however,to accept the full thermodynamic
consequences. Althoughall of the equationsconneotingother colligative
propertieswith compositioncanbe derivedfromRaoult'slawby the aid of
thermodynamicsalone, thèsewriters,alongwith writersof most textbooks

1Z.physik.Chem.,MO,626(1~7);J. Phys.Chem.32,t (tM8).
t Hildebrand:"SetaMMty,"(t9~
J.Am.Chem.Soc.,32,6S3(i~to).

BY JOB!~H. HtLDBBBAND

OSMOTICPRESSURES0F CONCENTRATEDSOLUTIONS
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on phyaioalehemistry,seëmto regardosmoticpressureas somehowhaving
a morefundamentalsigniSoancethan the othermeansof measuringescaping

tendenoy. Nowthe esoapingtendencyofonocomponentof a solutionmay
be measuredby any processwMohoan serveto aeparate this component

reversiblyfromthe solution. Theseprocessesinoludenot only the escape

through&semi-permeablemembraneinto thepureliquid,but a!sotheescape
into the vaporphase,into the solidphase,intoanother solventimmiscible

with the firet;or, in the caseof substanceseasilyoxidizedor reduoed,the

esoapeto orfromeleotrodes. Not all of the aboveare equallysimple,but

there is nothingabout any one of them, suchas osmoticpressure,which
makesita selectiona matter of necessity. It seems hard to understand,

therefore,whyRaoult'Blaw, pt <~pi Ht,if accepted,shouldbe mutilated

by combinationwithan inacourateosmotiepressureequationinto a relation

such as m(pt"/pt) = n~/nt (the notationusedhère is that adoptedin my

monograph),whichhaa no advantageoverRaoult'alaw and tessaccurate!y
desoribesactual Systems.Ofthis equation,theauthorssay that "it is a re!a~.

tion fundamentalto the determinationof molecularweights fromfreezing

pointsor boilingpointaof solution." Theyseemnot to reaUzethat Raoult's

lawservesthe samepurpose.

When thèseauthora state that Raoult's law "bas as yet no theorotical

explanation,"they overlookthe simpleyet no lésaconvincingexplanation
whioh1 have given1and which is also impHoitin an earlier statementof

Waahbum.'

Bancroftand Davia take exception,furthermore,to the designationby
G. N: Lewisandmysetfofthe equationPV = RT (Vdenotingthe volumeof

solutioncontainingonemolof solute)as the van't Hoffequationforosmotic

pressure. Theysay: "Thé abovediscussionwillalsothrowught onanother

objectionmadeto what Lewiscattsthe van't Hoffequation. Hildebrand

recently expressedthis objectionon the groundthat 'it teads to absurd

figures,for, as the proportionof solventin the solutionapproacheszéro,the

osmotiopressureactuallyapproachesinfinity,whileaccordingto theequation
of van't Hoffit should never exceeda fewhundredatmospheres.' Hilde-

brand is makingthe commonmistakeof substitutingV the volumeof the

solutionin whichone gram molecularweightof the solute is dissolvedfor

what wehavecaUedVi, the volumeof the solventin whichonegrammole-

cularweightof the solute is dissolved. The two are identical for infinitely
dilute somttons,but not necessarilyso for any other concentration. For

the concentmtedsolutionsVi becomesinfinitelysmalland P thereforemay

goto infinitelylargevalues. It shouldbe clearlyunderstood,however,that
an equationof the form PV = RT cannotaccuratelyexpressosmoticpres-
suresover any widerange of concentrations,no matter what definitionbe

giventhe V. If Vt be used instead of volumeof solution,the rangeis in-

creasedandthe erroris readilycalculablefor the idealsolution."

J.Am.Chem.Soc.,38,t4S3(ï9!6);"Solubility,"24(1924).
Trans.Am.Electrochem.Soe.,12,333(t9t:).
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1 regretif 1havegiventhe impressiontbat van'tHoffwasunawareofthe
Imitationsuponthe aboveequation. No one famuiarwiththe carewith
whichthèselimitationswerestated by van't Hoff lumselfoanaccusehim of
ignoranceon this point. It is perfeotlyevident that van't Hoffnever re-
garded the gas law equationas applicableto concentratedsolutions. The
tact is, however,that he lumpedall deviationsfromit intothefamoua"van't
HoSi", and that thevolumeused by him,as weUas bythe textbookwriters
who have used this equation in derivingvarious physioo-ehonuca!for-
mulae,isthévolumeofthesolutionratherthan that ofthe solvent. It seems
not unfair,therefore,to referto it as the van't HoSequation. In rejectingit as a basisfora theoryofooncentratedsolutions,oneaccusesof ignorance,not van't Hoff,but thosewhocontinueto apply thiaformulato concentrated
solutionsat a timewhena far better treatmentis possible.

It maybe pointedout,inconfusion,that whiletheapplicationto osmotic
pressureofan equationof the van derWaab' type by Banoroftand Davis
naturallyimprovesmattersnumericaUybythe introductionoftwoooastants
whiohcanbe empiricaUymanipulated,the result canhave littletheoretical
stgniRcaace.If a really rigorousapplicationof van der Waala'theory is
desired,oneshouldrefer to the writingsof van der Waa!s'himselfand to
those of Kohnstamm*and van Laar*a

Z.physik.Ôhem.,S,13.)(t8go);"ContiauiMtt,"H, M6C.
Z.physik.Chem.,M,41(~t); ~s,597(t~o).

~<~& (1913)."S~ Vort~e d~ then.modynoàiwhePotential,'(igo6).
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In recent years an explanationof the anomatousbehaviorof strong
eleotrolytesbas beensoughtby useoftheassumptionofcompleteionisation
anda oatcutationof theeleotricalinter-ionicforces. ThetreatmentofDebye
and Huokel'is basedona fewfundamentalphysicalprinoiplesandseemsto
be the mostsatisfaotoryin the regionofverydilutesolutions.

They findthe activitycoefficientofanyionto be givenby

logfi
A1('" 1)°.$

A = e'N~(ir/R)"= A = ~(./R)~ (i)logfj R(~)i.s
= ç- '/l'. 1

wherefi iathe activitycoeffioientof the ionof the ith kind, Zfia its valence,
R is the gasconstant,D is the dieleotricconstantof the solution,T is the
absolutetemperature,e is the elementaryelectncat charge,and N is Avo-
gadro's number. For water at z~'C., using ordinary logarithmsand the
dieiectricconstantof the pure solvent,and expressingaUconcentrationsin
molesper liter,

logf, = -0.3S7z~Sc~)" (a)logfi = -o.35y xt$(F.c,zt$)o.s

The expressioncontainsnoempiricalconstantsandgivesthe idealorlimiting
behaviorof ionswhichareregardedas pointcharges. The treatmentofreal
solutionsrequiresthe introductionof a factor whichdependson the sizes
of the differentkindsof ions,or their apparent diametersin solution,and
another term whichexpressesthe changein the dietectrioconstantof the
sotventoausedby the soluteions.'s

Boilingpoint,freezingpoint,andsolubilitymeasurementscanbeemployed
as direct testsof this theory. It caneasi!ybe shownthat

log
?)

°' S<c.~)') (3)

where8. is the solubilityof a relativelyinsolublesait in pure waterand S
is the solubilityof the samosalt in the samesolventcontainingotherstrong
electrolytesin varyingconcentrations.By plotting the valuesof log8/S.
against correspondingvaluesof the ionicstrength(~ = i/sScfZt')a atraight
!meshouldbeobtained,forsolutionssufEcient!ydilute,and the slopeofthe

e*N~f~
line should be

DT)''?'
~~°~ solubilitydata colteotedby Noyés*,(R DT)

ConttibuMonfromtheDepartmentofChemiatry,UnivemityofPittabutch.
1Physik.Z.,24,185;334(t~a).
'PhyNk.Z.,26,K)3(t~s).
J.Am.Chom.Soc.,4S,t098(t~).

THE SOLUBILITYOFPOTASSIUMBROMIDEIN ACETONEAS

RELATEDTO THEINTER-IONICATTRACTIONTHEORY*
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andpartioularlythe workofBrSnstedandLaMer*seemto haveverifted(3)
as the limitingexpression.The validityof the (DT)'" faotor,wMohex-
pressesdirectlythe eleotrioalcauseof the variationoftheaotivity,bas been
testedm severalinstances,notablyby Baxtef*,whomeasuredthe solubiMty
ofsuveriodidein water,andwatercontainingothersalta,at ys'C, andfound
goodagreementwith(3).

The purposeof this investigationwasto attemptanotherverifioationof
the con-eotnessof the (DT)'~faotorby tnakmgsolubilitymeasurementsin
a solventwhosedieteetnoconstantdifferedfromthat of water by a oon-
siderableamount. Theaolventused wasacétoneand potassiumbromide
wasthe saturatingsalt.

MatedatsandMe&ods

OrdinaryacetonewasreSuxedoverpotassiumhydroxide,distiM, dried
overfusedcalciumohlorideand thenoversodiumamalgam,distilledagain
andthe fractionboilingat 56.1" .o4"C.(76omm.)ooUeotedfor use

The saltausedwerepurifiedby at leastfiverecrystaHizationa,including
a crystaINzationfromaoetone,and carefuldrying,and wereanalyzedfor
purity. TheywerekeptinsmaUweighingbotthsoverphosphomspentoxide.

Thesolutionsweremadeup by addingamountsof thepurifiedsalts from
the weighingbottles to.the acetonecontainedin a oalibratedBask. This
oporationwascarriedout,as faras possible,in a dryatmosphère

The solubilityapparatusis shownin Fig. i. A is a 500ce. PyrexBask
fromwbiehthe neckbas beenremoved. B is a ground-glassjoint and C
ts a mercuryseal D is the stirrer. E is anotherground-gtassjoint and F
is the siphonfor removingthesaturatedsolution. Lis aca!ibtated(300ce.)
PyrexErlenmeyernaakwitha constriotedneckformarking. L iacontained
ina canR, intowhichthermostatwatercanberun whilethosaturatedsolu-
tionisbeingwithdrawn.TheopenendofFiacoveredwithseveralthioknesses
of closelywovenlinen(proviouslydigestedwith acetone)fastenedwith a
platinumwire.Gis a three-waystopcock;the nrstportionof the saturated
solutiondrawnover thruF may be diacardedthru H. K is a shortpièceof
rubber tubing. The solubilitymeasurementsweremadein a thermostat
whosetemperaturecouldbe controlledto o.oi"C;all measuMmentawere
madeat 25°C.

Aftercompletionofa run,whichlastedforat least40hours,thesaturated
solutionwasdrawnoverinto L. AUthe acétoneexcepta fewoc.wasdia-
tiuedoffon a water bath and the solutionsweredilutedwith,conductivity
water. Thé bromidesandiodideswerepreoipitatedtogetherwithacidified
silvernitrate and weighedas total silverhalide. Fromthis weightwas
subtractedthe weightof the solvent halide (ealculatedfrom the known
compositionof the solutionand the volumeof the-sampleofsaturatedsolu-
tion),givingthe weightof the AgBrcorrespondingto the amountof KBr
dissolved.Whenthe bariumsaltswereusedas solventsa directdetermina-

J.Am.Chem.Soe.,«, Sis('9~4).
J.Am.Chem.8<tc.,48,6t5(<9:6).
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tion of the bariumion wu madeand the Sttrate was analyzedfor total

halogencontent. This permitteda checkand gaveassurancethat the con-
centrationof the solventsalt didnot alter duringthe processof saturation

TABLE1
Cono.ofsolvent S IonieStrength

sait in eqmva./Ht. motes/Hter
equivo./Mte)-X!0* N V? S/S. bgS/S.

Boivent,acetone
.00000 3.69 .000369 '0193 i.ooo .oooo

Boivent, Nal

.000389 4-t8 .000800 .0283 1.133 .054~
000939 4.94 .001436 .039? i 344 .ï:84

.001849 5.71 .002421 .0499 ï.549 .1899

.003543 6.s? .004199 .0648 1.780 .9503
Sotvent,KI

.000343 4.!4 .ooo6ao .0249 1.121 .0496
.000877 4.S9 .001096 .0331 1.323 -i!i6

.001763 5-79 .001936 .0440 1.567 .195~

SoÏvent.BaI:

~000137 4-~4 .000630 .0251 i 149 .0602

.000408 5.IOQ .001193 .0335 1.381 .1403

.ooiao6 6.23 .002424 .0493 ï-686 .2268

Boivent, BaBr,

.000240 4-30 .000686 .0262 1.165 .0663

.000730 4.82 .001290 .0359 1.303 .115~

.001206 5-3i .002421 .0492 1.483 .1578
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and sampling. Due to the very small solubilityof the KBr and the low
concentrationsof solventsalts used, duplioateruns often gave resultsdis.
cordantto s%, but the increasedso!ubi!ityof the KBrin the presenceofthe
addedsaltawasBogreat that the generaltendencyof the solubilityourves
couldbe locatedwithoutdifficulty.

Thenrst columnof Table1givesthe concentrationof the solventsalt in
equivalentsper liter. The secondcolumngiveathe solubilityof the KBr
in equivalentsper liter caloulatedfrom

8 ( (K+)(Br-) )*
Thiswillincludecasesofsolventscontainingnoionscommonto the saturatingsait (heterioniosolvents)as wellas solventscontainingionscommonto the
saturating salt (homoiomosolvents)as Br9nsted' bas pointed out. The
third cotumngivesthé ioniostrength. The other cotumnheadingsarese!f.
explanatory. Sois the solubilityin acetoneatone.

FM.9a

DiscussionofResutts
A plot bas beenmadeof log S/S. against the square root of the ionic

strength (ioz.')'. Lewisand RandaU',from a study of availaMedata, had
derivedan empiricatprinoiplewhichstated that in diluteaqueouasolutions
the activitycoefficientof a largelyionizedsait is the samein all solutionsin
whichthevalueofoz. summatedforaUthekindsof ionsprésent,isthe same.
For the one-halfof this quantity they suggeatedthe name%nic strength'.The theoreticalsignificanceof this quantity is clearlyshownby the theoryof Debyeand Huoke!,whichrequiresthat the sotub~ty of sucha salt (the
solubilityis inverselyproportionalto the activitycoefficient)shallbe directly
proportionalto thesquarerootof the ionicstrengthof the solution,provided
the dilutionbesuS5cienttygreat to considerthe ionsas point charges. The

J.Am.Chem.Soc.,42,yCt(t9M).
J.Am.Chem.Soc.,43,ma (t~t).
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straight !inoto beexpeotedfromthe theory,as wellas the theoreticat!ine

for the behaviorof a uni-univalentsait (such as the one investigated)in

aqueoussolution,is indicatedin Fig. 2. The gréât differencein the slope
of the two lines is to be attributed entire!y to the differentdieteotriocon-

stante of the solventmedia,the slopevaryinginverselyas the three-halves

powerof thisconstant.

For aUthé solventsalts there isevidentlyBornegeneralagreementwith

the requiremeataof the thoory. The solubilityincreasesin acetoneshould

be
(~')

7.7times the incrémentsfor thé sametype of salt in water

solutionswiththe sameaddedsalt concentration. Thesolubilitiesfoundare

atl somewhatgreaterthan those demandedby the theory. It is suspeoted
that the presenceof a constanttrace of water in the acetoneusedmaybe

responsibleforat leasta part of thisdifference. Solventsaltaof twovalence

types, and both homoionicand heterioTtiosolvents,produceapproximately
thesameinoreasein solubilityat the Bamoionicstrength.

SUDUDa1'J

The solubilityof KBr in acetoneand in acetonesolutionsof two uni-

univalentand twobi-univalent salts bas been determinedup to an ionic

strengthof .oo4M. Largeincreasesin the solubilityof the KBr werefound,
of the magnitudeto beexpeotedfromthe theoryof Debyeand Hückel.
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In January 192$there appearedunderthe title "TheBiosQuestion"a
muchneededreviewby F. W. Tanner,' of the paperson bioswhiehhave

appearedsinceWildiem'announcement*in K)oiofa newsubstanceindispen-
sableto the (normal)developmentof yeastto whiohhe gavethat name;thé
reviewinoludesanaooountofsomeearlierworkconnectedwiththediscussions
whioharoseout ofWiMiers'discovery,andcloseswitha bibliographyof 144
titles.

In the paperby Wildiersonwhichsomuchsubsequentworkis based,he
showedthat whena solutioncontainingsugaraattsandwaterwasinocutated
withtSaccharoM~cesceret~aeTJEfonseM,therewasvery!itt!ereproductionof
thé cettB,but that ifa filtereddécoctionofyeastwasadded,the cellsmulti-
pliedrapidly. To the (unknown)activeconstituentof the yeastdécoction
hegavethe nameBios;hedesoribedits behaviorwithcertainreagents,showed
that it wasdialysable,and provedthat it wasnotpresentinyeastash, urea,
asparagine,etc. etc. The title of WMers' paper is "Nouvellesubstance

indispensableau développementde la tevûre";but in the paper itself the
authordoesnot claimthat if biosbe absentnoreproductionat aUwilltake
place,butmerelythat inthe absenceofbiosbuddingisveryslowandthe re-

sultingceUsare not healthy; if the word "normal"had beenprefixedto

"development"the titleof hispaperwouldhaveexpresseditscontentsmore

accurately. Wildierswent on to showthat the yeastdécoctionmay be re-

placedby peptone,extraotofmeat, or beerwort;he expressedthis faet by
sayingthat a!t foursubstancescontain"bios"whichimpliesthat the active

principlein aUfour is the same,whereasit isobviouslyquitepossiblethat
morethanonechemicalsubstancemay havethe propertysuggestedby the
name. RécentworkbyEddyandothers,whosepréparationsdiffermarkedly
fromour own,supportsthe latter view;and Fulmer*obtainedfromalfalfa
two extracts, differingin solubility,whichwereabout equallypotent in

stimulatingthereproductionofyeast.
Asketchof thé circumatanceswhiohledto the studyofbiosbeingtaken

up in this laboratoryandof the résultaobtainedto date,wasgivenbyPro-
fesserLashMillerinanaddresa*tothe A.A.A.8.deliveredinDecember923
this workbas beencontinued,andprogressreportshavebeenpublishedfrom
timeto time. The firatresultson whichthe rest dependwereobtainedby

1F.W.Tanner:TheBicoQuestion.Chem.Rev.,1,399-474(t~).
'E. WiMiem:Nouvellesubstanceindispensableau dévetoppementdela !evûM.La

Cellule,18,313(t<)0!).
E.I.MmerandV.E.Ndaom:laMesaMn~esubstance?Proc.Iowa.Aoad.Soi.,M,

3/t (!9M);aeeaboJ. Am.Chem.Soc.,46,793-726(t?~).
<W.LMhMiller:WHdieN'Bios.Science,59,t97-t99(t~).

WILNER8' BIOS
The isolationand MentiBo&tionof "BiosI"
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Dr.N. A.Clark,'whomeasuredthe rate of reproductionof the raceofyeast
withwhichailourworkherebasbeendone. Whenthe cellswerekeptsus-

pendedbyrookingina malt infusion("wort") at zs"C.,theirnumberdoubled

every113minutes,whetherthe initialseedingwas with s celleper ce.,or
withlargernumberaup to 8 million;this rate kept up unchangeduntilthe
alcoholformedbyfermentationreaoheda concentrationof ï.8 g. per 100ce.,
whichslowedit. Preciselythe samerate of reproductionwas observedin
solutionsofsaltaandsugarto whichvaryingamountsofworthadbeenadded;
therate at firstwasunaffeotedbythe amountof wort,i.e.by the concentra-
tionofbiosin thesolution,but insteadofcontinuingunohangedtill slowedby
alcohol,it suddoolyfell almostto zéroafter an intervalwhichincreasedwith
the amountof wortin the culturemedium,and then thé filtratecontained
in Wildiers'sense"no bios."

Dr. Clark'sexperimentsthusledto a convenientmethodforthe quantita-
tivedeterminationofbios. Sincethe yeast cropehortlyafter normalrepro-
ductionceasesdépendeuponthe amountof biosin thémedium,it is sumcient
to determinethat crop;whenthisisknown,Clark'scurveofcropagainatwort
contentmakesit possibleto expressthe amountof biosin the mediumin
termsof that oontainedinoneoc.ofhiswort. In applyingthis methodit is
not necessaryto makedeterminationsof the rate, for if the amountof bios

presentin the mediumbe not toogreat,the finalcropwillbe reachedin less
than24hours;andas reproductionafter the biosisusedup iBveryslow,the

24-hourcropwilldo. If this shouldbe too large,however,the experiment
mustberepeatedwitha smalleramountof thebios-containingconstituentof
the culturemedium.

The secondresulton whichourworkis basedwasthat obtainedby Dr.
G.H.W.Luoas'whofoundthatifwort wereprecipitatedbybaryta inasolution

containingalcohol,and theprecipitateandfiltratewereseparatelyfreedfrom

baryta, neitherpreparation(withsalts and sugar)gavemuchof a cropof

yeast, i.e.neithercontainedmuchof Wildiera'bioa;but that if both thepré-
parationstogetherwereaddedto the sugarand salts solution,the cropob-
tainedwasahnostasgreatas that obtainablefromthe originalwork. Thus

by this treatmentWildiers'bioscan be separatedinto two conatituents;to
the onecarrieddownby the barytathe name"BiosI" wasgivenandto the
other"BiosII". TheamountofBios1in thegivenextractcanthereforebe
determinedby measuringthe crop of yeast obtained(understandardized

conditions)whenthe extract is addedto a solutionof sugarand saltscon-

tainingexcessofBiosII, andcomparingwith the cropobtainedwhenastan-
dardsolutionofBios1wasused. Untilthe Bios1itselfhadbeenpreparedin
a stateofpurity,the resultswere,ofcourse,notabsolutebut gavetheamount
ofBios1in termsofthat containedin onece.of the standardBios1solution.
TheamountofBiosII in the extractcanbe determinedin a similarmanner.

1N.A.Clark:Therateofformationandtheyieldofyeastinwort.J. Phys.Chem.,26,
4a-co(t9M).

G.H.W.Lucae:ThefractionationofBios.andcompanaonofBioswithVitamineB
MdC. J.Phya.Chem.,2a,n8o(t9~).



1090 EDNAV. EAaTCOTT

Myownworkbeganin Ootobertoaa withan examicationofa largenum-
ber of vegetableandanimalextraotsbythismethod(page1099)amongthem
tea dust seemedthe best startingpoint foran attempt to prepareBios1 in
purity, and in 1924Mr. H. D. Sims and Mr. N. C. Cahoonworkedup a
largeamount(p. ït04). Alreadyin to~ a ~w miUigramsof a oryataUihe
substancehadbeenobtainedwhichwenowknowto have beenpraoticaUy
pureBiosI, andlaterMr. Simspreparedsome20g.ofa powderwenowknow
to contain40%Bios1; this preparationconatitutedthé supplyof "BiosI"
usedasa reagentin mostofthesubsequentworkin this laboratory,but illnoes
hinderedhisattempt to isolatethe pure substance.

In Octoberiq!!?1 tookover the materialremainingfromthe workwith
tea; investigationshowedthat mostof the Bios1 was containedin some8
litersofa Hacksolution;thiswastreated asdesoribedonpagenos, andfrom
it wasobtainedthe orystallineBios1 whichwasanalysedand identifiedas
describedbelow.

Technique

t) Roc~N'-T~–Much of the early workreviewedby Tanner was
done in ErlenmeyerQasksor test tubes; undertheseconditionsthe yeast
coliectsin a layeron the bottomof thé vesset,many cet!sare deniedfree
accessto the nutrient médium,and as Dr. Clarkfound,the rate of repro-
ductionis irregular. In aHourworkthe cellewerekept Buspendedby rock-
ingthe mediumin an I~sbapedtube~(closedat thé bottom)immersedin the
waterofa thermostatat 2s"C.A raokheld:4 of thèse"rocker-tubes",and
they wererocked30timesa minute throughanangleof 60deg.in the plane
oftheL. Toeeewhethertheaerationthus providedwassumcient,someexperi-
ments woremadewhereair wasbubbledthroughthe mediumduring the
rocking,but thiaprocedureprovedto havenoinfluenceon the crop,and was
discontinued.

2) SugarandSalta<So!<M(S <6~).-–Fuhner's'experimentson repro-
ductionin a solutionfreefrombiosshowedthatunder thé conditioBBof his
experimentsandwith the yeastemployedbyhimthe proportionsin whieh
the varioussaltsare oontainedin the culturemediumbavea gréât influence
onthecrop. Withsolutionscontainingbiosthisfactorisofminorimportance;
reducingtheweightsofa!lthesaltsby half,orvaryingthe proportionswithin
wideUmitsleavesthe oropunchanged. Thereagentsolutionwe used con-
tained 1$g. potassiumdihydrogenphosphate,y.s g. cryst. magnésiumsul-
phate,30g. ammoniumnitrate,2.5g. calciumchloridehexahydrateand 360
g. sugarin i8<Mce.ofsolution;5 ce.of this wasusedin the rocker-tubeand
madeup to 10ce.by the otheringredientsof theculturemedium.

The 8 & S solutionis slightlyaoid aad whenit is repeatedlysteri!ized
turnsyellow-brown,if heatedfora longtimeahnostblack;it then contains

1C.G.FMser:Methyien&ttueMiadioatorindetemmingthetoxicityofphendand
pheno~sa~tao~utMBBtowa~d8yeaat.J.Phys.Chem.,M,t-9(t92!).

E.I. Mmer.V.E.NdsonandF.R SherwMd:Théeffectofthecompositionofthe
medtmnongMwthofyeaat.J.Am.Chem.8oc.,4), ~t-tM~t).



Wn.NEB9' BIOS ïo9~

somethingtoxio to thé yeast. The S & S solutionwas thereforedivided
amonga numberof nasks,so that it wasnot necessaryto steriliseany one
of themtoo often.

3) Reagentsolutionsof B~ f and of BiosJ~–Except whereotherwise
stated,theseworepreparedfrom matt-combingsby the methoddesoribedby
Lucas;one ce. was used in the rockertube. Thèsereagentswerenot, of
course,solutionsof singlechemicaUypuresubstances;it is onlyrecent!ythat
the identityofBios1basbeenestablished,andthe methodsforfurtherpurify-
ingBiosII wenowuse had not yet beendiscovered.Onece.of the Bios1
reagentwith SS gave a yeast cropof about C = 30, with the chemically
puresubstanceit is aboutC = 2~;onece.of theBiosII reagentgavea crop
ofaboutC = $o.

4) I~oatcM~Mt-e.'–Inthesummaryat the closeofTanner's"BiosQuestion"
he says"Onegroupof investigatorsdeniesthe existenceor needonthe part
of the yeastplant of a substancelike 'bios' Théunfortunatetitle chosen
by Wildiersfor bis paper is responsiblein part for this divisionof the in-
vestigatorainto groups;but there is another reason,whichis that different
racesofyeast react verydifferentlywithbios. It iseasyto obtaina culture
whiohreproducesrapidly in our ownsugarand saltasolutionby dilutingit
to halfwithwaterand inocu!atingfroma Fteischmann'syeastcake,théraces
that needbiosmultiplyvery slowly,and thosethat do not soonconstitute
the dominantoutture;and Lucas*hasshownthat a top-yeastfromProfesser
Eddy'slaboratory,whilehetpedbythe additionofbios,yet in the absenceof
that substancegavea muchlarger36-hourcropthan wasobtainedfromthe
raceusedhèrewhenbothBios1andBiosII wereaddedto the sugarandsalts.
If determinationof the yeastoropis to be usedas an analytioalmethodfor
thé quantitativedeterminationofbios,it is thereforenecessaryto procurea
strainof yeast which is as sensitiveas possibleto the présenceof that sub-
stance the followingis the methodemployedhere:-

Fifty ce.ofwortt in a 250cc. Erlenmeyernaskis inooulatedwith a piece
about the size.ofa pin headfrom the centreof a FMschmann'syeastcake
and left20hoursat 25"C. Twoce.are then pipettedintoabout2 5ce.sterile
waterand the numberof coloniesper ce. (usually9 or 10times250,000)de-
terminedunder the microscope(haemocytometer).This yeast suspension
is thendilutedwithsterilewateruntileachce.containsfrom10to 20colonies
(a dilutionof one to 50 thrice repeatedusuallyserves),and one ce. of this
dilutesuspensionisplacedonthe bottomofa sterilepetridish,coveredwith

G.H.W.Lucaa:!oo.oit.p.1095.

..t' barleymalt ,(KMundin a coffeemill)is Bteepedinnso ceof
houra,the P~~ filteredthroughpaper,thenauto-

~~S~S.~?~ pressure~? standfor3 or~y< at room
~{ time P'-eoip&ateforma;thMisfilteredoff,andthéwort

'y' ? eterilisedforhallan hourat too'C. MoreatmiKzmg,it Iiconvenientto
pipetteanumberof50ceportionsintosmallErlenmeyere(for<Meinmaintainingtheyeast<~ture)whichmaybepluggedwithcottonwooloverwhiohapièceofwaxedpaperie tied.
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îo to !$ ce. ofwort~gar*at 4!°C.,andmixedby rotatingthe diah. After3
or 4 daysat as''C.the coloniesareexamined,and oneselectedthat showswell
markedprongs;a pièceof thisis put into 50co.of wortand the processre-

peated. Yeastfroma prongedeolonyofthé third platingiaconsideredpure;
it isgrownin wort (Erlemeyer,25"C.)andmustbe transferredevery24hours
to freshwort,forif leftlongerthéalcoholformedby fermentationwillaffeot
the propertiesof the yeast'

Whenthe culturemediain therocker-tubesare to be inooutated,oneoc.
is removedfromthe cultureinwortandusedto seeda freshportionofsoce.
of wort, thus maintainingthesupply. The rest of the wort cultureis thon
filteredwith suotionon a BuchnerthroughStter papersteruizedbyalcoho!;¡
the culture (suBpensionof yeastin wort)is pouredslowlyon the centreof
the paperso that the yeastwillbecollectedasmuohas possiblein oneplace,
and it is then washedon thepaperwith 50ce.of sterilewateraddedinamau

portions. A sufEcientamountis then removedby a sterilegtassspatula,
and suspendedin sterilewater;the countis taken in thé haemocytometer,
and a dilutesuspensionpreparedto containfrom10to 20times250,000ceHs

per ce. Oneco.of this isaddedto the o oo.ofmediumin eachrocker-tube,
whichis thus seededwitha "Count"of i to s.

g) De<erMMMt<tonof the ~e<M<<3-op:–Atfirst the haernocytometerwas

used, but to geta fair resulta largenumberofdropsmust becountedwhioh
takes much time. Wethen adoptedCartson'~methodof determiningthe
volumeof the yeast cropby centrifugingit into a narrowtube as in a phos-
phate determination. Beforecentrifugingthe yeast must be treated with
some chemicalwhich willpreventfermentation,otherwisebubblesof gas
appear in the columnof yeast;Carisen'sreagentwas a one-percentsodium
carbonatesolutionwhichshnnksthe cells;at firstweuseda solutioncontmn-

ingone-percentof phénoland !o-per<~ntof sodiumchloridewhichdoeanot
shrink them, but with somemediathis provednot toxicenough;taterMiss
E. M.Taylor introduceda solutionofchloracetieaeid (100g. per litre)which
we haveused eversince.

To carry out the determination,a ce.of the chloraceticacid solutionis

pipetted into thecentrifugetube(thenarrowtube stays fullof air), the con-
tents of thé rockertube are wellmixedby shaking,a ce. is removedby a

pipette and addedto the chloraceticacidand stirred; the wholeis then let
stand 3 minutes and centrifuged10minutesat 1760rev. per min. The
three minutesdelay is necessaryto givetime for the ceUsto shrink;longer
delayor longercentrifugingdoesnot affectthe resultsif the yeast doeanot

occupymore than 2 cmof the narrowtube. The centrifugetubes are 11.5

~ot-t-–A~ar-aga)- (t4g) bNkenintoamaUpieeMiscoveredwithboiJMgwater
andletatand3or4houMina coveredotyetattizmgdish.Wort(700oo)isthenheatedto
boUm~inan enméledsaucq~an,theagarMadded,stirred,andbroughttoa bon,then
SIterMthrougheottonwoolmajacketedtonne!,andcoUectedinportionsofabout10to
15ceintëat-tubea.Thesearedosedwithcottonwool,andetentizedforhalfanhourat too"C.

E.ï. Fulme)-:Theeffectofalcoholonthetoxicityofphenoltowardeyeaat.J.Phys.
Chem.,2$,ïo-t8(t~t).

T.Cafhon:Biochem.Z.,S7,gtg(!9!3).
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cm.longofwhioh5 cm.is the narrowtube; theinnerdiameterof the tube is
about t mm.;thereshouldbe a stopingshoulderwherethe narrowtube joins
the other,oryeastmaystickthere;the distancebetweenthe centreofrotation
to the extremityof the narrowtube whenin thecentrifugeis 13cm.

The heightof the yeast columnis measuredby a miUimeterrule; each
tube is oaHbratedby meansof the haemocytometer,and the numberof cells
is deducedfromthe heightof the yeast columnby meansof a graph. This
graphis eonstructedon theassumptionthat theceMsareof normaleizewhich
wasnot thé casewithsomeof the plant andanimalextracts;a dropfromthe
rockertube wasthereforeexaminedunderthe microscope,and the percentage
ofabnormalcellswasdetermined;whenthiswaslargean empiricatcorrection
wasmade,the data for whichwerefoundbycentrifugingceUswhoseappear-
anceunder themicroscopewasunusual. EvenwhenaUthe cellswere"bad"
this correctionneverexceeded10percent.

The "Count" is the numberof yeast cellsappearingover a largesquare
of the haemocytometer;a couotof one (C i) correspondsto 350,000cells
per oc. if thé yeastcropis that from10ce.ofmédium,the numberofcellsin
the crop is 2,500,000timesthe "Count."

6) PfM~MMr–AHgta88apparatuswas sterilizeddry at t8o''C.;5 ce.of
the S & S solutionwas pipetted into the rockertube, then (if wanted) a
measuredvolumeofthe Bios1or BiosII reagent,thenthe solutionin which
the bioswasto be determined,waterenoughtobringthevolumeup to 9ce.,
and finallyonece.ofthe yeastsuspensionusedforseeding;this makesa total
volumeof 10ce.withan initialCountof i or2,i.e.from2,500,000to 5,000,000
yeast oeuswereusedto seedthe tube. After24hoursrookingat a5°C.,2 ce.
waspipetted into the chloraceticacid in the centrifugetube and the yeast
oropdeterminedas describedabove.

YeastCropsffomVegetableandAnimalExtracts

Ofthe substancesincludedin Table I, the fruitandvegetablejuiceswere
obtained by meansof a gtasslemonsqueezerorby mincing,pressing,and
filtering;in a fewinstancesa littlewaterwasadded. The infusionsofgrains,
méats,etc.,werepreparedbypouringboilingwateronthepowderedmaterial,
letting stand 15 minutes,and filtering. The animaltissues were minced,
stirredwith water,let standfor a fewhoursandfilteredthrough ctoth;after
whichtwo volumesof alcoholwasadded,the precipitatefilteredoffand dis-
carded,and the filtratefreedfromalcoholandbroughtto the originalvolume
with water. The numberofce. of waterusedinmakingup the extract,per
gramof the substanceextracted,is givenunder"water"in Table I.

With eachof the extractsso preparedfourdéterminationsweremadeas
desoribedunder"procedure,"onece. ofthe extractwasusedin eachcase;the
yeast cropsobtainedare recordedin Table I, theunit is the "Count." Thé
four were (a) the cropfromthe extract itself,(b)the cropfromthe extract
withBiosI, (c)the cropfromthe extract withBiosII, (d) the cropfromthe
extractwith 0.5ce. wort;andforeach extracttherewasa fifth,viz~(e)the
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TABLE1

Water a b o d e b-a c-a d-e
Orangejuice o a88 275 430 S70 282 142 388
Grape8(juioe) o 2ïg 223 380 430 348 8 165 182
Strawberry juice o 65 78 397 375 367 13 332 108
Rhubarbjmco o ï6o 144 370 970 340 -t6 no -70
Beet juioe o 140 220 aoo 380 304 80 60 76
Tumipjuice o 355 395 550 675 327 40 195 348
Tomato juice

(oanned) 0 474 490 484 68o 270 i6 10 410
Hotseradtah a 19 30 17 340 o i -323
Mushrooms o.a 440 660 480 soo 325 220 40 ~75

Rice,potished 4 52
RicepoUshings 6 s2t 310 214 420 245 89 -7 175
Rieestareh 6 M 22 33 356 340 2 13
Maize 6 98 io8 195 330 248 io 97 82
ComStarch 6 iï n ao 225 227 o 9 -2
Tapioca 6 21 28 36 275 260 7 15 15
S<~o S 25 31 48 267 260 6 23 7
Barley 6 n2 i68 98 400 295 56 -14 -7
Pot barley 3 144 346
Robinson's

pat. barley 3 75 922
Malt extract 12 245 250 335 430 193 5 go 23~
Maltcombmgs 6 237 335 265 98 ~g
Peas 6 300 296 410 450 295 -4 no 155
Bran

6 ~40 253 298 450 248 13 58 202
ttaxseed 4 ng 167 270 282 -26 49 -12
Soybeanmeat 3 494 790

2yo a8a -~2fi 49 xa

Cotton seed meal 6 385 387 ~o 2 125
Roman meal 3 309 350
Macaroni 3 83 88 205 234 260 5 122 -26
Mohases 9 u5 260 268 415 390 45 53 25

6 143 165 322 450 248 22 179 202
Tobaccostems,

dried 6 20 22 70 165 260 a 50 –95
Saffmn, dried 6 335 327 500 434 26o 2 175 174
Spinach o ~65 205 170 365 195 40 5 ~o
Lettuce 0.6 n8 128 348 320 270 io 230 50
Alfalfa, dried 6 to3 ~5 i68 170 238 12 65 -68
Catnip.dned 6 230 235 330 374 270 5 ioo 104
LawnGraas 12 ioo 97 140 290 295 -3 40 –;
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TABLEï (Continued)

Water a b o d e b-a e-a d-e
Potato 0 460 520 370 66o 304 6o -90 356
Hyaointh, bulb 150 165 270 350 262 15 120 88
Hyacinth,root8 a 50 go 200 290 245 o 150 45
Gladiolus, bulb !.6 0 0 0 o 270 0 0 -270
Ginseng,dried 6 250 210 250 350 340 -40 o !o

Omon 0.3 0 0 0 o 282 –o o -282
DandeMonaowers 2.5 300 323 480 390 304 23 i8o 86
Cloves 6 77 75 192 240 248 –2 34 -8

PoUeoofMy 3 95 102 265 310 267 7 tyo 43

C~mchonabark,
dried 6 20 19 t62 265 248 –i 1 142 '7

Malt diastase 500 9 6 28 287 304 -3 i9 -17
Trypsin 200 ïy 230 200 218 –t8

Saliva o 30 ~8 42 3~o 265 –2a n 55
Nim 8 125 tao 17? 262 335 4 5~ -73
Egg white 7 30 120 62 300 ~8 oo 3~ 2
Eggyolk 7 :o8 164 148 390 298 56 40 92

a

Buttermilk o 275 340 290 462 390 65 15 7~

Lemco 12 ~33 230 805 260 304 -3 57~ -44
Peptone 500 n y 33 a88 304 -4 22 -16
Anunoids 10 26 36 3~5 ~95 270 io 299 25
Casein 6 2S 22 285 2i8 67

Oxkidney i 132 mo. 95 ~5 282 -22 -37 -147
Calfheart 0.7 205 220 390 470 248 15 185 222
Pig liver 0.7 446 560 486 670 305 "4 40 365
Calf thymus 0.8 135 143 242 315 248 8 107 67
Ox pancréas 0.6 150 170 280 370 305 ao 130 65

TABLEla
d a+e diff

TasLa Ia

d a+e d:ff

Orange 570 570 o Malt extraot 430 440 ic
Grape 430 463 33 Bran 450 488 38
Turnip 675 682 7 Spinach 365 360 5
Tomato 680 744 64 Egg, yolk 390 406 i6
Rice pol. 4M 466 46 Heart 470 453 17
Maize 330 346 i6 Liver 670 751 8i
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eropfromo.s ce.of the wortusedin (d). The lastthree columnsofTable1
containdifférences;the différence(b-a) givesthe additionalcropproduced
by the additionof the Bios1 reagent;thé difference(c-o) givesthe addi-
tionalcropproducedby the additionof theBiosII nagent; andthédifférence
(d'–e)givestheadditionalcropproducedby addingthe extractto o.s oc.of
wort.

i) Rffed ofthe Bios reagentsonthe <yop~-0ncomparingthe numbers
under6-<t witbthoseunderc-a, it willbenoticedthat whilein manycases
both n~mbetsaresmaH,~and othercasesone is largeand the other small,
thereMno instancewhereboth arelarge. In otherwords,whilewith some
extractsadditionofBios1increasesthecropandwithothersBiosII inoreases
it, there is noextractamongthosestudiedwithwhichbothBios1 and Bios
II (addedto separateportionsof the extraot)materiaUyincreasethe yeast
crop. Moreoverthere are no casesin whichadditionof eitherof thé Bios
reagentsdecreasesthe crop (givingnegativevaluesof b-a or c-a) except
auch as can be ascnbedto eyperimentaterroror to toxicityof the extract
(see3below).

ThèseËndiagsare in harmonywiththé assumptionthat a!î the extracts
ofTable1 containa Bios1and a BiosH whiehareidentical,physiologicaUy
at least, with thosepreparedfrommatt-combings.Onthiaasaumption,the
cropobtainedinTubebmeasurestheBiosII in theextractprovidedsufScient
of the Bios 1reagenthad beenemployed;that ofTubec measuresthe Bios
I; whileb-a givesthe (physiological)excessof BiosII overBios1 in the
extract,and c-a that of BiosII overBiosI.

::) Caseswhereneitherof the Biosr~en<s ~<Mmucheffecton thecrop:–
The extractsforwhichboth b-a andc-a are smaUmaybe accountedfor
by assumingthat in them the twoBiosesarepresentin physiotogicaUyequi-
valentquantities;althoughtheotherpossibuity,that suchextraetsmaycon-
tain a crop-increasingsubstancequitoindependentof BiosI and Bios II,
isnotexcluded.OfaUthe substancesofTableI, thosewhichareleastaHèeted
by the additionof either reagentare:-Wort, nce-ponsMngs,tomato, and
molasses,so theeefour, if any, seemthe mostHkelyto be freefrom Bios1
and BiosII. Ofthefour, wortwastheveryfirstsubstancefromwhichBios
1 and Bios II werepreparedby Lucas,and in connectionwithhis workon
pigeonshe preparedthem both fromrice polishings;1 have subjeotedthe
other two to bisprocedure. Thé resulteare given in Table II and show
clearlythat thebarytatreatment séparâtesthe biosof tomatojuiceandthat
of molassesintoBios1 and BiosII. Besidesthèsefour, the biosof malt-
combingabas heenseparated,indeedtbissubstanceis ourstandardsourceof
BiosII; that ofteabas beenseparatedin connectionwith thé preparationof

Biosldescribedbelow;andalsothatofmushrooms(seep.1107). Seveninall.

ThetMmMBtMM~tMnettddedMMaMttawoatdtheMBdvmnveaCountofw -io-
S~T~~?~7~°'<ee9o~
~T" ~ectedbyMmertmentatenor;toogreatstressshouldnotbelaidonthéabsotutevaluesmtheseamaUdmerencea.
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3)ToMCt~–Theprimaryobjectof tubes d andewasto detectpoisons;
whenthe extractitself(tubea) gavebut a smallyeastcrop,this resultmight
be ascnbedto lack ofbios;but if (as is the casewithhorseradisb,tobaeco

stems,onionjuice, etc.) additionof the extraot to a tube containingwort
(wi~t8 &S)reducedtheoropobtainedfromthewortatone,a poisonmustbe
présent. Anegativenumberunderthe heading(b-e), combinedwithasmaU
numberunder(a) maythereforeby regardedas evidencethat the extract is
toxicto yeast. The caseofginseng,where (b-e) isabovezepoand (&-û) is
negative,is tesscertainbecauseof the high cropobtainedfromthe ginseng
alone;this substanceshould,perhaps,be studiedfurther.

4) ~ec< of addingtwoM<fae<a<tMMRaHeo!<s!y:–Sincewortcontainano
greatexcessof eitherBios1or BiosII, it mightboexpeotedthat the orop
obtainedin tube (d)wouldnot be very diBerentfromthe sumof the crops
obtainedin tubes (a) and (e); and since sugar and salts alone give a
smaUoropandthis is oountedtwicein the sum,the lattermightbesomewhat
greater. ThisconclusionMsubstantiatedby thengurMofTablela couected
fromthedata of TableI; the greatestdifferencebeingtessthan 10 percent.

Additionalexperimentswere undertaken to test the aboveconclusion
further;the resultsare givenin Tables III and IV. Theextractsusedwere
madeupfresh,and threedeterminationsweremadewitheach,corresponding
to tubes(a), (b)and (c)of p. oooo;this wasobviouslynecessaryin orderto
providea basisof directoomparisonwith the resuttsobtainedfromthe mix-
tures. Theorange,mushroom,and tomato extractsweredilutedmorethan
thoseofTableI, becausethe yeast cropsrecordedthereare largerthan are
justifiedby criticalcoBsideraëonof C!ark'smethodofanalysis.

TABLEIII

TABLE II

ft b c abc ô
wort 350 3S5 365
RieepoL 181 225 202 Mushroom 157 g~s 121
Orange 105 103 958 Tom<tto,fresh:y4 225 159

a) CMmedtomato juioedilutedwith ite ownvolumeof water.
Onece.dilutedjuicewithSS C = ~97
ThecrudeBiosï fromi ce.juioewith 88 6~
ThecrudeBiosII fromï oc.juicewith SS 63
Bothtogetherwith88 3°3

b) Domolcomolasses,dilutedto ten times its volumewithwater.
Oneoc.dilutedmotaeses,with 88 C = 300
ThecrudeBios1fromonece., with 88 75
ThecrudeBiosII fromonece. with SS 62
BothtogetherwithS8 ~o
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SincemushMomcontainsa largeexcessof BiosII and tomate a small
excess,whileorangejuicecontainsa largeexcessofBiosI, onewouldexpect
the oropfroma mixtureoforangeand mushroomto be considerablygreater
than in the sum of the separateorops,and that from orangeand tomato
to beat leastas large,whilewortor rice-poUshingswithany of the others
shouldgiveoropssomewhatsmallerthanthe aums.Bofaras1amawarethese
are the nrat prédictionsof the kindthat hâve been made;Table IV shows
that theyare justified.

Lookingback over this work1 can seehow it might be improvedif it
wereto be repeated;forone thing,it wouldbe advisable(usingthe results
of Table I) to dilute the extracta whichgave very largeyeast CMps;for
anotherthing,strongerreagentsolutionsofBios1and BiosII shouldbeused
whereit is knownfromTable1 that theiradditioncausesa largeincreasein
thecrop,for insuohcasesit is quiteprobablethat moreofthe reagentwould
havegivena still largeryieldofyeast;and in thé third placethe existenceof
the inactiveBiogensl(unsuspeotedat the time thèse measurementswere
made),particularlytbat con-espondingto BiosII whiohcan easily he oon-
vertedinto BiosII andpreparedfromit again,wouldhave to be taken into
aooount. Butevenas theystand,the resultsdiscussedaboveseemto justify
thé conclusion,that notonlythebiosofwort,ricepolishinga,malt-combings,
tomatoes,molasses,tea andmushrooms,but probablyailthe others,eonsist
of twoconstituantsthe eSectofbothofwhichtogetheron the yeast CMpis
muchgreaterthan the sumof theireSectswhenseparated.

TheIsolationandIdentificationofBios1

Of the materialsinoludedin TableI, tea seemedthe best raw material
fromwhichto prepareBiosI; bothbecauseit containsa largeexcessofBios
1 andbeoauseit is freefromsugarwhich,like BiosI, ia carrieddownbythe
barytaandif présentwouldhaveto beremoved. Thefirst stagesof thepre-
parationwerecarriedout by Dr. H. D. Simsand Mr. N. C. Cahoon;tannin
wasremovedby sugaroflead,théBios1wasprecipitatedby leadacétateand
ammonia,removedfromthe precipitateby carbondioxideandwaterandthe
lead removedfrom this solutionby hydrogensulphide. Twenty litresof
waterand4200ce.ofa 33%solutionofsugarof leadwereheatedto boilingin

(W~ V.Eastcott:TheBiogene.TraM.Roy.Soc.Canada,(3)19,Sec.III,~t-Mtt9as).

TABLEIV
Mixture TwoCropa Diff.

Wort and Mushroom 4~0 My ,.?
Rioepol.and Mushroom ~20 338 ~8
Ricepot.and Orange 290 a86 4
TomatoandMushroom 343 z a
Orangeand Tomato ~~o a 70 -61
Orange&ndMushroom 400 362 -t~g
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a ooppervesselprovidedwith a straineranda serewpress;gkg. of tea dust
wasstirredin, and boiledfor 10minutes;afterwhichthe liquidwasstrained

offthrough cheesectothandthe tea pressedout. The presscake was then

extraotedtwice more, each time with 900oc.of the lead acétate solution

dilutedwith 8 litresof water,and the threefiltratesworeunited; the filtrate

froma fourth extractionwasmixedwithwaterto extract the next portion
of 5kg. of tea. To the combinedfiltrateswasadded1600ce.of the sugarof

loadsolutionand then 650ce. of concentratedammonia;thé mixture was

stirred for a minuteand let settle half an hour;after whichthe precipitate
(whichcontainedthe BiosI) wasremovedbyfiltrationthroughlargeBüchner

filters,washed,and storedundera Ktttewater. The lead precipitatefrom

$0kg.of tea dustwas thenstirredup with10litresof wateranddecomposed

bycarbondioxide;this operationwascarriedou<*undera pressureof threeor

four atmospheres,the gas beingcjroulatedby a pumpand kept bubbling

throughthe sludge (additionof50co.ofooaloitpreventedfrothingand con-

sequentchokingofthe pipes);afterabout8hoursthe liquid(whichcontained
the BiosI) wasremovedby a pressandthe precipitatetreatedwith carbon

dioxideagain; the combinedfiltratesafter sevensuohtreatmentscontained

86%of thé Bios1 presentoriginallyin the tea. The dark brownliquidso

obtainedwasoonoentratedina tinned coppervacuumpan(it did not attack

the metal,a littlevaseUnewasaddedto stopthé frotbing)and then the lead

was removedby.repeated treatment withhydrogensulphide;addition to

powderedcharcoal(about:ooce.)at thisstageremovedmostof thecolourand
facilitatedfiltration. In the endit wasfoundeasiestto removethe last traces
of leadby the additionofbariumsulphidefollowedby thé oaiculatedamount
of dilutesutphurioacid. The lightyellowlead-freesolutionwasthen made

just acid to congopaper by addingabout zoo oc.of concentratedhydro-
chloric acid; about zoo ce. of charcoalwas added, the wholewas heated
andfiltered,and the filtratewasevaporatedinvacuoin a glassvessel. When
the volumewas reducedto 400-500ce.whitecrystalsweredeposited,thèse
werefilteredoff,the filtratecontainedthe BiosI. About250kg.of tea dust
in au .wasthus treated.

Whentwoyearslater 1beganworkonthissolution,parthad beenworked

up by Mr. Sims,and the rest had evidentlybeendilutedfor its volumewas
8 litres; this contained46 g. of solids (driedat iio°C.) per litre. After a
numberofattempts at purificationby othermeans,ï wasled to the method

finallyadoptedby observingthat the efficiencyof the "Bios1reagent" was
not impairedby heatingit withstrong hydrooMoricacid.Afterpreliminary
triais, 1200ce of the blacksolutionwasprecipitatedby 170g. cryst. barium

hydrate dissolvedin 250ce of boilingwater,the (inactive)precipitatewas

filteredoffand thealkalinesotutionevaporatedto halfits volumein a vacuum
to get rid ofammoniaandvolatileamines.Thébariumwasthenremovedby
sulphuricacidandthe filtrateevaporatedto 140ce;:io oc.eonc.hydrochloric
aoidwas added, and the acidliquidheatedto no"C in a butylalcoholbath
for 22hours;muchcharwasformed. ThehydrocMoricacidwasremovedby

evaporationto dryness in a vacuum,the residuedisolved in water, de-
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cotonzedbycbarcoal,ajtered.andevaporatedto a volumeof35ec. This was
heated to boilingin a Haskwith return condenser,and 30 ce. of methytalcoholaddedgradually;next morningthe nask containeda large cakeot
ctyBtab,whichweredisso!vedin waterand reotystaUizedbythe useofmethy!atcoitotas before,theyeasilyformsupetsaturatedsolutionsin water.

Twokindsof otystaiswereobtained,both ctear white;oneof them was
compactand thé other leafy;on standing in the exsiecatorthe latter loat
weight andleft a finewhitepowderbehind,whilethe formerremainedun-
changed. Freezing-pointdeterminationsof aqueoussolutionsby Professer
J. B. Fergusongave 170-~80as the mol.wt. both of the compactctystaband of the powder;determinationof the tossof weightof the leafycryatalashewedthat for r8o g. of residuethe tosswasalmostexaotty36g., i.e. their
formulaoontainedH.O. ProfesserL. J. Rogetsmadetheultimateanalysis,he found.-

Theformulaof pure Bios 1 is thereforeC~,0.; ProfessorW. H. Martin
foundthat it isopticaUyinactive;and ProfessorF. B. AHansuggestedthatit isprobablytdenticatwithinactiveInosite,alsocattedPhaseomanmte The
accountof thé lattergiveninBeilsteinleftnodoubt that thiais the case,and
experimentswith Kahibaum'sInosite provedit. 1 wish to thank thèse
gentlemenfor their interestandassistance.

Accordingto Beitatein'the inactive Inositeoccurs"extremelyoften" inthe plant and animalkingdom,he instances35 vegetableand n animal
products fromwhichit bas beenprepared;the list he givesincludesa!l the
typesofTableI. The importantpart playedbythis substancein the pheno-mena of growthin plantswas tecognizedas longago as 1856by Vohl2,whonoticedthat beanscontain the greatest amount of "phaseomannite"when
they are very young,and that with the formationof stareh this substance
dtsappears;whileMeillère'pointsout that inaotiveinositeocouKin vegetabletissues mainly during the stage of rapid growth and almost completely
dtsappearswhenfruitorseedsarenpe. Myownobservations'onthechangingamountsof biosingerminatingbarley-show,that whilethe inositemay have
"disappeared"fromthe ripegrain,it is formedagain whenthe grain beginsto sproutand btosis neededfor the mpidreproductionof cellsin the young
plant.

In viewof a!Ithese observationsit seemedhardiy necessaryto supple-ment the isolationof Bios 1 from tea by similar experimentswith other

~94('9~).Vohl:Phaseomannit,eineneueZudtemrt.A.n., M,Ms(.856).
~f~ c~n,EdnaV.Fmtcott.TheBiogene,loc.cit.

compacteryst. powder CtHttO.
395 39.6 4o.o

hydrogen 6.6 6.66 6 y
oxygen 53.9 53.8 53~3

'"fi.. # 11.
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sources. However,sinceQueroite(pentahydroxycyclohexane)is chemically
so closeto Inosite (hexahydroxyoyolohexane),oxperimentswere tried with

it; it provedto haveno influenceon the yeast crop,either alone(with88)
or togetherwithBiosII. Onthe wholeit seemssafe to conolude,provision-

ally at least,that thereis but oneBiosI, viz: Inosite;and it wouldbe inter-

esting to hear fromother workersin this fieldwhether their preparations
contain Inositeor not, and whethersuch as donotcontainInositewill give
a largercropwhenInositeieadded-the latter are not Wiidiers'"bios,"but

Lucas' "BiosII."

Judgingfromthe yeast orop,the bbck solutionmadefromtea (p. 1105)
containsabout4 g.Inositeperlitre; the hydrochloricacid treatmentdoubled
that amount. Thesolutionmustthereforehavecontained,besidethe inosite,
someother substancewhichformsInositewhenhydrolysedby acid. This

"other substance"is containedin tea infusion,for on treating that with

hydrochloricaoid (az%, 12hoursat i i 5"C.)its Bios1content is morethan

trebled;andsinceit remainedtogetherwiththe inositethroughoutthe long
chemicaltreatmentdescribedonp. oooo,the twoare chen~ioallymuchalike.

Beilsteinmentionsseveralvegetableproduotsthat would do, but here as
with the Bios1 isolationmustprecedeidentification.

InositewithBiosII fromMastorootas

Whendirectcomparison(yeastcrops,usingvariouspreparationsof Bios

II) had shownthat thereis nodifferencebetweenthe behaviorofKahlbaum'a
Inositeandthat fromtea, 1determinedthe countsobtainedin24hours(see
"Procedure,"p. 1090;and TableV) with varyingamounts of (Kahlbaum's)
Inositeandofa crudeBiosII solutionpreparedfrommushroomsbymincing

them, addingwater, precipitatingwith alcohol,concentrating,addingtwo
volumesof alcoholand precipitatingwith baryta (the precipitatebeingre-

jected) and removingthe bariumfromthe filtrate, in short by the method
describedbyLucas. Althoughthis preparationis lesseffectiveper gramof
solidsit containsthanMr.Sparling'schemicallytreatedBiosII.itwasemployed
becausethereis reasonto believethat his treatmentfraotionatesthe BiosII.

TABLEV

1) ~-AoMr~e<Mtcfop.'–DouMingthe amountof Bios II doesnot much
affectthe cropwhenthe amountof Inositeis small(up to 1/30 mg.in the
10ce.) whiledoublingthe amountof Inositedoesnotaffect thecropwhenas
muchas 1/6mg. isprésent. It maythereforebe ooncludedthat in theformer
casereproductionceasedbecauseof lackof Inosite,and in the latter because
of lackofBiosII. With1/15mg.of Inosite,doublingthe BiosII beginsto

Incsite t/6 t/ts t/go !/6o o mi!)ig)rams
acc-BiosII 320 !:iy tas 87
icc.BiosïI 308 308 387 208 tgo 73
noBiosII 2S 25
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affecttheorop,whenceit may be Metred that a ce.of Bios11willnot be
enoughfor1/6 mg.of Inosite,and that a thirdce. ofBiosII wouldraisethe
crop;thiswasfoundto be the case,the Countwith t/6 mg.of Inositeand 3
ce.of BiosII is C = 4;o.

2) No<e<~Aepfod<M<<<–The34-hourcrop, althoughconvememtfor
many purposes,Msomewhatarbitrary; m, to !ink this workmoreotosely
with that ofMr. Clark,1detenninedthe cropsobtainedwitheightculture-
mediaat intervalabetweenîo and48 houraafter seeding.Thé Bios1 waa
Kablbaum'sInosite,theBiosIï wasthe crudemushroompreparation;t&rge
rocker-tubeswereusedeachcontaining60ce. of the mediuminitiaUy,from
whichportionsof a ce. were removedfromtime to timeto determinethé
Count; inattother respectsthe usualprocedurewas followed.To facilitate
comparison,the yeast cropsand the amountsofBios1andBios11employed
aregiveninTableVI andFig. i., for 10ce.of culturemedium.
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TABLEVI

Sugar and salts alone give a ama orop of yeast, as Wildiersfound;
additionof Inositedoesnot increaseit much;withsugarsaltsand thé crude

BiosII the cropis muchthesameas Laças foundwithsimilarpreparations.
In mediacontainingboth Inositeand BiosII, as in Mr. Ctark'sexperiments
withwort (seep. 1005).the initialrateof reproductionis independentof the

amountsof theeesubstancesthe mediumcontains,andfallsoffwhenoneof

NoBioa !/3omgl1 ïocBtMÏÏ accBtosIÎ
Hm. C. Hrs. C. Hrs. C. Hrs. C.

24 25 24 25 io-6 33 'ï 38
41 37 3° ~8 12.4 47 13.9 50
48 50 48 58 ~4.5 55 ï4.9 Sa
66 8o i6.5 63 16.9 67
95 88 1/3 mg.1 18.4 6y 18.8

119 93 66 !o8 ao.6 70 si 83
95 130 ~3-8 73 34.2 8y

36.t 83 36.6 ï05
413 8? 41.7 103
_48 87_48 !!3

i/6o mg. 1 ï/6o mg. 1 t/go mg. 1 1/30 mg. 1
toc.II 3eo.II icell aco.II

Hra. C Hrs. C. Hrs. C. Hrs. C
10.6 43 ii 47 ïo6 47 ït 50
i9.4 68 ia.9 75 1~4 7~ 1~.9 83
14.5 !0<' ï4.9 i<'8 14.5 "7 14.9 130
ï6.5 'ao 16.9 !23 t6.5g 158 16.9 167
18.4 130 ï8.8 IZ7 ï8.4 180 i8.8 192
M.6 tgo 21 125 .2o.6 197 :ï ao8
33.8 t30 24.3 ~5 ~3.8 2o8 24~ ~7
36.11 130 36.6 ï95 36.11 213 36.6 333
40.8 130 41.3 1~5 40.8 3~3 41.3 ~8

_48.4 M?

i/iS mg. I 1/15 mg. I i/iS ~K. 1 ï/iS mg. 1

i co. 11 a co.II ï ce. II a ce. II

Hrs. C Hra. C Hts. C Hfs. C

10.6 45 iï 50 ~°-6 253 21 290

12.4 7° i2.o 8o 23.8 287 24.2 3~0

14.5 "7 i4.9 ï3o 36-1 300 36.6 348

16.5 170 i6.99 ï97 413 sot 41.7 350

18.4 MO 18.8 2S3 48 201 48 365
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themis exhausted. TheSguresshowthat a4hoursisnot longenoughto pro-
ducethe maximumcropwhenthe mediumcontainst/ï$ mg.of Inositeand
2ce.of BiosII per 10ce.;but the increasein thefinalyieldwhenthesecond
ce.ofBiosII wasadded,conSnnsthe conclusiondrawnfromTableV.

Toexplainthé cessationofreproductionina mediumcontainingf/6omg.
of Inositeandeither ce. ofz ce.ofBiosII, it basbeenasaumedabovethat
the InositeisexhaustedMhouraafterseeding,butthat themediumstillcon-
taiosmuchBiosII. Tocheckthis assumption,a tube wasmadeupwith a
ce. ofBiosII and 1/60mg.of Inositein 9 ce.;afterrooking21hours,there
wasaddedanadditional!/aomg.of Inositedissotvedin i ce.ofwater;thus,
in aM,1/1$mg. of Inositehadbeensupplied. TableVII recordsthe yeast
cropsso obtained,and showsconclusivetythat thé médiumafter 9t hours
still containedmuchBiosII; enoughperhapsto give,ultimately,the same
yeastcropasthat obtainedwhenaHthe Inositewasaddedat the beginniag;
the fonn of the crop-timecurve is most suggestive,but the experimental
workto whiehit bas givenriseisnot yet readyforpublication.

TABLEVII

Recoveryof Inositefromthe YeastCrop

The circumstaneethat Inosite is not affectedby heatingwithconcen-
trated hydrochloricacid,suggesteda compansonbetween(a) the amountof
Inositetakenout ofthé culturemediumduringthereproductionof theyeast
and (b)the amountof Inositethat canbeobtainedby hydrolysingtheyeast
crop. Twomilligramsof Inosite,excessof a highlyconcentratedBiosII
frommalt-combings,and 150ec.of the S &8 wereseededas usualina total
volumeof 300ce. (6 largerocker-tubes);after24hoursthe Countwasdeter-
mined (C = 230)and the yeastwas filteredoff;the citrate containedno
Inosite, andsomeBiosH. Thetotalcrop(300X ~o X 250,000= i X 10*
cells),afterwashingon the filter,washeated(paperand ail) with45ce.of
2a-percenthydrochloricacidto no°C.; afterwhichthe aoidwasremovedby
evaporationto drynessin a vacuum,and the residuedisaolvedin waterand
made up to 61ce. Onece.of this solutionwithsugar,aalts and BiosII
(see"procedure"p. oooo)gavea Countof C ==202. In orderto interpret
this result,thecropobtainedfromthe sameamountof the sameBiosII with
varyingamountsof Inositeweredetermined;theywere:-

TABU.!VIII

Thus the amountof Inomteobtainedby hydroîymsof the yeast ompwas
61 X 1/30= 2.03mg.,whereaa2.0mg.hadbeenconsumedduringthegrowth

tlouts 2I aa.o ~.7 a6.y 28.8 32.7 34.8 4g-~ 48
~ount mo Mo 135 ~8 i~ i6y 188 200 ays

Inosite 1/240 i/iao 1/60 1/40 1/30 milligrams
Count 73 10$ 148 173 icy
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ofthe crop. Thé Inositousedup wasquantitativelyrecovered. Thuseach
ceUof "nonnat yeast" took up and yieldedagain t.: X 10-" g Inosite,
whiehis about i or a parts per thousandofits owndryweight.

In viewof this resultit seemedof interest to aseertainwhether Inosite
oanbe obtainedby the hydrolysisofyeastgrownwithsugarand saltaalone;
i.e.whetherthe yeast plant oanslowlysynthesizewhateverit Mthat Inositc
in the mediumsupplies,or has a ohemicalcompositiondependingon the
mediumin whichit wasgrown. With this object, 25 ce of SS, 20 ce of
water,and 5 ce of yeast suspensionwerepipetted into each of 6ve large
rocker-tubes;the seedingwasto a Countof t.s, i.e.450X t.s X 250,000
~.7X 108yeast ceUswereusedas seed. After5 daysrockingat zs~C.,the
CountwasC *= 92,i.e.the cropwas103X 10*ceUs. Thesewerefilteredoff
andhydrolysedas before;they yieldedo.5mgof Inosite,i.e. o.5 X 10""g.
perceti,about half asmuchas the normalyeast.

Summary
The cropsof yeastobtainedunderstandardconditionsfrom48vegetable

and 15animalpreparationshavebeendetennined;alsothe cropswheneither
Bios1or BiosII or wortwasaddedto théextracts.

Fromthèse resultait ia possibleto predict,roughly,the cropsobtainable
frommixturesof two extracts;on théassumptionthat ineverycasethe bios
in theseextracts consistsof Bios1and BiosII.

The biosfromsevensourcesbasbeenfractionatedbyLuoaa'methodinto
Bios1 andBios II.

Bios1bas been isolatedfromtea dust; it provesto be identicalwithin-
activeInosite.

Curvesshowingthe rate of reproductionof yeast in solutionscontaining
salta,sugar, InositeandcrudeBiosII, agréein formwiththoseobtainedby
N. A. Clarkwithsolutionsofsalts, sugarandwort.

The Inositetaken up by yeastfromthe culturemediumcan be quantita-
tively recoveredby hydrolysingthe yeastcrop; eaohnormaloe!Itakesup,
andyields, t.z X io-"gramaofInoaite, i.e.,t-i! partsperthousandofitsown
dryweight.

Yeastgrown in a solutioncontainingonly sugarand salts, also yields
Inositeon hydrolysis,but in lessamount.

1 am glad to expressmy acknowledgmentsto ProfesserW. LashMiller,
underwhosedirectionthis investigationbasbeencarriedout.

!'Ae~tt<M<~y<~TM-<Kt<o,
CAem<M<L<t6<M-o<<H~
Af<tyMM.
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The PmpertiMofSiMca. B~Bo6w<B. SotMtw.? X M cm;pp.M& NewYork:
CAott<co~CatologCemp~, ~8~. P~M.-MMO. Onp. t8 theauthorgiveahisownMm-
mary. "The ohemiat'ataak eomesfirst. Havingdiseoveteda substanoecotted~Ke<t,
wMchcan beoausedto disappearby variouameaua,then to reappearwithita original
properties,he proceedato disseetit into ita more elementaryconstituentsubstances
~!)!<M)tand a~w, diatingoiahinga!MbetweenthreeMndaof eUiconwhichhe findain !t.
(Ch&pter11.)

"GoingetiNdeeperintoitemasscompositionheexMniMSthe constitutionoftheatome
andthe littlethat isknownaboutthemodein wMchtheycombineto formthésubstance
aiKca(Chaptetin.)

"Hieknowledgeofatomeand theirmodesofat-Mneementand combinationbeingtoo
seaotyto permitof furtherto~ca!progressinthisdiKcUoa,he etartaona newtack,and
coUectaaBthedifferentkindsofpureBiHeathat canbefoundormade. Somoofthem,it
turnsout, ditferin ptopertiesfromothers,andbehavedifferentlywhenheatedoratteMed.
Theyare the potymo~p~MM/f)tMaand <<o<Mof«MM~toKof sDioa.The oompletede-
scriptionof their fetationonipsae aneotedby temperatureand pMaauMoanbeembodied
ina ptaoe~M~<<Mtof<mt(ChaptersIV,VI,VII,VIH),andtheirfa<M~tnt~otwxXtMtmay
beatudiedempirioallyat the sametime (ChaptemV,VII.) Tho practicalaeceaatyof
treatingthe miero-phMesseparatetyisalsoKeoptiMd.(ChaptemIX, X,andXI.)

"Oneobviousconsequenceof the atomteconstitutionof siiieaiBthe existencecfdif-
fefeneeain ~ttM«<~and in certaincharaetetistio<K)MM<htMbetweenthe potymorphous
forme. (ChaptersXII and XIIL) ToroundoutthepietuM.Appo~MMofetnMtuteand
polymorphismmuetnowbebroughtin (ChaptemXIVtoXVII.)

"Thé ohenmtia nowreadyto examineand teeordthe fundamentalpropertiesofbis
collectionof polymorphousfomm,thoeepropertieswhiohwillenablehimto prediotoom-
pletelythe behaviorofailioaunderanyMneeivaNeeiMumstaneea.HereeognmMat once
a relationbetweenthé fundamentaleM andL, namely,that thé ratio of M and J~ia a
quantitychatactensMcofeaehformoftheaubstanoe.–itade!M«)forap~Mct~htMe.(Chap
terXVIII.)

"By this timethe pbysioistbashad to be cattedinto explainwhatconttohthe ap-
pearanoeand disappearanoeof the formediacoveredMthe earlierchapters. The cause
so~ht for provesto bea relationbetweenthe fmdamea~bU and ~,–enetgyand en-
tropy,-most convenientlystatedin the formofa propertyeaUedthe ~<t, whosestudy
requiresthe measurementof the heatcepoeSt~and h<M<Aee<<of the tonna. (Chap-
ter XIX.)"

"The readerwhosetraininghasbeen!nchemitt~yorceKHmesrather than in physics
willperhapabedMappointedin net havingfoundimthiaor in Meceedmgohaptersany
Mfefenceto thé 'chemiealpropertiesofsiliea.' But it willbeaeeneasilythat fromthe
pointof viewadoptedforthiapresentationthereMnoeuchthing118a chemieatproperty
of an individualsubstance,unteMwewishto inctudeunderthat term the conditionsof
equilibriumand thé rates of tratMfonnaMonof ita polymorphousforms. Chemistryia
eoneemedwiththe interactionsbetweentwoor moresabetaneea,andohemiealproperties
mayonlybe apokenof,ooMequentty,in connectionwitha aystemof twoor morecom-
ponente.The solubilityof aiticain water,forexample,isnota propertyofsilica,but an
itemin the generalplanof the tw<~componentayatemSiO,:BsO,"p. ao.

"Thé eightbetter-knownmodificationsand theirtemperature-raB~esof atahitityare
aafoitows:low-quartz,stableat atmospheriotemperaturNandup to S79"C;highquartz,
stablefrom573°-870*–capableofexistenceabove870"but iathen not the stablefonn;
low-tridymite,capableofexieteneeat atmospherictemperaturesandup to ny* butis not
thestableformmthis range;lowerhigh-tridymite,capableofexiatencebetweentt?*and



NEWBOOKB m~

t6~ but ie not thé stableform:n this range;upperhigh-tridymite,capableofexistence
abovet63*and h the stableformfrom870'to t~o'–above !470*it taagainunatabte–
metteat t6yo*;low-oriatoballte,capableofexistenceat atmospheriotempératuresandup
to aoo'-eys",but is not the stableformin thiarange;high cristobaute,capableof ex.
ietenoeaboveaoo*.37s°,and is stable fromt470"to t7to*, itameltingpoint;vitreous
sitioaor siticagtass,capableof existenceat atmospherictempératuresandup to !ooo'*
orabove,whereit beginsto oryetallisewithmeasurabterapidity,but il anunstable,under-
oooledliquid(a c<eM)at aMtempératuresbelowt7!o' p. 41.

Bineevitreosiiie pre-empted,the reviewersuggestscondensingvitreouseilieainto
vitait,p.44.

ThéauthordWerentiatee,p. 47,betweentwotypesof inversionin Ntica:(A)the <h~-
C~~type,and (B)the 'prompt-tevermMe'orhigMowtype. T« the dug~h typebelong
the tnvenionof quartzto tridymiteat 870',the inversionof tridymitetooristobaliteat
t47o',andthe meltingoforietobaUteat !7to°. Tothe high.towtypebelongthemveraioM
aornetimescalledthe 'atpha-beta*inversions,low-quartzto high-quartzat 573°,tow-tri.
dymMeto lowerhigh-tridymiteat tt7' lower-hightridymiteto upperhigh-tridymiteat
!63";andthe low-cristobattteto high-erbtobaUteat :oo°to 275°."

Forthe readyandsmeoonversionofquartsimtotridymitethepreMnceofsomeother
substanceorsubstancesieneceMary.TheenectofthéaddedaubstancesaeenMto beprin.
oipallythe formingofa liquidmeltor nuxwhosepresencegreatlyaccélérâtesanychanges
andmayleaddireet!yto theformationofthestablephase,"p. 69.

"AKhoughthereis noquestionthat «iMeaiaappreoiablyvolatileat a whiteheat,not
aHof theobservedvaporisationof aiticais a trueevaporationof the compoundSiO,. In
additionto ita true evaporationthereil undercertainoonditionsan apparentevaporation
whichianot due to vaporisationat aUbutto réductionand reoxidation.In a reducing
atmosphère,auchas existain a carbon-tubeelectriefumace,abundantwhitevaporsof
aMicaarefrequentlyseen,whiohresuttfrom(t) thereductionofSiO,to Si, (z)volatilisa-
tion of the aiticon,whiohismuohmorevolatilethansilica,and (3)reoxidationof the Si
to SiOfeither throughadmixturewith air or throughrecombinationwiththe original
oxygenina oooterpart ofthe fumace,"p. 107.

"The form of the time-temperaturecurveaobservedby Bates and Phelpedeserves
spécialremark. Thetemperatureofa thermocoupleinsertedin the quartzplateisplotted
againsttime,withthe temperatureof théfumaoerisingsteadilybut veryslowly,and that
ofthe p!ateriaingwithit. At a certaininstant,coïncident–wherethe twoarebothbeing
read-with the momentwhenthe readingsofrotatorypowerarebroughttoanendby the
beginningof the inversion,the temperaturebeginsBharplyto départ fromits préviens
smoothcourse. Aftera fewminutesit graduallyretumste its originalrateof inorease.
Thedeparturethusreprésentean absorptionofheatdueto the inversion.

"Theinterestingfeatureis that the temperatureof thé coupleactually/<!&afterthe
inversionbas begun. Nowit is a well-establiehedprincipiethat whentwophasesof a
substanceare in thermodynamioequilibriumat a fixedpressure,the températureil ab-
solutelyconstant. Whena metalor a satt laheated,the temperatureof a thermooouple
immersedin the materialfMesto the meltingpointand remainetherewhitemeltingis
goingon. A dropin ite temperatureaftermeltingbasbegunmeanssimplythat it bas
beenacoidentallyand temporarilyheatedbotterthan thesubstance,and thetruemelting
pointisnot the pointwherethe températurebeginsto departfroma smoothtyrisingourve,
but the point to whiohit dropawhitemettingisin progress.

"Byanalogywitha mettingpoint,the inversionpointofthe quartzplatewouldbeex-
pectedto be someconstanttemperaturetowardwhichattthe curveswouldfall. But the
constantpointin Bâtes'set ofourvesis not theminimum,but the~n~, whiohrepro-
duceaiteolfwithin± 0.1' whiletheminimumvarieswiththerate ofheatingorothercon-
ditions. It reproducesitsetfnot oniywhenthethermoooupleis insideof the erystatbut
evenwhenthe coupleis onlylyinguponthesurface.

"Is thereany otherexplanationfor the dropin température,consistentwithlooking
upon theinversionas analogoueto a melting?Oneposeibilityiathat whenthe inversion
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beginsthereiaa suddenchangein thérelationbetweenaxialandequatoriatconduotivity,
suchthat the thomoeoupleoanberapidlycootedbya colderpartof theplate; thiacould
beteatedexperimentatty.Or,macequartsisverytransparenttolongwave-tengthsbeyond
ite adsorptionban<M(seeXXXVI),thecouplemaybesuperheatedby radiantheatfrom
thefurnace,andbethenpu!tedbackbytheinversion. n

"If weKJecttheeeexplanationsaenntikety,thenwemuetadmitthat thé inversionia M
aotlikemelting,proceedinggradualtyfromleveltolevelas the neeessaryheatiasuppiied,
but that it spreadsaimostinstantlythroughthé wholeorysta!whenonceit basetarted, i.
wlththeresultthat thepartswhicharenotyetsuppliedwithauSMentlatentheatt&cause t
theinversionto proceeddirectlyarecompeMedto drawupontheirheatoapacityandeoto
becomecolder. Thisis the viewthat seemsta be forceduponusnot onlyby the faots
broughtout in Bâtesand Fhdps' investigationbut aho byotherphenomenamentioned
inthis and otherohapters,but behre adoptingso radicala viewweehouldbavefurther
experimentalevidence.

"Theforegoingremarksapplyaho to the reversechangeonoooling,exeeptthat the
températureofbeginningvarieswithina rangeof 0.6°insteadof0.3'. Heatisre!eaMd
andthe temperatureof the thermocouplerises,<<MM~the equiiibrimn-temperatmeif we
considermeltingas the true anatogy,etowtheequitibriumif weconsiderthat it isa case M
offorcedinversion.

"It isstillpossibleto bringtheideaofa forcedinversionintoUnewiththegénérâtprin-
oipleeaheadystated. It is knownthatstresstoweMthé equHibtium-temperatUMin suoh
casesasmeltingandsolution. It maybeexpectedatsetobwertheinversion-température.
Whentheinversionbeginson theoutsideofthefragmentthechangeofvolumeandofaxial
ratiointheouterportionthrMMthereetofthép!ateintoastateofstress whiehis sometimes
gréâtenoughto causefracture. Weneedonlysupposethat thisstressmaysotowerthé
mversion-temperatureof the uninvertedportionthat itastoredheatis enoughto produce o
theinversion.Aloweringofseveraldegreeswouldberequired,however,"p. !M. 9)

"La.wsonbasreeenttyreeordadanobservationmadea numberofyearsago.whiohisof ninterestin connectionwith this subject. It is knownthat crystaUinequartz is cotored
yellow-brownor brown-redby,thé radiationfromradioactivesubstances,sometimesin
streaks. Vitreoussuica is usuattycotoredauniformbrown-violetby sinuiarradiations.
ï~wsonreeaHsthé occurrenceofspiratstreaksofdarkvioletin a vitreoussilioa dishused
byHonigsohmidtin !9iï for thérecrystaUhationofradiumoMorMe.Nooolorappeared
betweenthesestreaks,whiehextendedalmostto therim. Whenthéglasswasheatedina
BunsenCamethe colordisappearedwiththeproductionofa brilliantblue-violetlumines. v
oence. D

"Thisdecideddinereneein eohmngunderthé actionofradiumindicatesa differencein
constitutionbetweenthecoloredandcotortessstreaksofthedish,whiohmaybeof thesame
characteras thé orystaMineand no~otystaNineribbonsin the gtassexaminedby Ray- Il
leigh,"p. t4ï.

"Mostof thetheoriesofstructureofailicaagreeingivingto thetriplet8i0. a triangular

'1

phn. AsMcKeehanpointsout, this mayhavean eneetonits stateofaggregationat a
giventempérature.The anatognuacompeundcarbondioxidetakesthe formof gaseous
moieoutesof C0<,eaohof whichis symmetricataboutan axispassingthroughall three
atom-centers.It maythereforebe expeotedto haverelativelyweakstraynetdsoutside
themoleoule,andhencethé mutualintermotecuiarattraeNonswhiohcausecondensation
to the liquidformare small. A simuarhighdegreeof.moteontarsymmetryin silicane,
SiHt,givesto thiscompound,as to COt,theabilityto beeomea gasat a relativelylow
temperature,"p.~42.

"Atthesametimewemuatnotlolleaightofoneessentialqualityofgenuine hypothesis.
It muetnotexplainthephenomenawithtoomuchfaciiity.Itisnoreatvirtueinatheoryofpolymorphism,forinstance,that it iscapableofexpMningnotonlyaMtheexistingdata
but aha any imaginabletacts of polymorphismwhichremainundisoovered.A theory
whiohiscapableofexpiainingaNimaginabledatainitsneMis,eonversety,incapableofpre- 1dietinganyoneexpérimentâtfaetto théexctusionofanyother;or,inthé pragmaticphiio- t

1
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sophy,it tenota theoryat aU,buta formofwords. It bashappeaedmorethanoncein the
historyof soieneethat twoformulaswhiohsoundedverydifférent,butwhosecoroBaries
wereexperimeataMyindistinguishaMe,have M to needtesstylongandbitter potemics.
HenceitwillbeweUtodevoteourciosesteorutinytothedeductionsthatfoUowfromagiven
hypothesis,rather thanto the ptaxsibitityand générâtattraotivenessof the formulation
iteetf,"p. a~.

Theauthormakeathefollowingpoetulateslnregardto sitica,pp. !t~-a6o:–
(A)Sitieaexistasa an individualtripîet in aUof its states of agrégation–gaseous,

Uquid,vitreous,anderysta!Mne.

(B) Theaotidstateinsi!ieais theresultofa sharingora transferofetectroMbetween
neighboringatom-trlplets.

(C) TheatuggXhtype of inversionin aiticadependBupona fundamentalrearrange-
mentofeiliconandoxygenatoms.

(D) The high'bwtype of invemionin siMcagMBdeeperinto the atom than the
ehtggMhtype,but involvesatsoa subordinatechangeinthérelativepétitionoftheatoms.

(E) The fondamentalbuildingunitofBiUeaia aauieathread builtup of SiOtatom.
triplets.

(F) Theeteotronsofthe outeroctetabouteachatomicnucleusareMMeiatedinpaira.
(G) Thé solidstatein sNMaiapartlydue to the intertoekingof electronorbiteof

oxygenandeiliconatomeIntheneighboringeiMeathreada.
(H) Everypièceofgtasa,MorginaUydrawn,CMt,orblown,oaaaetructureofiteown

juBtaaa tree,Bea-she)!,or conoretionhaaitaownstmeture;this structureisthe resuitant
ofite~Het~<M~ca~history.

(1) Superposedonthe meohanioalstructureMafinerstructurewhiehiBthe resultant
of the thermalhietoryofthe ghM,andwhichcanthereforebe ohangedandbroughtto a
fairlyreproduciblestateby the thermalanneating,butwithoutgteatiyatteringtheoriginal
meehanieatstruoture.

(K) ThemeehaniBmofthehigh-lowinversionsieeimMarin aUtheformeofeilioa.
(L) Thehigh-lowinveraioMinauicaeooaiat(withrMngtemperatme)(a)inanmorease

ofamplitudeof the thermalvibrationofa pairofatomewhieh(b)inBuencesthe manner
ofrevolutionof a pairofeteetroM,withthereaoltthat (o)a relativelyconstantattraction
betweenthe two atomebecomesbalaneedby an inoreasingrepulaionbetweenthe two
orbitein queation.

(M) Thestructureofcristcbaliteis incomplete;part of the oxygenatomsarein un-
definedorhaphazardpositions.

(N) Thé proportionof haphazardoxygenatomein cristobaliteinoreaseswith the
température,and is preaervedbyrapidcoolingto temperaturesof 300°or lower.

(0) Théstructureofhigh-cristobatiteisheterogeneousonasub-mieroscopicscate.
Theauthorconsidérathat "ehaJcedonyisa submictosoopiomixtureoffibersof quartz

withinterstitiatamorphoussiMca;a variableamountofwateris atsoheldamongthefibers,
but isnoteasentiattotheminerai,"p. aye.

"Thereare in thepublishedrecordsmanydata onthehabitofnatatatquartzinasso-
ciationwithrockswhiehareassumedtohavebeenabove573°whenthequartzoryatailMed,
andtheseobservationsmightbesupposedusefulasabasisforseteotingtheformaoharacter-
istioofhigh-quartz.Butthe ressensfor the assumedtemperatureareusuattynot very
etrong,and the Uneofargument,furthormore,basnologioatvalidityuatessthé observer
bas seenthe quartz crystaMizingand knowsby measurementsof températurethat the
magmawasabove573°at the time. It mightseemmmecessaryto insiatuponthispoint,
wereit notforthé factthat thepetrotogistshavebeentryingimrecentyearstousequartz
asa 'geologicthermometer'and to deduceits températureofformationfromits obeerved
properties.Nowit is obviouslybadscienceto proeeedby first assuminga temperature
and thenusingthe propertiesdeducedtherefromto provethat the temperaturehadthe
valueassumed.Theonlysafecourseis to setasideforlateruseall thepetrotogicdataon
thehabitofquartz,andholdstriotlyto the experimentaldata," p. 50:.
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"Themsterofquartzh usuaHydescribedaa'gtassy,'whiohmeansthat its surfacesare
usuaMyoptioaiiysmeothandreftectthe vMNeportionoftheapeoirumwithoutanynotice.
ablesélectiveabsorption.The tuster,espeeiaUyofthe conchoida!surfacesoffracture,is
sometimesdesoribedMgreasy? Undoubtedtythereis a différencebetween'greasy'and
'gtassy,'the formerinvoMngperhapsa récognitionofscatwtyvisibleunduiationson the
surface,"p.yt6.

"Thebestpresentovidenceindicateathat the colorofmoatspécimensofamethystine
quartsMduetoa compoundofiron;that ofmoatoftherosequarts,to acompoundofman-
ganèse;and that ofmostof the smokyquarts,to siliconMtfreeby thé radiationefrom
radioactiveetements.ThereareotheroauMSofoolor,but theyappeartobeIeMimportant
than the causesmentioned.ïn mostinstancesthe cotorsare irrevetNb!ydeatroyedby
heat,"p.798.

"If théctoudineMorcoloris dueentireiyto the soatteriogof!ightby smaUpartioles,
thenemokyor yellowquartes shouldbejust as transparentto the u!tra-redas visuaMy
olearquartz,beeautethé acatteringis effectivein inverseproportionto thé fourthpower
of thé wave-iength:\<tog(J./J) = constant. Doublingthewave-tength,sayfromdeep
redat 0.8~to nearuttra-redat t.6~,wouldthuereduoethéscatteringtoone~nxteenth.

"AspecimenexaminedbyRamanwasinfactfoundtranspMentto ultra-red.Koenigs.
bergermeasuredthetranaparenayofbrownsmokyquartzat manypointebetweenwave-
iengtha0.8and4.0~,andfoundthe curvefromt .2to 4~tobeidentioalwiththat fortrans-
parentquartz,dinMingfromit onlyin therégionnearthevisibleapeotrum,"p. 799.

W<H<rD. BatMt-<~

ThennieaiePhenomena.By J?«e~<Noet. ~MM~e~byJ. &. C<m-te.M X
<M;PP.< + Ï~. NewYork:B. P. D«Mottand CeMpatHf.Pt<ee:~~0. Theehapters
are entitied:introduction;historioai;expérimentâtarrangementa;thé eieetronioémission
in a vaeuum(~);thedistributionof veiocMesand the échangesof energyin eieetronio
émission;the saturationcurveain pure eteettonioémission;the effectof gaseson thé
eteetronicémission;theemissionofpositiveions by metalsin a vacuumand in gases;
the émissionof ionsby heated salta; thé applicationof thermioniophenomenato the
measurementofhighvacuaandto thereetiBeationofattematingcurrents.

"Let usmentionthesoleexceptionto thevalidityofRiehardson'aformulawhiohbas
beendiscovereduptotheprient. TMsexception,announcedbyRichardsonandCooke,
isinthe caseofonniamthe straightUnesofthé precedinggrapharereplacedbya broken
Unemadeupof twostraightUnesinelinedtoeaohotherat adefiniteangle. It isprobable
that two aMotropicmodificationsof osmiumexist, eachof whichbas ità charaeteristic
émission,therebeingatranaformationpointat a certaintempérature,"p.gt.

"It ehouldbementionedthat AmoMbassometimeaacddattaByobeervedémissions
whiehare verymuohstrongerthan thosenormallyyieldedby the mixturesof oxidesof
thé alkalineeartha. Perhapsthèse émissionsmay be dueto fortuitousmixturesof im-
puntieawiththé normaloxides. TMsshoutdleadto thé systematioexamina~onof mix-
turesof refraetorymatanab;itMnotimpossiblethat thismightresultinthé discoveryof
substanceswhicharestNmoreactivethanthoseat presentinuse,"p.40.

"If a fixedpotentialdifférenceofsay zoovoltaleappliedbetweena tungstencathode
raisedto a hightempératureanda coldanode,andthé ourveconstructedwhiohrepresents
thecurrentreceivedasafunotionofthetempérature,itmightbeexpeetedthat théotasmeat
curveof Richardsonwouldbeobtained,andthisactuaUywouldbe the caseif saturation
wereatwaysreaJhed.Experimentshowsthat in realitytheeurrent,afterhavingoom-
mencedto inereaseinaeeordancewith Riehardson'slaw, ends by departingfrom this
law,assumingvaluestessthan the thecreticsivaluesandat hightempératuresbecoming
t~'er<K«<yeoM<<M)t,"p.g6.

"ThéexplanationoftheLangmuireurvesmustbesoughtinthemutuairepuMonofthe
electronsemittedby theMment. TMsrepuMon,whiehis negligiblewhenthé number
ofélectronsis sosmaBthat thecurrentdoesnotexceeda smaitfractionofa miiliampere,
becomes,onthe contrary,veryconsiderablewhenthe températureof the filamentiahigh
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enoughforthe eteetroniocarrent te begreaterthsn a miDiampere.!n thisnegativecase
thereexistein the spacebetweentheeleotrodesa negativecharge,the densityofwhich
is veryappreeiaNe.The fieldof mutualrepulsionwhiohresuttetherefromis superposed
on the aece1eratingfieldM that saturationbecomesmorediSioutt. Asthe température
of théMarnentisinereased,therecornesa timewhenthespacechargelasuohthat thefield
it produaeasendsbaekto thecathodeaUtheetectronswMehteaveit; afterthisthecurrent
ehowanofurtherinerease,whateverthé températureofthefilament,"p. sy.

"If a tungstenfilamentis heatedmomentarilyin a weil-evaeuatedtubeto a tempera.
ture of3,000denréesabsoluteit partiaUyvotatitizesandformaa btackdepositofmeta)!ic
tungstenonthewa!teof thetube. If a traceofohlorineiBnowintroducedintothe tubein
thé coldit doesnotappreciaMyattackeitherthe filamentor the deposit,eventhoughthe
tubebeheatedto 200degrees.But if the filamentbe raieedto a brightredheat,keeping
the tubeeo)d,thedepoeitof tungNtenonthe<M6eieeeento diaappearrapidlywithoutthe
heatedMarnentsuneringany viaiMealteration. It le probablethat the moleculesof
ohIorinehâvebeendisaoeiatedinto activeatomebytheircomaionawiththéheatedfilament
and that the atomethue produced,projectedm straightânestowardthe wattswithout
beingaMetorecombineenroutewithothereiNntaratome,unitetherewiththé tungetenat
ordinarytempérature.

"Theexperimentis atillmoreaMkmj:whentwofilamentswMohcaobe heatedinde-
pendontlyareplacedin thesameevacuatedtube. Ifa traceofeMonne,whichhaanoaction
on tungstenin theoold,beagainintrodueedandonefilamentiaheated,it lafoundthat it
is onlytheotherfilament,kept at theordinarytemperature,wMohdisappearsgradually
undertheactionof the ohlorine,"p.88.

"It basbeenseenthat inkenotronsasat présentmadethealternatingvoltagesbrought
intoactionareaiwayahigh,andarereckonedin thousandsor intenaofthousandsofvolts.
It wouldappearat nrat aightthat therewouldbe tittiedangerwiththeaevoltagesfromthe
pointofviewoftheire!eotrostaticaotiona,sincein thenormalworkingofthekenotronthe
voltageacroMtheterminalsof the moatpowerfutkenotronsdoesnotexeeeda fewhundred
volta. It ahouldnot be forgotten,however,that thiaworkingis intermittent,and that in
everyalternationthecontentonlyNewaduringhalftheperiod. It iaduringthishalfperiod,
whichcanbecatiedthé usefulhalf period,that the foregoingargumentsare applicable,
and that thevoltageaerossthe tenninah)falleto a fewhundredvotte. Duringthé other
halfperiod,whichcanbeeaHedthé halfperiodofrest,the ourrcatfatb to zéro. At thia
instantnopoweris expendedin the apparatuabut, on the othernand,it behavesasan
infinitereMtanee,whichmeansthat a!ithe voltageof thesourceisthrownaorossits ter-
minais.Thusduringeveryperiodoftheattematingcurrentthevoltageacrossthéterminais
of thekenotronpassesregulariyfroma valueof theorderofa fewhundredvoltatoa value
of theorderoftensofthousandsof volts. Asthé eleotroatatioactionwhichtwoconductors
exertoneaohothervariesproportionaUytothesquareofthedmerecceofpotentialbetween
them,it foUowsthat the meohanicatforcesexertedon théfilamentduringthe hatfperiod
ofrestarenotat a!tnegiigibte.If thefilamentistoofineor insumeienMysupportedit will
commencetovibratowitha frequeneyequatto tbat of thecurrentwhichisbeingreotiSed,
and a rapiddeterioration,orevena ruptureof the filamentmayreault. For thisreason
designershavebeenledtosearohformethodsofconstruotionasrobustaspossible,especiauy
in thecaseofkenotronsto beusedat highvoltages,"p. tgt.

~tHer D. Bancroft

LaboratoryManualof CottoidChemistry. By Nen~ N. No&ttM.&cM)<!edition.
X Mem;pp.:)?? + ~.M. Newy<M-~Jottt W< o<tdSoM,~&M.Pnee?.00. This

volumeisdoublethesizeofthé nrsteditionandis a!somuchbotter. "Muchnewmaterial
has beenaddedonSédimentationin ChapterI, onEleotrodialyaisand I!ttranttrationm
ChapterH,onSurfaceTensionin ChapterVIII, onGelsin ChapterIX,onViscosityand
PiasticityinChapterXV,andon Seibin ChapterXIX. Absorption,theheartofthesub-
jeet, basgainedgreatiyinthenumerousnewexperiments,whileentirenewchaptershave
beenaddedon froths andFilm, TheCoUoidChemistryof the Proteins,and Aerosots."
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Amongthe interestingthingsareKaMenberg'sMtperimentaondiatymethroughcholes-
terotmembranes,p. the colorofphotographioimages,p.61; thecompressionof water
byhydration.p.no.

Thétheoryofrhythmicbandit p. !4s, harksbackto the erroneousviewofsuper-saturation. TheaecountofSaytor'sworkonerystaUMation,p. ï6t, is prettybad. FaU's
workonwashingisineluded,p. n?, andthereisacomparison,onp. t.s, betweenPatdek's
andHohnes'eiheagâtawhichwiUnotpteasePatrick.

WilderD.Bancroft

'n.eChemisttyofI<NtherManafaetM.. Vol.1. ~J~~Aw~th~. ~«~<<
cm; New York:CAem<<~Ca«.~ CompoM~,1988. P~

MO.OO.TheSMteditionhaabeentranB!atedintoGen)MB,yKneh,M)dRuMian.Thereie
Mmuohnewmaterialto beaddedthat thesecondeditioniain twovolumesofwhiehthia
MthéBMt. Theartangementof thesubjectMeuchthat wedon't get to tanningin thiB
volume,the tastehaptetdealing~iththe diemiattyof thétannine.

Thereis quitean ineteaaein thénumberofthe anperbphoto.micMgrapha.Themost
markedchangei<in theclassificationof thetannins,p. ~8. Thedivisionintopytogattottanninsand<!ateeMtanninsiaapparentlyob)o!ete,p. 4:8. "PerMnsdividesthetannina
intothteegroupa:theagroupcontainathedepaideso)-gaBotannins;thé~gtoupthediphenyt
methytotdsor eHagitannina;and the -ygroupthe pMobatanniM,or catechoitanniM"
Freudenbergdivideathe tanninsinto twomaincategories,eaeh with three subgMupa:
hydNtyzaMetanninsinwMchthébenzenenueteusisunitedtoa largecomplexthroughthe
oxygenatoms;condensedtanninsinwhichcarbonMakagesholdthe nuoteitogetherOnthé theoreticalsidethe authoris sMNweak. He be)ievesthat there is a deBnite
relationbetweenpHandhydMgenionconcentration,p. 103,and,theeffeotofsaltisdueto
hydration,p. 124. ThéparagraphetiUstands,p. ~t, in regardto thé actionof hydro.oMonoaoid ongelatine,that "thé agreementbetweencalculatedand observedvaluesis
absolutewithinthelimiteofexpérimenta!error.Forthis reasenProoterand WiJsonregardtheirtheoryasproved,but,iffurtheroorrobotationis desited,it canbefoundintheexten-
MveresearchesofLoeb,someofwhiehwillbedeseribedlater. It <<<Mr<~ofnotethat
theoryof<t<eeM<~ha poM6<<thestageofqualitativespéculation."

Asa concessiontofacte,theauthordoesmention,p. tyS,that onooanconsiderhydro.eMoneacidasadsorbedbygetatin;but nobodywouldguessfromthe text that thisgivesthesameequation.
WibontriestosaveLoeb'sfaceln regardto the Hofmeistersénés,p. 145. "Thiswas

not,asmanyMtarwritersseemtohavesupposed,a daim that the Hofmeisterseriesisnot
apparentmanyproteinreactions,butmeretyproofthat thiaseriesin not apparentinthose
phenomenawhiehare detenninedentirelyby the Principlesof the Donnanequilibrium.Loebhasbeenmuehmisquotedandoritichedforclam hedidnotmake."

WhatevermistakeaLoebmayormaynothavemade,hewasa goodfighteranddidnot
puseyfoot.Whenhesaidthat theHofmeistersérieswasamyth,he meantjuat that. He
wouldnothavebeengratefulforthissort ofdéfonce.

Thereis a cunousparagraphonp. ~38. "Thetheory [ofGustavson]abosuggestsan
explanationof thetactthat a mixtureof calciumohlorideandsodiumehtorideistessdestruc-
hyeofsklnproteinthaneithersattusedalone. Thesesaltamayfonnadditioneompoundswitheachotherthat aremorestablethantheadditioncompoundsthat they wouldother-
wiseformwiththeprotein. Thetendencyforthe salta to combinewithprotein,cauaing
destruction,Mthusmateriallyredueed.AparaMcaseigthatofthe élémentssodiumand
cUonne,whioharehighlyreactivein certainrespectswhentakenalone,but verymuchless
activeinthe eompoundsodiumchtoride."

WtMerD. Bancroft

AnMgmiseheChemie.Be RobertSetworz. x M cm;pp. ~+~. Dt-Mt!~and
~~rA«x<M-~<~o~~M7. Priee: 8 mark8;bound,9 marks. Imthe préfacethe
authorsaysthat hehasconnnedhirnseifto experimentalinorganicchemistry,soasnotto
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interfèrewiththe fieldsofphysloalohemistry,etc. ThereiaapreMminarygeneralpart and
the speoiatpart h preeentedunderthe headingsofnon-metais,mettre,and eomptexsalte.

Thereareanumberofintereatingfactsinthebook.Theblueoolorof Prussianbluaie
attributedto the presenceio the Mmemoleouleofbivalentandtrivalentiron,p. 8, though
the authordoesnot drawthe eorottarythat magnetiieis or ahouldbe blue. Nitrogen
su!phideoeeursin a redformwhichoanbe convertedirrevefsiNyinto a blueform,99.
Ftohterbasobtainedagoodyieldofpersulphatebythe actionoffluorineona potassium
peraulphatesotuMon,p. 3~ but the authoris wrongin sayingthat thia aeeountsforthe
additionofnuondesinetectMtytiooxidations.Théperphosphate,K<P<0<,haabeenmade
byetectrclytieoxidationofdipotaefdumphosphateinpreMnceoffluorineions,p. 55.

"Thémonotaeriomoleoule,SiO,,ooMMpondingto carbonmonoxide,bas notyet been
prepared;but may perhapeexistin the vaporgivenoffaboveaooo°. Themoleoular
sizeoftheliquideiMcahasbeenfixedat (SiO,)bydeterminationoftheloweringofthe freei!-
ing-pointof lithiummetasUieateonadditionofeiiica,"p. &t. Theauthorbeuevesthat he
bas provedthé existenceof the deBnitechemicalcompounds,HtSiO~H<Si~ HtSi~,
andH~i~, p.67.

AnaoMtzandRiepenb-atterclam that orthoborioaciddecomposesin presenceofhot
ateamintowaterandvolatileHBO,whichrecombineswithwateron cooling,p.78. When
lithiumhydridele eteetrotyzed,lithiumlagivenoffat the cathodeand hydrogenat the
anode,therebyindicatingthe existenceofa hydrogenanion,p.8t. Thisagreeawiththe
crystallatticeof the lithiumhydride,in whiehthelithiumoechpiesthé samepositionas
thesodiuminsodiumcMondeorystals.

SeagUanniandToreiMhavepreparedtheoxideCu~O,byoxidationwithsodiumperoxide
inalkalinesolution. Thismayreactwithalkaliandgivethe instable,red cuprate,whieh
probablyhastheformulaKCu(OH)~,p.84. Tungstenbasbeenobtainedby thoetectrotysm
offusedalkalitungstates,p. too. It seemsprobablethat tungetenhetongsin the electro-
chemieatseriesbetweenainoandiron.

"Schwarzhasobaerveda remarkablechangeintheoataiyticdecompositionofhydrogen
peroxidewhenthe latterJBexposedto x-rays,the platinumbeingpoisonedby theserays
butrecoveringatowtyfromtheeneeta,"p. 118. Theassumptionistnadethat thisiadueto
thedécompositionofwaterandto thepoisoningofthe p!atinumby activeoxygen.When
ptatinizedasbestosis exposedto x-raysinthe absenceofwater,thereis a distinctincrease
inthe rate at whiehsatphurdioxideisoxidized.

tt~M~'D.Bancroft

Lehi-httdtder physiMiMhenChemie. Vol. By KarlJeMtnet. Secondedition.
X ~7cm;pp. KM+MC.~<<Mo<n<FerdinandEM~,MjM.Phce: paper,82 mafjh);

bound, marks. Thisbookis intendedfranklyto forma bridgebetweenphysicsand
chemistry.That meansive volumesand.asa preparationforit, the authorspentthree
yearsstudyingnon-euolideangeometry,vectoranatysis,astmnomy,physics,etc., as a
preparationforrelativitytheory. Thisvolumedeabwithpureliquidsandgases.

TheauthortakesD.Berthelot'afigureof M~MKtersforthegrammoleoularvolume
ofoxygenat o"and oneatmosphèrepressure,p. 28. Withthécentigradezéroat 973.09
Abs.,thismakesB = o.oBztUteratmosphèresperdegree. SineeC. = 3R/2 ° 9.978cat.,
Cp 4963cal.,andCp/Cv 1.666,p. t98. WithdilutegasesthecoMisionswiththe watts
ofthe containingvessdplayan importantpart, p. 963. It isnotjustifiableto treat thèse
coUiaionsascompietetyelasticones. Knudsenhasfoundthat theamountofcarbondioxide
goingthrougha capillaryat lowpressureis fiftythousandtimesas muchas one would
caicutatefromthe simplePoiseuilleEquation,p. 977.

Theauthorascribeathe abnormalbehaviorofwaterin regardto densityand fluidity
topolymerization,thoughhedoesnotgointodétails. ThetesspotymeMedformofwater
ialessviscousthan themorepolymerisedfonn,contraryto theMsumptionthat has been
madethat the inoreaseinthe numberofmoleculesnecessarityincreasesthe viscosity,pp.
434;44~,449.45~.49<499,498.
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Young'stestofthereduoedequationofetatelegivenonp. 704andNemst'aonp. 706'whiledata fromthetheoremoftherectuineardiameterare onp.709.Thereil anexcellent
disc<)Mionof the coneotionsto the van der WaabequaUoa,beginningon p. 7M. The
equationsofstateofD. Berthelot,of WoM,andofDieterioiare disMssedat comideraNe
tength;butKeyesgetsbare!ymorethaa onetine,p. 704.

TheauthorprésentsthephenomenaprimaruyfromthepointofviewofLaplace,p.834,
accordingtowhiohthereh asurfaceofdiseontinuitybetweenliquidandvapor. Aceordingto van der Waaband to Bakker,there ie a continuouagradientbetweenthem;p. 859.Bakkefcom:detedthMn!mto be about Svemoleoulardiametemàt T, = 0.9andfour
hundredmotecutardiameteMwhenTr 0~99.

Théauthorpointeout, p. 889,that oneeannotdrawdefiniteoonctueionaaboutmole.
enta)-associationofKquidefromTroaton'elaw;but hedoesnot makeit asdoar aeheshould
whythiail not legitimate.FromCederberg'aformula,p. 890,waterandbeliumareonlya littlemoreoutofUnethanoxygenand methytacetate.

WilderD. B<men)f<

MX~~pp.~+aM. P~G.C~ta?N. PMee.-40~o<M. ThereMa Matdearthof booJM,good,bad or indifferent,on
Photochemistry.Formanyyearethemostvaluablewaathe shortmonographbyWei~ert,
publishedin !9n in the AhreneCollection(DiechemiachonWirkungendes Liohta)but,
unfortunatety,neverbroughtup to date. Thisgapin our phyaiec~hemicatliteraturehas
nowbeen,ina largemeasure,nHedby the presentvolume,writtenby onewhohaaMmoeK
eonMbutedmateriaNytotheadvanoeofbiseubject. Ptofemo)-BerthoudexpMnahhpointofviewin Maprefaoe.Hedocsnotsetout towrtteaeompMhemtvetreattaeon thembjeet.
Rather,he concentrâtesonsuohquantitative!awa(or rules, aa he prefeMto oa!)them)
whichbaveemergedduringthe lest fewyearsfromthe nowtarge maMof avaUaNeex-
perimentaldata,andeetectefromthe latter euchexamplesaa willserveto iMusttatethe
former. HeHparticularlycarefultoemphasizethe tactthat manyofthesedata dependon
expérimentaeamedoutunderconditionsnowrecoptmedto havebeenimMNoienttycon-
troUed,and that anelementofdoubtconsequentlyattachesto thededuettonsmadefrom
them. Experimentalworkin photochemiatryiaindeedcharacteriftedby the largenumber
offactorswhichmustbequantitativelyapeetnedif atgmaoaatMMttaareto be obtained,
and, intta presentstateofdevelopment,it il neceMaryto acrotinizeoloselyeventhe re-
aultaofworkereofrecognbed«MM,beforeacceptmgthem. ProfeseorBerthoudrecognizes
tbieand,whihtbeingintereatingthroughout,neverbeeomeedogmatic.Thebookfa!)9into
twoparts. Part 1fomMa so-pageintroductionto Part II, and contaima résuméofboth
faotsandtheoriesooneemingthosephysica!aspectaoflightémissionandofthe transporta-tionofradiantenergywhichareofprimaryimportanceto the photo-chemist.It iaolearlyand conctsetywritten.

Part H deabwithphotoohemistryproper. It commenceswitha short ohapteron
chemicalkinetica,inoludingthe conceptof criticalenergy. The Grotthusa-DraperLawia
then diseussedin its variousaspects,culminatingin thé Einstein-Starkphotoohemioal
equivalentconception.Thegréâtimpulsegivento the aubjootby the enunciationof the
latter laclearlyasenonreadingthisehapter. Theauthorthen deahat tengthwtthphoto-ehemieatkmetics,inoludinghis ownimportantreseaKhes,and introducesthe subjectof reaotionmechaniam.PhotoohemicalCatalysisand OptioalSensiësationare next
treated,whustthelasteightypagesarechieBydevotedto phototMpy,eMorophyMassimi-
lationsandphotopaphy.Interestingm themseives,theydetractsomewhatfromtheunityYofthé bookand,m thereviewer'sopinion,mightbotterhavebeenomittedand the epaceutilisedfor a somewhatfullertreatmentof reac~onmechanism,it beinggranted that this
!ast subject,initspresentfluidstate, is dKBcdtto corneto gripswith. Thisindeedis the
oulycrittciamthewriterhastoonerofan interestingandvaluablebook.

A. J. ~BMattd



THE EFFECT CF SALTS ON WEAK ELECTROLYTE8*

I. Dissociation of Weak Etectrotytes m the Présence of Sutts

BYHBNBYS. StMMS

Notation and DennMoos

The notation used in this article is the same as in a previous paper on the

relation of dissociation constants to titration data' and a paper on the re-

lation of dissociation constants to chemical structure,' with the exception of

the elimination of the "correoted" titration constants (G;, <?~,Ga, etc.) which

are not true constants under the present assumptions, and a redefinition of r,

which is now defined by the equation

log. a v'ii"
where

<t =' a constant '= 0.49? at 2S°C.

tt =' "Macstrength = B i <~

where< ta the concentrationof a given ion, f is ita valence, and z is a number between 2
and t detined by Equation (9).

The term IttDKXis introduced to refer to the negative logarithm of a number or vari-
ab!e. -log X Px "Index of X". WhenX is a type of constant the word "constant"

may be omitted:
Px = Dimeiation indexF); = Dissociationindex
Pa' ° Titration index
fa H+ ion (activity) index
Ph = H+ ion (concentration) index.

An "index unit" (whieh we formerly eaUed Pa unit) is the logarithm of !0. Thus if
Pa,' =' 4.0 andPa,' <='5.S,the two titration indices are !.5 index «?<<<apart.

The following symbols are repeated for convenience:

Xt', etc. Dissociation constants not eorrrected for activity.

Xt, Ks, .K<,été. !=Dissociation constante correoted for activity.

Gt', G' G< etc. *=Titration cohatante (uncorreeted).

"t, «t, ott =-Probabilitiesof dissociation aocording to C/, G, and P/, respectively.
M,m, <<,and t – Fractions of a substance in the undissociated, mono-ion di-ion and

tri-ion forms, tespeotivety.

c, <t,&,le andet = Molaleo!tcen~a<tO!Mofsubstance, strong aoid, atmng base,hydrogen
ion and hydtOtyt ion, respeotivety.

H and oa = ~c<tMKe<of hydrogen ion and hydroxyl ion, respectively.
"Diasociation" refem to the effect of ionization of acid groups and hydMiysie of the

saita of basio (amino)groupa. Dissociationindices are designated in order of numericai
value, regardleesof type of group.

~,) /t, etc. = Activity coefficientswhen 0, t, 2, etc. groupahave "dissoeiated".

From the Department of Animal Pathology of The Rockefeller InsMtute for Medical
Reaearoh,Princeton, N. J.

Simem: J. Am.Chem. 8oc.,4a, MM (t026). To be consistent with the present not a-
tion and aammp~ons,section Vil of that paper ehoutd be omitted; also omit the fifth step
in section Vin; thé last sentence in the aMMstep and the lut clause in thé wfe~ ste p.
In Table I, 0.03shouldbe aabtraoted fromthe values in column 5, thus slightly altering
the rest of the table.

Simms: J. Am. Chem. Soc., 48, us' ('926).
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Thefollowingnotation isadded:

w~t~.?~with"isolatBd"conetante(3,5ormoreindexunit8apart).
Aafterthe~~&° equationindioatesthatit referaonlyto bases,andaconlytoampholytes.
tMp~~ty~~ ""°*~ equationinthetext anequationinpaper1orH,mpectively.t,t
Motareoneentrationreferatomotspertoooee.ofsolution.

n. Introduction

The Debye-HQcketequationhas beenfoundto applyfairlyaoourately
to inorganie(strong)electrolytes,althoughlessbasbeendonein extending
it to weakelectrolytes.It wouldbeexpeotedthat thosemoleculesofa weak
electrolytewhichare ionizedshouldobeythis equation. Onthisassumption
Shen-iUandNoyes,and alsoMacinnes'haveauccessfuUyappliedan activity
correctionto oonductivitydata onmonovalentweakacidsand obtain con-
sistentdissociationconstants. Hamed<hasstudiedformioacidby catalysis.
Hastingsand Sendroy*have studiedcarbomcandphoaphoricacids. Cohn*
hasstudiedPK/ofphosphorioaoid. AttemptshavebeenmadebyCohn, by
SOrensen,and by Stadie' to extendthe Debye-Hûckelequationto proteins.

However,nosystematicstudy has beenmadeof theactivitycoeffioients
of monovalentandpolyvalentorganicacids, basesand ampholytes. This
paperdeatswiththe effectof ionicstrengthof varioussaltson the activity
coefficientsof weaketectrolytesas shownby the effecton the dissociation
indices.

ni. Theory

A. ~<MtOMt!eM<Mtos<(!Kces.Themassactionexpressionformonovalent
acidsuchas aceticacid is:

c-/ A" <*
A' =

H
=. a –– ~)HA ï–«

wherea (whichequab A-/c) is measuredas concentrationandHis observed
as ac<Mt'<The true constant (K) must be expressedentirelyin termsof
actiuity,hence:

K K' tt
A !t a fi (2)

K=~~H-
M

Jo iiA Je 1 Ot/<)

In dilutesolutionwe mayassumethat the ionsoftheweakacidobeythe
limitingDebye-Hûcketequation

-tog/ = Œ i/~i' = o -s7~ (3)

SherrillandNoyés:J. Am.Chem.Soc.,48,t86t,Mcinnes:ao68(t926).Hamed:J.Am.Chem.Soc.,4P,i (t~).
783' and Biol. andHMttngs:7l,783(1927).
'Cohn:J.Am.Chem.Soc.,49,173(t~).
'Cohn.Physiol.Rev.,5, 340(t~5):Sôtensen,Lindembom-LangandLund-J. GenPhyemL,8,~7 ('S~7);Stadieand6<WM:J.Biol.Chom.,74,~(j~).
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and that thé undissooiatedmoleculeshaveunit aotivitycoefficients,'hence

/t=T r (4)

and weobtainthe followingequationfor amonovalentweakacid:

~K = ?K' + log = PK' + a V7 (S)

Determinationof thePn ofsolutionsofa weakeloctrolytein thépresence
of knownamountsofstrongaoidor basegivesus its "potentiometrictitration
data" fromwhichwemay oatoutatethe dissociationconstantsas previousty
desonbed.'It is évidentfromEquation5thatifweplotV~T, forthevarious
points, againstcalculateddissociationindices(?K') we shouldobtain in
dilute solutionsa straight lineourvewitha slopeequal to -a, fora weak
acid,andequalto +a fora weakbase.' Theinterceptofthis ourvewiththe
PK' axisshouldequal PK(thé true dissociationindex).

B. PolyvalentSM~MCM–Inthe secondpaper,2Equations112ï,II a.
and II 24gavethe rotationbetweenthé observeddissociationconstants,the
intrinsicconstants,the internatetectrostatioworkandtheactivitycoefficients.
The correspondingequationsfor a divalentsubstanceare (weinctudeatso
the rotationto the titrationconstants)

~X/ LI II
(/)'"

=
G'/ G'/ (6)

JRr/ LI (/t)'+~" Z,"
(/)" G/ + G'/ (y)

.K/ =
Equation 6 divided by Equation 7

whereL, a functionofelectrostatiowork,isdefinedby Equation11as. Any
observeddeviationfromthèse exact expressionsshouldbe due to error in
the assumptionsmadein theirapplication.

It willbeseen that these dissociationconstantsare dépendentuponthe
aotivity coefficientratios (fo/~) and (/ft). The Debye-Hûcketequation
is satisfaotoryfor determiningthé activity coeScientratio of monovalent
acids;but wemust modifythe equation beforewecan deal with thepoly-
valent acids.

C. Modiftcationof the De~e-~cA-~ equationto apply to longions.-
The Debye-Hûcketequationis derived onthe assumptionthat the charge
on an ionis locatedat a pointor on the surfaceofa sphere. If weshould

!P evidenceofferedby RandaU(Chem.Rev.,4, a9t (tOM)) thatthe
aotivitycoefficienteofnon-ionizedmotecoteadiCerfromunitybya fewpercent,wemakethéworkingassumptionthatA = t. Wealsoassumethatthécoea;c:ent8forionaare
nvenbyEquatmM8and9. Theerrorin theseidemamumptioneappewsasadiserenanevbetweenexpérimentâtandcalculatedvaluesofig.

ThesedisorepanoieawhenconvertedintodiSefenceainactivitycoefficientratiosin
"5' amountto!emthan3percentin theprésenceofNaCt;butinthepresenceofMga, repreMnta!ow)-mKof.)toMpercentin to90percentin/y.- and05percentm/y,. ThéeffectofK,SO<iatoincreMe/y,10percentabovethéoa~tedvalue..

It isunwiaetoassignthesedeviationsto partioularionicapeciesuntilwehavemoredataonweaketectrotytes.RandaU'saMumptMnthattheweakionahaveactivitiesidenti.calwithHCImitigateatheMouraeyofbisreaultingcatcutationa.
Seedefinitionof"dissociation"atbeginningofarticle.
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have a dianion with charges so far separated that the distance between them

is comparable to that between individual ions, it is évident that each should

behave like a separate univalent ion. To correct for this distance we may
write the limiting equation (3) as follows:'O

-log/ = f' a i/~St<~ = log T"' (8)

where z is a number between i and :) suoh that for a point charge f' '=' f'

and for an ion with a very long distance between charges f* =* f. For acids

with a maximum distance of !-xÂagstrom units between the charges we may

write as an approximation:"

= (~ <')r./18 (9)

where the probable mean distance between ions is about 18 À. (rx must never

be assumed greater than 18 À in this equation.) The agreement of the data

with these equations is shown in Fig. i.

D. ~ppKco<tMt modified equation. Let us assume that the ions of a

divalent acid obey the modified equations (8 and 9) and that thé non-ionized

molecules have unit activity coefficients (fo* = o), then

(/f.)' 0')"
= T" T" = T (IoA)

(/I'=~=~' (i,A)

(For ions with a point charge f!* = = 4)

From the general equations (6 and 7) we get:

Thecontribution ofa weakacid 0<. = ~Bt~) to the total ioniestrength (~ + me
where Mis the contributionof s~tts) is caleulatedas deMttbedin the followingpaper.

The Debye-HOcketequationwaa derivedto app!y to such ionaaa could be considered
to have either a point charge,or a muttipte charge dMtnbutedwitb spherical aymmetry.
In other words the equation applies to ionswith a aphencat fieldof force. By no stretch
of the imaginationcan the diionof aselaie acidbe ao eon~deted. Its fieldof forceis dumb-
beUahaped(resultin~fromthe fusionof two aphencatfields). Prof. Debye waskind enough
(in t02s) to calculate the result of an ellipsoldalfieldofforce (as an approximationto the
dumb-beUfield) and arrived at equations whieh in the extreme caae of a ephete give the
usual limitingequation (f* = )~);aad in the oppositeextrêmecase of a very longeBipsoid
agree withEquation 8 wheref* v.

This agreed with Equation 8 whieh 1 had postutated at that time. However, aa Prof.
Debye pointed out, it ia un1ikelythat a simplerelation between«' and the <Mt<<foceean be
derived ontheoretical groundeaince the equationeare too complex.

It therefore seems j<)9UnaMeto Snd an empirical relation. The mnpteat and most

likely aNumption ie that within a given range varies from )~to f as a linear function
of the distance between charges, reaehiM ifat the eBecRvemean distance between iona.
This provedto be Min thé entire range ofMbetaneea atudied. The effectivemeandistance

being tO Àwith an ionieetrength from o.ot to o.t &nd a weakacid conoenttationof o.O!
molar. (The aversge distancesbetween Ncechargesin o.ot and o.t molar solutionwould

be 55to ~5À.)
This mean effectivedistance should be higher than !8 A in more ditute solution and

lower inmore coneentrated solution. Howeverweare notjuetifiedin introdueing a correc-
tion for concentrationuntil wehaveobtained supportingdata. It shoutd vary as a function
of t/e and should not atfeet thé data muchwith Nnattchanges in coneentratton-

Equation9 probablygivestoolow values ofr~ above tg À (i.e., thé curves of Fig. 1

probablydevtate from thé etraight lines). Howeverit is seen to agree with thoaedata up
to ta A. The data for sebaeicacid (14 À) werepoor and are not published, but they ap-
peared toagree within the experimentalerror.
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~=X.+~"L"-
=~L±~ (~A)

l' r

K2 =
X.Li"

Il
__C/G.

( 3 )
+ L" T~ (G/ + G/)T'

(whcre f! !'t*
=

4–1 3 for a point charge).

Plotof valuesof<<(fromdatawithNaCI)aga'natthed'stance(r;,)betweenthenegative
chargesin potyanioM.The ourvesarecalculatedfroméquation9. Thesmallsquaresare
fi*values. Largesquares values.Thesolidsquareiaf)' forH,PO<(dataofSendroyand

Hastings).

Similarly for = Ka of a.trivalent aoid we get:

y y F~

~L, (equal to
= –

for a point charge) (t4Â)

In the case that the constants are "isolated" (more than 2.5 index units

apart) these simplify to:

Ki = ~/T r =G//ï r (isAI)

r X/ = G// T" (t6AI)

Ka = K,7 = G,7~ (i~AI)

For a <Kfo!eM<base we must subatitute T" for t/T in Equations
izA and t~AI; and T for i/T~ in Equations i3A and i6AI.

For a &tpa~K<base we muât substitute T~ for i/r in Equations
nA and isAI; and T for i/r" in Equations !4A and t~AI; while

T~ must be substituted for i/T~ in Equations i~A and i6AI.
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For a divalent(simple)ampM~ wemay write

(~)' i/ï and (/)"
= r (,8M)

also (/) = 1 (,oM)

ThisgivesusunusaHeéquationsforoverlappingconstants,but wemayapply
the followingequation8whenthe constantsare"isolated."

Ki = K/T CtT' (ZOMI)

= -K',7T=. CVr' (aiMI)

A!! the types of substancesdiscussedin this paperare ineludedin the
abovediscussionexoeptforasparticacid. Px/ and P~' of this substance
shouldapproximatelyobeythe last twoequations(above). Therewill be
some error, however,sinee these constantsare not sufncientlyisolated.

Pxa' shouldfollowEquation i6AI.

In a!i theseequations(ïoAto 2iMI) ft' = i, but thé valuesof and
are to beobtained fromEquation9. Onlyin the hypothetioa!(and im-

possible)caseof point chargescan the originalDebye-Huckelequationbe
obeyedby di-and trivalentorganicions(givingvaluesof 4 and 9 respect-
ively).

IV.Experimental
We haveobtained potentiometrietitration data ona numberof organic

substances,first in the absenceof otherelectrolytes(exceptthe strongacid
or base requiredfor titration),secondin the presenceof twodioerentcon-
centrationaofNaCI (o.o?smolarand0.0375molar),andthirdin thepresence
of two differentconcentrationsof MgClt(o.ozgmolarand 0.0125molar)
having the same respectiveionie strengthsas the NaCl solutions. The
followinggeneralprocedurewasused:

A0.02molarsolutionof thesubstance(sometimeswithi or aequivalents
of NaOH or HCI,dependingon conditions)wasmadeup in a 250cc.volu-
metrie6ask. 5 ce. sampleswereplacedin 10ce.volumetrienaskswith the
requisitequantitiesof 0.10or 0.03molarNaOHor HCIand with i ce. of
0.750or 0.375molarNaCl,or t cc. of0.250or0.125motarMgCti,orwith no
sait. The sampieswerethenmadeupto 10ce.withdistilledwater. The Pn
valuesof thesesolutionswereobtainedin water-jacketedhydrogenélectrode
cells'2at a5.o°C. The cellswereusedaltematelywith thedifferenttypes of
solutions,thuseliminatingerrorsin the comparativevalues. Exceptwhere
otherwiseindicated the finalconcentrationof substancewas o.ot molar.
Thecelts werecalibratedagainsto.tooomolarHCI(Pn 1.075)at the begin-
ningand endofeachday. TheliquidjunctionpotentialwithsaturatedKCI
wasassumedconstant. Thedissociationindexofwaterwastakenas 13.800
at 25.o°C. A!!alkalinesolutionscontainingMgC!<whicbwerein the least
eloudywererejected.

12Simma:J.AmChem.Soc.,45,2503(f~g).
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The "dilutionexperiments"eonsistodof a seriesof Pu measurementson

hatfneutralizod((&–<t)/c= 0.5)solutionsat the variousconcentrationsindi-

cated, aH samptesboingobtained by dilution of the most concentrated

solution.

Thedata aregivenin Tables II to V. To savespacethe atepsincalcula-

tion are omitted from these tables. The method of calculationhas been

fully described.~The data on substanceswith overlappingconstantsare

given and calculatedin the suoceedingarticle. The results, however,are

discussedin this paper. Thé expressions"C.-NaCI" and "D.-NaC!" in

thèse tables refer to data in the presenceof 0.075molarand 0.0375molar

NaCl,respectivety. "C.-MgW andD.-MgCt:" referto 0.025molarand

0.0125molarMgCh,respectively;C, and D, beingabreviationsforconcen-

trated (0.075~)and dilute (0.0375~).

V. Results

The abovedata giveusdissociationindices(?K' values)in the absenceof

salts, in the presenceof two concentrationsofNaCI, andin the presenceof

two concentrationsofMgCl!(withthesamerespectiveionicstrengths).

Wehavecalculatedthe dissociationindexfromeachobservationandhave

plotted ~/MagainstP~ foreach constantofeaohsubstance(Figuresto 5,
wherecirolesrepresentno salt, squaresNaCI,diamondsMgCItandtriangles
dilutiondata). The slopesof the curves(Sa) are indicatedin eachcasein

the presenceofNaCIand in the presenceofMgCl!. Theseare givenin the

fifth and sixth columnsof Table I. The third columngivesthe slopespre-
dictedif the ionsobeythe Debye-Hückelequation. Théfourth columngives
the slopescalculatedfromequation9. Note that these agreewith the ex-

perimentaldata with NaCI in column5. The true constant is givenin

column2. The observedconstant maybe expressedin each caseby the

équation:
PK'=PK+S(tl/j[t (M)

The resultsmay bediscussedasfollows:

The monovalentacids. Aceticacidand succinimidehave slopesapproxi-

mately equal to -a, indicating that their ions obey the Debye-Hückel

equation. The equationsfor their dissociationindicesmay be expressedas

in Equation22:

AceticMtd: Px' = 4.740–0.9a ~(T (withNaCI) (23~)
P~' ° 4.740 i.i a v~T (withMgCl,) (23b)

Sucoinimide:Px' = 9.560 t.t a \T (withNaCI) (24a)
Ptt' = 9-560 1.3V~r (withMgCls) (24b)

Similarequationsmay be written for ait the other substanceslistedin
Table I, but wewillnot take the spaceto presentthem. The valueof 4.740
for the true dissociationindexofaceticacidagreeswellwith the extrapolated
value (4.748)fromMacinnes'eatouMonof KendaU'sconductivitydata
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TABLE1

Summary of~utts pKMatedin this &ndthé followingpaper.

Mabnicactd WMaho titrated with K.SO. (Sa equal +0.~ for P~ and -ta for
P)t<) and with Mt[SO<(Noequat -o.2aand -4.M!Mpeetivety).

Sincethe substances in the présenceof MgC!, weretitmted with NaOH the ao!utiona
contained both Mg~ ions and Na~ ions. Thé ourvewhichgives the atonecorrespondingto onty M~~ c&tMBBwould be draw~ ~rough a aet ot pointafor MgCt, and through the
Minta without satt. The values thm obtained {orthe potyvatent iona with o.o37&.of
M)!Ct,Me:oxahc, (-t.9);ma!onic, -M.7;8uccime, -6,MetNc, -3.s;e:tnc, -n and
-3~; and aaparttc, .-n.?. TheMcorrœpond rougMyto thé emptdcat equation
+19 S. (whereS. iBthe value with NaCÏ).).

1- x

t The "catouiated" values of Sa in Column7 are obtainedfromthe empMcatequation=
P S +SN. (apptyiog only to potyvatentions). Note that thèsevalues agreeM~Mywith those M CoMmn6..

-o -c

t The values of in the last eotumnequaJ -&

The MO~fovALENTBASE aminoethsnol has a sbpe of +0.470 in the pres-
ence of N&C1 and +0.05~ with MgCt!, whereas a slope of +a is ~quîred by
the Debye-Hûcke! equation. If the true dissociation index is constant this
deviation must be due either to an increased activity of the ions in the presence
of 9&!t (which is improbable) or to a decreased aetivity of the undissociated

motecule.

The siMM<BAMFHOLYTEglycine is represented in Fig. 5. PK/ shows a

similanty to aminoethanot except that the deviation is even greater than in
the case of the base, but is about the same with both NaCl and MgCt,.

S)ope"&t

«tth~a withM<Cb

8o)mt<tB<-9 J~ Oebye.Bq.M.RtMBd ~SSir~St.'Dthfe~qut'feondt

AcotiaAoid
Hftekot <iM99

-o.ga

btedtHaetettimKt (NeCt)
AcettoAetd 4-740 –a -a –o.9a –t.ta

latedtHQokeltlon9 (NIICI)

Succimmide 9.560 -a -a -t.!& -t.~

OxeJieAcM J~. t.~ -a -a -a –t.M

(''d-4-5Â)Ptf, 4.22 -sa -2.sa -a.sa -9& -6a 4.0 3.5 3.5

Ma!amcAeid*P)tt z.89 -a -a –a –t.ia

(Td=s-7Â) P& 5.74 -sa -2.4a -z.~a -s.sa –7a 4.0 3.4 3.4

SuccinicAcid Px, 4.t<)5 -a -a -a -a

(fd~oÂ) PK, $.$70 -3a -2.2a -a.3a -8a (-6a) 4.0 3.a 3.3

AzetaMAeïd PKt 4.595 -a -a -o.9a -a
(rd~tA)PH, s.395 -3a -t.659 -i.7a -a.oa (-a) 4.0 ~.65 2.6

CitrioAoid P)t. 3.08 -a -a –o.6a

(mc8nrd 4.74 -3a -a.3& -5.8a -6a 4.0 3.3
= 7.4Â) Pm 6.26 -ga -$.3a -n.aa -t4a 9.0 6.6

Amunoethamot 9.470 +a +a +o.47a +o.osa

Glycine Pic< 2.365 +a +t -o.o8a –o.oSa
P, 6.040 o 0 (-o.ga)(-r.6a)
Pi:. 9.7!5 -a -a -a -3.M

AspatticAetd P<[t 2.05 +a +& -o.6a -o.6a

(fd ==7.0Â) Pt 2.96 0 0 -o.ga -o.ga
P* 3.87 -a -a -M -t.M
Px, to.oo -3a -2.2a -2.3a -5.9a -6a 4.0 3.a 3.5
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Thé differencein actionof the two salts is manifestedin thé ?K/ ourves

whereit bohaveslike acetic acid in the presenceof NaCt, but showsan

anomalywithMgCtz.
TheDtVALENTACïD8arerepresentedbyfour«M-dio&rboxy!icacids,namely,

oxalic,malonic,succinic,andazolaicacids. ThedataarepresentedinTables

1 to IV and Figures2 to s of the subsequentpaper. Thefirstdissociation

index(?K.') meach casebehavessimitadyto acetioaoidin thepresenceof

eitherNaClor MgCI:.

AcetM Actd

The seconddissociationindex(Ptq/) has a slopein theprésenceof NaC!

lessthan requiredby theDebye-Hûokelequation,whiletheslopewithMgC!t
is greater than with NaCIin eachcase. Sebacicacidbehaveseimilarlyto

azeMcacid, but its data are notsatisfaotoryforpublication.
Curves i, and 3 ofFigurei representthe valuesof f*calculatedfrom

Equation 9. Theobservedvalues (of data withNaCI)are seento agree
withinexperimentalerrorfor ionswith r, 2, or3 charges. Thisprovesthat

Equations8 and9maybeusedasa reasonableapproximationofthe relation

betweenactivityand thedistancebetweencharges.
The ~OM~divalentacids(suceinic,azelaicandsebacic)showa smal!but

definitedeviationin the presenceof MgCl!,whilethe shortacids(oxalicand
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malonic)showa very largedeviation,as indioatedby the largediamondsin
Fig.i whichwouldfaHonthe ourveof f,' if therowereno deviation.

Thé data withMg80<and K,804showthat the sulfateionhasan effeot
onboth indicesofmalonioacidwhichis oppositein directionto the effectof
magnésiumions.

Suceinimide

A TRIVALENTaoid, namelycitricaoid, was studied in the presenceof
MgCItoniy. ?K/, like the first indicesof monovalentand divalentacids,
obeysthe Debye-HûcketequationwithMgCla. PK/ (likethat ofoxalicand
malonieacids)showsa largedeviation,whilePx,' showsa stiUiargerdevia-
tion, havinga dopeof n.M(notshownin Fig. ï). The slopepredicted
by equation9ia–3.30.

A TBiYALENTAMPHOLYTEwas studied,namelyaspartic acid, which is
bothan ampholyteand a divalentacid. The firstdissociationindex(Px,')
behaveslike that ofglycine. Thesecond(Pp.') behaveslike aceticacidand
is uniikePx,' ofglycinein that the data withMgCharenormal. The ab-
nonnaUtyis not founduntilwereachthe third index(Px,') wheretheeffects
of MgCttand NaCIdiffermuchmoretban forsuccinioacid.
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VI.Discussionof Anomalies

Fromthéabovesectionand fromTable1 it willbeseenthat monovalent

Mtdsas wellas the monoionsof polyvalentacideobeythe Debye-H<lcket

equationeitherin the presenceofMgCt;orofNaCl(althonotwithsulfates).

Furthermore,divalentanionsobeya modifiedequation(Equations8 and 9)

in the presenceof NaCI. (This modifiedequationinvolvesthe distance

betweencharges.)

AmitUMtbMMt

However,there are fouranomaliesto be foundin the data. Thefirst is

theaMûMMJ'oMbehaviorofca<t<MS.Cationsfromeitheraminesor ampholytes
donotobeythe Debye-Hûckelequation. Whereaathe slopesof the dissocia-

tion indexof aminoethanoland the first indicesof glycineand of aspartic
acidshouldeachbe +<t,wefindthat they are,respectivety,+o.4y<t,–o.o8a,
and -o.6a in the presenceof NaCt;and – 0.050,+o.o8a,and –0.60 in the

presenceof MgCls. Thesedeviationsinvolvea shift in the dissociation

indicestowardthe aoidaidewhichmightsignifyeitherthat the activityofthe

ions(RNH~) is too large,or that the non-ionizedfraction (RNH~)has a.
lowaotivity. In this connectionwemay referto the workof Pfeiffer'~who

isolatedcomplexsalts betweenaminoacids,peptides,etc.,andinorganicsalts

andobtainedevidencethat theseexist in solution. Northrupa.ndKunitz~

findindicationofcombinationsof ionswithproteins.

"PfeieerandWittha:Ber.,48, t:89;Pfoiffer,WOr~terandWittha:1938(t~ts);
Z.physik.Chem.,133,M;134,i8o;135,t6;143,265(t?~).

"NorthtopandKunitz:J.Gen.PhysioL,9,ggt(t9:6)andunpubttaheddata.
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Thesecondanomalyis in theeffectof M~C~onampholytes,namelyon thé
seconddissociationindex(PK/)ofgtyomoand alsoon the third index(Ps,')
of aspartioacid. Both these indices behave normallywith NaCl. Thé
indexof glycinerepresentsthe changefrom a neutralmoleculeto an anion.
That of aspartioacid representsa change from monoanionto dianion.

Theyhaveonethingin common,namely,that theyrepresenta changefrom
an amphion(zwitherion)forminneutral solutionto a normalfonninalkaline
solution.

FN.S$
Glycine

Theisoetectncpoint(Pj –6.o4o)hasa atopeof -o.5a withNaCland
-t.M withMgCtt

The thirdanomalyis in the ~ec<ofM~C~on the secondand thirdindices
(PK/ and PK.~)of <po!e~and trivalentacids,as shownby the difference
betweenthe slopeswithNaCIandMgC~(seeFigures2 to 6 in the following
article,and Table1and Fig. i of this paper). The effectis smaUwith long
chainacids(sucoinic,azelaicand sebaoic)but is largeforoxaHc,malonieand
citricacida. In this conneotionwemay refer to the deviationsobservedby
BrônstedandLaMer"withsaltaof highervalencetype, whichBjerrumand
alsoLaMerandMaaon"attributein morerécent studiesto neglectofhigher
terms in derivingthe Debye-Hackelequation. We may refer abo to the
high solubilityof CaCOain phosphateand citrate solutionsobservedby
Haatings,Murrayand Sendroy." The highconcentrationof calciumin the
bloodwaathoughtby Holt,LaMerandChown'"to be dueto aupersaturation

BrôMtedandLaMer:J. Am.Chem.aoc.,46,555(t~).
L<tMerandMason:J.Am.Chem.Soc.,49,4to(t~zy).
Hastintga,MurrayandSendrcy:J.Biol.Chem.,71,723(t~?).
Hott,LaMerandChown:J.Biol.Chem.,64,509,567(t9Z5).
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butHastingsandSendroy"explainit asa oombinationwithother constituents
in the serum.

Thefourthanomalyis the effect<~ <M~a<eion. The data onmalonicacid

in the présenceof Mg80<and K~SO~indicatean effectdifferent from the

correspondingchloridesbut oppositein directionfrom the effectof the

magnesiumion. This deviationis shownbyboth mono-and dianions.

We will not attempt to explainany of the anomaUes. More data are

beingobtainedwhichhavea bearingon thisquestion.
The directionof aUthe deviationsobservedin this paper (with the ex-

ceptionof the effectof 8Ô<ions) is to renderthe solutionsmore acid than

expected.
It isinterestingtonote that the ourvesfor PR/, Pn/t and PK/ of poly-

valentacidsand ampholytesapproacheachother at higher ionic strengths

particularlyin the presenceof MgC! Shouldthe same laws hold at higher
concentrationswe would have Ka' > > K1' which is the reverseof
the usual relation. This wouldmeanfor apolyvalentacid that the ionsof

higherchargewouldformmorereadily. Suoha condition may be experi-
mentally posablewith oxalicor citricacid. For an ampholyte it would
meanthat the zwitherionswouldbesupplantedby nonionizedmolecules.

TABLE11A
AceticAcid(o.otoomotar)

"Hastmgs and Sendroy: J. Biol. Chem., 71, 7~ (1997).

Satt Pa o–o a b' P~ V~-
c

C.–MgCt~ 3332 0 0051 4594 0.274
D.-M~Ott 3.350 0 05' (46t2) '94
No salt 3394 0 04' 4756 .oao
D.-NaCt 3352 0 .05' (4.6t4) -!94
C.-NaCI 3.34~ 0 .054 (4 566) ~74

C.-MgCh 3.74~ o.too .tM 4 597 ~76
D.–MgC!) 3 766 .Mo .120 ~.699 '96
No salt 3864 -!oo .H4 4-75' .034
D.–NaCt 3780 .!oo .tt9 4645 '96
C.–N&C1 376t .!oo .tM 4 624 .276

C.-MgCt, 4~38 .300 .307 4.588 .~79
D.-MgCtt 4~76 .300 .306 4.629 -Mt
Nosatt 4372 .300 .304 47~9 .055
D.–NaCt 4 293 300 .306 4 646 .Mt
C.-N&C1 4260 .300 .306 4 6ï3 279

C.-MgC!, 46ot .500 .503 4.594 .283
D.–MgCh 4 631 5oo .503 4 624 .206
No sait 47*5 5oo .502 4-709 .o/t
D.-NaCt 463' 5oo .503 4 624 .206
C.–NaCl 4 609 5oo .503 4-602 .283

C.-MgŒ, 4944 7oo .701 (4 57') .286
D.-MgCI, 4983 700 .7ot (4.6to) .2tt
No salt 5.063 .700 .7ot 4.690 .084
D.–NaCt 5.008 .700 .701 4 635 .2H
C.-NaCI 4.971 .700 .70: 4.598 .286

No salt 6.768 t.ooo t.ooo
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It willbe observedthat thé isoeteotnopoint is dépendentupon ionic
strength. Moreinformationas to the causeof thia deviationmuâtbe ob.
tainedbeforeweoanacceptthé theoryofSôrensen'that a constant"isoionic"
pointexiste. This theorynecessitatesthat the deviationis dueto the sub.
stitutionofH+ionby anothercationproduoinga weaklyionizedsait. This
ianotconsistentwithsomeofour (unpublished)data.

TABLEHB
AeetioAoidatVariousDitution~–HaMNeutn~ed =o.s

TABLEIII

Sucotni)nide(o.on2M)do.o!~motar*)
The data plotted in Figure 3 were Ïost. Thèse data are less MCUtute.

*The concentrationof solutions marked with anMterisk WMo.0!33 molar. Tho other
aott)tMMwereo.ott2m<ttar.

c Pa &' J~' yy
o'6o 46:9 0.500 46t9 0.283

4636 500 4.636 .M4
-075 4.644 .500 4644 .!94

4.660 500 4660 .t~
~S 4680 50t 4678 .n:

4705 50~ 4.70! .07;
.005 4~7I7 .504 4.709 .°5°47'7 504 4.709 .050

b <t
ËMt P. -e- 6' p.' ~r
n' °~8 9.358 o.377D.-MgCt, 8.756 .t78 .t78 t,.4to .tqo~r.. (8.83) .'78 (9.49) .045D.-NaCl 8.75! -.78 .t78 9.4'3 .t99C.-NaCt 8.724 .178 .178 (9.487) .~7

C.-MgClt 8.9JIt .268 .267 9.349 .279
D-~S~ 8:9~ 9.404No salt 9.097 .268 .267

9.537
.055

~S
~rf~i 8.930 .:68 .~67 9.~70

Nosalt 9.26o .357 .3S6 95'8 .063
P' -~7 .356 9.4M .~4C.-NaCt 9.t37 .~y .356

S" 9.4~6 .446 .445 ,).~5 ..y,f' -~S 9.4St .206
C.-NaCl 9.390 .446 .445 ~~8.83

~"Mtt 9.509 .488* 48< OM< n~D.-N.Ct 9.423 .~8< ;~7
C.-N.Ct 9.380 .488* .48s 9.406 ;28s

8
-S~* 5~4 9.4:7 .286

S~
-S~t 9466 .2tt

S~Ct .56 9.5t3 .084C~Nfn 9.585 9.473 .2n
~NtUi 9.539 .g69* .564 o.4;,y ~~6

S' ?~ '~4 94~t .~88
u.-MgCt, 9.737 .650* .644 (9.479) .313

9-776 .6so* .644 9-5'8 :o89
F' 9.752 .650* .644

ç
(9494) 2~C.-N~Ct 9.708 .650* .644 9.450 ~88

*n~L-–~–
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S~t fa c b' P~' ~T

Nost~t 3.033 -t.too –1.007

Noaalt ~.8a –t.ooo –.998

C.-MgCtt S.sts -.900 -.900 9.470 0.990
D.-MgCt, S.gto .900 –.900 9.47<t .2:6

8.482 900 ~.437) 095
D. -NaCI 8.53 -ooo -.900 (9.5~) .~6
C.-NaCl 8.536 -.900 -.900 (9.49t)

C.-MgCt, 8.744 -8so .851 9.502 .289
D.-MgCI, 8.746 -.850 .8st 9.504 .2.4

C.-M~Ct, 8.876 .800 .8ot ~.48! .288
D.-MgCi, 8.872 .800 .8ot 9 477 .3
NoMtt 8.874 .800 -.8o! 9479 .090
D.-NaC! 8.893 .800 .8ot 9498 .~3
C.-NaCI 8.909 .800 -.8o! 95'4 .288

C.-MgCtt 8.984 .750 .751 9 464
D.-MgC!, 8.984 .7so .7S! 9 464 2~

C.-MgC), 9,'ot .700 – .703 9474 ~86
D.-MgCt, 9.099 – .700 – .702 9.472 -su
dosait 9.103 -.700 .702 9476 .084
D.-N.C! 9.IM .700 -.702 9.494 .2tt
C.-NaCI 9.!35 700 .7<M 9.508 .286

C.-MgCh 9.306 .600 .6oa 9486 .285
D.-MgC!, 9 ~83 .600 .6oe 9.463 .so8
Nosalt .600 ~3 947: .078
D.-NaCt 9.323 .6oo .603 9 50S .208
C.-NaCt 9.323 .600 -.603 9505 .285

~oatt!t 9473 -.500 -.?4 948o .074
D.-NaCt 9.497 Soo .504 9.504 .2o6
C.-NaCI 9.519 .500 .504 9 5~6 .283

Nosalt 9.652 .400 .406 9486 .063
D.-NaCt 9.679 .400 -.406 9.5'3 .204
C.-NaCI 9.693 .400 .406 95~ .~t

Nostdt 9.8M .300 .309 9470 .055
D.-NaC) 9.844 .300 .309 9494 soi
C.- NaCI 9.863 .300 .309 95'3 .~79

Ammoeth&not(o.otoomo!<t)-)ExperimentVII

TABM!IVA

Lt –0a
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Nosalt 10.633 0 -0.054 (9.s) o.o2$

Nosalt to.964 -0.098 -Zt (9.399) .035
D.-NaCl !o.3oz .o<)8 .124 (9.452) .!96
C.-NaCI to.30a .098 .t24 (9.452) .275

Noaa!t M.066 –96 -.Mt 9.49! .047
D.-NaCi 10.075 – .t96 .2n 9.499 .199
C.-NaCI 10.088 .t96 -.9!2 9.st5 .~77

Nosalt 9.847 -94 -9 9483 .056
D.-N~Ct 9.876 –

.:94 .304 9.516 .Mt

C.-N<t~ 9.888 .294 .304 9-5~8 .~79

Noealt 9-673 .39!' -.398 9.492 .064
D.-N&C1 9-708 .39~ .399 9 5~9 M4
C. -NaCI 9.7M .39~ .399 9.543 !'8t

Nosalt 9.S'7 .490 -.494 9.507 .07!
D.-NaCt 9.S34 -490 .494 9.S'4 .:o6
C.-NaCl 9.554 -490 .495 9.545 -s83

NotMdt 9.33! .588 -.M' 9487 .078
D.-NaCl 9.368 .588 -.59! 9.524 .M8
C.-NaCI 9.38! -.sM -.Mt 95:7 .98s

NoMttt 9.t6z -.686 .688 9.505 .083
D.-N&C! 9.t87 .?6 .688 9.530 .ant
C.-NaCt 9.199 -.686 .688 9.542 .a86

Nosatt 8.939 .784 -.785 o.SOt .089
D.-NaCt 8.964 .784 .785 9.~6 .at3
C. -NaCI 8.981 .784 .785 9.543 .~88

Noeatt 8.600 -.Ma -.883 (9.47:) .095
D.-NaCt 8.632 .889 .883 9.506
C.-NaCl 8.629 .882 .883 9.503 .~90

Nosalt 7.615 -.980 -.980
Noaatt 3198 –ï.0t6 -0!6

HENRY6. B!MM8

TABUSIVB

Am!aoethMM)t(o.o!Mmolar)Experiment111

&-<ta



D.-NaCt
C.-NaCt

D.-Ntta
C. -NaCI

D.-NaCt
C. -NaCI

D. -NaCI
C. -NaCI

D.-NaCt
C. -NaCI

D. -NaCI
C.-NaCt

D. -NaCI
C. -NaCI

D. -NaCI
C. -NaC)

D.-MgC),
C.-MgCt,

D.-MgCt,
C.-MgC!,

D.-MgCt,
C.-MgCt,

D.-MgC),
C.-MgCI,

D.-MgCi,
C. -MgCI2

Satt

Nooattpi »

Noaatt
M
JI

n ~t

AminoethanolHydrochloride(o.otoomolar)ExperimentVI

8.87! -0.800 –o.Oot 9.476
9.120 .700 -.702 9.<t93
93~! .600 –.603 9502
9.48s -.500 -.504 949'
9835 -.300 .309 9485

9 "3 –.700 -.702 9486
93t7 .600 -.603 9.498
9485 – 500 -.504 949'
9.670 –.400 -.406 9504
9.840 – .300 .309 949°

8.551 –.900 –.00! 95*°
8.57! -.900 -.oc! 9530

8.9t3 .800 -.Sot 9.518
8.939 8oo -.80! 9544

9!55 –.700 –.702 9.530
9.t8o .700 .yco 9553

9.333 – 6oo .603 9-515
9.353 6oo .603 9.533

9.5'! 500 .504 95'S
9S34 5oo -.504 954'

9683 .400 -.407 95'9
9.698 –.400 -.408 9536

9.864 .300 -.3" 95'8
9.881 .300 .312 9.538

!0.o6t –.200 –.2!7 9504
to.o86 –.200 –.2t8 9532

8.47' – .900 .900 (9.426)
8.488 .900 -.000 (9443)

8.702 .850 -.850 9456
8.7'3 .850 -.850 9467

8.884 .800 -.8oo 9.486
8.88t -.8oo -.8oo 9483

8.97' .750 -.75' 945'
9.oot .750 -.75' 948'

9.!o8 –.700 –.702 948t1
9'" –.700 -.702 9.484

Averagevalues:

Sa.tt P~' ~r

Nosalt 9.492 o.too
D.-N.C! 9.s!7 .2.8
C.-NaCt 9.538 .291

D.-M~t, 9.469 .218
C.-MgC!, 9.479 .29:

EPFECTOPBAÏ/raONWBAKBLNCTROMTEB

fa

t

b a &' P~'
c

(––BofmothefMtution ° –t.oo)

TAB!<EIVC

V7

O.tOO
.t00
.t00
.<00
.t00

.t00
.t00
.100
.t00
.t00

.t8
.291

.:t8

.29!

.218
.291

.2t8
.291

.2t8

.291

.218
.291

.218

.291

.2t8

.291

.zt8

.291

.218

.291

.2t8

.291

.2t8

.29!

..2t8

.~9'
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-_n_-E. ,w .».».

V?
c

*~93 0 -o.M<

'o'~tS -o.:o: .ao8 9.465 o.too
9 SM .307 .309 9.484 .tM
9~" .410 .t'4 9.484 .t4!

S'4 -.St5 9.496 .t58
9.280 6ts -.615 9.so2 .tyg
9'<" .7*7 .7t7 9.507 .188
°"3 .820 -.820 9.483 .~oo
*M -t.025 -t.ooo

< P< &' V~T
0.200 9.467 -0.500 (9.467) o.3<6
'o" 9497 .500 9.497 .M3

9:04 .50! 9.506 .141
E)q).II)ta .MO 9.486 .502 9.490 .Mo

o'° 94M -.509 9.492 .071
.004 9.4~~ -.?7 (9.437) .045
.Ma 9407 -.504 (9440) .032

p
~° 9.483 -4 9.489 .505

&xp.IIbb .089 9.512 .504 9.5'8 .415
with

.504 9.527 -M3
<NaCt .ot8 9.512 .504 ~.g),g

009 9.49l .go~ ~~y ~g

~oo (9.500) .500 (9.soo) .~6
t5o 9489 -.500 9489 .~74

949' -.500 949' .223
Exp. V .075 9.508 -.50! 9.509 .194

-°4o 9.508 -.50t 9.509 -!4'.Mo 9508 -.50~ 95" .too
.OM 9.49' .504 9.498 .07'
.004 9 4<i6 -.5'o 9483 .045

TABMiIVE

bp aAminoethanolat various ooncentratiom–hatf neutralized
(~–1-?

c- –o.s)

TABLEIVD
Aminoethanoi(0.0488molar) ExperimentVIII. (tïigher Concentration)

1.
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T~BMiVA

Glycine (o.otoo motar) Acid titration

Satt PH t–jt a Il Px.' ~y
c

C.-MgC), s.357 -t.ooo -0.500 2.357 0.292
D.-MgCt, 2.357 -t.ooo .510 2.374 .2<8
Nosalt 2.350 -t.ooo .5to 2.367 .too
D.-NaCt 2.357 -ooo .510 2.374 .2t8
C.-NaCI 2.360 –t.oco – .500 2.360 .292

C.-MgCt, 2.479 -0.800 .420 2.338 .288

D.-MgCt, 2.475 .800 .429 2.350 .2t3
No sait 2.469 .800 437 2.359 .089
D.-NaCt 2.477 .800 .429 2.352 .2:3
C.-NaCt 2.484 .800 .430 2.344 .288

C.-MgCt: 2.550 .700 .373 2.324 .286

D.-MgCt, 2.5466 .700 .380 2.333 .2tt
No salt 2.54! .700 -.391 2.350 .084
D.-NaCI 2.550 .700 .380 2.337 .2n
C.-NaCt 2.553 .700 .373 2.326 .286

C.-MgCt, 2.643 -.6oo -.343 2.360 .285
D.-MgCtt 2.643 -.600 343 2.380 .208
Nosatt 2.628 –.600 – 349 2.357 .077
D.-NaCt 2.640 .600 .343 2.357 .208
C.-NaCI 2.640 .600 .333 2.346 .285

C.-MgCt, 2.729 .500 .285 2.329 .283
D.-MgCt, 2.7;4 .500 .280 (2.303) .206
No sait 2.726 .500 – .302 2.361 .07!
D.-NaCI 2.736 .500 .294 2.355 .206
C.-NaCt 2.739 .500 .290 2.349 .283

C.-MgCh 2.854 .400 -.238 2.348 .281

D.-MgCt, 2.853 .400 -.241 2.353 .204
Nosalt 2.843 .400 .249 2.363 .063
D.-NaCt 2.856 .400 .245 2.366 .204
C.-NaCI 2.86t .400 .24; 2.362 .28t

C.-MgCt, 3.007 .300 .t88 2.37! .279
D.-MgCt, 3.000 .300 -88 2.365 .20!
Nosalt 2.996 .300 .t98 (2.389) .055
D.-NaCt 3.ot2 .300 .tôt 2.386 .20[
C.-NaC! 3.022 .300 .t9t (2.396) .279

C.-MgCt, 3.t98 .200 .ta8 2.365 .277
D.-MgCt, 3.!86 .200 .os 2.353 .199
Noeatt 3.t78 .200 -.132 2.369 .045
D.-NaCt 3.196 .200 -.129 2.366 .;99
C.-NaCt 3.2M .200 .t29 2.380 .277

Nosalt 7.tt o
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VII. Summary

Titration data of 0.01 molar solutions of variousorganic acide, bases and
ampholytes were obtained, in the absence of salt, in the presence of two
concentrations of NaCt, and in the presenceof two concentrations of MgCl,.
(KsSO~and MgS04were also used with malonie acid.) From each observa-
tion a dissociation index value (PK')jwas calculated and plotted against the
square root of the ionie strength The s!opesof these curves showthe
extent of agreement of the activity of the ions with the activities predicted
by the Debye-Hûckel equation. The true dissociation indicesand the slopes
are given in Table I.

Singly charged anions from monovalent or divalent acidsobey the Debye-
Hückel equation in the presenceof either NaCI or MgC! or the salt of the
weak acid, but not with K:SO, or Mg80<.

TABMiVB

Glycine (o.otoo molar)Alkalinetitration

St!t Pa b a 6' fK,' V~
c

&
°~ 9~6 0.277

U.-M~h 8.830 .200 .too 0.435 tanNosalt 9.087 .200 ..98 9.6944
9S~C.-NaCI 8.943 .MO .199 9-547 .~y

C.-MaCh 8.930o .300 .299 9.301 .279R' 9~M .~9
D.-MgCt, 9.020 .~o .~98 o.~

9.326 .300 9.70: ,055?- 9~40 .300 .297 96.5 -Mt
~a~t 9.209 .300 .297 9.s&)..279

4'~ .398 9~5 .:8t
D.-MgCt, 9.f28 .400 .398 9308 .204No salt 9.494 .400 .396 9.678 .063D-NaCt 9.427 .400 .396 96n .204C.-NaCt 9409 400 .396 9593 .281

R" 9~48 .500 .497 9.~3 .~3

\nM~
soo .497 93~3 .~06

D. salt
soo .494 9663 .07.t

F~ S°° 494 9593 .M6
C.-NaCI 9.578 .500 .494 9.588 .283

~*M~~ 9~40 .6oo .597 9.079 .285
D_-MgCt, 9337 .600 .597 9'66 .208

9.832 .600 .591 967t .077
D-~ 9773 .6oo .59: 96~ .M8
C.-NaCI 9742 .6oo .591 958! .285

Nosait to.ott .700 .686 967!c .084

r'~f .687 9585 .2n
~NaU 9.9[o .700 .?7 9.568 .286

Nosalt ,o..78 .800 .779 9.63; .089

D-~
'o.!02a .800 .781 9.55..2.3C.-NaCI to.077 .800 .781 9.525 .288

Nosait .0.622 ..ooo .94, 9.4,6 .,oo
F"~) '°~ '.ooo .949 9.355 .218
C.-NaCI to.5t3 t.ooo .948 9.252 292



EFFECT OF SALTS ON WEAK ELECTUOMTES n~t

Polyvalentanionsin the presenceof NaCIobey a modifiedformof this
equationwhichincludesa correctionfor the distancebetweenthe charges
(Equations8 and 9).

Polyvalentanionsbehaveanomalouslywith MgClt. Thiseffectis much
greater for oxalio,malonic,and citric acids than for succinic,azelaioand
sebacicacids.

Sulfateions producean effeoton both mono-and dianionswhiehis op-
positeto the effectofmagnesiumions.

Cations from aminésor amino acids do not obey the Dobye-Hückel
equationbut show a deviationwith both NaCI and MgCk,which varies
withthe substance.

PK/ ofglycineand Pu,' ofaspartioaoidare anomalousinthe presenceof
MgCt<(but normalwithNaCI).

Isoeleotricpointsdropwithincreasein ionicstrength.
(The tenu "index" signifiesthe negative logarithmof any constant or

variable.)



BY J. F. T. BERLINER* AND RAYMOND M. HANN**

The literature of organicchemistryaboundsin the descriptionand
methodsof preparationof organicbasesand their derivatives. The hydro.
chlorides,hydroiodides,hydrobromides,sulfates,oxalatesand picratesof a
majorityof the oommonerbaseshavebeen prepared,analyzedand their
physicalpropertiesrecorded.

During the investigationalworkon the quantitativepreparationof 5- c
iodo-2-amino-tolueneandsomeofitsmorecommonderivativeslthe authors
preparedthe hydrofluorieacidadditioncompoundofthé abovebase. Upon
estimationof the nitrogencontentof the above salt (KjetdaM-Gunning-

fArnoldmethod)4.44percentofnitrogenwasfoundinsteadof thé 5.52per
cent calculated for a compoundCJI,.(CH<).I.NHi.HF. This material
was preparedthree timesand recrystallizedrepeatedlyon the supposition
that someimpurity wasaffectingthe results,but uponreanalysisof these
highlypurifiedmaterialspracticallythe samenitrogencontent was found
as in the firstpreparation.

At anearlierdate oneofthe authorshad preparedand anatyzedsomeo-
toluidinehydrofluorideand foundthat althoughrecrystallizedseveraltimes, i
the nitrogencontent remainedpracticaHyconstantbetweenthe !imits7.40
to 7.47percent insteadof yieldingthe 11.02percentnitrogencalculatedfor
the compoundC,H4.(CH,).NH:.HF.At the time this disorepancywas
thoughtto bedue to someextraneou8causeandnofurtherthoughtwasgiven
to it. Thiscompoundandits analysiswererecaUedto mind whenthe dis-
paritym the nitrogencontentof theiodo-o-toluidinewasnoted.

Uponinspectionoftheanalyticalresultsobtainedbythe nitrogenanalysis
of the o-toluidineand iodo-o-toluidine,it seemedevidentthat there might (
be twoor three factorsactingseparatelyor together,whichcouldbe held
responsiblefor the greatdifferencebetweenthe amountof nitrogenactually
found and the theoreticalamountcalculatedfrom the general 1:1 base-
halogenacid addition product. PossiNefactors werethat the derivative
couldcontainwater of crystallization,that a polymerof hydrofluorieacid
combinedwith the base,or that severalunpolymerizedmoteculesof the acid
combinedseparately. Shouldthe firstfactorbe true,the nitrogencontent

'cof o-toluidinehydrofluoridewouldcorrespondto a compoundcontaining
about33. i per centofwaterandthereforeequivalentto the formula(CJï,. e

J. F.T.Berliner,A<MCMteChemiBt,U.S.BureauofMines,Wash.,D.C.;formerlywithU.a.BureauofChemiotry.j
**R~°' M.Hann,IndustrialFeUow,MeUonInstitute,Pittsburgh,Pa.;fonoeHywithU.S.BureauofChemistry.
HannandBertiner:J.Am.Chem.Soc.,47,t709(t~s).

THE HYDROFLUORIDE80F ORGANICBASESAND

A STUDYOF HYDROFLUORICACID



THE HYDROFLUOMDES 0F OBGAMC BASES 1143

CHtNHo.HF~.yH~O.Aocordingto the other latter suppositions,thé

salt wouldcontain49.71per centof hydrofluoricacidor equivalentto thé

formulaC.H<.CH,.NH<.4HF.
It wasnotedthat upon heatingo-toluidinehydrofluorideit readilysub-

Kmedand uponanalyzingthe sublimedproductit wasfoundto be of the

identioalcompositionas beforesublimation. A portionof this o-toluidine

derivativewasallowedto stand in a vacuumdesiccatoroverP~O),for eight

daysand anotherportionplacedin an electnodryingovenat 106*0.for 14
hours. Thesesamples,upon analysis,revealeda nitrogencontent(7.37per
centand 7.42per cent, respectively)correspondingalmostexactlywith thé

previousanalysis,- 7.40%N.

Thèseresultsseemedto indicateconclusivetythat the materialdid not

containanywaterofcrystaUizationand that it wasprobablethat fourmole-

oulesof hydrofluorieacidcombinedwith o-toluidineand iodo-o-toluidine.

A very carefulsurveyof the availableliteraturerevealedthe fact that

littleworkhadbeendoncuponthereactionsofhydronuoricacidsandorganic
bases. Beitstein'reportsanilinehydrofluorideas CoHeNHt.HF,and cites

a paperbyBeamerand Ctark"publishedin t879. Thèseauthorsduringthe

courseofstudyofcommonsaltsofanilinereportas foUowsonanilinehydro-
nuoride. "Splendidpearlwhitescateswereformedby the mixingof aniline

andhydronuoricacid. Thesalt iseasi!ysolublein boilingalcohol,however,

separatingso rapidlyon coolingfromsolutionthat it stopsup the mouthof

thetunnel throughwhichit isbeingfiltered." Noanalysisisgivenor formula

presentedand it appearsas if Beitstemhad himselfintroducedthe above

formula.

WaUach*,a few years later, in diseussingthé preparationof organic
fluorinecompounds,indicatesthe preparationof crystallineanilinehydro-
fluoride(seep. 260)but givesnoanalysisorfurthordescription.

No otherworkappeareduntil igo3,whenHantzchand Vock'reported
onsomediazoniumhydrofluorideswhiohwerewatersoluble,quiteunstable,
and were capable.of undergoingthe generaldiazoniumréactions. They

gavemeageranalyticaldata andassumedthat the compoundsformedwere
of the general formula R.N:.F.HF, viz., CJIt.Br~.Nt.F.HF.aHiiOand

CJ~.NO,.N~.HF.H,0.

AfewyearslaterWeinlandand Lewkowitz"publisheda paperon hydro-
fluoridesofsomeanilidesand substitutedanilines,an extensionofWeinland's
earlierinvestigtttion'uponsomedoublesaltsofhydrofluoricacid. Somewhat

later Weinlandwith Reischle8reported on some hydrofluoridesof weak

organicbases. A moremanifestdiscussionof the workof Weinlandand his

BeHaMn:"HandbuchderanoteaornehenChemie",3rdEd.,2,~to.
BeamerandClarke:Ber.,12,to67(t8~).

<WaUach:Ann.,M5,agS(t886).
HantMohandVock:Ber.,36,2059(t90)).

4 WeinlandandLewkowitz:Z.anorg.Chem.,4S,39(!90$).
''Ann.,3M,357(toot);328,145,149(!903).

Wein!mdandReiMMe:Ber.,4t,3671(t~oS).
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sollaboratorsis possibleafterpresentationof our ownanalyticaland experi.mentalresults.

Sinceno further recordof hydroBuonoacid derivativescould be found
and inviewof theunusualresultsnotedwiththe previouslymentionedbases.a studyofthe compoundsofhydrofluoricacidand varioustypes of organicbaseswasinstituted. Derivativesof ovortwenty-fivebaseswerepropared,
carefullypurifiedand analyzed. The analysesof thèsecompoundsin everyinstanceindicatedthe derivativeto beofthe type B.4HF where"B" repre-sentsan aliphatioor aromatieprimary,secondary,or tertiarybase. Similarly
thedMBMnesreactedwith hydrofluorieacidto formderivativesof the type
it.(MH~.(4HF)~. Compoundsof this generalcompositionwere prepared r
indiluteandconcentrated,heatedandcooledaqueous,ethereal,anda!cohotic E
solutionsofhydronuoricacid. The resultswereconcordantthroughoutand
indicatethat in somemannerorganicbasesaddon fourmoleculesof hydro-nuonoacid.

Experimental
i. P!'epora<!OM(tKdpropres, t

The generalprocedureemployedtn the preparationof the hydrofiuoricacidderivativeswasto add0.4to 0.7moles(15to 2:;ce.)ofpure48per cent
hydroBuoncaciddirectlyto the baseor to an ethet or acetonesolutioncon-
taining0.1mole of the purifiedbase. The reactionwas exothermic,and
uponcoolingthe hydrofluorideseparatedinnearlyquantitativeyietds The
acid saltaare readily recrystallizedfromhot dilute aqueous solutionsof
i~droHuoncacid, separatingas colorlesscryatallinecompounds. As a rule
three recrystallizationsweremadealthoughanalysesindicatedthat a single
recrystallizationgavea pureproduct. Withthe exceptionof the dimethyl
anddiethylamines,pyridine,quinolineandquinaldine,all thehydroauorides
crystallizedwell. Even monomethylanilineand monoethylaniline whose
mtneratacidsalts arenot crystallizable,readilyformbeautifulorystalsof the
hydrofluorieacidderivatives.

Aratherremarkablepropertynotedwasthat nearlyaUthe hydrofluoridessublimedunchangeduponheating. Hydrofluoridesofmetaniucand suifanilic r
acids and of o-toluidinedecomposed.The only hydrofluoridesexamined
wmchgavea characteristicmeltingpointwerem-nitraniline(m p 207.o"C
cor.), p.nttraniUne(m.p. ~3.4*0. cor.), anthraniUcacid (m.p. 217-18*0'cor.)andethylaniline(m.p. i~o-t'O.cor.).
9. Analytical

(a) Nitrogen
AUthe hydroftuoridespreparedwereanalyzedfor nitrogenby methods

of the Associationof OfficiaiAgriculturalChemists.9Tbeseresultsare pre- '<sentedin Table1 andit willbenotedwithwhatcloseagreementour results jcorrespondwiththoserequiredby the generalformulaB. 4HF.

"MethodaofAnatysia",A.0.A.C.zndEdition(t~~).
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(b) Carbon
Whilethe determinationof nitrogencontentpresenteda rapid andcon-

venientmothodofanalysis,a morecompleteanalysiswasconsideredessential.
Attemptsto determinecarbonand hydrogenby combustionin the usual
mannerfailed to lead to concordantresults. The hydrofiuoricacid was
apparentlynot oxidizedundertheconditions;but passedoninto the absorp-
tion train and wasabsorbed,yieldinghighresultsfor carbonand lowresults

for hydrogen. A secondcontributingfactorto discordantresultswastraced
to reactionof the unoxidizedhydronuoricacidwith the combustiontube.

Aboutthis timeWildeand Lochte'"publishedtheir workupon a rapid
methodfor the determinationof carbonin organiecompounds. In the de-
scribedprocedurethe compoundis burned in thé presenceof compK-ssed
oxygenin a calorimetercontainingstandard barium hydroxidesolution.
The carbonateformedis determinedby differentialtitration using phenol-
phthalein and methyl orange. Several hydrofluorideswere successfuUy

WildeandLochte:J.Am.Cham.Soc.,47,440(t~s).

TABLE1

NitrogenAnalysesonHydrofluorides

Anatyftis
W~f f~j!i_ n~~weMMotoc UubMcenttmeteM %NN %N

Compound sampletaken ofN/ioAcid found theory
foranalysis consumed B.~HF

Aniline .1065 6.ix 8.02 g.op
o-Toluidine .1~0 7.0 7.36 7.48
m- -'030 5.5 y.~g y.~8
p- -~7 9.8 y.43 7.48
m-Nitraniline .2152 ~.6 12.76 ~.84
p- -~74 tt.4 12.53 n.84
m-Xylidine .npy 6.0 7.02 6.96
Cymidine .1052 4.6 6.n: 6.n
~-Cumidine .1633 7.7y 6.6o 6.5:c
o-Tolidine .1074 5.8 7.56 7.52
Di-phenylamine .1336 5.4 5.66 5.62
Tri-phenyl Guanidine .1006 7.6 !o.58 10.44
p-Phenetidine .1087 5.0 6.44 6.44
o-Anisidine .~442 y.za 6.99 6.89
p-Nitro-o-Animdme .1339 to.66 '11.09 n.~8
a-Naphthylamine .1029 4.6 6.26 6.28

-1304 5.8 6.23 6.28
Iodo-o-Toluidine .1205 3.8 4.41 4.47
Anthram!icAcid .1160 5.3 6.40 6.45
Methyl Aniline .2145 n.44 y. 4~ 7 .48
EthylAniline .1256 6.2 6.91 6.96
MetfmiMcActd .1093 4.33 5-5*F ';4
Sutpha.niticAoid ~1329 5-33 5 S8 5.S4

1'11.' 't
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analyzedbya modinoationofthis procedureandincorporationofLindner'o"
processfor the determinationof carbonate."

Followingcombustionin presenceof an excessof Ba(OH),,the solution
wastitrated in thé colduntil colorleesto phenolphthalein.Thesotutionwas
nowtransferredto a 3~0ce. ErlennieyorBaskwith a measuredexcessof
.aN hydrochlonoacid,a refluxcondenserattached and the solutionboiled
gentlyfor ts minutes. The excessof hydrochloricacid wasnow titrated
backwithBa(OH):andthe volumeof acid consumedby the carbonateoh-
tainedby difference.Thisprocedurewas necessarybecausebariumfluoride
reactsacidin watersolution,preventingdirect titration.

Thesummaryof theanalyticalresultson carbonisgivenin Table II.

TABLEII
CarbonAnalysesonHydrofluorides

(c) Fluorine
Noparticulartroublewasexperiencedin the determinationofthe fluorine

contentof these compounds,since the attached hydroBuorioacidmay be
removedbysolutionin strongaUcaii.The sample (.2gm.)wastreated with
3 ce.of 4NKOH,wateraddedto a volumeof 20cc., the solutionadjusted
to methylredneutralitywithdilute HCI,5 ce.ofN NatCO,addedand then
heatedto boiling. Ten ce.of 20porcentCaCi, solutionwasnowadded and
the solutionallowedto digeston the steam bath for 1/4 hour. This was
cooledto i4"C.,3 to 5ce.ofconcentratedaceticacidaddedandafterallowing
it to cool to about !5-2o°C.,filtered through a woighedGoochcrucible,
washedapannglywith colddilute acetic acid, dried and weighed. The
filtratewasmeasuredandthe tossfor solubilityof CaFsin filtratecorrected
for (.0016gms.per 100ce.).

Théresultsare tabulatedin Table III.

nLindaer:Ber.,5S,2025(t922).
WeMemdebtedtoDr.H.L.LochteandMr.G.Deoherd,oftheUnivetaityofTexasfordevMmgthemethodandperformingthéanalyseaonoarbon.

w~u. exas

Hydrofluoride Weight Cc.N/sHCt WeightC Found~~Oatcuiated
Muapte consumed B~HF

Aniline a .17~ t;9.26 .07110 41.46 41.59
b .1522 52.68 .06322 41.54
c .!t5S 40.20 .04824 4~.77

o-Totuidine a .1212 .05438 44.8? 44.89
b .1704 63.64 .07637 44 82

Ethylaniline a .1360 5398 .06479 47.64 47.73
b .i3i! 51.92 .06232 47 S4

p-Phenetidinea .t6o3 62.98 .07559 44.65 44.21
b .i!:63 46.70 .05605 44-38

~-Cymidme a .1164 5:.58 .06190 5318 ~.36
b .1394 6i.8o .074~7 53-21

1M~.
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From these data it is apparentthat the nitrogen, carbonand Suonne

contentsof a varietyof hydrofluoridesagreeremarkablywellwitha general
formulaB.4HF. It is noteworthythat o-tolidine,a diamine,adds eight
molesofHF permoleof base.

(d) Titrationstudies

Compoundsofstrongacidswithweakbasesare normallytitratable with

a strong base. It was observedthat the addition compoundsunder dis-
cusdondissolvedin warmwaterto yieldaoidsolutions,presumablydue to a

partialhydrolysisof the compound.
That somehydrolysisactuaUytakesplaceisquiteapparent inthe instance

ofthe nitranilinehydrofluorideswhichoncontactwith waterareimmediately
transformedfromcolorlessto yellowcrystals,yieldingyellowsolutions.

Anattempt wasmade to titrate solutionscontainingknownamountsof
thesehydroSuondesaitswithvariousstrengthsofstandardsodiumhydroxide
solutionsand using indicatorswith transformations in several ranges of

hydrogenionconcentration.AUattemptsled to the generalresultthat when
an indicatorhavinga rangeabovea pHof 6 wasemployedonlythree-fourths
ofthe combinedacid(onthe assumptionof4HF) couldbe titrated.

Agreat numberof trialsweremadevarying the severalconditionssuch
as temperature,concentrationof salt and alkali,solvent, additionof various

neutralsalts, and the use of indicatorscorrespondingto severalrangesof

acidity. The results of all these experimentswere analogous-only </t!'ee-

/OMr<~sof the hydrofluorieacidcouldbeaccountedfor.
With indioatorswhose transformationscorrespondedto ranges higher

thana pH of o, the amountofacid that appearedtitratable increased,but

the resultswereextremelyerratic. Determinationsvaried from75per cent

TABU!III

FluorineAnalyseson HydroHuondea
%F

HydroNuonde WeightSMapbWeightCaF. FoundCatc~tedB.~HR
Aniline a .2000 .1804 43. oo 43 9~

b .i8ot 43.83
Cymidine a .1362 33.15 33 !6

b .1362 33 iS

p-Phenetidine & .1436 34.95 35 oo
b .143~ 34-85

Methylaniline a .1670 40.64 40.62

b .i666 40.55

m-NitrMu!ine a .1431 34.83 34.85
b .1429 34 ?8

o-Tolidine a .1677 40.8: 40.84
b x675 40.76

j3-Naphthy!a.miBea .1397 34. oo 34. 06
b .1396 33.98



"48 J. F. T. BNBMNJBB AND RAYMOND M. HANN

to 85 per cent and in one instanceas tughas 92 per cent of thé oa!ou!ated
amountofhydronuonoaoidpresent in thécompound. In thesehigherranges
the end pointsof the titrationswereneversharpand in mostcasesoxtended
overunusuallywideranges.

It wasthoughtthat thisextraordinarybehaviorwasdue to somepeculiar
propertyof hydronuoncacidand a searohwasmade for reportsof previous
titrationsof thisacid. Theonlystudy that wasfoundthat deatt specificallywiththissubjectwasby Hagaand Osaka"whotitrated variousstrengthsof

Fro.c

B~?~
~<

~s théor~niebasehydroauoridM.Uashedverttcattmesrepresentmolesofatkatipermoleofhydrofluorides.

hydronuoricacidin aqueoussolutionwithalkaliusinga numberof indicators.
In theuseof litmusasan indicatorthe resultsobtainedcausedthe authorsto
suggestthat the moleculeofhydrofluoricacidmightbe H,?:, HaF or H<F<.4.
The analysisof the neutralizedsolutionindicateda compositionof K~HF~
However,their resultsshowthat in generalall the hydrofluoricacidprésentcanbe readilyand completelytitrated by the indicatormethodand that a
numberof indicatorsmay be employed,(phenolphthaleinwasconsidered
thé mostsatisfactory).

Fromour previousresultsand the abovecontributionit seemedapparentthe peculiarbehaviornoted was due primarilyto the types of compoundwithwhichwe weredealing. These data indicatethat oneof the hydrogen
fluoridemoleculesof the (HF)<complexis incombinationina mannerdiffer-
ingfromthat of the other three.

Sincecoordinateresultacouldnot be obtainedby the indioatormethod
of titration, a seriesofelectrometrictitrations weremade with the hopeof
beingableto interpretthe abovedata and gainan insightinto themechanism
ofthe completeneutralizationof these compounds.

Hag&andOaaka:J.Chem.Soc.,67,~t~sg (t~).
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Thesetitrationsweremadeusinganormalcalomelcelland the Hildebrand

type of hydrogenelectrode. The volumeof thé solutionwasapproximately
too ce.at the start and the concentrationof the salt about .01N.

Severalof thesaltswerovorycarefullytitrated electrometrically,and the
resultsof the electromotiveforcemeasurementsconvertedinto their equi-
valent pH valuesand plotted. It wasof interest to note that all thé com-

poundsthus titrated (9) yietdedanalogoustypes of neutralizationcurves.
A typicalcurve is representedin Fig.r.

Thisourve,representingthe titration of o.:o66grams(o.oon~ômoles)
ofanilinehydrofluoridewith0.1N NaOH,has severalinterestingand note-

worthyfeatures. The acid nature of the solution,undoubtedlydue to hy-
drolysis,is evidencedbythe highhydrogenion concentration(lowpH)ofthe
initial solution. As the alkali is addedneutralizationtakesplacesmoothly
until an equivalentof three molesof the alkali have beenadded or three-
fourthsof the availablehydronuoricacidaccountedfor.

As neutralizationproceedsfrom this point, a very peculiar condition

appears. Instead of the curverisingrapidly to a valueofpH of about 10.0
to n.o (withinthe rangeof o. 1%excessalkali) as is the casein the courseof
a normaltype ofneutralization,thereis a sharpslowingupin the rateof the
decreaseof the hydrogenion concentrationin a rangerepresentedbyabout

pH 7.5-8.0. Fromthis point thé additionof alkaliis in a nearly linearre-
lation to the inereasein the value ofpH. The equivalentof approximately
onemoremoleofalkali,makinga totalof four moles,mustbe addedto bring
the curveto the range attained by the additionof 0.1%excessalkali in a
normaltypeof neutralizationunderthe aboveconditions.Furtheraddition
ofalkalicausesthe curveto act in the normalmanner.

Froman inspectionof this curvewhichis typicalforall the compounds
titrated electrometricallyit will be immediatelyapparent why difflculties
wereencountered<ntitrations by the indicatormethod. It may benotedat
oncethat forindicatorswhosepointofequilibriumin the colortransformation

rangerepresentedby a pH value in the proximityof 8 willgivean apparent
end pointat 75%of the total availableacid whilethose indicatorshaving
transformationsat lowerhydrogenionconcentrationswillshowa proportion-
ately higheracid content. The verywide range of neutralizationbetween
thealkaliequivalentof threeand fourmolesshowsthat the endpointof any
titration that Meswithinthis rangewillbe extremelydifficultto distinguish
withan accuracycloserthan 10to 20%of the totalalkalinecessaryto cause

completeneutralization.

It is, therefore,quite apparent that the base hydrofluoridescannotbe

completelytitrated satisfactorilyby meansof thé indicatormethod. How-

ever, by the use of indicatorsof the proper range it wouldbe possibleto
titrate exactly75%of the total acidpresentin the compounds.In TableIV
someof the numerioatresultsfor thé electrometrictitrationsof someof the

compoundsare given.
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A considérationof the reasonsfor this remarkablebehavioris beyond
the presentscopeof thispaper. It iaincumbent,however,to provethat the
effectis due to a peculiarproperty of theseadditioncompoundsoniy, and
not to someextraneousfactor.

Thefactorthat mightbe consideredtobethemostprobablecauseof any
auchdeviationfrom the normal is that of the hydrofluoricacid, another
considérationis that ofthemechanismofneutralizationoforganicbasesalts
suchas the hydrochlorides.

1~viewof thesepossiMUties,a seriesofelectrometrictitrationsweremade
on aqueoussolutionsof hydrofluorieacidof variousstrengths(0.001,o.oi

TABLEIV

T~pMfttE'ectrometnoTitrationResu!t8

~~y~uonde CymtdiMhydMauondee p-Phenotidinehydrofluorideo.t966g. in too o.<689K.in!oo o.ns6 g. in!ooco. M. ce.
ecN/ioNaOH Ph coN/toNaOH Ph eoN/toNaOH Ph

o ~30 o 2.73 o 2.63
5 3.07 4 :.47 a 3.19

3.52 8 3.84 4 3.6o
~S 3 89 ia t.i? 6 3.9Z

4.17 i6 4.42 8 4.19
~S 4.4Z 30 4-76 to ~.39
30 4.74 si 4.93 4.68
3~ 4.90 22 s 27 '3 4.9~
34 5.30 sa.g 5.73 14 S.aa
35 5.93 23 7.8s 14.5 5.4~
35.5 7-22 23.5 8.~0 15 5.66
36 8.16 24 9.07 :5.S S-98
~-S 8.54 24.5 934 t6 6.76
37 8.78 tg 9.58 i6.s g.~
37-S 9-00 25.S 9.8o 17 9.ïo
38 9.17 26 lo.oo i7.5 9-43
39 9.46 26.5 10.23 i8 9-71
40 9 73 27 ïo.42 18.5 9-97

~0.01 t7.5 10.58 19 io.a4
42 ïo.31 28 !o.7o 19.5 ïo.49
43 io.59 28.5 10.85 ao to.yi
44 ïo.8o 99 10.95 20.5 to.86
45 10.95 29.S 11.03 21 10.98
46 II.07 30 n.io 21.55 II.08
47 11.16 31 n.2o 22* ït.!S
48 11.24 32 n.3o 23 11.27
S° n'36 36 n.55 24 11.36
55 ït.54 40 n.66 30 11.67
6o "-68 50 n.84 45 n-96
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and0.1N) Nidonaqueoussolutionsofanilinehydrochloride.Bothof thèse

materialsgive resultastrictly analogousto thé normal strong acid-base

neutralization. In Fig. 2 are representedthe superimposedneutralization

curvesof anilinehydrofluorideandhydroHuoncacid(o.iN). The curvefor

anilinehydrochloridebas been omittedsinceit eooloselyparallelsthat of

thehydronuorioaoid.

Fte.aa
Comparisonof electrometrictitrationcurvesofhydrofluorieacid(A)

and anilinehydrofluoride(B).

Consequently,it maybe stated that withoutdoubt the peculiarcharac-
teristicsnoted in the meohanismof neutralizationof the hydrofluoridesof
theorganicbasesareanmtriaaicandindividualpropertyofthesecompounds,
and that the separatecompoundconstituentsof these salts behave in the
normalmanner.

In considérationof the abovecontentionsand experimentalrésulta,it is

postulatedthat in theseorganicbasehydrofluondesthereare presentfour
moleculesofhydronuorioacid,threeofwhichareboundto the moleculein a
mannerdistinottydifferingfromthe fourth. Theconstitutionalrelationsof
threemoleculesof theacidto thebaseareidentical. In solution,doubtlessly,
thesethree motecutesare hydrolyzedfromthe basesimultaneouslyand to
the sameextent, and the neutralisationin relationto thèse proceedsin a
normalmanner. However,at the verypoint of the neutralizationof these

threemoleculesof hydroSuoricacidthere is left in solutionthe basehydro-
fluoridewith the onemoleculeof hydrofluoricacidthat is boundin an en-

tiretydifferentmannerto the basethan the other three moleculesof acid.
Fromthis pointon,the courseofthe neutralizationis distincttynot normal,
andit is notwithinthe domainsof thisdiscussionto attemptan explanation
of the actualmechanismof the neutralizationof this lastmoleculeof hydro-
fluoricacid.
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That thefirstthreemoleculesof hydrofluoricaoidattached to theorganiobasearenot individuallyneutralizodor rather hydrolyzedfromthe baseis
evidencedby the smooth,unbrokenportion of the electrometrictitration
curveup to the utilisationofabout75%of the availableacid.

Acottsiderationofthe possiblestructuralconstitutionof thesecompoundsbasedon the above resultswillbe foundin a subsequentportion of this
discussion.

Discussionof the WorkofWeinlandand Lewkowitz"and of Weinlandand
Reischle8

In enteringupon a discussionof thé workof thèseauthors, it is our in-
tentionto merelypointoutpossiblesourcesof agreementbotweentheirdata
andourown.

Theseauthorsinvestigatedthé action of hydroauoricacid on aromatio
anilidesand aminesand describedin all twenty-fourcompounds,of whieh
abouthalfareof the aminetype. It is withthis lattergroupthat weareat
presentconcemed.

Theydescribed the followingcompounds:Anilinemonofluorhydrato
(~NH, HF i.sEM)), anilinedi8norhydrate(CJï.NH~.zHF),anilinetn&u-

orhydrate(CJî~NH~3HF.i.sH,0),p-amidophenottriauorhydrate(C~<(OH)
NH,.3HFi.sHtO), p-amidophenetotdinuorhydrate(CtH<(OC,H.)NH,zHP)
p-amtdo-benzoicaciddiBuorhydrate(C.H<(COOH)NH~-zHF),p-bromanilinc
tri-fluorhydrate(C.H,BrNH~HF.H,0), and o-, m-,and p-nitranilinetri-
fluorhydrates(CJI.(NO,)NH.3HF.H,0), triphenylaminemonohydronuor-ide (~,),N.HF) and diphenylamine, di- and trihydrofluorides(CJï,):
NH2HFand(CJI.)~NH.3HF).

Sincesuchdiversityofcombinationwasinsharpcontrastto the uniformitywhichwehadexperienced,anexaminationofthe analyticalandexperimental
dataofWeinlandand Lewkowitzwasundertaken. Thissurveyrevealedthe
fact that ina numberof instances,the formulaeassignedto the compoundswerebasedupon titration valueswith tenth-normalalkali. It bas been
demonstratedthat such titrationallowsthe estimationof but about three-
fourthsthe combinedhydronuorioacid. Formutaebasedon the assumptionof total titrationwouldthereforebe incorrect.

Anothersourceof differencebetweenour compoundsand someof thèse
of Weinlandand his coUaboratorsis that in all casesour dorivativeswere
preparedinthe presenceofan e~eMofacidwhilethiswasnot the casewith
severalofthepreparationsdescribedby the aboveauthors.

Forone of the compoundsof the aminetype, completeanalyticalresults
on carbon,hydrogen,and fluorineare given. No indicationis suppliedm-
gardingthe procédureemployed,and froma considérationof the difficulties
enumeratedin a previoussectionregardingthe estimationof carbonand
hydrogeninthèsecompounds,wewouldprefernot to discussthis compound.Fourof theremainingcompoundswerenot preparedin an excessofacid,
namely anilinemono- and dihydrofluorides,triphenylaminemonohydro-fluorideand diphenylaminedihydrofluoride. In the instanceof two other
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derivativesnoindicationis givenof theamountof acidused,but evidently
there was not an excessof acid (p-amido-phenetoldihydroftuorideand p-
amidobenzoicaciddihydrofluoride).

Eliminatingthese hydrofluoridederivativesfrom further considération,
but sixcompoundsremainto be discussed. Thesewillbe separatelycon-
sidered.

i. Anilinehydrofluoride.-Theempiricalformulafor this compoundis
given as C,H.NH: 3HF~H,0, basedon four titrations with N/io KOH
whichaveraged,showa hydrofluoriecontentof36.6%. Assumingthat but
three-fourthsof'the acidwastitrated andthe empiricalformulawasthat of
the compounddescribedin thispaper,viz.CJtfNH!(HF)t,thé resulttheo~ti.
callywouldbe 34.7%whichis reasonablycloseto the aboveresult. There
is no analytical evidencegivenwhichcouldpossiblyallowthe assumption
of the constitutionof the compoundto beas presented.

2. p-BromanilinehydroSuoride.–Theempiricalformulaproposedfor
this compoundis CeH4Br-NH;3HFH:0, and as in the previous case,
the only analyticaldata presented is that of titration with N/io KOH.
It is immediatelynotedthat the molecularweightcorrespondingto theabove
would be almost identica!with that correspondingto CoH~-Br-NH~HF.
Therefore,assumingthat but three-fourthsof the total acid was titrated,
the latter formulamaybe consideredthemorecorrect.

3. (a, b andc) o-,m-,and p-nitroanilinehydroHuorides.–Theempirical
formulaepresentedfor thesecompoundsare the same,and correspondto
CoEHNO:NH~HFEM). This is likewisebased on acidimetric titra-
tions. In the caseof the orthoisomer,a nitrogenanalysisis includedwhich
agreesvery weUwith our result (W. &L. 12.8%,our value 12.76%). As
in the instance of the p-bromanilinehydrofluoride,the molecularweightof
these compoundsis almostidenticalwiththat of CJJ,-NOa-NHs(HF)<,and
sincethe nitrogenanalysiscorrespondswiththis formulaas wellas for that
givenandthe formulaproposedby Weinland,et al., isbasedonthe incorrect
assumptionthat all thé hydrofluorieacidwas titrated, it is contendedthat
thé compoundshewasdescribingare ofthe type CJï~NO!NH~(HF)<.

4. Diphenylaminehydronuoride–Théempiricalformulaproposedfor
this compoundis (CJIt): NH~HFbasedon titrationdata and a nitrogen
determination. The nitrogenresult lies practicallymidwaybetweenthe
calculatedvalue for the above compoundand that for (CJIc): NH-4HF.
Sincethe titration valuesrepresentbut three-fourthsof the total acid,the
proposed compositionis considerederroneous. The compoundbas the
compositionrepresentedby the tetrahydronuoride.

From this briefsummationit appearsevident that the analyticaldata
presentedby Weinlandand his coworkersto estabtishthe empiricalcom-
positionof the hydrofluoridesof the variousaminesare in agreementwith
our resultsand supportthe contentionthat whenan excessof hydrofluorie
acid acts on any amine, a compoundof the generaltype R NHi-(HF)<is
formed.



~54 J. F. T. BERLINER AND RAYMOND M. HANN

ït canbeshownbya recalculationofthe data that the analyticalresults
on the anilinehydrofluoridearealsoin concordancewiththis precept. How-
ever, sincewehavenot preparedany of this type ofcompound,we donot
desireto enterintoa discussionof this phaseat the present.

TheAbnormalltyofHydroSuoricAcid
The presentconflictingevidenceof thé nature ofhydrofluorieacid and

the limitedknowledgeregardingits reactionsmake any discussionof the
constitutionof the compoundsof the type consideredin this paper,rather
uncertain.

Much workhas beendoneon anhydroushydroauorieacid, both in the
gaseousand liquidstates. It basbeenshownthroughvaporpressuremeas-
urementsthat thevaporhasa molecularweightof37.3!:at 3o.s"C.indicative
of a molecularformula(HF),'<. Simonsand Hildebrand"haveshownthe
molecularweightofthevaporto be30.74at 305.1~ (40at 30S0K)andfrom
data on the vaporpressureof highlypurifiedanhydroushydroauorieacid
they calculatedthat at any temperatureit may consistof an equilibrium
mixture of the isomersHF and (HF).. They presentevidenceto indicate
that thé polymerizationisexothermicand may be representedas

6 HF= (HF),+4oca!s.
Von WartenbergandFitzner"have recentlycorrelatedand madea study
of the thermochemicaldataonfluorineusingthéaboveassumptionofSimons
and Hildebrandinorderto correctfor the degreeof polymerizationofhydro-
fluoricacidin thecalculationofthe heat ofsolutionandotherderivedvalues.

There has beenquitesomediscussionuponthe molooularcomplexityof
hydronuoricacid,as evidencedby its abnormalboilingpoint,by Forcrand"
and by Berthoud" Théformeris ofthé opinionthat the abnormalboiling
point ofhydrofluoricacidaswellas that ofwaterand ofammoniaarenot due
tomotecu!arassociationbuttothe highheatof formationofthesecompounds
due to a di-symmetryoftheirmolecules.Berthoud,however,doesnot ac-
cept this viewandshowsthat the abnormallyhigh pointsof ebullitionare
readilyaccountedforbythepolarityof thesesubstancesand that molecular
asymmetryis notsufficienttocausesuohhighboilingpoints.

Recent!yKo!ossowsky"'haspointedout an error in Simons'calculations
of the heat of vaporization,therebyshowingthat it is m agreementwith
previousdeterminations.

From the extrapolatedvapordensitydata of Thorpeand Hamblyand
applyingTrouton'sruleaccordingto the principleof DeHeen,he arrivesat
the remarkableconclusionthat hydrofluoricacid boilsas a norma!,non-

Mattet:Am.Chem.J., 3,189(iMt).
SimonsandHildebrand:J.Am.Chem.Soc.,46,2187(19:4).
VonWartenbergandFitzner:Z.anorg.allgem.Chem.,151,gtg(tM6).

"Fona-Md:J.Chim.phys.,H, ~7(t~ty).
"Berthond:J.Chim.phya.,tS,3(1917).

Berthoud:J.Chim.phys.,16,945(~8).
'"KolosMwsky:Bat! (6),51-92,42~8 (t~7).
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associatedliquid,i.e.its degreeof associationat its boilingpoint andin the

saturatedvapor at the sametemperatureis thé same. This associationis

shownto correspondto the empiricalformulaH~F~3.

Hengleid' in a studyof the physioalpropertiesand molecularstructure

of thehalogensandtheircompoundsfindsthat all of thèsesubstances,with

the exceptionof hydrofluorieaoid,are in very fineagreementwith the rule

proposedby Bittz~,i.e.,that the physioalproperties(meltingpoint,optical

properties,thermal relations,etc.) of the halogensand their compoundsare

in Unearre!ationshipto the molecularvolume. However,hydronuoricacid

wassoabnormaHydifferentthat it wascompletelyexcluded.

Whilemueh study has beendevotedto the anhydrousacid, re!ative!y

slightconsidérationhas beengiven to the molecularcomplexityof hydro-

nuoricacidin aqueousand-othersolutions.

Somework has beendoneon the conductivityand activity of hydro-

ftuoricacidin aqueoussolution. Wynne-Jonesand Huddteston"foundthat

for concentrationsupto 0.4N the activitiesof the hydrogenions werein

concordancewith the calculatedvalueswhile above this concentrationa

marked abnormaldeviationoccurred. Kreman and DecoUe~from con-

ductivitydata renderedan opinionthat hydrofluoricacidis dibasicandthat

fluorineis divalent,whileWaldenpbabo measuredthe conductivityrelations

andonthe contrarypostulatedits monobasicity.

By studying the changeof conductivityof hydrofluorieacid solutions

duringneutralizationPeUiniand Pegoraro~found that a minimumin the

specifieconduotivityoccurredat 0.5molesofalkali and contendedthat this

provedthebasicityoftheaoid. However,Bruni2Thas shownthat theresults

of Pelliniand Pegoraroweremerelyfortuitous,for their resultswouldhave

been different if any othcr concentrationof acid had been investigated.

Brunishowsthat theminimumof the spécifieconductivitycurvevarieswith

the concentration.

However,there seemsto be moreor lesscompleteagreementamongin-

vestigatorsthat in aqueoussolutionthe acid exists partly as the HF: ion.

Pick" assumedthat HFtexistedin solutionwhilethere was no appreciable

amountofHA presentand the complexion wasformedby the dissociation

of mono-basichydrofluoricacid, and thé reaction of the fluorineion with

undissociatedmono-basichyfluorieacid. He calculated the equilibrium

constantof this reaction(HF + F = HFt) to be 5.5 and alsopointedout

that the formationofthe complexionwas independentof the acid concen-

Henglein:Z.anorg.aUgem.Chem.,U8,165(t9~').
BUtz:Z.anofg.attgem.Chem.,US,241(t~t).

"Wynn&-Jone8andHudd)mton:J. Chem.Soc.,12S,togt (!9:4).
"KremanandDecoKe:Monatsheft,28,9!7(igoy).
"Walden:Z.phyolkChem.,2,58(!888).

PelliniandPegorato:AttiAccad.Linoei,t611,9~79 (!90?)!alsoZ.Etektrochemie,
Ï9,6tt-33(!907).

Bruni:Z.physik.Chem.,69,6~-74(tQO~).
"Pick:NemstFeatachrift,360-73(!9M).
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tration. Daviesand Huddteston"confirmedthe existenceof this complex
ion betweenthe concentrationsof o.i6N and x.~Nand calculatedthe equi-
libriumconstant to be 4.7. Further Anthonyand Huddteston'"have as-
certainedby freezingpoint methodsthat no appreciableamount of H~
existsinsolution.

A very gooddiscussionof the generalphysicalpropertiesof aqueous
solutionsof hydrofluoricaoid willbe foundin the neweditionof Gmelin's
"Handbuchder anorganischenChemie"(No. s, 8thEdition, to~6).

Pick'scontributioncontainsan excellentdiscussionand summaryof the
knowledgeof the molecularcompositionand ionisationof aqueoussolutions
ofhydronuoricacid.

In the instanceof the compoundswith organicbaseswhichwehave de-
scribed,it appearspracticallyimpossibleto explainthe observedphenomena
by applicationof the abovebrieflyoutlinedinvestigations.At present,at-
tentionto these datamerelyemphasizesthe peculiarand abnormalbehavior
ofhydronuoricacid.

In proceedingto a surveyof thegener&treactionsofthis acid,it may be
noted that usuallywhena monatomiefluorideisaUowedto orystaUizefrom
an excessof hydrofluoricacid, an acidsalt is obtained. In a surprisingly
largenumberof instancesthe acid compoundsmaybeconsideredas salts of
the hypotheticalquadribasichydrofluoriemoleculeH<F<. Many double
salis mayaiso be referredto as derivativesof a parentsubstanceH<F<and
listedbeloware empiricalformulaeofnumeroustypesof compoundswhich
may beso considered.

NaF~HF"; KF.gHF";RbF~HF~; LiF.3HF~;MgF,.2NaF~;MgF2.2KF";
ZnF:-2KF~ BeF!-aNH<F";BeF~-aNaF~;and BeFy2KF~

Poulenc~bas prepareda seriesofdoublesalts of nickeland cobaltwith
alkali fluoridesof general type NiF, 2NH<F;CoF, :NaF, as well as a
seriescontainingMnE:in placeof the alkali fluoridesuch as CoFzMnE}.
Weber"basdescribeda similarseriescontainingferrousfluoride,i.e., FeF~
aMT. Arather detailedcompilationofdoublesattsofhydroHuoricacid has
beenmadeby BartezkoUandalsoby WeHs". In theirpapersare listedmany

DaviesandHuddteston:J.Chem.Soc.,125,260(tç~).
"AnthonyandHuddteaton;J.Chem.Soc.,127,t!M(!9zs).
"de Forcrand:Z.anorg.Chem.,M, 384(t~.Guntz: BuN.,(3)13,n4 (t8o5);MoMMn:Compt.rend.,M6,547(!88t);Ann.CMm.Phye..(6)3,s ~884).

Ea;etmandMeyers:Z.anorg.Chem.,46,174(tocs;.
"Chabne:Compt.rend.,132,680(t9oi).

Netto:Z.angew.Chem.,4,45(tS~o).
Duboin:Compt.rend.,56,848(1863).

"WagnerandvonHetmhottz:Ber.,19,896(t886).
BerzeHua:Pogg.Ann.,1,22,~6(1824).
deMarignac:ÂKh.Sci.Genève,(4)30,45(1873).

"G&yLuasacandTb6nMd:"Recherchespbysico-cMmtques"(t8tt); BeMetius:Pogg.Ann.,8, 187(t826);vonAwdejeff:S6,tôt (t~).
Poutenc:Ann.Chim.Phya.,(7)2, 47(1894).
Weber:J. prakt.Chem.,90,212(t863).

"Barte~o:"UberDoppelfluoride"(taoo).
w~t'a:Am.Chem.J.,26,389(toot).).
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derivativeswhich,empinoattyat least,may be consideredas derivedfrom

a hypotheticalacidH4F4.Théalkalimetals,silverandcuprouscopperform

saltsKM~F<whereM' représentaany univalentbasiosubstance. Divatent

metalsyieldcompoundssuch as MgM"F4whiletrivalentmetalsproduoe

doublesalts,anexampleofwhiohis 8bM'F<. Markedvariationincomposi-

tionmayoccurevenin thesemajordivisionsto formsalts suchas K:M'!F4,

KtM'F~MgM' etc. Tetravalentand quinquevalentsalts may be con-

sideredas derivedfrom H<F4since they form compoundsZrM~Fgand

TaM'sFs. BerzeHus"describesZnF~-zAtF~ZnAhFa)andBranner~prepared

PbF4.3KF.HF(HPb""K,F,).

Bartzekomentionsoxide salts which he formulatesas (AsO).M.F<,

(VO).M!.F<and (UO).Mt.F4.Tellurium salts of this type have been

investigatedby Metzner~and also by Prideauxand MiMot~.Little work

basbeenaccomplishedupon metallieorganofluorides. Krause"has, how-

ever,prepareda numberof alkyl tin doublefluoridessimilar to (C<H&)!

SnF:. zKF. Ofpossibleinterestin connectionwithsaltsof this typeare the

generalreactions:

MO+ 4KF.HF MF:.2KF+ 2KF + zHF + H,0

and MO+ 4NH<F MF,.2NH<F+ zNH, + HtO

advancedby RuiP"in an extensivetreatiseon the chemistryof fluorine.

It has beenmentionedthat in every instancethe compoundsdescribed

in this paperwererecrystallizedin the presenceof an excessof hydrofluoric

acid. It is quitepossiblethat an organichydrofluorideof loweracidcontent

thanfourmolesmightbe obtainedin the presenceof anexcessof the amine.

However,the presentévidencewouldstronglyindicatethat an excessofacid

beingpresentinsuresan acid-basecombinationcontainingfourmolesofacid

foreveryaminogrouppresent. Thereseemsto bea strikinganalogybetween

thesecompoundsand inorganiocompoundsresemblingKF.3HF,which are

preparedin a similarmanner. That doublesaltsshouldshowa fairlystrong

tendencyto formwhat may be conceivedto be derivativesof the hypo-

theticalacidH<F4alsoseemssignifleant. Thereare ofcoursemanydouble

saltsof the metalswhoseempiricalformulaedo not fallinto line,but there

is in generala decidedanalogyto be foundbetweena majorityof double

fluoridesaltsandthe organiccompoundswearediscussing.

Theusualstabilityofthe basehydrofluoridesisparalleledby thebehavior

ofinorganiofluorides,severalofwhicharemorestableas acid fluoridesthan

asnormalfluorides.Theearliestobservationaofthiscuriousphenomenonwere

<' Branner:Z.anorg.Chem.,7, t (1894).
<'Metmer:Ann.Chim.PhyB.,(7)tS, 203(tS~S).
<*PrideauxandMiUot:J.Chem.Soc.,129,s~o(!926).

Krauee:Ber.,St,!44?(t?!
"Ruff:"DieChemiedesFtuoK",17(t~o);Mellor:"AComprehensiveTreatiaeon

InorganicandTheoteticatChemiatry",2, t:9-!4t,S'2-t ('9~; AbegKandAuerbanh:
"Handbuchderanort.aniachNtChemie",4II (~t~);GmeMn'a"Handbuchderanorgan.
iachenChemie",8thEd.,No.5 (!9~.
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madebyWieg!eb< BerzeUus""and Rose'lmadecorrespondingobservations
on thesamesalt,ammoniumfluoride,andfoundthat in hot aqueoussolution
ammoniais evolvedand ammoniumacidnuorideresu!ts. Evenin moistair
solid ammoniumfluoridewastransformeduponstandinginto the aoidsalt.

Therebasbeensomodiscussionrelativeto the valenceof fluorineandthe
structureofits compounds,but nosatisfaotoryor ovenadaptablehypothesis
has as yet beenadvanced. Werner~assumedthat in doublefluoridesthe
halogenatomsareunitedto the centralatomorgroupsothat the groupaots
as an acidanhydridesuohas

(F.K.F)Hor~:B:~K

in whichthe halogenatomsact as intermediateor connectinglinksbetween
two elementaryatomsor groups. Paulingand Hendncks"in their workon
the structureofazidesandcyanidesby meansofX-rays,disoussthe possible
configurationof hydrofluoricacid and its derivativesand remark that the
acid fluorideion (HP,)- may,becauseof the smallchargeon the protonas
comparedwith the other kernels,possessa uniqueoiectromearrangement.
It is generallybeUevedthat in the acidfluorideionthe protonis sharingonly
twoelectronpairswithothernuelei. Thestructureof the ionmaybe repre.
sented thus:

(:F:H:F:)"

The ElectronicStructureofOrganicBaseHydrofluorides
The abovesectionis a verybrief résuméof the state of knowledgein

regard to the structureof hydronuoricacidderivatives. In all this massof
data thereseemsto be no directfaèt or hypothesisthat may be utilizedto
assist in an explanationof thephenomenaof the hydrofiuoricacid salts of
the organicbases. Yet throughoutthe presenteddata there may be dis-
cerned a retationshipbetweenthe inorganicand the organicderivatives.
1 hereexistaa strongtendencyfor hydrofluoricacidor inorgamcfluoridesto
becomeattachedto otherinorganicfluoridesandto formquitestablederiva-
tives. Quiteoften these compoundscontainfour atoms of fluorineto thé
molecule.In the acid fluondesthe tendencyis to formtri-hydrofluoricacid
salts, viz. KF.3HF,whenanKccessofacidisempbyed.Thelatter property
is directlyanalogousto the modeof formationof the organiccompounds
describedin this paper. In everycasethèsewerepreparedin the presence
ofan excessofhydronuoricacid. Anotheranalogyis the fact that, as afore-
mentioned,in the organichydronuoridesoneofthe acidgroupsappearsto be

<"Wiegteb:CreeFa"DieneueetenEntdeckungeninderChemie",1, (tySt).
'"BerzeMua:"LehrbuchdetChemie",3,289(~6).

Rose:Pogg.Ann.,t08,19(tS~).
Wamer:"NeuereAnschauungenauf demGebieteder anor~nMchenChemie,"68(1905).

13PaulingandHendncfM:J.Am.Chem.Soc.,47,9904(t~); 48,643(t~6).
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attachedto the base in a mannërdifferingin somerespectfrom theaccom-

panyingother three. There may existan interprétationof these resultsin

the applicationof principesofmo!ecu!arstructurethat havebeendeveloped

by the studiesof Lewis,Thompsonandothers.

Fluorine,in commonwith otherhalogens,may be eonsideredcapableof

possessingseveralvalences,and as a matterof fact, itsmostcommonvalence

isat presentunknown. Wemayat presentassumetheexistenceofthe same

valencesasexhibitedby the otherhalogens.E!eetronieaUy,fluorineconsists

of thé heliumnucleusaurroundedby sevenorbitalelectrons. The tendency

of sucha configurationis to capturean additionalelectronin orderto com-

pletethe octet shell. For this reasononewouldanticipatea valenceof one.

Manyof the réactionsof fluorineand its compoundsare quite complex

and difficultto explainon the basisof a rigidlyunivalentelement. Even

hydrogenis undercertain conditionsconcoivedto be divalent and in tact

this circumstancemay actually exist in hydronuorioacid. This idea was

suggestedby Huggins~and wasalsoadvancedby Latimerand Rodebush".

It is interestingto note in this connectionthat liquidswhich are highly

associated,andpossessthe highdi-e!ectricconstantandionizingpowerwhich

apparentlyaccompanythis association,are substancescontainingthe type

of structure postulatedfor hydrofluoricacid. This idea of the bivalent

hydrogenoffersa rather clearconceptionof the associationofsuchmolecules

as water,hydrogenperoxide,hydrocyanicacid, ammoniaand hydrofluoric

acid.

Paulingand Hendricks~,as wellas severalother investigators,have

consideredtheetectronicstructureofthe hydrofluoricacidiontobe ('F :H:F:)'

wherethe hydrogenis consideredto sharefour electronswith the nuorine

atoms. It may be arguedfrom this that fluorinebas the powerto cause

hydrogento share this numberof electronswhenthey are in combination.

In otherwords,the hydrogenis renderedstronglynegative.
Nowif oneconsidersthe moleculeofhydrofluorieacidas normallyrepre-

sented,
H:F:

and assumesthat throughsomeagencyit hasbeenrenderedrelativelymore

positivethan in the free condition,there wouldbe a tendencyfor other

moleculesof hydronuoricaoid, through the negativelychargedhydrogen

atom,to attachthemselvesto thismoleculein themannerrepresentedbelow

:F:

H
:H+:F:H:F:

H
:F:

Hogpm:Science,40,679(t922).
LatimerandRodeb~h:J. Am.Chom.Soc.,42,t~)?(t9M).
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Thistypeofstructureis possiblesinceeventhe octetdoesnot necessarily
haveto be consideredcompletelysaturated,for thoughit cannotreceiveany
moreélectrons,its ownelectronsmay be shared in sucha manneras to DU
the shellsin otheratoms,thus completingtheir octets. AsThornson~says,
"Anyofthe electronsmanoctetmightact in thiswaytoSHgapsin thelayers
of electronsaroundan atom. Thus an octet might aot as a nucleusfrom
whiehchainsandsideohainsofatomsraminedin everydirection. Asfar as
geometricalconsiderationsareconcemed,thereis nothingto limitthe number
ofcertainatomswhiohcouldbe linkedtogctherin this way."

In thisstructure,it willbenoted that thoreare fourmoleculesofhydro-
fluorieacidandthat onemoleculedifforsfromthe otherthree. In théorganic
hydroNuoridesthefirstmoleculeto attach itselfto the aminogroupisrendored
relativelymorepositivethan the other acid molecules,whichis the con-
ditionunder whiehthis structure is assumedto be possibleof formation.
Similarlyin the potassiumnuoride,the fluorineatom attachedto the potas-
siumis renderedrelativelypositiveand therebyattowsthe formationof a
compoundof thestructureKF.~HF.

:F: :F:

gH H

:K:F:H:F: analogously RNH::H:F:H:F:
H g

:F:

In thisconceptionofthe structureof the organiccompoundsthe reason
whyoneof the acidmoleculesis not readilytitrated andthe otherthree are
so easitydeterminableis apparent. The three hydronuoricacidmolecules
attached throughtheir hydrogenatoms are very readilyhydrolyzedwhile
the otheracidgroupis stronglyattaehedto the aminogroup. Thisconcep-
tion of fluoridederivativeswouldalso allow such compoundsas KF.HF,
KF.zHF and the correspondingorganic compounds,(Ref. to 6 and 8),
for it wouldnot beessentialor neeesaaryfor all the electronsofthe fluorine
atom to be shared. This completesharingwouldbe thé tendencyin the
presenceofan excessofhydroBuoricacid.

ProbaMyotherconceptionsof the structureof thesecompoundscouldbe
fomulated,but of the severalwhichwehaveconsidered,the onejust gi-ven
presentsa satisfactoryexplanationfor (i) formationof compoundsof the
type B(HF)4or better B HF gHFand K F 3HF, (2) the possibilityof
formationof mono-,di- or tri-acid salts such as KF-HF,KF-aHF,etc.,
(3) the titration phenomenadescribedin whichthe tacts are presentedto
showthat but three-fourthsof the total hydrofluoricacid present in the
moleculecan be titrated directlyby indicatormethodand (4) the improb.
abilitythat morethanfourmoleculesofhydrofluoricacidmaycombinewith
a basicgroup(ormorethan threemoleculeswiththe type KF).

Thomaon:Phil.Mag-,4t,544(t~t).
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The singularpropertiesof fluorine,as comparedto other halogens,are

too wellknownto requirecomment. However,under certaincircumstances

thereare exhibitedsimilartypesof reactions.

That compoundscontainingmorothan onehalogenacidmoleculeto each

moleouleof aminecanexistand that suchcombinationis a ciroumstanceof

environmentbas been shownby severalinvestigators. Workingwithdry
acidsand dry basesKauflerand Kunz" producedhydroscopicsalts which

evolvedacidin the air, fromdimethylamine,dimethylaniline,dimethyl-o-

toluidineand other bases. In a secondpaper thé sameauthors" described

thépreparationofothersaltsof thegénérâtformulaB.aHX from numerous

aliphatioandaromaticaminesandpointedout that thé abilityto formsuch

salts is decreasedby the introductionof negativegroupsin thé molecules.

This is in directaccordwiththe structurepresentedin thispaper.

Korcznski"has measuredthé quantity of pure dry hydrogenchloride

absorbedby certainaminesat temperaturesvaryingfromroomtemperature
to 7S°C!.andfoundthat saltswerefonnedcontainingtwoandthree molecules

ofhydrogenchlorideto eachoneof base. In a secondpaper*"he extended

this workand summarizeshis conclusionsascribingthe constitutionof thé

bodiesto the coordinationvalueofnitrogen.

Fromthèsefactsit maybe assumedthat under the properconditionsthe

otherhalogenacids mayformsimilartypesof compoundsasthe hydrofluorie
acid. Hydrochbncacid,beingthehalogenacidwhich,in etectronicstructure

is most comparableto hydrofluoricacid,wouldnaturally fonnacid saltsfar

morereadilythan hydrobromicorhydriodicacids. No doubt,judgingfrom

the difficultyin preparingacidhydrochloridesalts, it wouldbe rather im-

probablythat evenrelativelystableacid bromidesor iodidescouldbe pre-

pared.

SmBBMuy

Evidencebas beenpresentedto provethat wheneveran organicamine

is treated withan excessof hydrofluoricaoidthe resultingcompoundhas a

baseto acidratioof i :4;i.e.an empirioalcompositionofB.(HF)4.

It bas beendemonstratedby electrometrictitration studiesthat of the

fourmoléculesof acidattachedto the base,three are boundand react in an

identicalmanner,whilethe fourthdiffersdistinctlyfromthesein the nature

ofits reactionsand unionto the base.

The workofpreviousinvestigatorsin this field has been discussedand

their results,thoughapparentlyquitedifferent,are shownto actuauybe in

completeaccordwiththosehereinreported.

Anattempt has beenmadeto presentan explanationof this phenomena
and to correlatethis unusualbehaviorwith the inorganiocompoundsof

XauNerandKunz:Ber.,42,385(t909).
KaufterandKmM:Ber.,42,~48:(t~o~).
Koromafti:Ber.,41,4379(t~oS).
KoroitnBtd:Ber.,43,t8M(!9to).
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hydrofluoricacidas wellas with someof its generalphysicaland chemical
properties.

A structure Mproposedfor th.is type of compoundwhiohappearsto
s&tisfactontyexplainthe formationof compoundsof the type B.HF.3HF,
thé possibilitiosfor théformationof compoundscontainingtessbut nomore
hydroCuoncaoidand the fact that but three-fourthsof the acidpresentis
dir~cttytitratable aoidimetrically.
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Theauthors wishto expresstheir deepappréciationto ProfesserWilliam
MansfieldCtorkforthémanyhelpfulsuggestionsregardingtheelectromotrie
studiesof the compoundsdescribedand to Dr. WilliamBtumfor generously
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Introduction

The importanceof rotatory dispersionhas beenwellrecognizedbothby

physicistandehemist. Whilethegeneralapparatusforpolarimetriemeasure-

montsbas considerablyimprovedand is avauabte in every well-appointed

laboratory,the measurementof rotatorydispersionhasbeenconfinedtovery
fewlaboratories. Thisis due to the fact that this fieldof workis atillone

of the most difficultin experimentalphysics.

TheohiefdimcuttyËesin the lackof light sourcesofsufficientpurityand

intensityfor po!arimetricmeasurements.The increasein the intensityof a

nearlymonoohromaticsource of light is usuallyaccompaniedbya decrease
in its homogeneity,whileacouratepolarimetrydemandsboth intensityand

homogeneity.Furthermore.in dispersionworkwhereseveralhundredread'

iogsare taken ina singleday, it isveryessentialthat thesourceoftightshould
besteady,free fromflickeringor"running." Flames,therefore,evenif they
wereof sufHoienthomogeneitycannot be employedin extensivemeasure-

ments. Metallicarcssufferfromthe same disadvantage. Evanthe bestro-

tating arcs do not providea steady sourceof illumination. Wheneither

namesor arcs are used,very elaboratespectroscopieapparatusmustbeem-

ployedto purifythe light,and it isphysicallyimpossibleforonemantomake

meaaurementsand keepthe sourcesadjustedsimultaneously.
The enolosedarc isthe onlysourceoflight suitableforpolarimetriowork.

Unfortunatety,weare confined,at present, to the mercuryarc,givingonly
twolinesofsufficientintensityandhomogeneityfordispersionmeasurement.

Cadmiumgivesa spectrumwhichin conjunctionwith the merouryarc is

ideatfor dispersionmeasurements.It bas four intenselinessumcienttyapart
in the spectroscopescaleto makeelaborate monochromatorsunnecessary.
Thèsefour linestogetherwith the two mercuryUnescoverpracticallythe

entire range of the visiblespeetmm. Unfortunately,the difficultyofpro-

ducinga cadmiumlampwhichbumssteadilyand givesout lightofhighin-

tensitybas beensogreat, that the four cadmiumlineshave beenusedonty

very occasionallyin opticalexperiments.

Lowryand Adams~used a quartz cadmiumvapor lamp for dispersion
measurements. It was later improvedby Sand~,but it stitt requiredthe

continuoususeofa pumpandfrequentrefilling. Bâtes*succeededinbuilding
an encîosedcadmiumquartz lampdevoidof all the inconveniencesof the
arcsof previousworkers. He useda mixtureof metalliegalliumandcad-

LowryandAdame:Tram.FaradaySoc.,M,to~(tt)!~).
'Smd: Proc.Pbys.Soc.,28,94(!$t5).
'Bâtes:U.S.BureauofStandards,Se:.Paper,371,!6(ig2o).
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mium. GaUium.however.iscosttyanddimcutttoobtain.Thoconstruction
ofthe lampis stillfarfroma simpleprocess.'

Theseconsiderationsmakeenolosedcadmiumquartz lamps unavailable
forchemical!aboratories,andas longasweareconSnedto thémerouryarcas
thesolesourceof lightfor dispersionmeasurement,this important approach
to manyphysico-chemicalproblemswillremaininaccessible.

It bas beenour Mmto developa methodsosimpleas to make thé moa-
surementof rotatorydispersiongenerallyavailableforordinaryroutinemea-
surementsofthe laboratory.Themethoddesoribedbelowdoesawaywith thé
necessityofa cadmiumquartz lamp,andotherexpensiveapparatus. More-
over,it enablesus to employpracticallyanylinein the visiblespectrumand
asmanyasareneeded.

It was recognizedat the outset that manyapplicationsof rotatory dis-
persionsrequirethe highestdegreeofaeouraoy. For most chemicalinves-
tigations,on thé otherhand, the purityofthe substancesstudiedissuohthat
thehighestprecisionisunoecessary.Insuchcases,especiauywhereonly thé
visiblerangeof the spectrumis desired,an accuraoyof 0.02of a degree is
sufficient.

ContinuousSpectrumas a Source

The continuousspectrumof the sunwas the first sourceof light em-
ployedin polarimetricwork.'$

Lippich*employedan artificialcontinuousspectrumin conjunotionwith
a direct-visionspectroscope.He passedthe lightthrougha spectroscopethe
eye-pieceof whichwasreplacedbya narrowslit, whiohservedas a source
oflightfor thé polarimeter.

Thechief sourceof error inhérentin the use of a continuousspectrumis theeEfeotof stray light. In addition,the ordinarymethodsof calibratinga speetroscopeare unsatisfactory. Thesemethods,besidesbeing cumber-
some,require additionalapnaratus,whichis rather expensiveand is often
not availableevenin the best chemical!aboratories.Moreover,most spec-
troscopesusedin conjunotionwith polarimeterswill not "stay" calibrated.
Thisnecessitatesfrequent recalibration.The most fundamentalobjection,
however,liesin the factthat the wavelengthof the opticalcenterofa patchof continuousspectrumis not the wavelengthobtainedby the calibration
of thé prismwith a monochromaticsource.Moreover,the opticalcenterof
gravityof a patch of continuousspectrumvarieswith the intensityof the
sourceof powerand the width of boththeslit at the collimatorand at the
telescopeends.

Onthe other hand,a continuousspectmmemployedas a sourceof lightin rotatorydispersionmeasurementsonersseveralimportantadvantages. Itt
providesa steadysourceof lightwhichrequireshardlyany care. Its position

~M~~S~T' Company,'"wevet.hM[tttetyMeeeededinbuildinga cadmium-galliumarcforus,thecomtructmnofwhiehtookthemalmosta yearandwaspossibleonlybecauseoftheiruntiringeffortandint~t intheJc~o! th~Bmeh:Ann.Chim.Phye.,34,t tft-iat(tS~).<Sittungaber.Akad.Wifa.Wien,9111,1970(tSSs).
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relative to the optioalaxis of the apparatus ianot disturbed;any desired

intensitymaybeobtained;andanywavelengthofthe speotrumis attainaMe.
It is becauseof thoseobviousadvantagesofa continuousspectrum on

the one hand,and the enormousdifficultiesencounteredin the use of other
sourcesofillumination,on the otherhand,that wehâveattemptedto devetop
a methodbasedonthe useofa.continuousspectrum.

The considerationsof the followingsectionsuggestsucha method.

TheoreticalConsiderations

Thé methodformeasuringrotatory dispersionsdevelopedin this paper
is basedon the followingconsidérations:

A beamof whitelightpassingthrougha narrowslitofthe collimatorand
incidentupona prismis dispersedinto,a continuousspectrum. If the eye-

pieceat the telescopeend of the spectroscopeis replacedwith another slit

similarto that at the collimatorend,weareenabledto isolatea narrowpatch
oflightof the continuousspectrum. Let the openingofthe slit be suchthat
the patch of light transmitted consistsof severalwavelengths,Xi,X~,Àt,

XK.
Thé telescope-endstit then servesas a sourceof lightfor the polarimeter.

The patch of light,havingbeen polarized,is then rotatedby an optically
activemediumplacedin its path betweenthe polarizerandthe analyzer.

The rotationofthe planesofpolarizationby anopticallyactivesubstance
is differentfor differentwave lengths,and the sectionofspectrumincident

uponthe polarimeterwillbe further resolvedbeforeit reachesthe analyzer.
The extentof this resolutionwilldependuponthe dispersioncurveof the

opticallyactivesubstance,and the total magnitudeof the rotation. If the
widthof the slit is such that the differenceo'i – t~ is considerable,the il-

luminatedportionof the fieldwillnot be totally extinguished,but as the

analyzeris rotated a dark band willappear and disappearintermittently.
Thesettingof the analyzercorrespondingto the variousdarkbandswillgive
the rotations 0~,at, «):of the plane of polarizationof the wave-

lengthsXt,Xa, Xkrespectivety.If, on theotherhand,the widthofthe
slit is madenarrowsothat AXis small,the intermittentdark bandswillnot

appearwhenviewedat the analyzer-end.But the differencebetweenenand

<ïttmay atul be too largeand the patchof lightwillnotbecompletelyextin-

guished. However,AXcan be madestill smallerby elosingthe slit further
sothat themagnitudeof the differenceof the total rotationis reducedsum-

cientlyto obtainperfectextinction. The widthof theilluminatedband due
to the differencebetweenai and ak evenwhenperfectextinctionis obtained

mayBtillbe considerableand the averagerotationrecordedby the analyzer
willlie somewherebetween~t and ait. Thismeanrotation,<ï.,willdepend
uponthe distributionof the energyintensitiesamong\), X~, Xk.

It is possible,at least abstractly, to finda monochromaticsourceof
wavelengthXmsuchthat whenpolarizedits planeofpolarizationwillbe ro-
tated by the givenopticalsubstanceto the sameextentas that of the non-

homogeneouspatchoflight. That is,if «. is the rotationofa non-homogene-
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oussourceando'mthérotationof the correspondingmonoohromatiosource,
then <=Xn,. We defineX.asthé wavelengthof the"polarimotric"optioal
meanofthe patohof !ightofcontinuousspeotrumconsistingof \i,
Xksuohthat = Xm.It is a thooreticalwavelengthofa monoohromatic
sourcethat wouldgivoarotationéquivalentto that ofthé entireband

~)(. It is not necessarilyidenticalwith thé opticalconterof gravity
determinedspectroscopically,i.e. one dependentupon the distributionof

energyandwavetength. Theoptioalmeanas definedheredependsuponthé
inherentcharactensticsofopticalactivity.

Thévalueof the "polarimetrio"opticalmean,X.,as definedaboveoanbe
obtainedby meansofanyopticallyactivesubstancewhosodispersionourvo
isknown,simplyby measuringthe rotationof the planeofpolarisationofthe

patchof lightand determiningfromthe dispersioncurvethe corresponding
\m. Orgivena definite the correspondingan.is obt&inedfromthe disper-
sioncurveor availabletablesfor the standardsubstance. The prismofthe

spectroscopeis then moveduntil the patch of lightiHuminatingtbe polari-
meteris auchthat the standardsubstancerotatesits planeofpolarizationto
theextentof«. = ofm.Theopticalmeanof that patchof lightis thon =
~m.Wethusestablisha c<MTMp<M!jeMcebetweendefinitepa<cAesof j! in <erms

ofmonochromaticsources.

Anysubstance,the rotatorydispersioncurveof whichisknown,canbe

employedas a standard. However,thé questionarises,willthé polarimetrie
optioalmeandeterminedby any one substancebe identicalwith that de-
torminedbyanother,thedispersioncurveofwhiohisdifferent?

A cursoryanalysisof the characteristicsof polarimetryas wellas of the
resultsgivenin Table 1seemto indicatean amrmativereply. Thewidthof
the illuminatedbandto beextinguishedby the analyzerwilldependuponthe

magnitudeofthedifferencebetweenthe terminalwavelengthsof thepatchof

light incidentupon the polarimeterand the differencebetweenthé corre-

spondingrotationsof al andak. The differencesbetweenXIand X),is kept
constantby maintainingthe samewidth of the slit, and is, thorefore,inde-

pendentof the optical substancesemployed. Thedifferenceof thé total ro-
tationscftand «~ on theotherhand, willdependuponthé dispersioneurve
of the substanceand themagnitudeof the rotations. However,the rotation
a. recordedby the analyzeris the meanof«t, «< akand forpatohes
of lightsufficientlynarrowto givecompleteextinction,the meanwillbe in-

dependentof the width of the band al ak. The valueof determined

by onesubstancewill, therefore,be identicalwith that determinedby an-
othersubstanceand independentof their respectivedispersioncurves. This

conclusionmaynotberigorousbut that it isvaiidwithinthé precisionjustified
by the purityofmost opticallyactivesubstancesis establishedby the data

givenbelow.

Quartzisan idéalsubstanceto beemployedas a standard. Its dispersion
carve~andits temperaturecoeflieient2havebeenacouratelydetermined.The

'T.M.Lowry:PhU.Trans.,212A,~i-~y; LowryandCood~-Adama:226A,~t-466
('9~71-

Ù.S.BureauofStandardsCircular,No.44,t8 (t9t8).
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fact that quartztest platesare employedin saecharimetrymakesit possible
to procurethemin variousthicknessesand convenientform. Theplatesare
rigidlyenolosedin metallicframesadjustedto fit the polarimeter.TheUnited
StatesBureauofStandardsis equippedtocalibratethé thicknessofthe plates
as weUas theiropticalrotationforseveralwavelengths.

ExperimentalProcedureand Results

ASohnudtand Haenschpolarimeterprovidedwitha direct-visionspectro-
scopewasemployedin allmeasurements.A quartz mercuryarcservedasa
sourceof monoohromatiolight and a smallelectricbulb with a horizontal
tungsten filamentwasusedas thé sourceof non-homogeneouslight. This
lampwasmountedonbracketsattachedto the speotroscoposothat whenthé
directvisionprismwasrotatedthe lampremainedfocused.

A quartz test plate suppliedby Bauschand Lomband oaUbratedin the
Bureauof Standardswasemployedas a standard. The solutionswerekept
in jacketed tubes and the températurewasmaintainedat 2S"C ± o.or by
meansof a rapidstreamofwater froma thermostatiebath.

The polarimeterwasfirst tested by meansof the quartz plate for the
mercurygreenline, $46!A, and the mercuryvio!et,4358. The averageof
twentyréadingscheokedwiththe valuesofthe BureauofStandardsto within
d=o°.oitwhichis wellwithinthe errorof the apparatus.

Thevaluesin TableI wereobtainedin the followingmanner. Asolution
ofan opticallyactivesubstancewasplacedin thé polarimeter,and the rota-
tion of the planeof polarizationof the Hg-green,5461,withthe mercuryarc
as a sourceof light wasdetermined. Thèsevaluesare recordedunder in
column2. Thé mercuryarc was then replacedby the incandescentlamp
anda narrowpatchofitscontinuousspeotrumwasfocusedupontheanalyzer.
The quartz platewas thenplaoedin the polarimeter,and thé priamof thé
spectroscopeadjustedsothat the optioalcenter of the patchoflightpassing
throughthe slit of the tetescope-endwasequivalent to 5461. That is, the
prismwasmoveduntil theplaneof polarizationof the patchof lightwasro-
tated by meansof the quartzplate to the sameextent t)!qas that givenby the
Bureauof Standardsformonochromaticgreenof 5461A. The quartz plate
wasthen replacedbythesolutionandits rotationdetermined. Thesevalues
aregivenin TableI, column3. In determiningthe valueof< thezeropoint
of the apparatuswasaddedto the requiredreadingof the quartz plate and
the temperaturecorrectionwasapplied. In the caseof thesolution,the zero
point of the tube was determinedbeforefillingand subtracted from the
reading.

The aboveprocedurewasrepeatedwith mercuryviolet,4358A, the re-
sultsofwhicharegivenincolumns5and6andformercuryyellowin columns
8 and 9. In the latter case,thé opticalcenter8of both the mercuryarc and
the continuousspectrumwerefoundbymeansof the quartzplate.

Solutionsofvariousconcentrationsgivinga total rotation from50.00"to
3.00"wereemployed.
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A 8ÏMPLE METHOD FOR MEA8UB!NG ROTATORY MSPEMtON 1 !69

The différencesbetweenthé rotationofa non-homogeneouspatchof light

«“ and that ofa monochromatiosourceof lighta',n,are givenincolumns4,y
and 10. Thecloseagreementbetweenthe two is remarkablein viewof the

tact that thedispersioncurvesofthé threesubstancesemployedaredifferent.

Thé dispersioncurvesof thé pentacetatesof a-Mannoseand ~Mannose

K
areaccuratetyexpresscd'by oneterm ofDrude'sequationa = S

Thé

dispersioncurveof tartarioacid, on the other hand, is reproducedby"a =

K'
bya

K,
+

K~
K..

~t
whilethat of quartz ts givenby a =

~ï_~

In obtainingthe data givenin Table I, only thé ordinaryprecautionsof

routine measurementswere observed. No attempts were made at more

painstakingacouracy;otherwisethe agreementmighthavebeenmuchdoser.

ExperimentalProcedurein MeastttementsofRotatoryDispersion

Thédétailsof thefollowingmethodarea descriptionofthe procedureused

in obtainingthe data publishedelsewhere. The followingwave lengths
werechosen:Li, 6708red;Cd, 6438red; Zn, 6364red; Cu, 5790yeUow;Hg,

5700yellow;Hg, 5461green;T!, 5351green; Cd, 5086green; Cd, 4800

blue;Hg, 4359violet. The rotations,«u, <ïM, cfHt.vt.btof the plane
of polarizationof the oorrespondingwavelengthsby our quartz platewere

calculatedfromtheknownthicknessofthe plateandthe datagivenbyLowry.

Withtheincandescentlampas a source,the prismofthe spectroscopewas

rotateduntilthe patchof lightpassingthroughthe slit of the telescope-end
wasredandthe zeropointofthéemptytubeforthe redregionofthespectrum
wasdetermined.Similarly,thé zeropointof the emptytube wasdetermined

forthe green,blueandvioletregions. It wasfoundby preliminarymeasure-

ments that the zeropointof the tube did not vary muohfor wavelengths
withineachrégion.

The zeropointof the tube havingbeen determined,the tube wasfilled

withthe BotutionandaUowedto corneto the temperatureequilibrium.Mean-

while,the quartz plate wasplacedin thé polarimeterand theprismof the

spectroscopemoveduntil the patchof lightpassingthroughthe quartzplate
wassuchthat its rotationby the p!atewasequal to that of«Li,plusthe zero

pointof theapparatusfor red'. The tube with thé solutionwasthen put in

placeof thequartz plateand the rotationof the samepatch of lightby the

solutionwasmeasured. The quartz plate was again substitutedand the

setting of the spectroscopechecked. Wheneverthe two readingsdid not

agree,théapectroscopewasresetandthe readingswiththe solutionrepeated.
Asa rule,the spectroscopeseldomneededresetting. Thisprocedurewasre-

peatedforthe tonwavelengths. At leastBfteenreadingsweretakenforeach

1P.A.LeveneandI. Bencowitz~J. BM.Chem.,72,627;74,t53(t~7).
T.M.LowryandP.C.A<)8tin:Phil.TrMS.,212A,249-308(!9M).
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setting. To checkthe readingsas weHaato determinewhetherany changein the concentrationtookplaceduringthe measurements,tho entire'procé-durewasrepeatedfromLiredto Hgviolet. Rarelydidthe averageofthe two
sets of readingsdifferbymorethan ± o°.oa,notwithstandingthe fact that
oftenas longassixhourselapsedbetweenthe twosetsofreadings.

Conclusion
The proceduredescribedin this paperprovidesa meansfor measuring

rotatory dispersionswhiehrequiresno cadmiumquartz lamp or other ex-
pensiveapparatus. The techniqueissimpleandwitha little experienceit is
possibleto makea complètedeterminationfortea wavelengthsin fivehours
It is accuratetowithin0.0~andthepurityofmostopticallyactivesubstances
doesnot justifyhigherprecision.Thismethodlikewiseenablesus to employ
anywavelengththerotationofwhichinquartzisknown.

1 take this opportunityof thankingDr. P. A. Levenefor suggestingthe
problemand formuchvaluableadvice.

Summary
A simple substitution method of measuring rotatory dispersion is

described.

Za6oM<oft~<~<Ae&M~e~ae!-
/<ts<t<t<<e/<M-Af~Ma!Xe«o)-e&,Newy<



BY H. V. TABTAB ANC VtCTOR E. WELLMAN

AUeffortstodetermineexperimentallythe potentialofa réversibleoxygen
electrodeand ofthéhydrogen-oxygencell,havefailedbecauseoftheapparent
irreversibilityofthe reactionoccurringat the electrodesurfaceor of thefor-
mationof oxidesof the metalelectrodeused. Differentworkers*haveob-
tained widelydifferentvaluesfor the potentialusinga given electrolyte.
Furthermore,thepotentialisnot steadybut hasa tendencyto "drift" from

5to 10millivoltsper hour in acidsolutionto 30to 60millivolts~in alkaline

solution. Referenceoxygenélectrodes*ofunsteadypotentialhaveapparently
beenutilizedsatisfactorilyin a limitodwayforcertainelectrometricmeasure-

ments. Thisbriefpaperis presentedin thehopethat the(indingsmayserve
the purposeofmakingthe oxygenelectrodemoreusefulas a referenceelec-

trodeand alsoof suggestiognewMnesof investigationfor ascertainingthe

natureof this perplexingelectrode.
Whilestudying the depolarizingeffectof an intermittentalternating

currentupon thepotentialofanoxygenelectrode,it wasfoundthat agitation
ofthe electrolyteinfluencedthe potentialto a markedandfairlyreproducible

degree;in fact, slowbubblingof oxygenthroughthe electrolytearoundthe

electrodehad a greaterinfluenceuponthepotentialthanan intermittent,60-

cyclealternatingcurrentat to voltsacrossthe cell. Theresultsgivenbelow

havebeensecuredfroma limitedstudyof the influenceof the Mt<weMMn<qf
theelectrolyteuponthe potentialofoxygenelectrodesinacid, neutralandal-

kalinesolutions.
Theapparatusshownin Fig.i wasusedforobtainingthemostconsistent

results. The electrolytewas placedin reservoirR, whereit was saturated
withoxygenby bubblingthe gas into the solutionat atmosphericpressure.
CommercialeleetrolyticoxygenwaspassedthroughaoidiCedpotassiumper-

manganate,then throughdilutesodiumhydroxideand finallythroughdis-

tilledwaterbeforeit was passedinto the electrolytein the reservoir. The
flowof the liquidfromthe reservoirthroughthe apparatuswasregulatedby
meansofa screwclamp(S).

Theelectrolytewasbroughtto constanttemperature,25°C± 0.05",in a

largeglasscoilsubmergedin a water thermostatbeforeit enteredthe élec-

trodevessel(V)throughthe sidetube (A). The liquidwasmaintainedat

constantlevel(L)bythe sidearmopening(0). Théelectrodevesselwasalso

keptin thethermostatandheldat constanttempérature.

Grube:Z.Etektrochemie,24,237-48(t<)t8);Foereter:Z.physik.Chem.,M,236-71
(igio);Loren:Z.Etektmchemie,14,781-3(t~oS).

FunnM:J.Am.Chem.Soc.,44,~68s(t9M).
Furman:loc.oit.

THEINFLUENCEOF MOVEMENTOF ELECTROLYTEUPONTHE

8TEADINES8OFTHE POTENTIALOFTHE

OXYGENELECTRODE
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The stopperof the electrodevessel(V) held three electrodesnear the
openingat thoBidetube (A). Théélectrodesweromadeby sealingplatinum
wire into smaHgtasBtubes, connectionwith the potentiometerleadsbeing
made throughmercury. In orderthat the eteotrodesmigbt be under con-
ditionsasnearlyidenticalas possible,they wereplacedolosetogether,nearly
pM-a.!Mand about3 mm. belowthe levelof the liquid(L). The platinized
electrodeswerepreparedby eleotrolyzinga one per cent solutionof cMor-

Fto.tt

phtinic acid, the current beingreversedapproximatelyevery ten seconds.
Beforeuse, the electrodesweresoakedin sulfuricacid-dichromatecleaning
solutionafter whichthey weresoakedin waterfor severalhours.

Anybubblesenteringaccidentallyinto.theconneetingtube to the normal
calomelelectrodecouldbe madetonae to the point (P) thus insuringunim-
paired electrolyticcontact with the liquid in the electrodevessel. The
reservoir,(R2,)containednormalpotassiumchloridesolutionwhiohwasused
whennecessaryto flushthe tip of theconneetingtubefromthe calomelhalf
ceUto the bottomofthe electrodevessel,(V).

The potentialswerereadwitha TypeK, Leedsand Northruppotentio.
tneterset witha Westonstandardcellcertinedby the Bureauof Standards.
Thepotentialsreportedin theTableshavebeencalculatedto the normalhy-
drogenreferenceelectrode,takingthe potentialof the normal calometelec-
trode to be –0.283volts.'

Lewie&ndRandall:"Thermodynamics,"4o7(t~).
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It wasfound convenientto regulatethe rate of flowby observingthe

rate at whiohthe liquiddroppedfromthé tube at the point,(0). In thé

tables the flowof electrolyteis givenas the numberof dropsper second.

UnderordinaryconditionselevendropsdeUvoredaboutonecubiocentimoter

ofelectrolyte.
In orderto makeclearto the readerwhybrightplatinumelectrodeswere

used,it maybe wellto givefirstthé reaultsofsomepreliminaryexperiments

carriedout with an apparatusmoresimplein designthan that described

above. Theseexperimentsweromadeusingoneelectrodeat a timewithout

thennostaticcontrolandwithoutcarefulregulationof therateof flowof the

electrolyte;consequently,the conditionsunder whichdifferentelectrode3

weretriedwerenotctoaetyidentical. Theresultsobtained,however,showed

that there was a greatertendencyfor "drift" of potentialwith platinized

electrodesthan withbrightplatinumelectrodes:the heavierthe platinization

the greaterthe "drift." In oneinstancethé potentialchanged0.18voltsin

sixandone-halfhourswitha heavilyplatinizedelectrodeinalkalinesolution.

Usingthe same electrolyte,heavilyplatinizedelectrodesgave potentials

whichwere extremelyunsteadyand variable. Bright platinumsurfaces,

whilenot exactly unifonn,affordconditionsmuch botteradaptedfor the

reproducibilityof potentials;for this reasonbright platinumelectrodeswere

usedin the major part of this investigation.

Followingthe preliminaryworkwhiehshowedthe markedinfluenceof

the platinumsurfaceandthe movementof theelectrolytea sériesofexperi-

mentsweremade usingbright and very lightly platinizedelectrodeswith

acid,neutral,and alkalinesolutions. It is notessential,to presentallof the

TABLE1

OxygenPotentialswithPlatinumElectrodesin NormalSulfuricAcid

High initial values probably due to etectrolytenot yet being eaturatedwith oxygen.

Ttme Potential Potential Potential Rateof flow

(Minutes)Brightplatinum Brightplatinum Pfatinized of
platinum electrolyte

Electrode Electrode Electrode
No. t No.2 No.3

o* -0.805 -o79S "o.9S! t9 drops in

10. -0.805 H -o.?9sH -0.951 H 30 seconds

15* –0.798 H -o.?88L -o.9~L Approximately

40 -o.793 H -o.788L -0.938~ 4ceper

45 –o.79t –o.79tH –0.943 H minute.

50 –0.791 H -0.789 –0.938 H

55 –0.788 -0.788 -o.933H Rate main-

60 –0.788 -0.788L -0.928 H tained

65 –0.788 L -0.788 -o.9i8H throughout.

85 -0.789L -0.788 -0.903 H

95 -o.79oL -0.788 -0.883 H

1:0 –0.791 -0.788 -o.88t L

135 –o.79ïL –0.788 L –0.878



H. V. TARTAR AND VICTOR E. WELLMAN

data obtained. For the purposeof thispaper it willsufficeto present the
data from typicalexperimentsusingsimultaneouslythree electrodeswiththe conditionsas nearlyidenticalfor the eleotrodesas coutdbe obtained.
Theresultsof twoexperimentsare given:oneusingnormalsulfurieaoidas
the electrolyte,répond in Table I; and one with ~9 normal Bodium
hydroxide,Table II. The electrodesreferredto in the data as "lightlyplatinized"werepreparedfrom thoroughlycleanedbright platinum wire
whichwasplatinizedforiessthan a minutewith a currentdensity just suS-
c.entto giveslightbubblingof gas at thé cathode;the depositof platinumblackwas just suScientto removethe glintfromthe brightsurface.

TABMII
OxygenPotentialswithPlatinumElectrodesin 1.147NormalSodium

Hydroxide
Time Potential Potentiai Potential Rateof(Minutes)B~SLn Brightplatinum ~& flowof

platinum etectrolyteElectrode Electrode ElectrodeNo.1 No.2 No.3
o -O.I4? -0.148 -0.18? 1 drap per

iS -0.147 -o.ï47L -o.iSyî, second
-0.147 -o.iso -o.iSyL 1

40 -0.147 -o.!53L -o.ipoL 1
55 –0.147 –0.156 –o.içz 1
70 -0.148 -0.156 -o.to!:

85 -o.i48L -O.I56 -o.iozH
100

-0.149 -0.156 H
-0.190 1

ii5 -0.149 -o.i55 H -0.190 H
130 -0.149 H -0.148 -0.189 H
145 -o.!48 -0.148 -0.190 H
160 -0.148 -O.I48 -o.i89L
!7S -0.148 H -o.i48L -0.190
19o -O.I47L -0.150 -0.190
M5 -0.148 -O.I50 -o.loo H 1
Mo -0.148 -o.i49 -0.189 1
235 -o.:48L L -0.149 -0.189
250 -o.i43 -O.I46 -o.t79 (Flowstightty

-0.138 -0.140 -0-172 increased. 4
0.138 –0.140 –0.172 ~increased.4

4-0.145 -0.143 -0.178 drops per sec.
-0.143 -o.t39 -0.179 Ftowingfree!y

265 -0.139 -o.i34 -0.177 Flow stopped
-0.138 -o.ii8 -0.181
–0.134 -0.127 –0.189
-o.t:9 -O.J25 -o.!93
–0.133 –0.130 –0.190
-0.134 -0.126 -0.178 7 ml. per minute.

290 -o.i3o -o.n7 -O.I73 <
1zgo -o. I3o -o. t I7 -o. I73 ~a5

ml. per tnin.295 -o.i33 -o.tz8 8 -0177 ~25mt.permin.
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Somedimoultywasexperiencedin reading thé potentialsin neutral and

acid solutions. It wasfoundthat in thesesolutionsthe potentiometercould

be set anywherewithina rangeof 40 to 60millivoltsand the galvanometer

finallyshowno deneotionif the oonnectingkey were tapped frequently

enough. This apparent "balance," obtained both aboveand below the

actualpotential,waspossiblydueto the influenceof sendinga smallcurrent

throughthe ce!!whentho potentiometerwas "off balance." In alkaline

solutionthis apparentshiftingofpotentialwasnot encountered. With acid

and neutral solutions,the actual potential couldbe ascertainedby tapping
thé connectingkeyonceonly at intervalsnot lessthan fiveminutes. If the

potentiometerreadingwastoo highas shownby the galvanometerdeflection

it wasset lowerfor the next reading;and if too low, set somewhathigher.
Theactualpotentialcouldbe closelyfollowedafter a littlepractice. Some

of the potentialsgivenin Tables1 and II are not exact; whenslightlyhigh

(asshownbytappingconnectingkeyonce)they are followedby the letter H

and if lowbythe letterL.

Someexperimentswereperformedusing one électrodeat a time with

tenth-molarpotassiumsulfate solution as the fiowingelectrolyte. The

potentialswerealso steady with bright and lightly platinizedelectrodes

providedthé rate of flowof the solution was maintainedconstant. The

potentialsof the brightplatinumelectrodeswerereproduciblewithin 20 to

30miUivotts.Withthe ptatitïizedelectrodethe potentialwasapproximately

0.35volt higherthan withbrightplatinum.

Discussionof Results

The data presentedaboveshowthat the potentialof theoxygenélectrode

is greatly stabilizedby the steady movementof the electrolytepast the

electrode. The fluctuationsoccurredin both directionsand there was no

evidenceof the "drift" of potential in a givendirectionmentionedby pre-
vious investigators.~The steadinessof potential reportedherein differs

greatlyfromtheresultsreportedin the literature. Sohoch',in his reviewof

the literatureon the oxygenelectrode,states that potentialsvarying from

1.5to 0.008voltshâvebeenreportedfor the oxygen-hydrogenceU.

Theeffectofchangeof rate ofBowof the electrolyteonthe potentialwas

much morepronouncedin alkaline than in acidor neutral solution. This

findingis, no doubt, related to the greater rate of "drift" of potential in

alkalinesolutionreportedby previousworkers. The surfaceconditionsof

the electrodeapparentlyexert a considerableinfluenceon the potential;

heavilyplatinizedelectrodesa.reaffectedto a greaterextentthan other types
by the rate of flowof the solution.

The data presentedabove indicate the possibilityof reproducibilityof

oxygenelectrodepotentialswhenbright platinumis usedfor the electrode

metal. The rèsultsindicatethat, regardlessof the acidityor alkalinity of

FunnM:toc.cit.
Sohooh:J. Phys.Chem.,14,665(igio).
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tho solution, the potential of a bright platinum wireelectrodein a givenSetw~ holdwitha variationnot
millivoltsprovidedthé Howof the liquid is carefullyoontroHed. The lack of reproduoibilityexperiencedby investigatorshasevidentlybeondue in largemeasure

to dissimilarityinhérentin platinizedsurfaces;Ërst,the amountofptatinil
tion is not exactlyreproducibleandsecond, thé platinumdepositedis not

usingplatinizedplatinum,foundthat he could
not prepare electrodeswhiehgave the samepotentialin a givensolution.

1Thefactthat apparentlycorrectpotentialvaluesovera rangeofapproxi-
rnately 60millivolts maybe ~cured in neutral andacidsolutionsby propor"setting"of the potentiometerand manipulationof the tappingkey in the
circuit, leads one to suspect that many of thé potentials reportedin theh~ture maybe of but little signiSc.nce. This "manipulation"of the
potentialcan beaccomphahedovera widerrangewithplatinizedelectrodesthan with thé bright metal. Whether this phenomenonmay be used tofurnish-anadequateexplanationof the various "restingpoints" or "steps"
in the oxygenpotential, is not known.

sp<Ms orsteps

For a coos~Me time thé anomalousbehaviorof the oxygeneloctrodehas beenusuaUyascribedto the formationof oxidesof platinum. Schoch
~1 experimentershave, "with speoialmanipulation,"obtainedpo-tentialswhtchhavebeenclaimedto correspondto the potentialsof severalplatinumoxides,someof whichhave beenprepared. Thé vj~gpoints" or "stepa" observedin thé "drift" of the potentialof the oxygenelectrodehavebeenattributed to réductionsof a seriesof insolubleplatinum
X~ in compositionfromPt0< to PtO, someof themsupposedlyin hydratedform. Graduâtchangeof potential hasbeénsaid to be due tothe formationof solidsolutionsof oneoxidein another.

The results presentedin this paper do not lend themselvesto simpleexplanationby assumingoxideformation. It doesnot seemprobablethata slight~T~ liquid past the electrodeshould
permitthé oxidationof thé platinumwith the possibleformationofa higheroxide. Nevertheless,a shiftingof thé potential awayfrom zero usuallyaccompanieda decreasein the rate of flowof the solution.

Amoreplausibleexplanationwouldbe to assumethepresenceofa solublesubstancesuchas hydrogenperoxideat the surfaceof the electrode. If this
substancetakes part in the electrochemicalreaction,then the concentrationin theetectrolytearoundthe electrodewouldbe affectedby the rate of flowofthe liquidand th~ changeof concentrationwouldinfluencethe potential.Over twenty years ago, Lewis~suggestedthat the valuesobtainedfor the
oxygen-hydrogencellmightbedueto thefact that theproductofthe primaryreaction,is hydrogenperoxideinsteadof water. TiUeyandRaJston<staX

Btitton:J.Chem.Sue.,12?,tSt~t~ (i~g).Sehoch:loc.cit.
Lewis:J.Am.Chem.Soc.,28,)[~(t~o6)

4TilleyandRaJston:Trans.Am.Nectrochem.Soc.,44,31(,<~).
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that "onetroublewith theoxygenelectrodeis the uncertaintyas to whether

it is a truc oxygenelectrode(whichwouldmakeit a functionof the hydroxyl
ion concentration)or a hydrogenperoxideelectrodewhosepotentialis de-

terminedby the oombinationof hydroxylions to formhydrogenperoxide.
It isprobablya combinationof the twobecauseitspotentialisgreatlyaffected

by the concentrationofbothoxidizingagentsand hydroxylion."Il

The effectof hydrogenperoxidein both aoidand alkalinesolutionwas

examinedin a qualitativeway in this work. To 300ocof normalsulfuric

acid in the reservoir (Ri),was added t ocof30per centhydrogenperoxide
solution. The potentialof bright platinum electrodeNo. i was shifted

towardzeroïg millivolts;that of No. 2, s millivoltsand that of platinized

platinumelectrodeNo. 3wasshiftedawayfromzero ymillivolts,in a period

offortyminutes.In thé1.147normalsodiumhydroxidesolution,theeffectwas
muchmorepronounced:thepotential ofelectrodeNo. i wasshiftedtoward

zero58millivolts,No. 2,41miMivottsand No. 3, 44 millivoltsin thesame

lengthof time. It is noteasityunderstoodhowever,whyan increasein the
rate of flowof the electrolytepast the electrodeshouldshift thé potential
in the samedirectionas iscausedby addinghydrogenperoxideto the etec-

trolytein the reservoir(Rt).
Theresultspresentedinthis paperhavebeenobtainedfrombut a limited

study. Furtherworkwillbe undertakenwhenopportunityprovides.

Summary

(i) Theeffectof therate of 8owof electrolyteonthe potentialof the

oxygenélectrodebas beenstudied and it bas beenshownthat the potential
is quitesteadyfor a givenelectrodein a givenelectrolyteif the rate of flow

remainsunchanged.
(2) Underthe sameconditionsof flowbright platinumelectrodesseem

to givefairlyreproduciblepotentialvalues;i.e. withina fewmillivolts.

(3) Thebehavioroftheoxygenelectrodemaybe moreeasityinterpreted
by theassumptionof the formationofa solublesubstance,possiblyhydrogen
peroxide,than by the socalled"insolubleplatinumoxidetheory."

~tt<eer<t<wof1~<MM~<ott,
.SM«!e,tfa~.
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BY JAMES W. MCBAIN AND W. BEU. t.EE**

Apreviouspa.per*brokeentirelynewgroundbyshowingthat purechemical
compoundsmay fully rival well-knownadhesiveswhen used for joining
polishedmetal surfaces. The breakingstrengthbetweenopticallypolished
metal surfacesmayapproachi ton per sq. in. The presentcommunication
extends these observationsto other pure compoundsof varied type and
ineludesmeasurementson fiveexceptioaaUyhighlypurifiedcarbinolswhich
had beenused in the weU-knownworkof SirWm.Hardyand MissDouble-
day on lubrication. Definiteregutaritiesemergeshowingrelationbetween
chemicalconstitutionand adhesivepower. Afewpreliminarymeaaurements
on joints madewith woodare adducedas openingup a newpossibilityfor
the scientificinvestigationof gluedwoodenjoints. One gréât advantage
which it is foundthat chemicalcompoundspresentis that the strengthof
jointsmadewiththemis muchlessdependentupontimeandpreviousheavy
loadingthan thoseofmanyrecognizedadhesives.

HomologousSeries of OpticaDyAcÛveCarbinolsbetween Polished
MetalSurfaces

Dr. R. H. Pickardprepareda seriesofsecondarycarbinolsof an excep-
tionallyhigh degreeof purity. Fifteenof thesehavebeenstudiedas lubri-
oanta~ Throughthe kindnessofDr. Pickardwehavebeenable to use the
fivesolidspecimens.

Twosets ofadhesionexperimentsweremade(a) usingordinarycarefully
preparedplanesteelor nickelsurfaces,(b)newopticallypoHshedplanenickel
and steel surfacespreparedat the NationalPhysicalLaboratory,Tedding-
ton, England. Beferencesmaybemadeto previouspapersfor the kind of
test piècesand method of testingjoints. The loadingup to fracture was
completedin betweenone to threeminutes. The effectofprolongedstress
on these joints basnot been investigated. AUthe tests madeare inoluded
in the tables givenin this paper. The resultsare not too concordantbut
this is inevitablewhere filmsof adhesivesare exceedinglythin, becauseas
wehave shownwithall sorts of jointsand adhesivesthe joint strength in-
creasesveryrapidlywhenthe filmsare beingmadeas thin as possible. This
isstrikinglyborneout by comparisonof the resultsin the firstpart ofTable
1 with those obtainedin the secondpart betweenopticaUytrued surfaces.
Wherethe nhn ofadhesivebetweensurfaceswasnoticeablyincompletethe
result is put in brackets. As is usualwith all adhesives,nickeland steel

*ContnbutiomfromthechemiealMxM-fttotieaofStanfordUniveraty.
c. InvestigationundertakenfortheAdhesivesResefn-ohCommitteeoftheDepartment~SS~ R<-se<Mch,GreatBntmn,andpublishedbypermi~S~sDepartment.

) 1

ADHESIVES AND ADHESION:PURE CHEMICALSUBSTANCES
ASADHESIVES*
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give nearlythe same strength of joint. In Table 1 results obtainedwith

steel jointsare put in ita!ics. Thé résultaare catculatedto the neMest5

tbs./sq.in.The jointsappearedto faitowingtoruptureofthe filmofcarbinol

itself,notthroughfailureof adhesionof carbinolto metal the sameis true

ofnearlyallthe jointsmentionedin thispaper.

TAB~B1

Tensiontests (Ibij./sq.in.) of jointsmadebetweenhighlypolishedmetal

surfaceswith speoiallypure opticallyactive 1-ethyl-IL-carbinols.
.1 w,r_

The resultsin Table 1are comparedin TableII with the data forstatic

frictionwhenthe oarbinolswereusedas lubricantsfor steel in the workof

HardyandMissDoubleday. Ourpreviousworkled to the formulationof

the rulethat lubricationis in inverseproportionto strengthof joint,that is,

static frictionand adhesivenessare parallel. This rule receivesfurther

confirmationin Table II. The densityof the carbinolin the liquidfonn at

80"is includedin Table II.

TABLE II

Comparisonof propertiesin thehomologousseriesof carbinols

The datahere assembledare of great interestin showingthat density,

static friction&ndjoint strengthin allcasesare at a maximumin themiddte

of the series;that is, in the carbinolcontaining15carbonatoms. Thiscom-

poundwasan exceptionto the rule that the static frictionon steelor glass

followsthe empiricallinear relationa-bM wherea and b are constants

and M isthe molecularweight. MissDoubledayascribedit to insufficient

Total M.P. T~o* Static friction Jomtatrength

C atome 4° Floodedprimary film Plane Optically plane

13 32" o.y86s 0.1072 o.io54 105 510

t4 38" 0.7885 0.0701 0.0684 t55
–

Ig 4$'' 0.7021 O.M!:4 O.eOOl 255 69o

16 50° 0.7907 Not measured 225 –

i8 56° o.y8s8 Vanished 180 469

R Total M.f. jomtBtrengM metto
C&tMM

(a) Good plane surfacesof nickel or steel

n-decyl ï3 32" 130 ~O 100 95 8o to~

n-undècyl 14 38" ~5 %M tso 100 !oo iss

n-dodecyl 15 45° ~75 ~0 255 250 235 ~55

n-tridecyl 16 50° 260 260 240 MO 145 ~5

n-pentadecyl 18 560 ~o 205 175g i5o ~40 140 iSo

(b) Optically plane surfaces of nickel

n-decyl 13 3~° 57° 450 (245) S"o
n-dodecyl 15 45° 775 775 650 650 610 <~0 69o
n-pentadeoyl 18 56° 6io 490 4'o 365 (~85) 469
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purificationbut oneof us (W.B.L.)hasshown'that therearemanysimilar
recurrent or poriodicanomaliesinvolvinga largenumberof propertiesof
longchaincompoundssuohas the n-fattyacids,at multiplesofgor 6 carbonatoms.`

AUthe ethyt.R-carbinotsare goodlubricantsand exhibitmuch pooreradhesivepowerthan mostof the puresubstancessofar tested,such asdex.
trose,trinitrotoluene,triphenytcarbinoland thosementionedin the present
paper.* A goodlubricant shouldattach itself firmlyto the solid surface
but shouldhaveonlya feebleholduponsuccessivelayersofmotccutes Itshouldresemblegraphiterather than diamond.

An adhesive,on the other hand, whi)stholdingfirmlyto thé solidsur- n
face,must likewiseholdfirmlyto further layersofmoleculesthus producingstatic friction. It seemsmostprobablethat in suchcasesthe first layerof
orientedmoleculesis the starting point for chainsof orientedmolecules 1extendingfromit deepinto the bu!kof the liquidor sottdadhesivo Theeffectof thiswillnot onlybe highstatic frictionbut atso thesimulationof
a great rangeof molecularattraction. ThiswutaIsobedôsetYreiatedtothe
magnitudeof the puHnormatto the surfacerequiredto breaka joint. This
intimatc relationbetweenshear and tensionbas been observedby us in
previouscommunicationswhere it is often found that the two breakingstrengths are equal. Corroborationof this point of viewis found in the
invariablerule that the thinner the filmthe strongerthe joint, the effect
beingmuchgreaterwhenthéfilmsareas thin aspossible.

One expectsa paraUeUsmbetweenbreakingstrength andthe cohesionof the adhesiveitself, as onefactor, powerof formingohainsof molecules
beinga secondfactor. As the homologousseriesis ascendedthe meltingpointwhichprobablygoesparallelwithcohesionis alteringinonedirection,and the static frictionin the other (exeeptfor the C~ member,wherethestatic frictionis muchlarger.) Hencein certainhomologousseriesit mightwellhappen that for a limitedrange the best lubricantsmightalso be the
best adhères. In the presentinstancethe C,. memberstandsout as thebestadhesive,onaccountofits highstaticfriction.

OtherPure SubstancesbetweenMetalStutfaces
Similartests of breakingstrength in tensionhavebeencarriedout with

carefullypreparedordinarypolishedtest piecesofmetal, the adhesivebeingmeltedonto themetal. Purestearicacid (m.p.69'),cetylalcohol(m.p.49")pahnitieacid, ceroticacidand elaidicaoidexemplifygoodlubricantswhose
joints are weakboth in tensionand in shear. Both stearicacidand cetylatocholgive jointswhichare twice as strongwhenthe filmof adhesiveis
made speciallythin by the useof opticallyplanetest piecesin accordance

Anillustrationof theantithesisbetweenlubricanÚJanda4hesivesiegivenbyapmprietaryanti-elippreparationuaedtoprevent8lippingofmotarcyclebelta.Alumimumuenelly~vesfarwoaiCerjointsthannickelorsteelwitha givenadheeive,butwiththispreparation
the joint

atrengthin tenaionwithordinaryaluminiumtestpieceswes435,
S~H~ or
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withour invariableexperience.Forexample,the valuesforstearicacidwith

nickelwero400and 320Iba./sq. in. and for cetyl alcoholwith steet test

pièces205tbs./8q. in. Thèsesubstancesfailed in the adhesivefilmitself,

not betwcenmétal and adhesive. Inactive dihydroxystearicacid, prepared

by oxidationof oteioacidbas doublethe joint strengthof the stearicacid

itselfand its meltingpointis higher. Ttibydroxy-pahniticacid is stated to

boa hydrolysisproductofthe strongadhesiveshellac.

Thé puredyes,aurinandrosolicacid were tested becausetriphenylcar-

binolhad beenfoundto be an excellentadhesivefor metal and thèse two

dyes are formed from the unstabte, trihydroxy derivativesof triphenyl
oarbinoland tolyl diphenylcarbinol respectively. As expectedthey are

goodadhesives.* The constitutionof thesederivativesis similarto that of

a probableBakélite resinintermediate. The aurin had no sharp melting

point and on strong heatinggavean extremelyvisoousmaterial. This ap-

pearsto be of real significanceandit is probablethat withsuchadhesivesas

aurin, pitch, sulphur,etc. the liquidheated to.the maximumviscositygives

TABLEIII

Tensiontests (Ibs./sq. in.) of joints made with pure substancesbetween

smoothmetaltest pieces

Aurin heated with glycerinegave a jelly on cooling.
Static friction (Hardy) o.t tMfor steel on atee).

t Very thiek film.

Cetylalcohol*' Steel 120 Nickel steel 130 Aluminium 120 no

100

Elaidic acid Aluminium 130 izo

Cerotic acid Steel 200 Nickel steel 250 Duralumin 250 200

Stearic acid Nickel 215 zoo 175 iyo 155 145 145 (izo)
Steet 210 Nickel steel 190 Duratumini5o 140
uo Copper 135 120 80

Dihydroxystearic acid Nickel 570 560 420 350 Steel 360(?)
Duralumin 480 420 350 Copper 335 215

Cinnamic acid Copper 300 250

p-Nitraniline Steel 250

~-Naphthol Duralumin 250
Resorcin Steel 250
Catechin Steel 300

p-Toluidine Aluminium 350 30c
Azelaic acid Copper 500
Une acid Aluminium 700 600 600

Sulphur Aluminium goo

Rosolic acid Copper 900 Steel 700
Malachite Green G Copper 870

(Solid Green Crystala 0)
Aurin Aluminium 600 560 520 430 400

Nickel 1000 o6o 900 640 32ot
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thé optimumatrengthof joint. Suchvisoousmoltenadhosivesare obviously
capableof formingmuohstrongerjointsif onlysufficientpressurewereused
to makethe filmsreaUythin insteadofunusuallythick.

Thenumericaldata arecoHeotedin TableIII and to thèsemay be added
the followingqualitativeobservations.Nitrazoleand cerasineyellowwere
somewhatweak,tannin orangeand chinagreenweak,andthioflavineand
azophorred so weakthat they wereeasi!ybrokenby hand. Piperioacid,
acenaphtheneandtribromophonolgaveweakjointswithaluminium.

It may be mentionedthat the tests in TableIII inetudotest piecesof
Duraluminfor the first time. From the rule observedin previouspapers
oonnectingjoint strengthand mechanicalpropertiesofmetats it might be
expectedto givejointsofstrengthlyingbetweennickelandcopper.

"Overheated"GtycoUicAcidas a StrongAdhesive
The strongestcommercialadhesivesfor metalsare thoseprepared from

ehellacwhiohprobablybas a lactidestructure. Pure gtycoUioacid itself is
a very pooradhesivefor metalsbut gtycoUidocan be preparedby "over-
heating" the gtycoUicacid. Our previousexperiencewith saligoninand
Rochellesalt (Proc.Roy. Soc.,113 A, 609(1926»,had shownthat heating
suohsubstancesfar abovetheir meltingpointsconsiderablyincreasestheir
adhesivestrengthas adhesives. The expeotationsdrawnfrom these con-
siderationswereconfirmedby the followingtests with two specimensof
"overheated"gtyooUicacid.

Samplei waspreparedby heatingpureglycollieacidvery graduallyto
150"and maintainingit at that températurefor severalhours, the whole
operationtaking about one day. A hard compactproductwas obtained
oncooling.Theremarkablestrengthofnearlyonetonpersq.in.obtainodwith
smoothnickel surfacesfully rivais that obtainablewithmany recognized
adhesives. Sample2 waspreparedby heatingthe giycoNicacidmuchmore
rapidlyto 150°and the jointsalthoughstrongdidnot equalthoseobtained
withSampiei.

TABLEIV
Tensiontests (tbs./sq.in.)with "overheated"glycoMicacidbetweensmooth

planemetal surfaces
Samplei Nickel2200

Sample2 Steel 1600 Nickel1350 Copper1050 iooo

In this connectionit mayberecalledthat prolongedmechanicalworkingofadhesivessuchas thewaxesat not toohigha températuregreatlyenhances
their adhesivepower. Evidentlythe degreeof orientationand aggregation
ofthe moleculesisaffectedthereby(seepreviouspapers,toc.cit.)

stabilityof Joints
The questionof stability of variouskindsof jointsmadewith various

adhesivesis importantbothfroma theoreticalanda practicalpoint of view.
In a veryrecentdiscussiononCohesion(FaradaySoc.,74,53(ioa8)) Desch
baspointedout that the influenceof the rate of applicationof stress on the
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deformationproducedby that stressin engineeringmaterialsdeservesmore

attentionthan it bas receivedhitherto. This is likewiseourexperiencewith

glueand in many cases the mechanicalpropertiesof jointsandof films of

recognizedadhesivesas apart fromthe jointsdependto anappreciableextent

uponthe rate of loadingemptoyed."Howeverthe extentofthe influenceof

the rate of loadingon the ultimatefilmor joint strengthwouldappear to be

verydependenton the nature of the adhesive. Indeedpreliminaryexperi-
ments with substances such as rosotioacid, malachitegreen,and "over-

heated"glycollicacid in whichthe jointswereplacedundercontinuousheavy
loads(from to § théfinalbreakingload)fordays,weeks,oramonthwithout

failureseemto indicate a muchsuperiorstability to that ofthe recognized
adhesives.For example,"overheated"gtycoUioacidbetweensmoothnickel

surfacesheld760lbs.jsq. in. for a month and did not thenbreakuntil the

loadwas increasedto 2200Ibs./sq. in. Rosolicacid withcoppersurfaces

similarlyshowedno signsof failurein a weekwitha toad théfinalbreaking

strength. A joint with malachitegreen betweencoppersurfacesheld 700

tbs./sq.in.for a day beforebeingbrokenat 870lbs./sq.in. Stearieacid be-

tweennickelsurfacesheld140tbs./sq. in. for fiveminutesbeingafterwards

brokenat 175tbs./sq. in.

Pure Substancesas AdhesivesforWood

Investigationofgluedwoodenjointsbas in the pastpresentedmuch un-

certaintyboth on account of the lack of quantitativeconcordancein the

numericalvaluesof even the most carefullyrepeatedtestsand on account

of the divergentviewsheldwithregardto the natureandmeohanismof the

adhesionobserved. Part of the trouble is due to the factthat, as we have

shown,the filmof glue is immenselystrongerthan the wooditself,and part
wouldseemto be causedby the fact that the ordinaryglueis appliedas an

aqueoussolutionfromwhichmost of the water must evaporatebefore the

shrunkenresiduecan hold the woodtogether. Entirelynewpossibilitiesof

studyingsuch joints, in whichmany of the uncertaintiesare replacedby
definitecontrollablefactors, are affordedby employingpurechemicalsub-

stancesinsteadof the aqueoussolutionsof glue.
Therebasbeengreat uncertaintyas to whetheror notthereisanyspecifie

adhesionofglueto the celluloseor ligninof the wood,or whetherthe whole

oranimportantpart of the observedadhesionmaybeduetomerelymechani-
calembeddingof the solidifiedgluein the microscopicandmoreparticutarly
ultramioroscopiopores of the wood. We have foundno definiteevidence
for thé existenceof any specifieadhesion,and much for the mechanical

effect. McBainand Hopkins~foundthat sorptionfromanaqueoussolution
of glueis negativeand that the amountof water takenup, as shown by
blankexperimentsappears to precludeany simultaneoussorptionof glue.
It is a non se<pK~rto infer as Brownand Truaxhavedonethat because
an aqueoussolutionof glue wets woodthat the glue wouldlikewisewet
or adhereto the woodin the absenceofwater. Wecanhowevernowadduce
a clearcaseof a woodenjoint whichis partly specifieandpartlymechanical
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whenpure meltedcoumarinis aUowedto soHdifyin ~< between wooden
surfacesusingtestpiecesofwalnutasdesoribedin our previouspapers, The
liquidcoumarindoeswetthe wood. Suchjointsare a fifthasstrong as those
madewiththe bestaeroplanepropellerglueinspiteof thefaotthat on account
of the highmeltingpointof coumarin(67")the test pièceswerowarpedand
in no casewas thé coumarinfilmcomplete. Under suohoiroumstancesthé
highestbreakingloadon the sheartest pieceswas i ton. Onlya fewother
preliminaryobservationsmay hère bc recorded. Thus azetaic acid and
myricylalcoholgivefairlystrongjoints (over50Ibs./sq.in.),whereasthose
madewith cetylalcoholand terpineolare very weak (lessthan 25 lbs./sq.
in.), all inaccordancewithourexperiencewithmetals.

Summary
i. Pure chemicatcompoundsof differenttypes exhibitvery different

adhesivepowerwhenusedfor joiningpoushedmetal surfaces,the strength
varyingin definiterelationto chemicalconstitution. Thehighest adhesive
powerwasof the orderof i ton/sq.in.

a. The rutes derivedfromour previousstudies withcommercialad.
hesivesare confirmedwhenusingpuresubstances. For example,there is a
notableincreaseof strengthwhenthe nhn of adhesiveismadeexceedingly
thin, a phenomenonwhichweasoribeto chainsof orientedmo!eoa~e8ex-
tendingfromthe surfaceswellintothe liquidor solidinedadhesive.

3. The mtima.terelationbetweenthé study of adhesionand of lubri-
cationis wellexemplifiedby the eompoundsinvestigated. Adhesivepower
goesparallelwithstaticfriction.

4. It is pointedout that the use of pure chemicalcompoundsgreatly
sunphnesthe scientifiestudy of woodenjoints. Pure coumarinanords a
goodexampleofastrongjoint inwhichbothspecincadhesionand mechanical
embeddingare operative.
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EFFECTOF ALKALINITYON BASICCUPRICSULFATES"

BY O. A. NELSON.

Oneneedsonlyto reviewin a cursorymannertheveryvoluminouslitera-

ture on basiccoppersulfatesto noticeconsiderabledisagreementamongthe

variousinvestigatorsas to methodsof preparationand compositionof the

products. In the caseof the cuprioeompoundsat least thirty are reported

anddescribed,inwhichtheCuO:SO,ratiovariesfromïo:i to 2:1,withvary-

ingamountsof waterofhydration.
No attemptwillbe madeto givea comprehensiverésuméof the results

ofthe scoresof researchmenor technicianswhohavemadeobservationson

theseproducts,fromtimeto time sinceProust'in 1800prepareda bright

greenpowderof the composition~CuO.SOt.~O. Brief mentionmust,

however,bemadeto a fewofthese in ordertopointout theevidence,orlack

ofévidence,for the assumptionthat the basiccupricsulfatesare true chemi-

caleompounds.
8. U. Pickenng*obtaineda productwhoseanalysiscorrespondedto thé

formula!oCuO.SO<byaddingï.8motsofsodiumhydroxideto a dilutesolu-

tionof 1.0molcupricsulfate,thesolutionat thispointbecomingpermanently
alkalineto phenolphthaJein.He observedthat if lessalkaliwereadded,the

precipitateshoweda higherconcentrationof 80,, or the productwas less

basio. Thusaddingonlyi.s motsthe compositionof the precipitatecorre-

spondedto the formula4CuO.S03.
A produotof the compositionSCuO.SOawaspreparedby R. Kane' by

addingalkalito cupricsulfatesolutionand atoppingshort of the point at

whichthe solutionreactedalkaline. (Indicatornot mentioned,-cochineal
waspossiblyused,pH range4.6 6.3). D. Smith' couldnot duplicate
Kane'sresultsbut obtaineda precipitateto whiehhe assignedthe formula

ôCuO.SOt.Pickering*obtaineda productof the compositionsCuO.SOs,
thistimebyaddingonlyi.6omolbaseto t .00moloupricsulfate.

Proustclaimedthat freshlypreparedcupriohydroxideorcarbonatepasses
into7Cu0.2SOt.7HtOwhendigestedwitha solutionof cupricsulfate. This

productwasalsoobtainedby Pickering'and others. Haberman8prepared
the hexahydrateof this productby droppinga concentratedsolution of

sodiumcarbonateinto boilingcupricsulfatesolution. A product of the

composition4CuO.SOt.4H20wasfirstpreparedbyProust' in 1800and later

by Field' and Pickering'by the incompleteprecipitationof cupricsulfate

withpotassiumhydroxide.Sabatier*foundthat if this productwas treated

witha saturatedsolutionofcupricsulfatea compoundwasformedhaving
the formulagCuO.zSO~-sHtO,but that this wasunstableand passedinto

langiteandcupriosulfatewhentreatedwithwater. Bell and Taber*failed

'AssociateChemistInsecticideDivision,BureauofChemistryandSoils.Thiswork
waadonewbâetheMmorwasconnectedwiththeInsecticideandFungicideLaboratory,
BureauofChemMtry,underthedirectionofDr.C.C.McDonneM.
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to eonfinntheexistenceofthèse two basicsulfatesin their phaserule studyof the SystemCuO,SO,and H,0. Youngand Stearn'" state that basic
cupricsulfatesare veryprobably"three componentSystemsin whiohthe
componontsCuO, 80, and H~Oare oontinuousiyvariablewithin certain
limits."

William8on"obtainedresults that couldbe expMssedby the formula
(CuO)<.80,.4H,0but "moreaccuratolyby the improbableformula(CuO),,
(SO~.tSHiO." He considersthe discrepancybetween thé two due to
inadequatewashing,errorin analysis, or adsorbedcoppersulfate,and that
the formeris most likelycorrect. Britton" titrated a solutionof ouprie
sulfate withNaOHusingan oxygen electrodeand found t.4? mol alkali
per mol oupricsulfatenecessaryto render thésolutionneutral (pH.y), and
concludedthat the preoipitatecontainsCuOand S(h in the ratioof 4 to i.

Accordingto A. H. Church" and E. S. Larseo" three different basic
cupric sutfatesare knownto mineralogistsunder the namesof antlerite,
brochantiteand langite. Whilethe formulaeassignedto thèseby different
workershavevariedsomewhat,mineralogistsarenowagreedthat they have
definitecompositionsandrefraotiveindicesas fdUows:

Antlerite,3CuO.SO,.2H,0 a= 1.730 = 1.737-Y= t.ySs orthorhombic
Brochanttte,4CuO.SOj,.3H,0a= 1.730j3 =1.778-y= 1.803
Langite,4CuO.SO,.4HtO .;==i.yo8 ,3= i.~o -y =ï.yo8

Thesesubstancesare wellorystaUized,andhave wellmarkedand quite
distinctiveopticalpropertiesas listed aboveandmust beconsidereddefinite
compounds.

Manymoreresultamightbe considered,but these exampteswillindicate
howindefiniteand contradictoryare the contributionson basicsurates of
copper. Thereaderis referredto Gmeun-Kraut's"Handbuch"and MeUor's
"ComprehensiveTreatiseonInorganicChemistry,"Vol.III, for more com-
pletereviewsofthe literatureonthese produots.

While the methodsofpreparingthe variousreported basicsulfates dif-
fered, a generalcomparisonof thèse on the one hand with the resulting
productsontheotherindicatedthat the basioityof the precipitateincreased
withthe amountofbaseaddedto the coppersalts. Pickering's,Sabatier's
andKane'sresultsagreewiththis conclusion,asdid alsothoseof Youngand
Stearn.

In viewof theseobservationsit was thoughtpossibleto preparea series
ofbasiccupricsulfatesin whichit could be shownthat the concentrationof
the SOtor the OH intheproductwas a continuousfunctionof the ratio of
thecoppersaitaand alkaliusedin the préparation.

Methodof Procedure
Themethodwassomewhatsimilarto that usedby Miller'"in hisworkon

basicaluminumsulfates. Ahalfmolarsolutionofcupricsulfatewaspreparedandkept asa stocksolution.Astocksolutionofexactlymolarcarbondioxide
freesodiumhydroxidewasa!sopreparedand keptina tightly stopperedbottle
to preventabsorptionof carbondioxidefromthe air. ao or 40 ce. of the
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coppersohttionwas used in each experiment,but before the additionof
alkalitheseportionsweredilutedto i or 2 literarespectivelythus making
the concentration0.01molar. The basewasabo diluted to the equivalent
concentration,and bothsolutionswerecooledto belows°C beforebringing
themtogether.

The temperaturewaskept betweeno° and s"C until the etirringwas
discontmued.If the temperaturerosemuch abovethis maximumthe for-
mationof copperoxidewashastenedin the caseofthe morebasicproducts,
andthis wastobe avoideduntilwashingfree froma!ka!isulfates.

The sodiumhydroxidewasaddedto the cupricsulfatesolutionwhilethe
latter wasstirred violently. The atirringwas thencontinuedforabouttwo

hours,and in some experimentsthe precipitateswere allowedto remain
in the motherliquorovernight or longer. It wasobserved,however,that
nochangesinthe compositionof thé precipitatestookplacewhentheywere
leftin the motherliquorfor longperiodsof time, thusindicatingthat equilib-
riumhad beenreachedduringstirring.* In runswherethe pH valuewas
over 7.0stirringwaaaccomplishedby passinga current of oarbondioxide

SincethiBpaperwaawritten,theauthorhadoccasionto prépareoneor twomore
samples.Thèsewereleftinthemotherliquorforabouttwomontha,butonsubsequent
anMyaiashowedthesamecompositionwithinlimiteoferrerasdidthéonesusedinthis
publication.
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freeair throughthe solution,orin a bottleout ofcontactwithair to prevent
the absorptionof carbondioxide. The flocculentprecipitateswerethen al-
lowedtosettle,andsamplesofthe supernatantliquidsusedfordetermination
of hydrogenion concentrationby the colorimetriemethod." The precipi-
tates werewashedby décantationuntil no tests for sulfatesin the washinga
wereobtainedwith bariumchloride.

Thecopperwasdeterminedin the precipitatesby the electrolyticmethod,
andthesulfatebythe usualmethod,that ofweighingas bariumsu!fate.

Table1givesthe resultsobtainedwithdifferentproportionsofbaseadded
to cupricsulfate.

TABLE 1

Expt. MobNaOH pH WeighUnFottionaanatyzed Ratio

Plottingtheserésultaon coordinatepaper,ourveswereobtainedthat did
not showa seriesof distinctbreaks,as wouldbeexpectedif a numberof true
chemicalcompoundahad beenfonned. It wasstated above that a product
of the composition~CuO.SOi.~HiOhad beenobtainedby a numberof in-

vestigators.Referringto Table1 and alsoto the Graph, curve2, it willbe
seenthat the conditionfor the formationof a productcontainingCuOand
SO, in the ratio of 4 to i prevailsonly for experiments4A and 4Â' where

exactly1.5molbase wasaddedto one molcupricsulfatesolution. Theré-
sultsobtained,therefore,do not verify the existenceof a compoundsuchas
the onesuggestedby Pickeringand others but rather point to a productof

fairlyconstantcomposition,in whichthé Cu/SOaratio is about 3.5to 1.0.

No per Mol Uquid Copper S0< Cu/SO,
CuSO< Grams Grams Motw

9 0.50 5-3 o.topo 0.0474 3.40
9~ 0.50 o.m2 0.0460 3.60

10 0.75 5.5 0.~94 0.0771 3.50
2A ï.oo 5.3 0.2835 o.tzzg 3.51
ïA' i.oo 5-! 0.3384 0.1366 3-63

ï! 1.25 5.5 0.1641 0.0649 3.83
ii~ 1.25 5.4 0.1649 o.o66t 377
4A 1.50 6.7 0.3213 o.o888 395
4A' ï.50 6.7 0.2014 0.0768 3-97

n 1625 74 0.1699 0.0512 50ï
12' 1.625 –– 0.1629 0.0477 5-~6
t3 i-75 8.3 0.1960 0.0363 8.i6
7A' 1.75 – o.!5o7 0.0255 8.98
8A i.8o 8.6 0.2380 0.0369 9.63

14 ï8o 8.5 0.19~4 0.0306 9-51
14' 180 –– 0.2044 0.0323 9-56
t5 ~-90 9-ï 0.2066 o.o2ii 1456
3A 2.00 9.3 0.2393 0.0273 i8.t9
3A' 2.00 9-4 0.2270 o.o166 20.73
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Thisagreeswellwith the formulasuggestedfor the compoundpreparedby
Proustundersimilarconditions. Thé experimentalerror at this endof the

curveisverysmall,thus renderingit improbablethat the variationfromthe

pointscorrospondingto the compoundsof Cu/SO:ratio of 24:1or 3:1isdue

to suoherror.

It wasstated in the first paragraphof this paperthat a largenumberof

basiccupriosulfateshad beenpreparedand described. Thé differentinvesti-

gatorshavein nearlyevery caseassigneddefiniteformulae,inctudingwater

ofhydration,to the productsobtained.The resultsgivenhere do notappear
to confirmthé existenceof many such basic cupriosulfates, but suggest
ratherthat the numerousproductsreportedin the literatureare twoor three

componentsystems. The product representedby the vertical portionof

curvez hasan approximateformulaof yCuO.zSOt. This thereforeliesbe-

tweentheformulafor antleriteand brochantite. Theconstancyof the com-

positionofthis product,overa fairlywiderangeofconcentrationsis indica-

tiveofit beinga true chemicalcompound. It maywellbe that this is rela-

tivelyunstableand ifallowedenoughtimewouldgooverinto stableminerats

knownto mineralogists.In nature thesemineraJscanform slowly,andtheir

constituentatomsare able to take definitepositionsin the spacelattice,but

whendepositionoccurs rapidly as in the laboratory procedurehereinde-

scribedthis apparentlydoes not occur. Instead an amorphousprecipitate

forme,andin this the ratio of the constituentsmaynot be the sameasin the

crystallinefonns.

Table1 showsthat the pH is nearly constantuntil the Cu/SO~ratio

beginsto changerapidly with increasinghydroxideconcentration. This

wouldpointto a compoundformation,and also that if a compoundhad ac-

tuallyformed,it wasunstabletowardbases.

It willthusbe seenthat any productwitha Cu/SOaratio of3.5to 1.0or

overmaybepreparedby the additionofthe properquantity of base. Points

representingthe compoundssuggestedby Pickeringhave been includedin

the Graph,in order to show the closeagreementbetween thèse and the

productsobtainedin this work.
Atlprécipitâteswereflocculentand whenfilteredbecamegelatinous,re-

tainingsuchlargequantitiesof waterthat any attempts at determiningthe
waterofhydrationby chemicalmethodswouldobviouslybe futile.

It wasalsoobservedthat as morealkaliwas addedto the cupricsulfate
solutionthe resultingprecipitatecontainedlesssulfateand morebase,indi-

catingformationof cupriohydroxide. For the lowerpart of the curvea solid

solutionsuggestsitself,althoughthedata at handarenot sufficientto indicate

conclusivelywhetherwearedealingwitha physicatmixtureor asolidsolution.
Thèseobservationsindioate then that the compositionof basicouprie

sulfatesaspreparedin the laboratoryisdependentonthe methodsofprepara-
tionandtheratiobetweenthé reactingsubstances. In this respectthebasic

cupricsulphatebehavedalmost exactly like the basic aluminumsulfates,
preparedby Miller. Millerfoundthat the compositionof basicaluminum
sulfatesremainedapproximatelyconstant until a certain quantity of alkali
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had been added. But on further addition of hydroxide the A!/80! ratio

changed very rapidly. This is exactly what the ourves and table given
here show regarding basic cuprio sulfates..
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BY DAVID CAV!D80N AND LARB A. WELO

Weoweourknowledgeofthe constitutionofPrussianBluelargelyto the

workof Ench M(!er and his students', whoseresultsmay be summanzed

as follows: There is an equilibriumin solutionbetweenferrie and ferro-

cyanideionson the onehandand ferrousand fenicyanideionson the other.
III Il

SolublePrussianBlue ie potassiumferrioferrocyanide,KFe[Fe(CN)tt. It

is obtainedfrom equivalentsof ferrie chlorideand potassiumferrocyanide

or fromequivalentsof ferrouschlorideand
potassium

ferricyanide. Insoluble
III r

PrussianBlueia ferrie fen-ooyanide,Fe~Fe~N).]! in whichthe potassium

of the solubleblue Mreplacedby ferric ion. Turnbull'sBlue is madeup of

threemoleculesof the solublebluein whichtwoof the potassiumatomehave
n m n H m

beenreplacedbyferrousiron, henceKFe[Fe[Fe(CN).]]~orKFeFe,[Fe(CN).!<.

Recently,Reihlenand Zimmennan'have proposeda constitutionalfor-

mula for SolublePrussianBluein whichthe two iron atoms are combined

in the formofa complexpolynuclearion,thus:

K
rCN. ~Fe<(X;N. ~Fe<./CN'CN ~CN~ ~CN.

Cambi*has proposeda similarformula. No experimentalévidence,how-

ever, bas beenadvancedin supportof sucha structure. The presentpaper

deale with the results obtained in the attempt to distinguishbetweenthe

simpleandthe more complexstructures. Neitherthe conductivitymeasure-

ments in solutionnor thé magneticmeasurementsin thé solid state have

producedanyevidenceof theexistenceofthe postulatedpolynuclearion.

Condacdvitsrmeasui-emente

As maybe seen from the correspondingformulae,Reihlenand Zimmer-

man's structurewouldyieldonly two ions in solution,whereasthe simple

formulaindicatesthe occurrenceof three. Sincethe insolubilityof Soluble

Prussian Blue' renders conductivity measurementsimpracticable,atten-
III III

tion wasdirectedto the closelyretatedferrieferricyanide,PefFe~N).], wtuch

is obtainedby treating ferriechloridewithpotassiumferricyanide. Applying

the ideasofReihlenand Zimmermanto thiscompound,its structurebecomes:

CN /CN.. /CN'

)>Fe( ~Fe~LCN~ '-CN~ ~CN.

From theLaboratoriesoftheRockefellerInatituteforMedicalResearch,NewYork.

THE NATUREOF PRUSSIANBLUE
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That is to say, whileaccordingto the simplerformutation,ferrieferrioyanide
appeMsto be a binaryeleotrolyte,accordingto thesecondformutationit is
tnaoifesttya non-e!ectro!yte.It is actuallyfound,however,that a mixture
of ferrioalum and potassiumferricyanidesolutionshasa conductivityonly
slightlylessthan that oftheeomponentsolutionsand machgre&terthan that
of an equivalentamountof potassium and ammoniumsulphates. The
specifieconduotancesaregivenin TableI.

TABLE1

SpecificConductancesat 2<'

MagneticMeasatemeats

Manysimpleferrioaalts, suchas FeCla,Fei(SO<),,etc.,have beenexten-
sivelystudied. For thepurposeof the presentpaperit is onlynecessaryto
state that, in générât,aolidparamagnettesobeythe gencralizedCurie law.
K. (T-O) C.; thatis, t/H<<=(t/C.)(T-e)whereK.i8thesasoepttbi!ity
per gramatomof the paramagnetioMa,T is theabsolutetemperatureonthe
centigradescale,0 is a constantrelatedto the molecularfield,and C. ia the
Curie constantreferredto thegramatom. But the constantsC. (reciprocalof the slope)and 9 (intercepton the temperatureaxis)take differentvalues
accordingto the températurerange. The ourveshowingi/K. plottedagainst
T consistsgenerallyofaseriesof straightiineswithwell-definedbreaksif the
rangeof temperaturesisgreatenoughandif the pointsare closeenoughto-
gether. We have madea closestudy of the observationsfor all of the six
ferrie salts ïnoasured by Ishiwara''and Honda and Ishiwara', and the
ferrie sulphatesmeasuredby Théodoridès'andby Onnesand Oosterhuis'
in ordertodeterminethe rangeof valuesof C. to be expected in any iron

TABLEII
Résumeof MagneticData on FerricSaltsin theSolidState
S<ttt Cutieconstant,C,. Correspondingnumber Authors

Fecla

ofWeimmagnetons,P.

~T~ 3.80,4.08 a7.4,28.~ Ishiwa.r&,and
i'e~ia2(NHtCI)+HtO 3.98,4.29,5.30 28.0,29.1,39.4 Hond&aad
~Fe:(SO<),) 3.85,4.22,4.71 27.6,28.9,30.5 lBhiw&r&
NH.Fe(SO<). + 12H~O 4.43 29..6

NHJi'e(SO<)! 3.94,4.o8,4.14 27.9,28.4,28.6
Fe(C<H,0:), 3.92,4.St, 4.8ï 27.9, ~9.8,30.8
~{Fe!(S04)9] 4.~33,4.245 28.93,28.97 Théodondës
NH.Fe(80<),+t2H,0 4.~6 29.0 Onnesand

Oosterhuis

..iMK,Fe(CN). Mhos.
o.iMNH<Fe(804)mH,0 0.00310
o. 2 MK~e(CN). + o.a MNH<Fe(SO<), H,0 o. 0064$

Il

0.3 M K,SO<+ 0.1 M (NHJ,S04 0.00480
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salt giving the simpleion' Fe+~. Theyappear in Table11. Valuesoat-

oulatedfromdoubtfullinesegmentswererejected. Valuesofthe constant0

arenot shownasweare not concornedaboutthemin this paper. FoHowing

commonpraoticewe includecorrespondingvaluesfor the Weissmagneton

numberoatcu!atedby the formulaP = '~––~ i4.o7\~C,.<the gas
n23.s

constantR being83.~5X io".
The ferrocyanideshave longbeenknownto be diamagnetic. We have

measuredthe susceptibiUttesof the ferrocyanidesof hydrogen,potasamm,

sodium,and calciumin the attempt to evaluatethé gramatomicsuscopti-
bilitiesofthe ironin them. TheresultsappearinTableIII, where

K<=' specifiesusoeptibility.
Km= mo!eou!arsusceptibitity.
K.= gramatomiosusoeptibility..
Kd = sum ofgramatomiosusceptibititiesofconstitu-

entsotherthaniron.

TABLE III

MagnetioDataonthe Ferrocyanides

Tocalculatethe valuesof Kashownin thé table, the followinggramatomic

susceptibilitiesgivenbyPascal'"wereadopted:H = – 2.0X 10' K = -18.5
X 10- Na = -9.2 X io-< Ça = t5.8X 10- C = 6 X io-< N

-5.5 X io"H}0 = –13.0Xicr", andthecorrection+ 0.8X 10~ foreach
ofthe CN groups.

As the tableshows,the meanof the fourvaluesof the iron atomic sus-

ceptiMUtiesis Et = +4.3 X 10- It is to be expectedthat the individual
valuesof K, shouldfluctuateconsiderablybecauseofexperimentalerrors in
K and becauseofdoubt that Paacarsdiamagneticconstantsare stnotly ap-
plicableto thesecompounds.Errorsin the determinationof K~for ironin
theferrocyanidesare ofnoimportanceinconneotionwiththe subjectof this

paper.HereweareconcemedwithPrussianBlueshavingoneormoreferrieions

permolecule,eachhavinganatomicsuseeptibilityoftheorder14000X io*'
to 21000X io'* withinthe rangeof températureused. The paramagnetic
contributionof iron,if any, in the ionFe(CN)eis itselfentirelynegligible.

FerrooyMtde Molecular Mean
weight K X to* K~ X to*K<tX !0' K, X 10'K, X !o'

H<[Fe(CN),] 216 -0.328 ±33 -70.8 -75.8 +s.o

KJFe(CN).] +

gB~O 422 –o.4o8~:2 –172.3 –177.3 +$0

N~[Fe(CN).] +

9.sHtO 475 ~0.474~3 –225.0–2:4.0 –i.o

Ca,[Fe(CN).] +

ï0.5ll:0 48I -0.465 1 –223.5 -231.8 +8.3 +43
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The magneticpropertiesof solubleand iMotubtePrussan Blueas they
havebeenformulatedin theforegoingdiscuasMaotmnowbepredieted. Sotu-

111Il
ble PrussianBlue, KFetFe(CN)~,shouldbehave as a doublepotassium
ferriesaltofhydroferrocyanicaoidm whichall of thé paramagnettstnis due

-)-++
to the ion Fe. TheCurieconstant shouldbe, accordingto Table II, not
lessthan 3.80andmightbeas highas 5.30. In the insolublePrussianBlue,iri JI

Fe~Fe(CN)t~,onlyfourofthe sevenironatom per moleouleplay a part
in the paramagnetism.Wemay assumethat eachof the fourcontributes
equally. Weshouldobtainagain,foreachferrieion,a Curieconstantwithin
the limits 3.80and 5.30. The correspondinglimitaof the Weissmagneton
numberashouldbe27.4to 32.4.
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BachPrussianBluewasmeasuredat threetemperatures:that oftheroom;

whensurroundedby me!tingico,givinga nna! temperatureof 2.i*C; and

whensurrouodedby solidCO:,givinga temperatureof –yo~C. Theseare

sufRoientin oumborand extendover a large enoughrange to determine

whetheror not the CurielawMobeyed,and, if so,to enaMeus to détermine

the constantC. andifwesodesire,6. Therésultaareshownin TableIVand

in Fig. i. The meaningof thé symbolsT, K, Km,Kd, and K., hasatready
beenstated. N Mthé numberof ironatomapermoteou!eassumedto be re-

BponaiMefor paramagnetiamand KMia the molecularsuaceptibilityKmjMr-
reotedfordiamagnetismandforthesmallpositiveresiduatof ironin Fe (CN)<

by subtracting the quantities Kd. As shown in the figure, the relation

betweent/K. and T is accumtotytinear for eaoh of the PrussianBtues

throughoutthe rangestudiedand in accordwith thé Curie lawwhichmay
be writtenin the form,!/K.= (ï/C.)(T-0). TheCurieconstantCacanbe

determinedfromanytwopointsonthe linebytheformula,C. =
/K –i/K

similarly,
TsK;t! – T)K<tt·

1- 1 aS

and,stmuany,6 = –~–––Ko; – K,n.

TABLEIV

MagneticData on PrussianBlues
Mn)~-

It ia convenient ta take the values of T and i/K. from the graph.
i. SolublePrussian Blue.

I
When Ti = 300, = 68.60.

i~tt
i

T: = 200, = 43.90.

300 – aoo too = 4.05.
"'68.60-43.90 "24.70°~

Giving for the magneton number,
P =

t4.07\/4~ = 28.3.
For Soluble Prussian Blue, 9 = +22.

2. Insoluble Prussian Blue.
1

When Ti = 300, = 72.20.
n.t

T2 =

200,
= 46.70.

300 – 200 ÏQO

3.92.
72.20 46.70 2S.5

Mole.
PruœitmBtue oular N T KX'o'KmXto'KdXto'KMXto'K.Xto' J.

weight Ka

Soluble 300.$ 4:.4s 14460 –t03 14563 14563 68.68

KFe[Fe(CN)e} 34t i zys.a 46.73 15940 –103 16043 16043 62.32

+1.9~0 203.1 65.40 22290 –t03 22393 22393 44.70

Insoluble 300.6 49.05 55000 -368 55368 13842 72.35

Fe<[Fe(CN)tIit 1120 4 275.2 53.75 60250 -368 6o6t8 t5i54 66.00

+ i4.5HtO 203.1 75.00 84000 -368 84368 21092 47.40
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GivingP = 14.07~.02 = a7.8.
For InsolublePrussianBlue,0 = +i4.7.·

Wesee,then, that the treatmentof the magneticdatademandedby thé for-
MtIl III tt

mulations KFe{Fe(CN)o]and Fe<[Fe(CNM,for soluble and insoluble
PrussianBlue, respectivety,leads to the Curieconstants4.05and 3.92 and
thémagnetonnumbers28.3and 27.8whioharewithinthepemussiMelimita
forferricions,accordingto TableII.

It isof interest to treat the marnettcdata onthe basisof the alternative
Ht

formulationsas poiynuclearcompounds:K[Fet(CN)<]and Fe[Fe)(CN)~.
In the caseof the solubleBlue we must assumethat each iron atom in
the ion Feï(Cl~eptayBthe samepart and contributeshalf the total. The
Curieconstantper gramatomof iron,

0.
4.05 2.02

C.=~=.s
C8=

2
2.oa5

andthe magnetonnumber,
P = 14.07~9 025 = M.o

ThesevaluesofC. and Phaveneverhithertobeenobservedin anysaltof iron.
In thecaseofthé insolubleBluethe measuredvalueofthéCurieconstant,

referredto the grainmolecule.is

CM= 4 X3.92==is.68
Fromourmeasuj'ementaoneotuMeBlue.thecontributionofeach ionFe!)(CN)e

m
is 4.05and for the three ions Feit(CN)<in the formulationFe [Fe!(CN)t]~

+++
3 X4.05= i2.t5. TheCurieconstantC. referredto the ionFe becomes

C. ïs.68 12.ï5 3.53
andthemagnetonnumber,

P = 14.07~~53 = 26.4
Thesevaluesof C~and P are, indeed,observedin ironsalts, but they are
oharacteristieof the ferrousion in ferroussaltsandnotof the ferrieion re-

Ut
quiredbythe formulaFe[Fet(CN)e]<. In botbthesolubleandthé insoluble

Blue,therefore,the formulationsas polynucloarcompoundsare ineonsistent
withthéknownmagneticpropertiesof ironsalts

Theauthorsare indebtedto Dr. OskarBaudischto whomtheir interest
in thesubjectis due and to Dr. P. G. Colinwhoverykindlymade the con-

ductivitymeasurementa.
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THE INFLUENCEOF PRESSUREON THE HIGH.LOW

INVERSIONOF QUARTZ

BY R. E. GtBSON

Introduction

Whena crystal of quartz is heated ta temperaturesslightlyovcr 400°

its propertiessuch as volume,heat capacity, crystal anglesand refractive

indicesvary much more rapidly with temperature than do those of most

othersubstances. Indeed,Wright' baspointedout that the variationof the

crystalanglesof quartz is an exponentialfunctionof the temperatureabove

Soo".White' observedthat the rise in the heat éapacitywasnot entirely

explainedbythe volumechanges. It seemedthat heatnecessaryfora coming

changewas being absorbedand White called the excessheat capacitya

"distributedlatent heat." Thesechangesjust mentionedproceedat an in-

creasingrate until at 573"a catastrophic transformationoccursand the

trigonalor lowquartz is convertedto the hexagonalor highform.
`

Manyinvestigations'have beenmadeto determinetheexacttemperature

ofthistransitionpoint. Recently,Bates and Phe!ps~placedit at S73-3"for

the low-~highinversionand 572.4"for thé high-~ow inversion. Their

experimentsbeingof a veryhighorderof accuracyandbeingmadeonblocks

ofquartzhave brought to light severalimportant tacts. Chiefamongthese

is thefact that duringthe low--+highinversionthe temperatureof the block

Mis,thoughthe temperature of the fumaoe is slowlyrisingor is held sta-

tionary. Furthermore,this dropin temperatureis constantformany speci-

mensand various rates of heating. It is about half a degree. They also

observedthat the speedof the reaotionwas very highandthat all attempts

tocheckthe reaction,onceit hadstarted, werefutile. Clearlywearedealing

witha eurioustype ofphasechangeandone whichmustbemorefullystudied

beforeit is ctassedwith such phenomenaas meltingor the inversionof a

substancelike tin.

Thehigh-lowinversionof quartz is, moreover,of interestto geologists.

Wrightand Larsen"showedthat froman opticaland crystallographicstudy

it ispossibleto inferwith fair probabilitywhethera pieceof quartzbas ever

beenat a temperatureabove the high-lowinversionpoint. It is, therefore,

possiblein somecases to placean upper limit to the temperatureat which

quartzand mineratsassociatedwith it were formed. It was,of course,rec-

ognizedthat under the pressuresexistingat depths in the earth, quartz

wouldinvert at a higher temperaturethan at oneatmospherepressureand

1F.E.Wright:J. Wash.Acad.Sci.,3,485-494(i9i3).
'W.P.White:Am.J. Sci.,47,t-43(t9!9).

SeeR.B.Sosman:"TheFropertiesofSilica,"p.1:9(t9~7).
<Bur.StandardaSci.Papete,(No.557)22,315(!927).

Am.J. Sei.,27,421-447(t909).
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that unlesssomeidea of the magnitudeof this changewere availablethe
abovemethodwouldbe onlyapproximate. Assumingthat we aredealing
with a changeto whichthe Clausius-Clapeyronequationmay be applied,
weshouldbe ableto calculatethe influenceofpressureonthis inversionfrom
heat and volumedata. Unfortunatety,reliablodataof this nature are not
available. Day, Sosmanand Hostetter*made aoouratedéterminationsof
the density of quartz fromroomtemperatureto 1000". In the vioinityof
500''–570°the volume-temperaturecurveshowsa distinctroundingsimilar
to theeffectau-eadydescribedandleavessomedoubtasto what is to betaken
asthevolumechangeoninversion.Thereis,however,a sharp instantaneous
changeequal to 5.25 ce. per kg. at g7S°or so. This we will oaUthe "in-
stantan~ousvolumechange"anduseit later. ïn thecaseof thé heat change
there is addedto this diffioultythefact that the data are fragmentaryand
ratherinconsistent–whiohisnotsurprisingwhenthe experimentaldunculties
areconsidered.

Table 1showsthe oa!eu!atedriseof the inversionpoint for 1000mega~
baryes,'whichcorrespondsto variousestimatesof the latent heat.' It will
beseenat once.thatthe bestdatagivevaluesfor thé inversionat 1000mega-
baryes(correspondingto a depthofapproximately3 kminthe earth)varying
by 23"C. Hencefor geophysicalpurposesa directdeterminationof theeffeot
ofpressureon thehigh-lowinversionis desirable.

TABLE1

Heat andVolumeData forthe High-LowInversionof Quartz

Scopeof Paper. In this paper1 proposeto givethe results of deter-
minationsofthe temperatureofthehigh-lowinversionofquartzundervarious
uniformhydrostaticpressuresfromoneto three thousandmegabaryesand
soobtainthe riseininversiontemperatureasafunctionofthepressure. From
this1shallc&Matethe latentheatof inversion.

Jtfo~nej's. In preliminaryexpérimentapowderedquartz was used.
Thiscamefromthe Bakerand AdamsonChemicalCompany.

'Am.J. Sei.,37,1-39(t?!~).
t megabarye to"dynea/cm' 0.987atmosphere.
Scamam:Op.cit.,p.3:9.

Volumechuge Heatchange Rise~Invet~on
ce.per]tg cal.perkg Temp.for tooo Authorand Notes

megabMyea

3.zs 2500 26.3 SoamMt (most probable

estimate)
3.25 4300 ts.3 White(t9i9)
3.95 ïyoo 38.7y White(So8mM'8e8tima.te)
3.25g 4200 t5.y7 Cohn (Norwegian Quartz)
3.as 4100 i6.tx Cohn (Rose Quartz)
3~S 4'oo 16.11 Cohn(Hohenbook&S!md)
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For the majorpart of the work,however,a smallblockof quartz was

employed. Thiswaaout froma well-fomedSawiesscrystalof quartz whieh
camefromHot Springs,Arkansas. It wasgivenme by Dr. Foshagat the

U. S.NationalMuseumandwasmarkedwiththe number83660.

Experimental

Apparatus. The bomb or vesselin
which the pressurewas generatedwas

designedby Dr. L. H. Adams,built by
Mr. Jost of this Laboratory,and was
similarto that describedby Smyth and

Adams.'It differedfromtheirsin dimen-
sions.

Theapparatusis showndiagrammat-
icallyin Fig.i It consistaessentiallyof
a steet cylinderJt groovedspiraUyon
the outside.Onthis innerwallis shrunk
an outer wattJa whichis made of hard-
ened vanadium steel and fs the chief

pressure-resistingagency.
In the spiralgroovesGbetweenthèse

twowalls flowahot water whiohserves
to conduotawayany surplusheat and

preventsthe outerjacketfrombecoming
excessivetyhot. Theendsof the cytin-
der are closedby twoMs LtandL:, the

joints beingmadegas tight by copper
gasketsat A. Each lid is made in two

sections, as shown, and coolingwater
nowsin the two concentricchanne!s 1
and Wt.

Insidethebombisan electricfurnace

F, made of two coilsof platinum wire
woundon coaxialalundumtubes. The
lowerpart ofthe furnaceis filledby the
baBesB. Thespacebetweenthe heating
coilsand thewaMsis filledwith alundum 1
sand.

The thermocoupleleadsrt'Z'iT,pasathroughthe lidas illustrated. The
packingsTP are madefromsoapstonewhichis eut and boredto fit and is
Sowedintoplacebytheapplicationofa highdifferentialpressure. The fur-
naceleadsofwhichoneisshownat H arealsopackedin thesame way. Thé
Udaare heldonbyan oilpresswhichis capableofa forceof500tons. This
methodisverysatisfactory,as foreachinternalpressurearequisiteforcefrom

J.Am.Chem.Soc.,45,ti~ (t~a~).

t~U.ta

Dia~nunmttticdtetch of high tempera-
ture bomb.
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the pressoanbe exertedto balancethe pressureon the !ida and sono un-
necessarystrainsareset up in thematerialof the bomb.

To generatepressureinsidethe vesselan appropriateamountof liquid
carbondioxide,carefuUydried,isintroducedat 1 froma pump. Thesystemis
closedoffbya controlvalveandthe heatingourrentis switchedon. 'd

Asthe inversionpointwasdetectedby its heat effect,it wasabsolutely
essentialto obtainreasonablysieadythermalconditionsin the bomb. The
introductionof thé largeamountsof gas necessaryforgeneratingthe pres-
suresusedoausedseveraldisturbanceswhichhad tobeeliminatedbeforeany
resultsat allcouldbeobtained. Thesedisturbanceswereof threekinds:

(i) Convectioncurrents

(2) Verticaltemperaturegradients i

(3) Changeof positionof the spot ofmaximumtemperatureinthefur- 8
nace.

Convectioncurrentsplayedhavocwith températurereadings,as willbe
readilyunderstoodfroma glanceat the apparatus. In the bombthere is
a very densegasat a temperatureof 600°in the centerand 100°at théends. f
Disturbancesof this kind wereremovedby fillingup the furnacewithas
muchsolidmaterialas possible. The silicaglasstubeS was wrappedwith
asbestosstringon thé outsideso that it fittedtightlyinto the furnace. The
crucibleCwasmadeto slideneatlyinto S andthe spacebetweenCand the
upperlidofthébombwasfilledwithalundumdisesboredto take thethermel t)
leads. Thesedisesare not shownin the diagram. As alundumconducts
electricityappreciablyat high temperatures,the thermocouplewireswere Ï
insulatedwithfinesilicaglasstubes. By this simplemethodthe convection e
disturbanceswereeutdownto a minimum. a

Temperaturegradientspresenteda moredifficultproblem,andonewhich
was nevercompletelysolved. The bomb was exploredby meansof two
thermocouplesspacedvertically1.5cm apart. Afairlyquantitativeidea
ofthe temperaturegradientsat differentlevetsin thebomband at thevarious
temperaturesandpressureswasobtained. At no spotwas the gradienten-
tirelysatisfactoryandat the levelwherethe quartzwasplacedit amounted v
to ~°per cm. Asthe quartz blockwas i cm highthis state of aNairswas t

unsatisfactory(t) becauseit led to faulty readingsonthe thermoooupte,and t
(2)it causedshatteringof the spécimen. Amethodofreducingatillfurther
the temperaturegradientoverthe chargewasfoundin a silvercruciblewith
walls3 mm thiok. This crucible,the thermocouplesand the chargeare
presentedin Fig.2.

In the silvercruciblewereplacedtwo cylinders,theupper of quartzand
the lowerof silicagiass. The cylinderswereboredaxially to reeeivethe
thermocouples..There were two junctions of chromel-alumel,one in the
quartzblock,thermocoupleA, andthe other in the silicaglassblock,thenno-
coupleB. ThéE.M.F.of Agavethe temperatureofthe quartz blockand j
the E.M.F. acrossthe two chromelleads gavethe differencein temperature
betweenthe quartzandthe glass. As longas no reactionoccurred,thisdif- 6
ferentialtemperatureremainedapproximatelyconstant,but the heatchanges
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accompanyingthe inversionof the quartz causeda suddenaccelerationor
retardationin therate of temperaturechangeofthe quartzblockandhence
a "kick"on the readingof the differentialcouple. The exactmethodof re-

cordingand interpretingthe resultswillbegiventater.
In the earlierexperimentspowderedquartzwasused. The samplewas

containedina dividedcruciblemadeof sheetplatinum,ofthe sort described

suvercructMewnnenargeanathermocouples.

by Smythand Adams. In onehalfof the cruciblewaspowderedquartz,in
the otherwaspowderedvitreoussilica.Themethodgaveresultsbut wasnot

very satisfactory,and indeedwasuselessbetween200and 700megabaryes
wherethe temperaturegradientwas so great that the quartz invertedin

layereand heat changesweretoodiffuseto bedetected. Theresultsat high
pressures,however,werein goodagreementwiththoseobtainedwhena solid
blockwas used. Between200and 700megabaryesthe placeof maximum

temperature in the fumacerose towards the lid. This, 1 believe,caused

complicationsin producingchangeableE.M.F.'swhere thé thermocouptes
ran throughthe packingand led to a scrappingof the ptatinum-platinum-
rhodiumelementswhichwerefirst employedand to the use of chromel-
alumelcouples. Disturbancesfromthis sourceweremanifestedby a drop
in the observedreadingsbetween!:ooand 700megabaryes. The evilwas
neververy definitelycuredbut the resultsobtainedwiththe chromet-atume)
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couplewerefree fromanomaliesbetweenaooand 700 me~baryesand it was
assumedthat they representedthé true températures.

Procedure. In an actuat experimenta certainpressurewas generatedin
the bomband the temperaturebroughtto within50°of the inversionpoint.The heatingcurrentwaathen eut downuntil thé temperaturerosealowly-

Typicaiheating,coolinganddifferentiattempemtttre-timecurvea.
between0.3"and 20per minute. Readingsof the temperatureof the quartz
and of the differentialtemperature were made every alternate quarterminute. Thesereadingswereplottedagainst time and the usual heatingcurvewasobtained. The pointof inversionwas takenasthepoint at which
the differentialtemperature first departedfrom the normalreading. The
justificationof this isseenby consideringeurvesi and ïDonFig. 3. Curve
t is a heatingcurvefor a blockofQuartz. Curve10givesthe differencein
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temperaturebetweenthe quartz blockand an inert blockbesideit in the
furnace. It wiUbe seen that the dmèrontiattemperature departsfromits
normalvalueat the sametime that the breakcoeurson the heatingcurve.
In the diagram!Dis invertedfor the sake ofconvenienceas, of course,the

quartzwascoolerthan the furnaceduringthé inversion.
Thechrome!and alumelwirefromwhichthe thermocouplesweremade

waacalibratedat the meltingpointsof zinc and antimonyand at the inver-
sionpointof quartz at i atmosphèrepressure. The temperatureintervab
around600"werefoundto agreewellwith the standard table givenin the
InternationalCriticalTables,viz.,42.4microvolts= 1°C.

The resultswerecalculatedas follows.
Let ?"<,= thé temperaturein microvoltsof the inversionat o mega-

baryes

?"p = the temperaturein microvoltsof the inversionat p mega-
baryes

ThenT*~– T"o=AT, theriseinmicrovoltsof the inversiontemperature
dueto a pressureof p megabaryes.AT' wasthen convertedto A?*,the rise
ininversiontemperaturein degreesCentigrade,by useof the standardtable.
Ineveryseriesofexperimentsunderdifferentpressuresa run at.atmospheric
pressurewasmade to insurethe acouracyof 2"

Results

Theresultsarefoundincolumnsi and 3ofTable II andareptottedinFig.
4 with AT as ordinateand the pressurein megabaryesas abseissa. The
curveis slightlyconvextowardsthepressureaxis. A least squarequadratic,
passedthroughthe points,gavethe equation

AT = -0.3 + 2.1 X 10-~ + 8.6 X icr'p' (1)

whichcorrespondswiththe curveinFig. 4.

TABLE II

ObservedandCalculatedValuesof A?'

Pfesaurem A?*(obs.) A?'(catc.) obs.-eatc.
meg&bMyee "C "C °C

o o –.g +.3
i3o 2.4 2.5 -.11
220 46 44 +.2
340 6.4 7o "-6
540 n.44 11~3 +.i 1
750 16.2 15.9 +.3
940 20.8 20.2 +.6

i35o 28.6 zg.6 -1.0
'76o 39.6 30.4 +.2
Mto 509 So.3 +.6
~5~0 57.1 57-6 -.5
2640 .61.4 61.22 +.2
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ït must be emphasizedthat the E.M.F. of the thermocouplesis un-

doubtedlyaffectedby pressure. Anexactknowledgeof this effectis lacking
but fromthé influencesof pressureon the thermalE.M.F.'sofothermeta!s'
wemayconcludethat it iaquite small. Thisconviotionwaastrengthenedby
a preliminaryexaminationof the effectof pressureon the meltingpoint of
antimony. 1 have, therefore,not correctedthe results for the influenceof
pressureon the thermocouplesand in consequencethey mayat sometime
be subjectto stight modification.

F!o.44
The rise in inversiontemperaturecorrespondingto variouspressures

From equation (t) it follows that the initial value for the pressure co-
efficientof the temperature of the inversion point of quartz, dT/dp, is 2.:°

per too megabaryes.
In Table III approximate values of the inversion point of quartz at several

deptbs inside the earth are given. The values above 9 km, being extrapo-
lated must not be assigned a reliability at all comparaMe with the other
values.

Calculation of the Latent Beat of ZwerMOM.From the value of dT/dp at
zero pressure, viz. 2.1 X io~ degrees per megabarye, and the "in8tantaneous
volumechange," it is possible to catcu!ate the latent heat of inversion with
the help of the Clausius-Clapeyron equation:

P.W.Bridgman:Pmc.Am.Acad.Arts Se: S3,269(!9t8).
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~y~z
dp AH

dT*
Now = 2.1X io- y ==846°K,A 7 = 3.25ocperkg.

A~= -°deoijou!e8 perkg = 3.1eaLpergram.2.1

Thelatentheatof the high-lowinversionis,therefore,3.1cal.per gram. The
bestexperimentalvaluesof this latent heat are ahownin Table I, column2.
It wiHbeseenthat the valuejust calculatedoccupiesa mean positionandis
fairlyctoseto z.s cal. pergram,whichSosmanhasgivenas the mostprobable
estimateofthe latent heatofinversion.

TABLEIII
The InversionTemperatureof Quartz at VariousDepths in the Earth,

assumingan averagedensityof 3.0
h__L1..

Summary

Whenquartz is subjeotedto a uniformhydrostaticpressureof p mega-
baryes,the temperatureof its high-lowinversionis raisedaccordingto the
followingequation:

AT = -0.3 + a.i X io-~p + 8.6 X io-y.

Thisequationexpressesthe resultsof directexperimentalobservationsmade
betweeno and 3000megabaryes. From the initial pressurecoefficientand
the instantaneousvolumechangeduring the transformationit followsthat
the latentheatofinversionis3.cal. per gram.

It is a pleasureto acknowledgethe adviceand criticismwith whichDr.
L. H. Adams bas helpedme immenselyduring this investigation. My
thanks are alsodue to Drs. E. V. Shannonand W. F. Foshagof the U. 8.
NationalMuseumfor furnishingme with the spécimensof quartz which1
used in this work.

GeopAymco!f<t6<tr<t<M'M.
Caftt~fj~fM<t<tt<t<Mt<M~<MM<M<OM,
~p~

Depth Pramurein Temperature
in km megabaryes A7 ofinvetaion

(appMx.) "C in "0

o o 0 573
1 300 7 580
5 isoo 33 6o6
9 ï7oo 63 636

ïo 30<M 71 644
20 6ooo is7 (730)
30 9000 2S9 (832)
40 nooo 376 (949)
50 isooo so9 (ïo8z)

~u



BY B. E. G!B80N

It has beenshowndefinitely'that the high-lowinversionofa crystalof
quartz is a phasechangewhich is alwaysaccompaniedby superheating.
Asthe réactionisso rapid that it mightbe consideredas proceedingadia-
batically1 thoughtit possibleto calculatetheheat capacityof lowquartzat
5~°. Thismayhedoneasfollows.

Let T: = themaximumtemperatureto whiohthecrystalsuperheats
Tl = the minimumtemp.to whichit coolsduringthe reaction
t~fy, = the heatcontentof the lowerphase(lowquartz)at Tt
t~T-, = the heatcontentoflowquartzat 7':
zNy, = theheat contentofhighquartzat Tt
C~L = théaverageheatcapacityof lowquartzbetweenTiand?*:
L = the latent heat of inversionat ?\; = i~r, i~r.

Then ~y, + C~(~) = ,Nr,
But t~r, ==~}., if theprocessisadiabatio.

~7-. + C~T.-T',) =
L C~T,).

If L and (T~-T't)are knownwemaymakean estimateof Cj,. In the
precedingpaper1havecalculateda valueof the latentheatof inversionfrom
what seemsto be thebest valueof the volumechangeand the pressureco-
eScientof the inversiontemperature. ThisgivesL = 3.; cal.pergram.

~–Tt bas beenmeasuredby Bâtesand Phelpsformanydifferentspeci-
mensand is giventhe meanvalueof 0.5". In the foUowing1 shalloutline
severalexperimentsmadewithMockaof quartz in which3'!–?', seemedto
benearero.o". Batesand Phelpsdonot indicatewhatsteps weretaken to
ensuregoodcontactbetweenthe thermocoupleand the quartz but their re-
sultaare consistentandsoasan approximation1shalltake 0.7asa tentative
valuefor 7'

HenceCL = 3.1/0.7= 4.4.
Theoutside limitsfor Cjc.,takingthe extremesin the valuesfor Tt–Tt, arc
3 and 5cal. pergramper degree.

We have thereforethe resultthat the heat capacityof lowquartz in the
neighborhoodofthehigh-lowinversionis4 d: i. Thisismorethan ten times
theheat capacityof lowquartzat 550"or ofhigh quartz at 6oo". White,
andPerrier and Roux,'haveshownthat the heat capacityof quartzbuilds
upwith increasingrapidityabove500°and a very high valueof the heat
capacityis to be expected. Despitethis effect,however,the valuejust ob-

Bates andPhelps,Bur.StandardsSoi.Papers(No.557)22,3t5(t927).
'SosmM:"ThéPropertiesofSiMca,"p.337(1927).

A NOTE ON THE HIGH.LOWINVERSIONOF QUARTZANDTHE
HEATCAPACITYOFLOWQUARTZAT573"
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tained is astonishinglyhigh and it was thought.worthwhileexaminingthe

validityoftheassumptionsunderlyingthéforegoingcaleulation.

Wehâveassumedin this ca!outation:

(t) that the réactionis rapid.

(2) that the wholeblockinvertedwhilethe temperaturedroppedfrom

Tt to Tt. Assumptionnumber(i), madenecessaryto avoidconfusionwith

sluggishtransformations,is borneout by experiment. All observeraagrée
that thé reactionis quite rapid.

The secondassumptionwillbe reasonableif it canbe shownthat is

always.abovethe equilibriumtemperature,i.e., the temperatureat which

the changeisthermodynamioanyreversible.

1hope to demonstratein this paperthat the equilibriumtemperatureof

the S73"inversionof quartz is thé maximumtemperaturereachedduring
the high-lowtransformationoncooling,and as this isalwaysseveraltenths

ofa degreebelowTi, wemaysaythat the abovecateutationis fairlysound.

Experimental

Heatingand coolingcurvesfor blocksof quartz. Twocylindersof quartz
werestudied. Thefirat,eut froma crystalofveinquartzfromHot Springs,
Arkansas(NationalMuseumNo. 83660)was 19 mmlong and 12mm in
diameter. The secondwaseut from a pebbleof quartzfrom Braziland

was!ommlongand 10 mmindiameter. BothweredriHedaxiaMytoa depth
of n mm andin theseholesthermocoupleswereptaced. It shouldbe em-

phasizedthat the thermocouplefittedtightly in the holeso that goodcon-
tact wasmadebetweenthe elementandthe quartz.

The blockswere enclosedin thick-waUedsilver crucibles,placed in a

platinumfumaceand heatingandcoolingcurvesweremadein the usualway,

temperature readingsbeing taken every quarter of a minute. Chromet-
alumelcoupleswereused. Thesensitivityof these isquitehigh,42.4micro-
voltsbeingéquivalentto i*'C. The coupleswerecatibratedat the freezing
pointof antimony(630°).

A seriesof orientingexperimentsconfirmedBates and Phelps' observa-
tionsas to the superheatingand supercoolingphenomena. Curvesi and2,
Fig. i, showthe results. It willbeseenthat the dropin temperatureduring
thé low–high transformationis as great as i°C but that the riseof tem-

peratureduringthe high–low changeneverexceeds0.2".The comparative
flatnessof the maximaon the coolingcurves,taken in conjunctionwith the
smallsupercooling,led to the thoughtthat the equilibriumtemperaturewas
closeto the highesttemperaturereachedafter supercooling.

To test thishypothesis1tried toreversethereactionduringthe high–
lowinversion. The temperatureof the furnacewasallowedto fall slowly
until the minimumon the heatingcurve indicatedthe changewas taking

place. Thereafter,at a convenienttime, thé current through thé furnace
was doubled. The coolingstoppedalmostinstantlyand the blockstarted
to gain heat fromthe fumace. The resultsare givenin curves3, 4 and s
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(Fig.). The arrowsindieatewhenthe reheatingwasstarted. In cases3and4the heatingwasbegunbeforethe maximumtemperaturewasreached.
The temperatureof the blockremainedpmoticaUyconstantfora fractionof
a minuteandthen roseateadilyand rapidly. In case5, however,wherere-
heatingwasnot begununtil after the maximumon thé coolingourve had
beenpassed,the ourveexhibitedno preumioarynattenmg,the temperatureroseimmediately,the lowquartz superheatedand then invertedwith the
usualdrop in temperature. About twenty experimentsinaUwere made.
Theresultswereall entirelysimilarto thosegivenin the figurea.

Fia.i
Heatingandcootineour~fora blockofquwtit,iMuat~tingrevema!ofthéhigh lowinversion.

It wouldseem,therefore,that, if reheatingofa quartzblockis begunat
the mMunumon the coolingcurveor just beforeit, the lowquartzpresentMconvertedto the high variety without appreciablesuperheating. If,
however,the maximumispassed,indicatingthat the high-lowinversionhas
goneto completion,then,on reheating,the low-highchangeisaccompanied
by superheating.The parallelismbetweenthis phenomenonand the prés-enceorabsenceof the solidphaseduringthefreezingofa liquidwhichsuper-coolsreadilyis tooobviousto requireemphasis.

Oneisperhapsjustifiedinsayingthat aboutthé temperatureofthis maxi-
mum(s~.g ± 0.2")lowandhighquartzcoexistinequilibriumorat any rate
behavethermodynamicallyas if they did. Wemay abo concludethat the
differencein theobservedtemperatureof theup anddowninversionsis sotdya matterofsuperheatingandsupercooHng,and ienot duetoa realdifferencein the temperaturesof thesetwochanges.'

ForotherexptanatioMseeSMmfm:op.cit.,p.tM.
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It shouldbe emphasizedthat these experimentsreferto a sound,solid
Mookofquartz. TheeffectofshattenngonaMockisshownmFig. Curves
i and i' weremadewith a soundblock;curves2, 3, 2' and3' with exactly
the sameblockhalfan hour laterwhenit had beenshatteredbybringingit
extremelyrapidlythrough thé inversion.

The ohieffeaturesof interestare thé lesseningof the températuredrop
during the low-+high inversionand the flatteningof the coolingcurve. 1

Fta.:s
Heatingandcoolingcurvesforabrokenblockofquartz.

attribute thesedifferencesto the individualfragments'invertingat differ-
ent times. The heat changesare thus distributedin timeandthe effecton
the thermocoupleis therebydiminished.

In oneseriesofexperimentswitha brokenblockof Arkansasquartzthe
coolingeurveswerealmostparallelto the timeaxisduringinversion.There
waspracticaUyno supercooling.Anexampleof this is seenincurve Fig.
3, of the previouspaper.

· Thereis a differenceof 0.3°in the maximaon thé heatingeurvesbefore
and after breakingbut the maximumon the coolingcurveis alteredby only
o.os°. Curve3' givesanother Utustrationof the reversa!of the reaction
during the high–)-tow change. 1 have ineludedthé eurvesfora cracked
blockbeeausethey demonstratethat the constancyofthe temperatureof the
maximumon the heatingcurve(573.3")for a solidblockisperhapsa matter
of accidentand that the fundamentaltemperatureof this reactionis 572.3
( =t:o.z),the equilibriumtemperatureof the reaction.
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C~achtsienand Summary
The high-lowinversionofa crystalofquartz at oneatmospherepressure

is a changeof phasewhiohis generallyaccompaniedby superheatingand

supercooling.Thereseems,however,to be a temperature(572.3d; o.a) at
whichlowquartz may be convertedreversiblyto high quartzand woreit
not for almostinsuperaMoexperimentalduScuItiesit wouldbe possibleto
have the two phases in equilibriumat this temperature. This renders

unnecessaryanyhypothesisofforcedinversion.
Beforea blockof low-quartzpassesto the highvariety it superheatsso

muohthat duringthe inversionitstemperatureneverfallsto the equilibrium
value. Therefore,sincethe reactionis adiabatic,wemay oalculatethe ap-
parentheat capacityoflowquartzaround573". Thisis 4 ± i cal.per gram
perdegree.

On the changesin physicalpropertiesofquartz betweeno" and 570°we
can throwno light. Quartzat 570°is certainlyvery differentfrom quartz
at atmospherietemperaturebut quartzat 570°is a definiteand stablesub-
stanceandthe inversionat 572.3°,exceptfor the superheatingor supercool-
ing,is quitecomparablewithanyrapidenantiotropicchange.

Ceoptt~Ma~J~atoMtor~,
C<HT)ejfMftM<t<««Ott<~H'<M~Me<<W,
~pW<,~.M.



THE VARIATIONOF THE CAPILLARYACTION0F SOLUTIONS

WITHTIME*

BY H. M. TRIMBLE

In a recentpaper Washbumand Bigelow'have shownthat the surface
tensionsof certain aqueous solutions,as measuredby the capillary rise
method,vary with time. Usingsolutéswhichare morevolatilethan water,
they found a marked increasein this property. Their explanationof the

phenomenonia essentiallyas follows:Theheightto whicha liquidrises ina

givencapillarytube is determinedlargelyby the cohesiveforceswhiehthe
moleculesin thé supportingmeniscusexert;that is, by thé surfacetensionof
the liquid. For a mixtureof two liquidsthe effectivesurface tension is

undoubtedlya functionof the compositionofthe surface;a compositeof the
cohesiveforcesof its components. If thesoluteis,as in the caseswhichthey
investigated,morevolatilethan the waterin whiehit is dissolved,it will

escapeto thé air of the roomat a morerapidrate than willthe water. This
tossofsolutecanbe replacedonly in partbydiffusionfromthe mainbody of
the solution,since diffusionin the liquidstate proceedsrelativelyslowly.
As a result of this preferentialescapeofthe solute,the compositionof the
surfacechanges,and with it the surfacetensionand the height to whichthe
liquidrises in the capillary. Since thevolatilesoluteswhichthey used act
to lowerthe surfacetensionof water,theproeessshouldresultin an increase
in capillaryheight;as, indeed,it did. Theinterestand the possibleimport-
anceof this phenomenonled the authorto studyit as it is manifestedby
variousmixturesof organicsubstances.

Apparatus
The capillarimeterswhich were usedwereof the three types shown

diagrammaticallyin Fig. i. Of these,typesAandB havebeendescribedby
Washbumand Bigelow. (Loc.oit.) TypeCwasconstructedto providefor
the sweepingawayof the vaporsby meansofa streamofair, as they issued
fromthe capillarytube;thus,in effect,eliminatingthe portionoftubingwhich
wasabovethe capillarytube in the othertwoforms. Its nature wiHbe clear
fromthe diagram.

AUtubing throughwhichmeasuremontsuponthe positionsofmeniscuses
wereto bemadewaschosensoas to beuniformindiameter,andfreefromstri-
ations or other optical defects. Measurementsweremadeupona selected
portionof a millimeterscaleplacedwithinthe largertubes,and uponthreads
of mercuryin the capillarytubes; andthosetubes werechosenfor which
these measurements,in differentpositions,wereconstant to within d:o.oz
millimeters. A comparatorof standardmakewasused in this work. It was
foundlater that the possibleerror introducedin the variationabovemen-

ContributionfromthéChemistryLaboratotyoftheUniversityof Michigan.E.R.WashburnandS.L.Bigelow:J. Phye.Chem.,32,321-53(t928).
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tionedwasweUwithinthe Umitsof accuracyof the experimentsas a.whole.
The mercurythreadsused in examiningthe capillarytubes were thon ex-
pelledandweighedandthe averageradiiofthe tubesworooatoutated. With
8oftglasscapillariestherewasnogréâtdifficultyin findingportionsas longas
one to threecentimeterswhichweresatisfactorilyuniform. Suchportions
weremarkedbyringsetohedin theglassandused in subséquentexperiments.
TwopiecesofPyrexcapillarytubingwerefound,eachaboutfivecentimeters
in length,whichwereveryuniformthroughout. Theywereusedin the major
portionof theworkwhichis heredisoussed.

a

CapiMarimeteM.

Sinceit wasdesirableto avoidthe necessityofcorrectingthe heightof the
meniscusfor the capillaryrise in its tube, smatitubing couldnot be usedin
the largerarm of the capillarimeter. Calculationby the methodof Lord
Rayleighlshowsthat, fora liquidwhosespecifiecohésion,a', is 7, in a tube
of radius14millimeters,the correctioninvolvedis tess than o.o2millimeters.
Sincenoliquidormixtureofhighercapillaryconstant than about7was to be
used,the largearmaof the capillarimetersweremadeof tubingof thia aise.
Afterbeingbuiltinto capillarimeters,the capiUarytubeswerefurther tested
forconstancyofinternatdiameterby detenniningthe heightsto whichcare-
fullypurifiedbenzènerosein themat variousplacesin the uniformportionsat ao°C. Theywerefoundto be uniformwithin thé limitspreviouslyset,and thediametersas ca!ea!atedfromthe capillaryrise agreedveryweUwith
those previouslydetermined.

LordRaylei~t:Proc.Roy.Soc.,MA,t&t(~tg).
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Allexpérimentawerecarriedout in thermostatsprovidedwithplateglass
windowa.That portionof the frontwindowthroughwhichthe positionsof
moniscuseswereto be readwastestedandfoundtobe veryuniform.

The large meniseuswas illuminatedby the method of Richardsand
Coombs.' Readingsweremadeby meansof two cathetometersprovided
withlowpowermicroscopesmounteduponmicrometersiides. Bymeansof
theseinstrumentsit waspossibleto read directlyto 0.01and 0.005milli-

meters,respectivoly. Carewastaken to have both the largeandthe small
meniscusctearlyinfocusat the timeofmakinga measurement.

Materials

Allthe organicsubstancesusedwerethebeststandard"C.P." commercial

products. Eachliquid,withoneexception,wasdriedovera suitabledehy-
dratingagent and fractionatedjust beforeusing,rejecting largefirst and
lastportions. Pentane,whichhadbeenpreparedfrompetroleuminthe lab-
oratoriesofthe EastmanKodakCompany,wasnotfurther purified.

TheExperiments

Cleaningof CaptM<trtwe<ers.Allcapillarimeterswerecieanedbywashing
themout witha!oohol;at!owingthemto standovernightor longerfilledwith

freshlypreparedaqua regia; and then, finally,washing them thoroughly
withboilingconductivitywater. The liquidswerealwaysdrawnout of a

capillarimeterthroughthecapillaryarmwith theaid ofa filterpump. After

washing,the capillarimeterwasdried in a hot air bath, drawingfiltered
air throughit repeatedtyduringthe process. Afterthis treatment the ap-
paratuswasalmostinvariablyfoundto be satisfactorilyclean.

B:EperMnet!<a!Procedure. Mixturesoforganicliquidsfor the experiments
weremadeup by weightas wanted. Sincethe compositionof a mixtureof
volatilesubstancesmay be slightlychangedin pouringfrom onevessel to

another,the flasks in whichthe solutionsfor study were preparedwere
convertedinto "washbottles" by insertingrubber stopperaprovidedwith

pressureand deliverytubes;andthisdevicewasusedin transferringthe liq-
uids. Suchan amountwasintroducedinto a capillarimeteras wouldbring
themeniscusin thecapillarytubeto somedesiredpositionwithinitsuniform

portion. ThecapiUarimeterwasthenput into the thermostat in the proper
positionand left for twenty to thirty minutesto take the temperatureof
the bath. The experimentwasthenstarted. The liquidwasdrawnout of
the capillarytube by applyingsuctionthrougha rubbertube attachedto the
outlettube of the largerarm, and thoroughlymixedby successiveblowing
anddrawing. Duringthisprocess,whichwascontinuedfor oneortwo min-

utes,the wallsof the capillarywerewellclearedof liquidby drainageand
by evaporation. Whenthe mixturewasallowedto run up the tube again,
nodropletsformedaboveit ifit wassatisfactorilyclean. Suchdropletsmust
beavoidedif the experimentis to besuccessfu!.

1 RichardsandCoomba:J. Am.Chem.Soc.,37,t6~6-76(t~ts).
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Thecathotometerhadpreviouslybeonbrought into positionandleveled.
Its oross-hairwas nowbrought to the approximatepositionof the small
meniscusat ita equilibriumheight. The agitation wasthen repeatedas
abovedescribed,the meniacuswas allowedto run up tha tubeabout thirty
secondabeforethé timeset for beginningthé experiment,and the cross-hair
of themicroscopewasquicklybrought to exacttangencywiththe loweredge
of itaimage. Themenisouswas then madeto osciUateaboutits initialposi-
tionbyalternatelyapplyingthe fingerto the openingofthecapiUaryarmand
removingit, until the secondhand of a watohused in timingthe experiment
wasjust passingIts zeroposition, when the agitation wasstopped. The
changes,ifany occurred,alwaysstarted immediately,and thereadingswere
takenat suitabteintervalsthereafter.

It was foundthat in successiveexperiments,carriedout as abovede-
soribed,and startingagainwith the samemixture, the resultswererepro-
ducibleto withinaboutone percent. Muohmore consistentresultswere
gotten,however,if the experimentwasrepeatedwith a freahmixtureafter

recleaningthe capillarimeter.This wasdonein the greatmajorityof cases.
'1

Allexperimentswerecarriedout at 25"C unlessotherwiseatated.
EffectsofTubeLeM?<A,and of TubeSize. If the preferentialevaporation

theorybe acceptedas a satisfactoryexplanationof the phenomenonunder
considération;then therateofdiffusionof the vaporsawayfromthe capillary
meniseuswilldeterminethe rate at whichthe surfaceenergyof the solution
changes. Otherthingsbeingequal, it wouldseemthat thiadiffusionand the
correspondingriseof liquidin the capillarytube, shouldbemorerapid the
shorterthe tube abovethe meniscus,and the greater its crosssectionalarea.
Thismatterwasthe first to beinvestigated.

Forreasonswhiehwillbe explainedbelow,it was foundto be impossible,
in general,to expressthe resultsof experimentsin the usualterms,that is,
in tennsof dynesper centimeter,or in terms of the capillaryconstant,a*.
Instead,the heigbtof the menisousin the capillaryabovethat in the large
tubeas it wasfoundin the experimentsbas beenused inalmosteverycase..
ThisheightiscaUedthe"capillaryrise" inthe discussionwhichfollows.

In a few preliminaryexperimentsit was found that mixturesof ethxl
etherwith benzene,with toluene, and with acetone all showedconsistent
increasesincapiUaryrisewithtime. Studiesof the effectoftube lengthwere
carriedout withallof themincapiuamnetersoftype A. Theexperimentsat
2g°Cwithan ether-toluenemixture inwhichthe mol fractionofeaohwaso.5
weretypicat. The results,in tenus of capiUaryrise in a tube of radius
0.214mm.forvarioustube lengths,are shownin Fig. 2. Eachcurverepre- 1
sentsthe meanof the data found in at least two,-generally more,experi-
ments,whoseresultsagreedto within 0.25%. Tube lengtbsweremeasured
fromthé bottomof thé capillarymenisousto the top of the capillarytube.

e,

In eachcase the widetube above the capiUaryhad its influenceuponthe
phenomeon,of course,but thiswas not taken into accountat this time. As

1

willbeseen,therateofriseofliquidin the tube increaseswithdecreasein tube
length. Experimentsin capiltarytubes of radii 0.167 and0.946mm., and
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withmixturesof ether with benzeneand of etherwith toluene,at various

concentrations,gave,qualitatively,the sameresutt.
Theeffeotof tubesizewas nextstudied. Capillarimetersof typeA were

prepared,usingamalltubea of radii 2.54,ï.os, 0.77,o.4g,0.35,0.246and

0.167mm.,respeotivety.The resuttswithanether-acetonemixture,inwhich
the etherwaspresentat a concentrationof 0.412,in termsof molfraction,
are shownin the curveaof Fig. 3. The capillarymenisouswas,in thèse

FM.2a
Effectoftubelength.

experiments,atartedat a point 5mm.belowtheupperendofthecapiuarytube.
Ratesof riseas foundwith the variouscapiUarimeterscouldnot givecom-

parableourves,sincethe tube sizesweredifferent;andso the capiUaryrises
at the start,as we!las the rates of risedue to changeain the surfaceforces,
wouldhequitedifferentfor differenttubes. In thiscasehr, the productof

the capillaryrise by the radiusof the tube, bas beenplotted againsttime.
This productis employedhere simplyfor conveniencein representingthe

data, andmuetnot beconfusedwitha', the specifiecohésionof the mixture
of !iquids. It cannotbe taken as eharaoteristie,in general,of the capiUary
aetivityofanymixturewhichis evaporating,aswillbeexplainedbelow. It
is noteworthythat the tube of radius9.54mm.failedto showan appreciable
riseat all. Resultsvery similarto thesewerefoundwithmixturesofether
and tolueneand of ether and benzene. Othertube lengthswerealsotried
withaUtheseliquids,withmuchthe samereaults.
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In the sets ofcurvesof Figs.and 3, it willbe observedthat thoupper-
mostonesare abnormalin form. In theseexperimentsit waaobservedthat
at the timewhenthe abnormalityappeared,the liquidhad risen to the top
of the uniformcapillarytube, and wasspreadinginto thé largertubeabove.

Effectof Denses, Vo~K<!es,andSurface?'€KMOK8of the C<MtpoK~n<8.
A studyof the changeofcapiUaryheightwithtimewasnextcarriedout with
mixturesof pairsoforganicliquids,chosensoastogiveratherwidevariations
in density, volatilityand surface tension;other factors, whichit seemed,
shouldgreatly influencethe nature and extentof the phenomenon.Capil-

EtfeotottubeMe.

!arimetersof type A, of nearly the samedimensions,wereemployed.The
capillarytube in oneofthemhadan averageradiusof0.213mm.andthat in
the other bad a radiusof 0.216mm. TheoapillarymeniscuBwas,in every
case,started 10mm. belowthe top of the capillarytube. Thechangesfound
in a fewtypical casesare shownin Fig. 4. Thesecurvesare aUdrawnto
scale,andao they showthe relativemagnitudesofthe changesin thevarious
casesas found.

The nature of thesechangeswillbediscussedand,at the sametime,ex-
plainedwith the aidofTableI, in the lightofthetheoryofpreferentialevap-
orationgivenabove. Columns 3, 4 and 5 of the tablegive, respectively,
the vapor pressures,densities,surfacetensions,and capillary risesof the
pureliquidanarnedin a tubeof radius0.214mm.at 25"C.

Whena mixtureof ether and tolueneis allowedto evaporatein one of
these capillarimeters,the ether escapespreferentiallyfrom the capiUary
meniscusbecauseof its greatervolatility. Its escaperesults in an increase
ofsurfaceenergyaccompaniedbya rise,sincetherebythé surfaceisenriched
in toluene,whichbas the highersurfacetension. This changeis shownin
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TABLE 1

Uhmgeswithvariouspairs.

curve i of type A. The effects with two other such pairs are shownin curves
a and 3. The différences in vapor pressure and in surface tension of the

components of these mixtures are less than in the first case, and the capillary
rises are correspondingly less rapid and less extensive.

Again, carbon disulfide bas a greater vapor pressure than bas toluene;
and so escapes preferentially from the surface of a mixture of the two. This
removes the substance of greater surface tension, and so the height of the
column falls. This change is shown in curve B. It will be noted that the rate

P mm.Hg. dtt* ? h

CS, 361 t.2559 3t.5 ~39

CsHtCHa 27 o.8$9ï 28.0 31.0

(CeHt)tO s~6 0.7099 !6.7 22.4

CH~COCHt 226 0.7863 22.8 27.7

CCt< 114 1.4835 z6.3 t5.8
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of faUis surprisingtylow,consideringthe différencesin vapor pressureand
surfacetensionbetweenthesetwosubstances.

CurveC iUustratesanotherkind ofbehavior,wherethe capillaryheight
firstinoreases,cornesto a maximum,andthen deoreases. c

Afourth typeof change,inwhiehafallto a minimumwouldbesuoceeded
bya risemightbeexpeoted.It bas notbeenfoundin the courseof theseex-
perimenta.

Mixturesofbenzenewithtolueneandof carbontetraehtoridewithchloro-
form showedno changewhateverin the8eexperiments,probablybecause
the liquidsof thèsepairsareverysimilarin their properties.

Mostof themixturesstudiedgavea changeofcapiUaryheight,withtime,
of type A. The pairsether-carbondisulfide,ether-nitrobenzene,andether-
amylalcohol,gavemuchmorepronouncedincreaseain oapillaryheightthan
anyof thosewhosebehaviorisshownin Fig.4. ïn eaohofthesecasesether,
with high volatilityand lowsurfacetension,is pairedwith a substanceof
lowvolatility and comparativelyhigh surfacetension. Pentane, whiehis 1
much like ether in density,volatility and surfacetension gave changes
nearlyas pronouncedas didetherin mixtureswith toluene,carbondisulfide
andacétone. Everymixturewhosemorevolatilecomponenthadalsoa lower
surfacetensionthan the othersubstancein thé mixtureshoweda changeof
thiskind, providedthat thetwodid not differgreatlyin density. In nocase <
wasa risegreaterthan 5mm.foundin thécourseof ïoominutes. AUthèse
curvesdisplayeda decreasingslôpeas timewenton;buta conditionofequilib-
riumwasreachedonlyafteravery longtime,ifever,as the capillaryheight
wasfoundstill to be increasingslowlyin a numberof cases,withdifferent
pairsof liquida,evenaftertheexpirationofgohours.

Mixturesofcarbondisulfidewith benzene,chloroform,and carbontetra-
chloridealso showeda decreasein capiUaryheight,with time, of thé same
kindas is shownin curveB ofFig.4.

Mixtures of pentaneandof acetonewith carbontetracMondo;and of )
ether with chloroformshowedthe samerise to a maximum,succeededby a
faUas that shownin curveCofFig. 4. 1

Mixturesofthe variouspairsof liquidenamedaboveinother proportions
warealsoused. The tube sizes,thé tube tengthsand the temperatureswere
variedsomewhatin differentexperiments. Theresultsfound differedfrom
thosewhichbavebeengivenindegreeineverycase,but neverinkind.

These recuitsare, with the exceptionof ourvesof type C, just what
anyonewith the data beforehim mighthâveanticipated. In experiments
withmanybinarymixturesformedfromsomesorganic liquids,predictions [
ofchangesin capillaryheightfromthé vaporpressuresand surfacetensions
of the componentswereamplyverifiedin a qualitativeway in nearlyaU a
cases.

r
The effectofthe differenceindensitybetweenthe componentsofa given

mixtureupon the phenomenonwas the causeof muchuncertaintyin any
attemptsat quantitativeprediction.Thiseffectismostapparentin the case
of the mixtureofetherandcarbontetrachloridewhosebehavioris shownin
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curveC of Fig. 4. Herethe capillaryheight at first inoreases,due to prêter*
entialescapeof ether fromthé surface. After a time,however,the increMe
in weightof the solution,due to !ossof thia specificallylighter component,
firatbalancesthe increasein surfaceenergyand thenexceedsit in its effeot;
and the curve pussesthrougha maximumand then falls. Similarly,thé
escapeof the specificallyheaviercarbondisulfidefromits solutionin toluene,
the mixturewhosebehavioria shownin ourve B makes the mixturepro-
gresaivelylighter,and soundoubtedlyacts to retard the rate of fallof the
tneniscus. Mixturesofetherwithany of the othersubstancesnamedmust1.C_11__ 1. LL- .1. vbeoomespecincattyheavieras thé ether evaporates,and
this changeundoubtedlyacts to deoreasethe rate of rise
of thé liquid in the capillary.Thus, the effectof differ-
ences in density between the components upon the
natureof the phenomenonunder considerationis never
negligible,andit may beof primeimportancein the be.
haviorof somemixtures.

ConvectionCMn-eM<sin Cap<S<M~Tubes. It was be-
lieved,in the earlierpart of this work,that the process
by whichthe componentsof a mixturereach its surface
involvesonly simplediffusion,unaidedby any kind of
mechanicalstirring. If thiswerethe case,then the altera-
tion of the density of the solution with time couldbe
describedin termsof somesuchgeaeraUiiationas Fick's

*f.~ J

Convection our-
rents in capillary

Law of diffusion,and the data might yet prove susceptibleto mathe-
matical treatment 60 as to make possible quantitative predictions.
But oneaftemoonit WMfound,whileworkingwitha mixtureof ether and
acetone,that a tiny moteof someforeignsubstancehad gotten into the
liquidjuat belowthe capillarymeniscus. There it remained,movingaround
and aroundin a path suohas is shownin Fig. 5. Thisbehaviorwasquiteun-
expeeted,so it wasfollowedwithgreat interest, and in dotait. The time re-
quiredfor it to traversethis path was about onesecond. The rise in the
capillarytube wentoninthisexperimentin quite the usualmanner,givinga
normalcurve. The menisouswas twicedrawn downto reformthe surface,
and eachtime the usualrisetook place;the partiolemeanwhilekeepingup
its regularmotion. It wasstiu presentand activelyin motion whenthe
experimentwas terminatedaftereighteenhours.

Theoccurrenceof sucha moteina mixtureis,ofcourse,quite accidentât.
It happenedin twoothercases,however;once with a mixtureof etherand
tolueneandoncewitha mixtureofcarbondisulfideandether. In bothcases
the motebehavedin the samemannerasdid the onefirststudied.

Thesemotes servedto show,by their motion, the motion of the liquid
in which they were suspended. It seemaclear that speci&catlyheavier
liquidwasflowingdownthe outerportionof the liquidmassfromtheregion
wherethé meniscusmadecontactwith the wallsof the tube, and wherethe
mostactiveevaporationwasinprogress. At the sametime,liquidwhichwas
specificallylighterwas flowingup the middle of the tube to the meniscus
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andalongit to the zoneofevaporationat theedges. Theamplitudeof the

motionof the motesin the verticalsensewasnevergreaterthanabout twice

theradiusofthéoapillarytube, but the convectionourrentswhichit indicated

maywellhaveextendedmuchfartherdownintothesolution.

The tube in whichthèse convectioncurrentsworefirstmade manifest

was0.214mm. in radius. Thé other tubes wereonlyslightiylarger. It

wouldbe interesting,if feasible,to extendthesestudiosto muchlarger<!apil-
laries. It seemsprobableto the author, however,that thé onlydifference

betweenthé phenomenonas betweensmalland largetubeswouldbe that in

the latter the convectioncurrentswouldbe morecomplex,and the liquid
wouldbe activelystirred to much greater depths. Thisstirring tends to
maintainuniformityof compositionin the liquid, probablyto a greater
extentthe larger thétube. It seems,then, that wehaveheretheexplanation
of the fact that the rate of changeof capillaryheightwithtime falls off

rapidlywith increasingsizeof tube. It wasfound,in the experimentsde- j
scribedabove, that in a tube of radius 2.54mm. therewasnoappreciable
changein the heightof the meniscusin ioo minutes. In a tubeof this size,
then,wehavereachedthe conditionwhereconvectioncurrentswillreducethé

rateat whichthe substanceof highersurfacetensionis concentratedin the

supportingsurfaceto almostzéro. Theabnonnautyoftheuppermostcurves

ofFigs.a and 3 maybe explainedsimilarly. Thismixingbyconvectioncur-
rentsalsoexplainswhychangessuchas areshownin curvesB andCofFig.4,
whereone would be led to expect extensiveeffects,are, in reality, very
limited. ]

Most importantof all, however,so far as expressingthe résultagoes,
theseexperimentsshowthat the composition,and so alsothe densityof a
solutionwhiohis evaporatingin a narrowcapillarytube changesin an un-
knownmanner and to a depth which oannotbe accuratelydetermined.

jEvidently,too, thé compositionof the escapingvaporsalsovaries in an J
unknownmanner. The surfacetension of sucha solution,then, cannotbe
calculatedby meansof the usualformula,' 'y = rhdg. Neithercanresults
beexpressedin termsof specifiecohésion. Theproductr h cannotbe "spe-
ci6c"for thesolution. In the crst place,its compositionvariesfrommoment

to moment. Then,too, as bas beenseen,solutionsat the samestage in their

evaporationdo not giveat ail thé same valuesof "h r" in capillarytubes
ofdifferentsizes. For these reasonsresultshavebeenexpressedin termsof

"capillaryrise" almostentirelyin this paper.
~NtOMK<of LiquidlosttK ~~entnen<s. The amountof liquid lost by

evaporationin any of these experimentsis certainlyverysmall. This was

provedby measuringthe aotualrate at whichthe meniscusfellin a capillary
tube closedat the bottomand filledwith liquid. The vaporwas allowed
toescapefreelyto the air ofthe room. In experimentsat 2S"C,lessthan 0.04

gramsof pure etherwas lost from a tube of radius0.73millimetersin the
a

It ahouldbermarkedat thispointthatthedenaitiesofthesotutesin themixtures
investig~tedbyWMhbumandBigelow,inwhichpreferentialevaporationwasbelievedto )
beresponaibleforthechangeswhichtheyfoundwerebutlittledifferentfromthatofwater.
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courseof sixhours. Mixturesof etherwith tolueneand withcarbontetra-
chlorideshoweda much!essrapidescapeofvaporfromthesametube. The
meniscus&tthe start was twocentimetersbelowthe topof thé tube inevery
case.

EffectofClosingTubes. If a Utubewitha groundglassstopperissea!ed

on in sucha mannerthat it connectsthe two armaof the capillarimeter,ao

Fm.66
Volatilesubstancedistilângto liquid.

that the systemis completelyclosed,changesin capillaryheightwithtime
canbe prevented. Rubbertubing cannotbe employed,as it is uselessin

preventingtheescapeoforganicvapors. If a tube isclosedaftersomechange
in capillaryheightbas takenplace,themeniscusslowlyreturnsto its original
position. If the tubesare closedfromthe time of agitationno changeever
takes place. This repetition of certain experimentsby Washbumand

Bigelowconnrmafurther the correctnessof their finding;namely,that the
phenomenonunder considerationis due to the effectsof preferentialevap-
oration.
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EffectofEMtpo!-a<t<m/rema ~de TubetotheSurfaceofPureLiquid.Wash-
burn and Bigelowfoundthat whena capillarimeterof type B is used, pure
water being placedin the capiUanmeterand the volatile solute in the U
tube side arm, the volatileliquiddistilsto the capillarymenisousand the
meniscusfalls. This experimentbas been repeatedwith organic liquidsi
and it bas beenfoundpossibleto duphoatetheir results,with modifications
such as wouldbe expeetedfor thèse substances. Thus, ether and varioua
otherHquidsdistuMngfromthesidetubeto the surfaceof certainsubstances
of highersurfacetensioncausesthe meniscusin the capillarytube to fall.
Thisbehaviorisshownin curveA of Fig.6. Ether, whenit distilsfromthe

Effectofsweepingawayvapors.

aidearm to carbontetracMonde,causesa decreasein the heightof thé liquid
in the capillarytube, at first; followedby a rise,as shownin B of Fig. 6.
Evidently thia riseis due to the dilutionof the apecificallyheaviercarbon
tetrachlorideby ether; resultingin a decreasein the weightof the column
of liquid in the capiUarytube. There is alsofurther evidencethat active
mixingby convectionsuchas bas beendescribedabovegoeson in these
experiments;for oarbondisulfideon distHUngfromthe side tube to toluene
causes,not a rise,as mightbeexpectedfromits highsurfacetension;but a
fall. Here the effectof its greaterdensityis againapparent. This is shown
in curveC of Fig.6.

Effectof theLargeTubeabovetheCapillary. Theeffectof the large tube
abovethe capillaryuponthe rate ofchangeofcapillaryheight wasnext in-
vestigated,usinga capillarimeterof typeB and a solutionwhichcontained
tolueneand ether in equalproportionsin tenns ofmol fraction. In the first
experimentdry nitrogenwaspasseddownthe sidearm of the capillarimeter
andup the centrallargetube. Themeniscusin thécapillarytube wasï mm.
belowits top. This gascurrent sweptawaythe vapors comingfrom the
capillary tube; and so, in effect,eliminatedthe tube above the capillary.
Thé capillaryheightincreasedasshownincurvei of Fig.3. Next the liquid
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wasdrawndown,the capillarymeniscuswasre-formed,andan experiment
waamadewithoutpassingair. The capillaryheightinereasedas shownin
curvez of Fig. 7. As willbeseen,the riseis morerapidandmoreextensive
whenthe vaporsare sweptawayfromthe mouthof the capillarytube. The
rate at whichthe gas is passedapparentlydoesnotinfluencethe rate of rise,
providedthat it isnot passedtooslowly. Thisexperimentwasrepeatedwith
similarresults usingvarious pairs of liquidswhichgave, normaHy,a rise
with time.

Effectofconcentration.Ether-to)uenemixtures.

Anotherdevicefor -sweepingaway the vaporsfrom the mouth of the
capillarytube and so, in effect,of eliminatingthe largetube, wasfoundin
capi!!anmete!'8of type C. Whenthey werein use,the driedgaswaspassed
throughthé side tube and up aroundthe capillary,and soout. Reversing
the directionof the gas currentgavethe sameeffect. Thesecapillarimeters
gaveresultswhichwere muchthe sameas thosefoundwithcapillarimeter8
oftype B.

It isvery interestingto notethat whenthevaporsare notsweptawaythe
riseof the liquidwith time cannotbe accuratelyrepresentedby any of the
simplercurves~but whenthey are sweptawaythe risewithtime duringthe
firsthour is representedcloselyby a parabola. Thisfact wasestablishedby
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manyexperiments,using capillarimetersof both types, B and C. Its ex-
planationis not immediatelyapparent. Evidently, however,for the best
studyof thé alterationof capillaryheightwithtimefor mixturesof liquids,
the disturbingeffectof a tube other than the capiUaryitself should be
eliminated.

Effectof Concentration.The effectof the concentrationof the more
volatilecomponentupon the rate of risewas then studied,using capillari-
metersof type C. Mixturesof ether andtoluenewereagainused, since,of
all the pairs whosebehaviorbas beenstudied,this one seemedto give the
mostconsistentresults. The changesfor mixturesoontainingvarious con-
centrationsofetherbymolfractionaresetforth in the ourvesof Fig. 8. The
numbersat the left indicate,in each case,the mol fractionof ether in the
solutionat the start. As willbeseen,thesecurvesareof theusuattype. The
rise is more rapid and moreextensivefor intermediateconcentrationsof
ether. Thefact that these mixtures,in twocases,showedgreatercapillary
heightsduring the latter part of the experimentthan did pure toluene, is ]
to beexplainedas due to the fact that the mixturesat that time are speoi- {
ficallylighter than pure toluene. The tube length at the start of the ex-
perimentwas 2omillimetersin everycase.

Summaryand Concluions

Experiments,using the capillaryrisemethodwith mixturesof organic
liquidsconfirmedthe conclusion,reachedby Washbum and Bigelow,that
the variationof the surfacetensionof a mixtureof liquidawithtime is due

`

to preferentialevaporationof the more volatile substance. The change
whichoccursmaybea rise,a fall,ora risesucceededby a fallof thé column
ofliquidin the capiuarytube. Therateandmagnitudeofthechangedepends
uponthe sizeandlengthofthe capillarytube,beinggreaterthe lessthe tube
lengthand the smaUerthé tube. If these factors are heldconstant, the ·
natureofthe changemay beroughlypredictedfroma knowledgeofthe surface c
tensions,volatilitiesand densitiesof the componentsof the mixture. This
workshows,again,tbat evaporationmustbe completelypreventedif trust-
worthydata upon the surfacetensionsof mixtures,one or both of whose
componentsis volatile,are to be obtained. This is, perhaps,the most im-
portant conclusionwhichcanbedrawnfromthe investigation.



STRESS-STRAINCURVE8 FOR PLASTIC SULFUR

ANDRAWRUBBERAT VARIOUSTEMPERATURES

BYJOHND.8TBONQ

Introduction

Agreat dealofinformationregardingthe etasticpropertiesofa substance

is revealedby its stress-strain curve. Materialswhich have very similar

otastiopropertiesshouldhavestress-straincurveswhichhave the samegeneral

shapeand whichchangein the samemannerwitha changeof temperature.

Usingthe stress-strainourvesas criteria to ctassifyetastic substances,one

wouldexpect to findall typesofsubstancesfrom quartz on the one extreme

to rubberon the other. Thereare no substanceswhichwouldfall verynear

rubber in such a classificationexcept,perhaps,the so-caUedptastic-sutfur.'1

It is the objectof this researchto estabtishthe similarityof the elastic

propertiesof raw rubber and plastic sulfurby the determinationof stress-

straincurvesfor eachsubstanceat varioustemperatures: These substances

mightbe caUed"plastic-elastie"substancesbecausethey are neitherpurely
elasticsubstanceslikequartz norpureplasticslikeclay,but they exhibitsome

propertiesin commonwithbothofthesetypesofsubstances. A stressapplied

toeitherof thèsesubstancescausesa reversibleorelastiodeformationand an

irreversibleor plasticdeformationas well.This plasticdeformationorplastic
ftowcornesinto mostexperiments,designedto showthe elasticpropertiesof

thesesubstances,to such an extent that their elastieproperties cannot be

broughtclearlyinto foous.
In order to déterminethé true stress-straindiagramsof these substances,

the ptastic flowmuâtbe either measuredand subtracted from the total ex-

tension in order to give the elastie deformation,or it must be etiminated.

The ideal conditionsfor getting stress-straindata would be realizedif the

loadcouldbe appliedinstantly and if the elongationcouldbe measuredjust
afterits application. Then therewouldbelittle timeforplastic flowtooccur.

Practioally,the closestapproachto thèseconditionsis to apply the load as

rapidlyas possibleand déterminethe extensionaimultaneouslywith the ap-

plicationofthé load. Thismeans,that the testingmachinemust be equipped
withan automaticrecordingdevice. The curvesgiven in this paper were

determinedon machinesthat wereequippedin this manner. Thé rate at

whichthe loadwasappliedwassumoienttyrapidsothat the errors introduced

byplastic nowwerejudgedto be of the sameorderof magnitudeas the ex-

perimentalerrorsdue to other uncontrollablefactors.

Experimental

Sulfur. Plasticsulfur filamentsabout 0.04" in diameter wereprepared
by pouringre-distiUedsulfurwhichhad beenheatedfor sometime at 300~0

'vonWeimMn:ïMloid-Z.,6,2SO(t9to).EhsttacherkautschukartigerSchwefet.
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into a coolingbrinewhosetemperaturewasslightlybelowzero. By exer-
cising<?? the plasticsulfurcouldbe obtainedin o!eMyeUowfilamentsof
surprisinguniformity.Ptasticsulfurpreparedin thisway was rem~kaNystable. Somefilaments,immersedin water,retamedtheir etastiopropertiesformorethana day.It )Bunfortunatethat thesulfurcanaotbe madetoretain
theseuseMpropertiespennanentty.If a meansof"vutoanizing"andstabil-
izingplasticsulfurcouldbe devisedit mightprovea worthysubstitutefor
rubberespeciattysinceit costsbuta fewcentsa pound.

Thustress-straindata for sulfurwere
taken on a modifiedJolly Balance(Seo
Fig. t). This machinewas equippedto
record automatieallythe applied load
andtheresuttingextension.

Operationof JoMyBalance. Several
tums of the filamentabout the sample
hooksweremadewhenthe latter werein
this zeroposition.Theends of the fila-
mentwerethenfixed. This gave a total
lengthof a.oocmof filament per tum.
The loadand extensionwere automatic-
ally recordedby a ourve traced with a
pen. Therecordsheetand pen bothmovo
as the sampleis tested. The sheetbeing
attachedto an aluminumplate, is raised
verticaUybyturningthe crank and thus
the load is appliedto the sample and a
movementofthe pento the right ooours
as the samplestretches. From theposi-
tion of the pen at any instant both the
loadandcorrespondingextensionmay be
determined.However,since the vertical
motionof the sheetis shared between
theextensionofthésampleand theexten-
sionof the loadspringthe extensionof
the samplemustbe taken into account
beforethe load canbe determined. In
order to do this two empirical curves
were plotted: first,the horizontal posi-"cto ptu«M;u. uiT)t, me uunzomat posi-tion of the pen (x)wasplottedagainstthe sepamtionof the samplehooks

under zeroload, and second,the verticalpositionof the peu was plotted
againsttheseparationof thesamplehooksundernoload. Asthe samplewas
stretched,byturningthe crank,thecurvefromwhichetress-straindata were
determinedwastracedby the penonthe sheet. Threecurveswere tracedat
eachtemperaturewithsimilarsizedsamples. A curvewasthen constructed
whiehwasa meanof thesecurves. Fromthis constructedcurve the data

Jotiy Balance modMedfor Study of
Ptaatic Suifur

tinn nf ~& vt&M~v~~f~a ~ï~j
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givenin Table1weretaken. Y-Y. is the total vertical disp!aoementof the
sheetminusthépart of thisdisplacementnacessaryto stretoh the 8&mp!e.

The twopulleys&andcare part of an arrangementforreducingthe hori-
zontaldisplacementof the pen oausedby a givenextensionof the sample.
Thestress-strainourvesplottedfromthese data appear in Fig.

Rubber. Therawrubberwasmilledfromsmokedsheet stock intosheets
approximately50milsin thickness. From thèsesheets narrowstripsabout
3.5cm.longwereeutandtheirendswere lappedand pressedtogetherso that

they formed rings about i cm in di-

ameter, (the spMcebeing placedover
one of the hooks whichheld the sam-

ple, whenit was put in the machine
to be tested).

Streas-straig data for rubber waa
taken on a modiSedSchopperTesting
Machine(See Fig.3). The load and
extensionwere automatioallyrecorded

by a curvetraced with a capillarypen
on a sheetof paper. The angle,about
the axisofthe.loadarm, throughwhich
the pen is moved is a measureof the
load appliedto the sample. The dif-
ference betweenthe angulardeflection
of the extensionarmand the loadarm
is a measureof the extensionof the

sample. The pen is movedin toward
the loadarm axis by a silkthreadrun-

ningfromthe extensionarm (a)overa

pulley (b) to the pen (c). Themove-
mentof the pentowardtheaxiaof the load armis equal to the cordof this
angulardifference,but the cord is approximatelyequal to the arc forsmall
angles,so that themovementof the pen toward the axis of the loadarmwas
accordinglytakenasproportionalto the extensionof the sample. Thesample
maybeimmersedin acoolingbath andtested whileit is in this bath.

Samplesof raw rubberwere tested at -4S°C, -55~0, -6o"C, and
-6s°C. Fromthe dimensionsof the sample and the curve tracedby thé
pen,the stress-straineurveswereconstructed. (SeeFig. 4).

The absoluteaccuracyof this workis not cMmedto be great sinceonly
smaûsamplescouldbe used. Someerror was introduced due to the non-
uniformstretchingof thesample,sincethe portionof the samplebehindthe
hookwaano doubt testrainedin its extensionby frictionagainstthehook.
Thisparticularerrorhas,however,a similareffecton the stress-straineurves
of both the rubberandthe sulfur.

Themaximumdeviationsof the stress as readfrom the construotedcurve
and as read fromthe mostdivergentof thé curvestraced by the Schopper
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Machineare: forA, s%; forB,44%:for C, y%. The averagedeviationof

the diameterof the threadwassbout2.5%. It, doesnot seemunreasonable

to estimatethe probableerroras 4%.

Discussion

It willbeobservedtherc is somelittlesimilaritybetweenthe stress-strain

curvesfor the rawrubberandforplasticsulfurboth in regardto their shape
andthechangeofshapewithtemperature.The inflectionpoint in the curve

whichis so characteristiefor rubberis alsodistinctly present-in the curve

for sulfurtaken at –6°C. No doubtthe reason that this inflectionpoint
isnotmoremarkedisthat the loadperunit of "original"crossarea isplotted
as stressinsteadof the actual stress. If the actual stresswere plotted the

ordinatesof the curvewouldbë greaterthan shownby an amount directly

proportionalto the extensionof thesample. This may alsobe givenas an

explanationof the retroflexportionofthe sulfur curvetakenat lo.~O and
of thenat portionat the inflectionpointof the raw rubbercurve(thé – 6o°C

curve). Thiscurveforrubberisverysimilarto a stress-straincurveforgutta
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perchaorbahtaat ordina?ytempératures.' Thé ourvesforrubbergiven hèredonot agreequantitative!ywith thedata givenby KrSgerand LeBtano'in a
paper by Coo!iag".ThisdisorepancyIs no doubt due to the
differentratesofelongation. t

SuauMty
11

Thestress-straincurvesofrawrubberand plastic suifurare determinedat
varioustemperatures.

ThestresMtramdata werereoordedautomatioaMyandthis toade possiblea greaterspeedof testing. For this reasonit is believedthat the data are
fairlyindependentof plasticflow.

Attentionis drawn to the markedsimilarity betweenthe stMss-atraia
curvesofrawrubberandplasticsulfur. If it had beenpossibleto run either
materialonbothtestingmachinesthiswouldhave beendone.

L'~e~t<t<e<fy,JVetfYork
~M~M<M7'. f

'PM-ic:Ind.Bng.Chem.,t')', tga (t~s).
'K.tMd.2.,37,M6(~g).



BY SUBODH GOBINDA CHACDHCBY

Theeffectofdilutionof thé colloidonthé coagulatingconcentrationofan
eleatrolytehasbeenreoognisedlongago.ThusWoudstra'foundthat thegreater
theconcentrationofthecottoid,the smatterthe concentrationofan electrolyte
necessaryto precipitateit. This is thé reverseofwhat Freundtich' has ob-
servedwitharsenioussulphidesols. MukherjeeandSon'observe (i) that the
natureof the cationof the electrolyteand the extentof dilution détermine
whetherthe dilutedsolis moreor tessstable than the original sol; and that
(2) a dilutedsol of arsenioussulphide is mostty morestable than the un-
dilutedsol,whenthe precipitatingcationis univalent,and alwaystessstable
whenthecationisaluminium(trivalent)or thorium(tetravalent). Whenthe
cationis divalenteithera diminutionor an increasein stability may be ob-
served. At moderatedilutions,the sol becomesunstabtedependingon the
degreeof dilution. Cuprioand merouno sulphidesols always showedan
increasein stabilityon dilution. They have consideredfirstly the effectof
decreasein the cottoid-tiquidinterface which takes place on dilution and
wouldunder certain conditionsdiminish the stabilityand secondlyan in-
creaseinthe distancebetweenthe particles,i.e. the decreasein the numberof
particlesina givenvolumeconséquentondilution,whichadds to its stability.
The observedeffectsare referredto the combinedinfluenceof thèse factors.
Kruyt andvan der Spek.simuttaneouatycameto similarconclusions.

AfewyearslaterBurtonand bis co-workers'reportedthat formonovalent
precipitatingionsthe concentrationnecessaryfor coagulationinoreaseswith
dilutionofthe sol. In thecaseofdivalentprecipitatingions, valuesofcoagu-
tating powerremain approximatelythe samein spiteof the changein the
concentrationof the sol,whereasin the caseof trivalentions there isa direct
proportionalitybetweenthe concentrationof the soland the concentration
ofthé precipitatingion. Theypostutateda relationshipbetween theeffectof
dilutionand the valencyof the coagulatingions. Fromthe observationof
Mukherjeeand Sen that a diminution or increasein stability is observed
againstcoagulationby bariumchloridedependingonthe extent of dilution,
it is obviousthat no suchrelationshipcan be postulated. The obviousex-
planationis that givenby Mukherjeeand Sen and by Kruyt and Spek. In
a seriesof papersDhar, Ghoshand Sen. have studiedthe influenceof the

Z.phyaik.Chem.,<t,607(t9o8).
'Z. physik.Chem.,44,!39(t~o.;).
J.Chem.Soc.,115,46!(t~t?);aeealsoJ. Am.Chem.Soo.,37,2024(t9t5).

<KoBo:d.Z.,2S,i(t9to).
J. Phya.Chem.,24,yot(!~o);25,gty(!92t).

~'(~S~~t~'7'" (1922);28, (1924);29, K~oM-Z-,34,262(1924)¡36,219\1925}.

THE INFLUENCEOF CONCENTRATIONOF A SOL

ON ITS STABILITY
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changeofconcentrationof a sol onits coagulationandhaveformulatedwhat
theycaUageneraldilutionrule(Ghoshand Dhar)viz.that, the greaterthedilu- r
tionof a sol,thé less is thé amountof eleetrolytenecessaryforcoagulation,
providedthat the sol doesnot appreciably adsorbions carryingthe same
chargeas the solfromthe coagulatingelectrolytes. Onthis basisthey have
ctassinedthèsecolloidsinto normaland abnormatones*. Accordingto them
normalcoUoidsare thosewhichfollowthis dilutionrule. Thosecolloidswhich
requirea higherend concentrationof the electrolytefor the coagulationofa
moredilutesolare caUedabnormalcoHoidaand theyattribute theabnormal-
ity to the adsorptionof similarlychargedions. That the similarlycharged
ionsplay a part in the coagulationof colloidsbas longbeenrecognisedby
Freundnoh'andBancroft3.Onconsideringthé c!assi6oationofthesecolloid8
intonormaland abnormalones,we find that thereare caseswherethé so-
caUedabnormalcolloidsshownormalbehaviour,e.g.As~Sssoland AgNO:
and also that normal colloidsshow abnormal behaviour,e.g. positively
chargedMnO,solagainstCuCI,andAgNO,. Examplesmightbemultiplied. <
Thuswecanat best speakofa normaland abnormalbehaviourofcolloidein
thé abovesense. TheaboveclassiSoa.tioninto normaland abnormalcolloids
is thusunjustifiable. The adsorptionof thé similarlychargedionswasfirst
givendetailedattention by Weiserfand he pointedout the faot that thé
influenceof the ionshavingthe samecharge as the colloidcannotbe diste- `

gardedentirelyin any caseandmay be quite markedif the electrolytepré-
cipitatesthé colloidat high concentration. From an investigationof the
concentrationof solsontheir precipitationby electrolytesthe followingcon-
clusionswereformu!atedby Weiser6in 1021.

(i) Themannerinwhiehtheprecipitatingvalueofan etectrotytevaries
r

withthe concentrationof the colloidis determinedto a largeextentby thé
relativeadsorbabilityof the precipitatingion andthe stabilisingion.

(2) If the adsorptionof thestabilisingion ofan electrolyteis negligible
and the adsorptionof the precipitatingion is very large the precipitation )
valuevariesalmostdireottywiththe concentration.

Weiser"in a recent communicationobserves:"Indeed Ghoshand Dhar
foundthat therulewasfollowedwithpositive ferrieoxidesolusingpotassium
chloridebut wasabnormalif aluminiumnitrate wasthe precipitatingelec-
trolyte. Sucha ruleas Dharhas set downseemsto me tobea positive jj
menacerather than a help,if its limitationsand the principlesonwhichit is
basedare not recognisedclearly". Regarding the experimentalevidence
for the statement that the adsorptionof ions carryingthe samecharge
as the particlesincreaseson dilution,one findsonlya singleinstance. The
–––––––~––

J. Phys.Chem.,31,tS?,666(t9~).
"K&piUMohemie",352('909);Z.phyak.Chem.,44,104(t~o~).
J. Phys.Chem.,19,363(t9ts).
J.Phys.Chem.,24,30(1920).
WeiserendNicMas:J. Phys.Chem.,2S,749(t9~t).
J.Phya.Chem.,30,M(1926).
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increaseof the ratioof the adsorptionof thésimilarlychargedionto that of
thé precipitatingion on dilutionhas beenrecordedin thé caseof positive
MnO:soland CuCt,(Ghoshand Dhar).

Thechancesoferrorin anatytioatmeasurementsare verygréâtand these

experimentsdonot appearto be sufficientlyconvincing. Besidesit has been

pointedout by Mukherjeeand Ghosh'that analytical measurementsdo not
in realitygiveanideaof the typeof the adsorptionas wouldaffectthé charge
but they givean ideaof thé exohangeofionsbetweenthe doublelayer as a
wholeand the solution. In order to explainfacts relating to coagulation
withmixturesof eleotrolytes,Mukherjeeand Ghosh have alsobeen led to

assumethe adsorptionof similarlychargedions. Electrical measurementsofthe

chargeof colloidsunderthèseconditionsarenecessaryto throwfurther light
on thé subject. Theauthor in a joint paper~has measuredthe variationof
thérateofmigration,i.e. thechargeof colloidalparticles,withdilutionin the
caseof arsenioussulphide,copperferrocyanideand goldsols. ln each case
it basbeenfoundthat the charge'ofthe colloidalsolutionsdecreaseson dilu-
tion. Thedata in Table1havebeentakenfromthe abovepaper. The rates
havebeencorreotedfor viscositytaking that for watefrat the température
as unity.

TABUE1

AUthe previousworkersin this fieldhaveoverlookedthe possibilityof the
decreaseofthechargewithdilutionin the caseofat least somecolloids,which
wouldtend to sensitisethe solondilutionagainstelectrolytes. Thequestion
naturallyariseswhetherthe relativeincreasem adsorptionof the similarly
chargedionsufficesto counteractthe decreasein chargeondilution.Measure-
mentsof the chargeof colloidsdilutedand undiluted,keepingthe electrolyte
concentrationthe same,weredonethree years back*. The data were taken
witharsenioussulphidesolandhydrochloricacid.

TABLE II

J. Indian Chem. Soc., t, ~3 (!92~).

Mukherjee, Chaudhury and Roy Chaudhury: Quart. J. Indian Chem. Soc.
J. Chem. Soc., 125,79 (1924).

e.c. of 8tock c.c.of Dilution c.c.of Mobi)ityat30''incm.
eoUoid water N/25HC! pereec.pej'vottpercm.

25 nit 1 25 38.9X10-"

iS ïo 1.66 25 38.9X10-
ïo 15 2.5 ~5 39.1X10'

AatS. sol

=..r.

Temp. 3S°C.

Dilution in ratio of volume of oh~fMt Rate of nugr&tion in cms.
sotto that of water added to tt. per eec. per volt/cm.

Pure 8ol 60. X 10-"

1:1 I 58.9Xio-'

!:3 3 55.7Xio-<-

1:10 ly.sXio-~
i 20 12.2 X 10"
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It seemslikely fromthèseresutta that the relative adsorptionofanions
increases,since the colloidwithout any electrolyteshowsa decroasein its
chargeondilution. But theinoreasedadaorptiondoesnot inoreasethecharge
sufficientlyto make it stabletowards univalentelectrolytes in the caseof
A%S,sol, for thé valuesareverynearly equal. We are thereforeforcedto
the conetustonthat greaterdistance betweenthe cofloidalpartiolesin a
dilutedsol tsat leastpartlyif notmostty responsibleforstabilisationagainst
monovalentelectrolytesin thécase of A~S, sol.

In a recent paper Ghoshand Dha~ write "that the viewadvaneedby
Kruyt and Spekand by Mukherjeeand Sen that the decreasedchanceof
collisionamongstthe colloidalparticles is an important factor that preventsaweaker solof As~S,fromcoagulatingis not corroboratedby experiment."
The experimentaldata givenhereshow that the relative increasein the ad-
sorptionof anionsaloneisnotsufficientto makethe solstableondilutionbut
that thetncreasein the distanceofthe colloidalparticlesondilutionisequally,if not more,potent in bringingabout stabilisation. This, it seemsto the
author, bas beenexperimentallyproved from the data given in thispaper.Ghoshand Dhar forgetthat theparticles must meet togetherbeforetheycan
agglomerateinto biggerparticles,and the rate ofsuchcollisionmustbetaken
into consideration. The meandistance between thé particlesdetermines
amongother factorathe numberof such collisions. The pointneednot be
pressedfurther in viewofthedassicat worksof Smotuchowski'andofZaig-
mondya.

The observationsup to dat"on the variationof the coagulatingconcen-
tration of differentelectrolyteson dilution of the colloidmight bofullyac-
countedfor in the followingmanner

Ondilutinga colloid,boththecharge and the total surfaceof the colloidal
particles decrease, whereasthé distance between the partioles increases
Diminutionof chargeand alsoof the total surfacetend to make the solun-
stableagainstcoagulationbyelectrolytesprovidedil MoasMMMd<A<t<thepoten-al M~cAa ao!coa~Mht~<&?<not changeon diluting the sola~ <&a«Ae
relativeac!sorp<twof aUt'MMonthe aMt~aceremains the a<tMe.The greaterdistancebetweenthe partictesofa diluted sol tends to make it morestable.
That ina numberofcases,thesolbecomesunstableon dilution,is presumablydue to preponderanceon thefirsttwo effectsoverthe third. Nowwhenthe
ratio of the amouhtof adsorptionofsimilarlychargedions to that of thepre-
cipitatingions increases,wemeetwith another factor that tends to makeit
morestableon dilution. Theincreasedadsorptionmay be attributed to one
or moreof the followingpossibitities:

(a) Arelativeincreaseintheadsorbabilityof the similarlychargedions.

J.Phya.Chem.,31,649(!9~).
Z.physik.Chem.,M,~9 (tg~).

M. ~Soo (M!8);MealsoMuMierjeeand PMacoMtmtinou-Phit
~A~ MukherjeeandMazumdar.J. 'S);Andereon;CismerandLewia.
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(b) Increase in thé eqdtibriumconcentrationof the electrolyteconxe-

quenton the decreasein thecolloid-liquidinterface.In this case it willbe

necessaryto assumefurtherthatwith théinoreaseinconcentrationthe rota-

tiveadsorption of thesimilarlyoharged ionsincreaaea.

Thesecond possibilitymaybeneglected,foringeneralwehavefoundthat

themannerof variationofthécharge withtheconcentrationof clectrolyte
doesnotwarrant thisassumption:The adaorptiontheoryofFreundUchpre-
dictsthat dilution ofthosolwill alwaysdiminishits stabitityand in the limit-

ingcaseof uniunivalents~, this theoreticatdiminutionmay not beper-

ceptible.Diminutionofchargeon dilutionshowsthat a conséquentchange
takesplaceon the surfaceofthecolloidalparticles,ondilution,and probably
thisis the reason whyrelativeadsorbabilityalsochangeswith dilution. It

is alsopossible on theviewaofadsorptionofsimiiartychargedions put for-

wardby Mukherjee' to attributethe increasedrelativeadsorptionof the

similarlycharged ionsto adiminutionin théchargeitself,which increases

consideraMythe numberoftottiNonsof thesimilarlychargedionsonthesur-

face,assuming that the ooMentrationofthèseionsremainsconstant. The

mainreasonfor the differenceinthe behaviourofa colloidondilutionagainst

coagulationby electrolytes--whichas wehaveseenabovedependson the

natureofthe coagulatingelectrolyte--isperbapsto besoughtin the difference
in thecoagulatingconcentrations.When theconcentrationishigh, theeffect

ofdiminutionof interfaceondilutionis neg)igib!e,andthe increaseddistance

betweenthe partiolesbasadominatinginfluence.The reverseis thé case

whenthé coagulatingconcentrationia verylow. In the presentpaper,we

havein the absenceofrete~t charge measurementsassumedthat coagula-
tionalwaystakes placeat adefinitepotentialofthedoublelayerfor the same

sol. This is not alwaystroc,as would appearfromthe measurementsof

Mukherjeeand Chaudhury'jmdMukherjee,ChaudhuryandRoyChaudhury*.

Mythanks are dueto Prof.J. N. Mukherjee,D.So.,forhiskind interest

in thésubject.

M~Mco!CAeMMa<f~~obom<ort,
t/tUmmtt~CoMe~e<SetM<e,
CaMo.

'PhU.Mag.44, 3:! (tçz~).
J.IndienChem.Soe.,2~296(t~6).
CommunicatedforpubhcattM.
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BY JOHN R. BAYLM

The chemiealliteraturecontainsvery little onthe hydratedcalciumsili-
cates,thoughtherehaveappearedwithinthé past fewyearsseveralartioles
on sodiumsilicateanda numberofarticleson the charactensticsofsilioagel.
The importanceof the reactionbetweencalciumoxideandsilicacannot be
overestimated,for porttandcementconstitutesoneof the mostextensively
usedbuildingmaterials. Mixturesof limeand sand haveboenused in the
buildingof masonrystructuresforthousandof yearsandwhiletheremay be
somedoubt as to whetherornot the limereaotswiththesilicain the surface
of the sandgrainsthe evidenceis infavorof the reactionthoughit be very
slow. Certainlythereisa reactionwhenthe temperatureisnear the boiling
point of water. Verylittle cement,whichis largelyeomposedof calcium
oxideand silica,wasuseduntil the latter part of the eighteenthcentury,and
practicallyall the famouscathedra!s,fortressesandothermasonrystructures
of the middleagesusedcommonlimemortarfor the joints.

Natural cements,made by burninga c!ayeymaterial,came into use
about t8ooand reachedtheirmaximumoutput between1800and 1900.Port-
land cernentwas inventedin 1825,but productionin the UnitedStates did
not extendrapidlyuntil after 1880. Approximately164,530,ooobarrelsof
portlandcementwereproducedin 1926. Limemortar (mixtureofhydrated
lime and silica sand) is still a very extensivelyused cementingmaterial.
It is knownthat portlandcementinvolvesreactionsbetweencalciumoxide
and silicaand it is believedthat this is alsothe casewithlimemortar. If
this istrue forlimemortar,thenthe valueofnewstructuresbeingbuiltwhioh
involvesat least the partial holdingtogetherof the materialswithsomece-
mentingmaterialdependentlargelyor partiellyon the reactionbetweencal-
ciumoxideand silicaprobablyexceedsthree billiondollarsannuallyin the
UnitedStatesalone. Suoha sumshouldmake thischemicalreactiononeof
great importance.

Thedassicatworkof Patrickandhiscollaboratorstonsi!icageland Har-
man~on aqueoussolutionsof sodiumsilicates,nowgivea verygoodunder-
standingof many of thé characteristicsof silica, and of its sodiumcom-
pounds.Even thoughthe reactionsbetweencalciumoxideandsilicain the
presenceofwaterareprobablyofmuchgreaterimportance,dueto the exten-

P~ C~m.S< 4 ~6, 976(t9:o);Neuha~nand
~?~'t~ Chem., ~~?! andGrSm:J.Am.Chem.Soc.,43,:!44
~t~= C~.M. t (!9~)<DavidheiserandPatrick:J'.A~
S~ 1 (1922);PatrickandEbenaan:J.TPhys.Chem.,29,220;Patrickand

~°= f~ Opdyke:601;P.Mc~mdGMide~

~'(M~
BMchy: t~oo(t925);Patnek.FmNerandBuah~J. Phys.Chem.,31,

1ft. W.Harman:J. Phys.Chem.,29,1155(1925);30,359,911.1100(1926);31,335,SH~M<S"
"S5(~5); ~0,3:9,9!7,noo(t9~); 3t, 335,
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siveuseof cementingmaterials,etc., there appearsto be very little about

themin the literature. Much bas been writtenon portlandcernentclinker,

butverylittleon the hydrationof the cementcompounds.At the timeof

this writiugthere basappearedan article by LerchandBogue'givingsome

informationon the hydrolysisof compoundsof calciumand si!icalikelyto

occurin portlandcement. This article willbe discussedmorefuUyin the

latterpartof thepaper.
Toobtaininformationon the equilibriumofmixturesof calciumhydrox-

ide,silicaand water,experiments,varyingthe amouatofcalciumhydroxide

in solutionin the presenceof compoundsofsiticasuchas the hydrousoxides

of sitioa,have been conducted. The results indicatethat there may be a

dennitechemicalreactionbetweencalciumhydroxideandthe hydrousoxides

ofsilioaforminga compoundcloselyapproachingto CaO,SiOi. In addition

to this,considerablecalciumhydroxideappearsto beadsorbedbythis com-

poundwhenthe concentrationof calcium hydroxidein the surrounding

solutionin increasedover that necessaryto formthe dennitecompound.

Preparationof the Silica

Dilutesolutionsof pure sodiumsilicate (waterglass)were treated with

hydrocMoricacid until the alkaliwas completelyneutratized,exceptin one

instancewhereit was treated to where the solutionshowedonlya slight

pinkcolorwhenphenolphthaleinwasadded. Variousditutioasof thesodium

silicatewereusedand jelliesof varioustextureswereformed,fromthe very

stiffone that formedimmediatelyon the additionof thé aeid to the very

dilutesolutionthat requiredover24hours for the jeUyto form. The jellies

wereptacedin Pyrex flasks and distilled wateradded. They werebroken

up fairlyfineby agitating the mixture and mashingup the lumpswith a

plunger. The broken-up)eUieswereallowedto settleandthe clearsolution

pouredoff. Theprocedureofaddingdistilledwaterandpouringofftha super-

natant liquidafter the precipitatehad settledwascontinueduntil the solu-

tion,afterstandingin contact withthe precipitateforsevenddays,showed

onlya fewparts per millionof Cit.

Thewashing,in the casewherethe alkaliwasnot completelyneutralized,

wasthencontinuedfor i monthswith variousperiodsof standingbetween

washingsof fromoneday to a month or more. It washopedthat the pre-

cipitatecouldbewashedfreefromthé alkali,but the procesawassoslowthat

thiawasabandoned. For this particularjelly,whichwasusedin Experiment

both sodiumhydroxideand solublesodiumsilicatewerebeinggivenoff

in the solutionat the last washing.
In oneinstancethe jelly wasdried beforethe salt waswashedoui, first

at about900C, then at about 110"for 6 hours. Thedriedgel wasplaced

ina flaskand washedin the samemanner as the jelliesuntil practicaHyfree

from chlorides. It was then driedfor 24 hoursat a temperatureof ap-

proximately130"C. The driedgelcontained3.31percentwater.

LmhandBogue:J. Phya.Chem.,31,ï6e7(J927).
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ExpedmentsaddingCalciumOxide

The experimentswillbe numbered,thoughnot in the order conducted.
Untessotherwisestated, theC&Ogiven in the tablesandshownonthé curves
is the actuelCaO. Thelimeusuallytestcdabout99percentCaO.

2?:cperMtMK<i. A mHceousjelly containingapproximately10grams of

SiOtinwhichthe sodiumwasnotcompletelyneutralized.

The jeUywaa placed in a 300ce. Pyrex flaakand the flaskfilledto the
300 ce. markwith distilledwater. There is doubtas to the exact amount
of silicausedin this experiment. It wasestimatedbyevaporatinga meas-
ured portionof the prectpitateto drynesaand then detenniningthe 8:0~
by the usuaLgravimétriemethod. It is difficultto get a measuredportion
of a solutioncontaininga precipitatein whichthe precipitateis unifonniy
distributed. In this test therewaano other wayofapproximatingthe silica.

Calciumoxidewas thenaddedin amallweighedquantitiesand the mix-
ture thoroughlyagitated aftereachadditionof the calcium. The Saskcon-
taineda steeîbaUabout § inehin diameterfor grindingup any lumpsthat
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TABUSÏ 1

A!ka!i Concentration of Solution m Contact with SiMca with Various Quan-

tities of CaO added

«n ~f M/~ w.cn

aooce.of distilledwateradded to makeup&mountremoved.

zo&ce. of distiUed water added to make up amount removed.

200ce.ofdistilledwateradded to makeup amountremoved.
e ~rt <

200oc.of distilledwateradded to makeup amountremoved.
0.00 t c~r<n

cc. of N/so H:SO<
to neutralize 100 ce.

of the solution

TotalCaO
added D~8a Phénol- MethylGrume standing phthalein Ot-Mt~e
o.oo 104 n.s jg.e

.54 ï 32.0 35.0
i gi.o0 33.0

~-So i ~t.o 31.4
2~6 a 33.0 360

~-88 1 s9.o 24.0

3-~4 4 t90 zz.o
3.6o I 2~.0 2S.O
4-os i 18.o :o.o
4.95 1 i6.o 18.0

5'4o i ig.o zt.o
6.30 t t~.o 16.0
6.75 x 150 ly.o
7.20 i i5.o ~o
7.6s i 15.0 ty.o

8. io 3 hrs. 250 270
8.55 ïday 28.0 30.0
9-00 ï 33.0 35.0
945 1 43-0 45.0
-t.

9.90 i
530 5S.O

'0.35 1 64.0 66.o

ïo.8o 1
y8.o goo

H-25 1 99.0 ict.o

~~70 1 t22.J 124.0

i2.is 1
151.0 i53.o

is-~o 1
191.0 194.0

4 171.0 ï740
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formed. The agitation wascontinuedat frequent intervalsthroughout the
day. The usual procedurewas to add 0.45gramaof CaO daily. Small
po~ uaually i. ce.,ofthe clearliquidwerewithdrawnand testedwithastandardacid after the additionof eachquantity of lime. In tact the testwasmadejust beforeadding the nextportionof lime. Four timesduring.thé p~ of addingthe Hme~o..c..f distilledwaterwereaddedto make
up that removedfor in the Br~ part ofthe ourvesin Ftg It is assumedthat the calciumreplacedthe sodium
in combinationwith or adsorbedby theailioain thé e~dy~ge. of the ad-ditionofthe limeandthat mostof thealkaliin solutionat first wassodium
hydroxideand sodiumsilicate. Eaehadditionof distilledwater reducedthe
concentrationof the sodiumhydroxide,andit is assumedthat thé curveashouldmakeabrupt pointsthoughit maybosomewhatover-drawnin the figure. Fromthe fact that the alkali conception of the solu-
tion, especially concentration,remained lowuntil

~~r added,it maybe muchof thé cd.ciumwas lostin thesolutionremovedfortesting
TheTT 1showthealkaliconcentrationof the solutionandtheamountthat wasestimated to be calciumhydroxide. Thèse curves are

plottedwithout takinginto considerationany tosseasuohas the amount ofcalciumin the solutionremovedfor testingand in the solutionwithin thé
flask,and whiletheyare slightlyin errorthey are sonearly.or~&atfor
the intendedpurposeof the curvesthis is oflittle consequence.It willbe
r~ concentrationof théBotutionremainedlowuntil about8 gra~ of CaO bad beenadded, and then began to increase. This wouldseemto indicatea definitecompoundbeingformedupte this point,although
~oJXS~ requirements
S-T-t' ~T ~y flask. The calcium
silicateis, of course,inthe hydratedform. TMBaeemstobeach.~risticof thefairlystiff jelliesaswillbe ahownlater. The figuresused in plotting
thesohdunecurvemFtg.iMegiveninTaNel 1.

p

Testingthe solutionfor sodiumafter the last additionof calciumshowedit to containabout 50partsper millionofNa. Unfortunately,no tests forsoluble~hcaweremadea. the calciumwasbeingadded. Accordingto other
oiT~ it musthavebeenfairly highat first, but verylownearthe end1~ The ~1~ numberof cc. of acid solutionrequiredtoneutralizeioo ce. of the a matter of fact onlyio to 25 ce. ofthe solutionwereusedformostof the tests.

~t

Aftertheadditionof gramaof CaO,a portionofthe precipitatewas
removedforchemtcalanatysis.Thisis givenin TableII.

TABLEII
r<t.–t A_~nenucai Anatysts of Precipitate

cS .4384grams F~O, grams
5.13

AJ,0.
-~o MgO .0041
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E~<!nM~M<a. The silioagelwaspreparedin the usualmanner,except
that HCl wasaddeduntil the jeUyshoweda sMghtred colorwith methyl
orange. Thiswaaa pH of about 4.0.

The pH at the end of the washingwas 5.5. The amount of silicawas
estimatedin twoways. The tiret estimatewaa made beforeany calcium
was added. Thiswas done by taking a measuredportionof the stirred-up

J*M.2z

precipitateand determiningthe silicagravimetrioally.The computedSiO:
for the silicaremainingin the flaskwas4.94grams. At the end of the ex-
perimenttheentireprecipitatewasdried,weighed,groundfine,and a chemi-
calana!ysismadeofa weighedportionofthe groundpowder. This is shown
in Table IV. Fromthis analysisthe SiOi!remainingat the end of the test
wu estimatedto be4.61grams. Conaideringthe BiHcaremovedin the solu-
tion for testingthe two analysesprobablycheckvery weU. 4.61gramsof
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8i0, require4-28gramsof CaOto formCaO,SiOt. It willbe notedfromthe
atkalinityourvein Fig.a that thereisa minimumpoint,or dropin the ourve,
whereapproximately5 gramsof CaOis estimatedto be in ohemioa!corn.
bination with the silica. Experimentr showedthat less CaO than the
theoreticalwasrequired to reachthis point of drop in the alkalinitycurve.

It may beweUto caUattentionto thé fact that the dilutionof the sodium
silicatebeforeprecipitatingthe jollywas fuUytwiceas much for the je!!y
usedin Experiment3as in Experimenti. Thereis someevidencethat this
is the reason,whichif truc, it may be that the calciumhydroxidehad dim-
cuttyin penetratingto the interiorofsomeof the partic!esof jelly. In Ex-
porimenta there appears to beslightlymorecaloiumhydroxidein combina-
tion to reach the lowpoint of alkaliinsolutionthan thétheoreticalnecessary
to form CaO.SiO!. Small quantitiesof iron and aluminumoxides (ap-
proximately2 percent of the 8i0,) wereprésent,whichwouldaccountfor
a small quantity of the excesscalcium. Due to the largenumberof tests in
whichthé flaskhad to be openedto withdrawsamples,there,no doubt, was
a carbonationof another smaUquantityof the calcium. Thereis, however,
noproof that thé minimumalkalinitypointocoursat the pointwherethere
is completeconversionof the silicato calciumsilicate,eventhoughit is be-
lievedto be near this point.

Everything bas been taken into considerationin Experiment that is,
deductionshavebeenmade.for the calciumremovedin the samplesof the
solution used for testing and for the calciumthat was in solution. The
pointashownon the curves in Fig. and givenin TableIII representthe
calciumoxideactually in chemicalcombinationwith, or adsorbedby the
silica. Two to threedays wereallowedfor the solutionto reachequilibrium
beforethe next addition of calciumoxide. The figuresgivenin thé table
donot compriseaUthe tests made,but only thosemadejust beforethe next
additionof calcium. The usual procédurewas to makepH and aïkaunity
tests,4 hours, 24hoursand 48to 72hoursafter the additionofeachquantity
of calcium. Equilibriumwas nearly establishedwithin 4 hours, conse-
quently there can be little doubt as to the adequacyof the time allowed.
The sample wasagitated 15to 20timeseach day and as the volumeof the
precipitatewasabout one-halfthe total volumeof the sampleit is evident
that the solutionhad ample opportunityto cornein contactwith the solid
matter.

The pH is onlyapproximate. It wasdeterminedwithstandardsprepared
bythe LaMotte ChemicalFroduotsCo.,but there is somedoubtas to their
accuracy. Wherethe color rangesof nitro yellowand sulfoorange,which
werethe indicatorsused, shouldoverlapthere is a differencein the pH as
determinedwiththe twoindicators. Severalyearsagothe writerattempted
to use the hydrogenelectrodefor making pH determinationson calcium
hydroxidesolutions. The notesmadeat the timeshoweda pH of 12.35fora
saturated solutionofcalciumhydroxideat roomtemperature,whiehaveraged
about23 degreesC. Upon retumingthe electrodeto a bufferedsotutionit
wasalways offconsiderably. The opinionwas formedthat the hydrogen
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electrodewaanot very accuratefor sttong calciumhydroxidesolutions.The

pH resu!t8,however, agréevery wellwiththoseobtainedby othersandmay
be correct. Largely from the fe&rof the unreliabilityof the pH deter-

minationsnoneweremadeforthe firstexperiments.
It iayot believedthat a betterconceptionof the equilibriumisobtained

from titrating with a standardacid sotutionwhenthe calciumhydroxide
concentrationis fairly high. In Table III are given both the phenol-

phthaleinandmethylorangealkalinitieebut onlythemethylorangealkalinity
is shownin Fig. a. Perhaps the pH giveathe better interpretationof the

experimentfor the first part ofthe curveswherethere isconsiderablecalcium

siNcatein solution. The monocalciumsilicatein solution,if therebesucha

compoundpresent, is brokendownat a pH that still giveaa slightlypink
colorwhenphenolphthaleinis present;that is, the phenolphthaleinalkalinity
also inctudespracticallyallof the alkaliin the solublecalciumsilicate.

TABMIII

EquilibriumofCalciumHydroxide,Silicaand Water

Silice gelcontainingapproximately4.04gramsof SiOi–
Volumeof waterwithprecipitatekept constantat i liter

CaOestimated
to be in ce.ofN/so H,SO<
combination te neutralisetooce. P.P.M.of
withand ofthesolution SiOt

TotaiCaO adeorbedby pMNM
added the Silice Phenol- Methyl theFilter
Gram GnMns phthalein Orange pH Papers

.49S .494 8.o 9.s 10.0-

.990 .988 t6.s 18.5 10. l

1.485 1.480 iy.o 19.0 to.g

1.980 1.968 19.0 21.0 10.3 240

2.47S 2.440 20.0 2Z.O 10.4

2.970 2.930 ï9.s 22.0 10.5 ~a
3-405 3.404 i8.5 ~0.5 10.5
3.960 2.893 19.0 91.0 !0.6 1~2
4.455 4.370 i?o 18.5 10.6
4.702 4.610 17.0 i8.s 10.6
4.950 4.850 ï6.o 17.5 10.7 120
S.I97 5.002 12.5 14.0 io.8
5.445 5.222 15.5 17.0 io.8-n.i 16

5.692 5.431 22.0 23.0 io.8-tï.3 3

5.940 5.623 30.5 31.5 io.8-n.6 9

6.187 5.792 39.5 40.5 ii.y 7

6.43S 5.962 50.5 52.0 n.8 &

6.682 6.111 64.0 65.0 n.9 g

6.930 6.272 76.0 78.0 12.0 0 2

7.425 6.494 !05.o 107.0 12.o

7.920 6.712 15t.O ÏS2.0 12.ï c~

8.910 7.078 218.5 2:t.5 !2.2 j 2
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A correctinterpretationof tho ourvesin Fig. 2 wouldbe dimoult. The
solutionswerefiltered throughtwo thicknessasof No. 4o Whatmanfilter
paperbeforemakingthesilioadéterminations.ït isquiteprobablethat some
of the silicapassingwasnot in solution. It willbe notedthat a contentof
over100partsper millionof8:0: wasfoundin the filtratebeforeanycalcium
hydroxidehad been added. Mis not believedthat silioa,underthe con-
ditionsof the experiment,is sosoluble. Thesilica in solution,if any,may
existpartiallyin the dissociatcdstate. Thefaot that a prolongedwashingof
onesampleof the silicajellypreparedsimilarlyto that used in thisexperi-
mentcontinuedto showa fewpartspermillionof alkalinityanda pHabove
7.0after beingwashedfreefromoMondes,indicateseitherthepresenceofan
adsorbedalkalior elaethat the solublesuioaiaat leastpartiallydissociated
and that the dissoeiatedproductgivesa pH nearor s!ight!yabove7.0.

The additionof calciumoxideto a solutionin whiohthoreis a gelatinous
precipitateofa hydrousoxideofsi!icaformsa slightlysolublecalciumsilicate,
the exactamountin solutionbeingduBcu!tto determine. Thisincreasesthe
silicapassingthe niter papers. Asto whetherthe inoreaseis pmcticaUyail
in solutionor not, and is representedby the différencebetweenthat passing
beforecalciumhydroxideis addedand afterwards,therewasno wayof de-
terminingwiththe equipmentat hand. Atanyrate, the solublesilicain this
experimentreacheda maximumwhenabout2gramsofCaOhadbeenadded.
Thiswasat a pHof about to.gwiththe indioatorused(nitroyellow).

The continuedadditionof calciumhydroxideincreasesthe pH and re-
ducesthe amountof silicathat willpassthe n!terpapers. Whennearly5
gramsofCaOhad enteredintocombinationthere wasa markeddropin the
amount of silicapassingthe filterpapers. This is also coincidentwitha
drop in the amount of acid solutionnecessaryto neutralizethe solution.
The peak in the alkalinityourvewhen2 to 3 gramsofCaOhad beenadded
is dueprobablyto somefreecalciumhydroxide,somesolublecaloiumsilicate
and someof the silicapassingin the colloidalstate carryingalkaliwithit.
It is possible;thoughthere is noproofin the experimentaa conducted,that
compoundsof lessercalciumcontentthan CaO,SiO:are formed. It is a!so
possiblethat the solidsilicahotdspart ornearlyall the calciumbyadsorption
rather than by definitechemicalcombination.

The additionof a weaksolutionof HCI to particlesof the precipitate
after all the calciumbas beenaddeddissolvesthe calciumfromtheparticles
withoutdiaturbingto a noticeabteextenttheshapeof the partioles,indicating
that the structuralformationof the jelly is not altered by the additionor
removalof the calcium. Proofofthis isreadilyobtainedby observingparti.
clesunder the microscopein a cellthroughwhicha weakacid solutionis
passed. This phenomenonmaybe significant,especiallyas the densityof
the jelly formedin preoipitatingthe silioaseemsto influencethe amountof
calciumthat willenter intocombinationwithor be adsorbedby the silica.

Aftera pH ofabout 11.0is reached,as determinedby the somewhatun-
satisfactorymethodused,very little solublesilicaremainsand the calcium
hydroxideconcentrationofthe solutionthenincreasesfairlyrapidlyuponthe
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additionof morecalciumoxide. Beyondthiapointthore is not enoughsilica
in solution to materiattyaffect the results, and the equilibriumbetween
the solidsilioato in whateverstate it existaand the calciumhydroxidein
solutionappears to be one of surfaceadsorption. Beyondthe five-gram
point in Fig. 2 the alkalinity curveagreeswith the Freundiiohadsorption
equation. It alsowillbe shownthat this equilibriumis reversible,another
faotor strongly indicatingadsorption. Approximatety30 to 45 percent
asmuch calciumis takenup by whatisbelievedto be adsorption,whenthe
calciumhydroxideconcentrationof thesolutionis increasedto the saturation

point,as is requiredto bring it to the pointwhererapid increasein the alkali
concentrationof the solutionstarted. In other words,it required in this

experimentapproximatelys gramsof CaO to reach the point where the
alkali concentrationof the solutionstarted up fairly rapidly, but between
this point and the saturation pointof calciumhydroxideapproximatelya

gramsof calciumoxidewent into somekindof combinationwith the solid
silicates.

Perhaps the most convincingproofof the above is the analysisof the

precipitateat thé endofthe test. Theentirecontentofthe Saskwasfiltered,
washedwith an amountof distilledwaterabout 5opercent in excessof the
volumeof the precipitateto wash awayapproximatelyan equal amount
of the calciumhydroxideas remainedin the solutionin the gelatinouspre-
cipitate, then driedat 100degreesC. The total weightof the driedprecipi-
tate was za.t6 grams. Chemical analysisof the precipitate is given in
TableIV.

TABLE IV

Analysisof OneGramofthe DriedPrecipitateand the ComputedCaOand
SiO:present in the TotalPrecipitate

Chemicalanalysiswascheckedbya secondanalysis.

It is believedthat theamount ofcalciumoxidein combinationwithcom-
poundsother than the silicais lessthan0.20gram. Thiswouldleaveat least
6.37grams in combinationwith and adsorbedby the silica,or 48.8 percent
morecalciumoxidethan was necessaryto combinewith the silica to form
Ca0,8i0z. Whilethis figuremay not be absolutelycorrectit is beUevedto

Silicondioxide(Si02) 2082grams
Calciumoxide(CaO) -3054
IronandaIuminumoxides(Fe!09,At!0!) .0045
Notdetermmed -oos3
Losson ignition ~y66

1.0000grama

Estimated SiOtin total sample(22.16X .ao8z) 4.61 grams
EstimatedCaOintotal sample(22.16X .3054) 6.
CaO addedin excessof the saturationpoint 20
Total CaO in combinationwith siiica,iron, aluminumand

carbondioxide 6.sy
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be only slightlyin error and not enoughto matenaUyaffect the resutt.
Taking the figuresgiven in Table III and computingthe excesscalcium
oxideafter taking into coMideratmnthe probableamountof calciumoar-
bonatedit figuresabout 50per cent in exoesaofthe theoreticalnecessaryto
formCaO.SiOt.

~~pe~MeK<3. Concentratedsilicajelly.
The silicajellywaspreparedin the samegeneralmannerM forthe other

expenments,exceptthat the concentrationofsilicawaamuchgreater. This
formeda verystiS jelly immediatelyonaddingthe aoid. ThepH after the
additionofthe acidwas S.o,and at the endof the washingit was7.2. The
jeUywas piacedin a gooco.PyrexSaskandthe waterkeptat a constantvol-
umeof sooce. TableVgivesthe resultsofthe additionofCaOto the nask.

TABM!V

EquilibriumofCalciumHydroxide,Suic&and Water
ThesiticajeUycontainedapproximately0.30gramsSiO:.

Thevolumeof the jellybeforethe additionofwaterwas120ce.

This experimentshowsapproximatelythé sameremitsas Experimentaï
and 2. AUtoaœaofCaOandsilicaare takeninto considerationin the table.
The lime wasaddedto thé Sask very muchfaster thanfor the other ex-
perimentsto hasten the completionof the experiment. It is not believed
that thia had a material influenceon the results. At the end of the ex-
perimentaUthe precipitatewas filteredout, washedwitha volumeof dis-
tilled water about30per cent greater than the volumeof the precipitate,
dried,weighed,anda portionanatyzed. Thisis showninTableVI.

TABLEVI
ChemicalAnatysisofDriedPrecipitatefromExperiment3

Si!icondioxide(8i0t) .aaoogmms
Calciumoxide(CaO) .~05
Iron andaluminumoxides(Fe~s, At)0,) .0041
Lossonignition .g6oo
Unaccountedfor .01~

i.oooo grams

CtOeatitMted
to be im eo.ofN/so H<80<
combination to neutralisetooce. P.P.M.ûf

Total with and or the solution 8i0<
C&O adaorbedby passing
added theSiMca Phenol- Methyl theFilter
Grama Gram phthatem OMn~e pH Papera

4.9S 4-894 18.o 20.0 to.3
6.03 6.807 10.0 n.o 11.0 65
7.92 7.849 20.5 :i.s n.s 13
8.91 &.737 48.0 so.o ".8
9-9~ 9.571 OQ.o loo.o M.o

10.89 io-337 t73 o !74-o 12.2
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It willbenotedfromthe analysisthat therewasa higheramountunae-
countedforthanshouldhave beenthe case. Theerrorprobablywasin de-
termining the tos&on ignition,for the other analyseswereohecked. This,
however,does.notaffectthe calcium-silicaratio. It willbe notedthat there
is a lesserquantityof CaOper gramof silicain combinationand adsorbed
than in Experimenta. AJsOtit willbc noted that whilelessCaOthan the
theoretical to form CaO,StO!was requiredto reach the point wherethe
rapid increasein the caMumhydroxideconcentrationof thé solutionstarts,
the CaO goinginto combinationor adsorbedbeyondthis point is not so
greatlydifferontfromthat in ExponmeotsTand a. Thiswouldindicatethat
the concentrationof the ftiUoain the jelly influencedthe amountofcalcium
hydroxidegoinginto combinationto formmonocalciumsilicatemorethan
it does the calciumhydroxideadaorbed,if weare justinodin assumingthat
monocalciumsilicateis formedandthat adsorptionstartsat the pointwhere
the rapid increMein the calciumhydroxideconcentrationof the solution
starts.

Experiment,4. VorydilutcjeHy.
There is nothingabout Experiment4 groatlydiSerentfrom the other

expertments,excoptthat as muchwateras wouldaUowa jellyto formwithin
2 days wasadded. Thé pH after the additionof the acidwas about$.0,
and was 6.4at the end of the washing. TaMeVII givesthe reaultsof the
additionofCaO. The volumeofwaterwiththe precipitatewaskeptconstant
at 2 liters.

TABMVII
EquilihriumofCalciumHydroxide,SilicaandWator

Thesilicajelly contained.approximately8.32gramaof St0<.
The volumeof thé jeUybeforethe additionof waterwas050ce.

Whileenoughpointswerenot determinedto drawaecuratecurvesaswas
done for Experimenta, it is evident from the few tesultsgiven that the
curves wouldfollowthoseshownin Fig. 2very closely.It isalsonotedthat
the minimumpointof alkalinity,~xceptat the beginningof the experiment,
is near the thcoreticalto formCaO.SiOjt,which,in thiscase,is 7.63gramsof

CaOestimated
to bein ce.otN/<oH.SO<
combuMtton to neutrafiseioocc. P.P.M.of

Total with and of the solution 8i0tCaO adaorbedby uMNM:added ~StUct Phenol- Methyl SeMe)-
Gram Gt-ema phthalein Orange pH PapeM

5-94 5.7ï6 18.0 ~o.o io.$
7.92 7.684. tg.o 19-0 n.3 13
8.91 8.429 38.0 39.5 ~.7
9.90 9 0~4 6?.o 68.0 11.9

10.89 9-6S9 ïoa.s 104.0 ta.f)
11.88 io.ï86 143.0 i44.o
12.87 to.667 183.0 ï88.o 12.2
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CaO. tQ.6?gromaofC&0wasestimatedto be in oombinationwithand ad-
sorbedbythe silicaat the last additionofnalcium,wMchwasBMghttybelow
the saturationpoint. Drawinga curveandprojectingit on to thesaturation
point !o.82gramsof CaOis obtaiaed. This is 4.1.8percentmoreoaMum
oxidethan the theoretieatnecessatyto combinewith8.22gramsof8!0;),the
amountofsilicafoundto be presentin the Naskat the endof theexperiment.
TaMeVIH showsthe chemicalanalysisof the precipitateat the endof the
experiment.

TABLEVIII

E.tpcrtiKeKtg. Driedsilicagel.
Thé sodium silicatewas neutralizedwith hydrochtonc aoid, dried,

washedfree from oblorides,again dried, and then weighed. It wasdried
<ttapproximatelyt~o degreesC for 6 hours, whichleft only 3.31percent
water. A portionof the pulvenzedgelcontaining7.735gramsof SiO~was
ptacedin a 500ce.Pyrexfiaskand the fiaskfilledto the Sooce.markwith
distilledwater. Thoresultsof thé additionof calciumoxideare given in
TableIX.

TABLBIX

EquilibriumofCalciumHydroxide,SHicaGeland Water

Thissampleofsiticabehavedin the experimentverymuchlikethejellies,
exceptthat it tequireda tongcrtimeto reachequilibriumaftereachaddition
of the calciumoxide. Thevolumeof the precipitatewasquitesmallat 6rst,

CaOestimated
to be in ce. of N/so HtSO<
combination to neuttaËze too ce. P.P.M. of

ToM with and oftheeotuUon SiO.
<~).0 t-dsorbedby paœin):
added theSHic~ Pheno~ Methyl theFi~r
Grame Grame phthatein Orange pH Papers

.495 .493 18.o 20.0 to.z

.990 .933 ï?.o 19.0 lo.j 243
i.48s 1.4:0 i~r.o 19-0 to.3
1.980 1.898 i~.s t9.o 10.4 :t6
~97o 2.876 16.0 !7.o to.3
3.960 3.864 ï~.o 14.0 jo.3 ~o
4.950 4.844 i2.o 13.0 io.y
5.940 s 829 iS.o 16.o 11.2 n
6.930 6.693 45.0 46.o 11.8
7.920 7 487 io8.o no.o 12.0
8.910 8.272 171.0 t73.o 12.2
9-405 8.634 200.0 202.0 12.2

): 9

SUicondioxide(SiOe) .içooQrams .tSgSQrMns
Calciumoodde(CaO) .z~go .2378
Ironand atuminumoxides

(Fe.!0!At,0<) .0016 .oois
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but increasedconsideraMyas the limewasbeingaddedthoughnot to equal
that ofanyof the jeUies.The gelwasmadefroma fairlystiffjeUy(i gram
ofSiO:to 20ce. water)andthe CaOenteringintocombinationand adsorbed
wasapproximatelythe sameas that for thé othor fairlystitî jellies. Some
silicawaslost in the solutionremovedfor testingand 7.74gramsof SiOa
weroestimatedto beprésentat the endof thetest.

ExperimentaIndicateAdsorption

Everyexperimentwherea jelly of the purehydrousoxideof silicahad
beenformedshows that thé silicawillunitewithmoreCaO than the theo-
retical to formCa0,8i0! Table X givesa summaryof the 5 experiments.

TABLEX

The nature of the jellyseemsto have someinfluenceon the amountof
CaO that it will unite with,but aUexperimentsshowthe samecharactens-
tics. A carefulexaminationof Fig. 2, whichis typical for all the experi-
ments,leaveslittle roomfordoubtingthat thereis adsorptionof the calcium
hydroxide. It indicatesbut doesnot givepositiveproofthat monocalcium
siticate is the definitecompoundformed. Thereis no indicationwhatever
of the formationof dicalciumsilicate,nor is thereenoughcalciumtakenup
to accountfor such a compound.Severatextractiontests wererun to show
that the calciumhydroxideis givenoffin the sanaegeneralmannerin which
it is adsorbed.

ExtractionofCalciumHydroxidefromCalciumSilicate

If the assumptionofadsorptionof calciumhydroxideby calciumsilicate
is correcttheequilibriummust be rewraiMe;that is, the calciumhydroxide
must be givenoff in thesameproportionin whichit isadsorbed. Extraction
tests weremade on severalsamplesof calciumsilicate that had reached
equilibriuminsolutionscontaininga highconcentrationof calciumhydroxide
by withdrawingthe clearliquidabove the preoipitate,reptaoingwith dis-
tilled water,and repeatingthe procedureafter equilibriumhad beenes-
tablished. In these experimentsit wasimpossibleto avoidremovinga sma!!

CaOin
combination
andadsorbed

co.of
n.~ whenthe Theoreticat

water %0,at solutionis CaOto CaO Percent
per the End saturated form per CaOin

Exp. gram of Test ~C~) SiO, ~m exce~cfNo. ofS:0, arams GrMM Grams SiO, CaO.SiO,
1 35 10.00 n!.6o 9.:8 1.26 ~8

75 4.6i 6.37 4.:g t~8 ~8.8
3 '4 930 10.74 8.64 1.15 24.3
4 95 8.22 jo.82 y.63 1.32 4~8
5 M* 7.64 8.75 7-io 1.14 ai.6

Volumeofjelly beforedrying.
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amountof theprocipitateeachtime,andeventhoughthé atnountwasvery
smaU,a largenumberof extractiontests no doubt removesa fairly large
amountof thepreoipitate. Usingdistilledwaterthat contained3 to 4 parts
permillionofCOsoarbonateda littleof the calciumhydroxide.If all these
lossescouldbedeterminedit is believedthat the extractiontests wouldbe
almostexactlyinthereverseorderof the testswherecaloiumoxidewasadded.

Eï<rac<t<wBzpenmeM<i. Thiswas the precipitatefromExperimentr
whereCaOwasaddedto a gelatinouprecipitateofsilica. Thisalaowasafter
the precipitateshownby the analysisinTable II wasremoved.

The procedureof the extractiontests was to withdrawand test a meas-
uredportionofthe clearsolutionafter standingovernightwithoutagitation.
Theresultsaregivenin TableXI andare alsoshownby thecurveinFig. 3.
It isevidentthat all the pointsgivenin the tableeouldnot beshownon so
smalla scateas that of Fig.3. For tests standing!ongerthan oneday the
samplewas agitatedseveraltimeseach day. Thé nask was filledto the
300ce.mark eachtimeafterwithdrawingthe quantitiesgivenin TableXI,
exceptwhenthe tests showa removalof :oo ce.,in whichcasethe naskwaslà
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CUednearlyfullor to the350 ce.mark. Thismeansthat therewasa dilution
ofat least50percentat each test whentgo oo.wereremoved,and a sHghtty
greater Jutionwhenaoooo.wereremoved.

TABLEXI

ExtractionofAdsorbedCalciumfromCalciumSilicate
This is the precipitatefrom Experimentt, lessa smallamountremoved

foranatysis.
cc.cfN/soH,80<
<oneutMUMtooco.

nn .,p
of the solution

Soluble
T-n~

omurnecc.of Estimated TotalCaO Sifica
D~. S~.

Phen. M.~Days solution Phenol- Methyl Gmma G~M 8i0,etandingwitbdrawn phthalein Orange Grsms Grama oiot
t 150 t5o.o 152.0 .128 .128 ~.o*
1 t5o 133.0 13~.0 .ttg .~i
i iSo ni.o 124.0 .to~ .345
ï 150 no.o H3.o .09$ .440
i t5o 104.0 ïo6.o .089 .s:9

1 ï50 98.0 ioo.o .084 .613
1 150 9~-0 94.0 .079 .69:
ï ï5o 87.0 89.0 .075 .767
ï ï5o 84.0 86.0 .o7a .839
4 150 81.0 83.0 .070 .909

i ï5o 76.0 78.0 .o66 .975 s.o*1 150 73.0 75.0 .063 ï.o;;81 ï5o 72.0 74.0 .069 i.loo
i 150 69.0 7i.o .060 1.160

ï5o 68.0 7o.o .059 ~.219
3 150 68.0 7o.o .059 1.278ï ï5o 63.0 65.0 .055 1.333i ï5o 61.0 63.0 .053 1.386

~50 59.9 62.0 .052 1.438i 190 56.0 58.0 .062 1.500
i aoo 54.0 56.0 .063 1.563

53.0 55-o
3 54.o 55.5
5 200 54.0 56.0 .063 1.626
i 200 5~-0 54.0 .061 t.687
i 200 50.0 52.0 .058 1.745i 200 48.5 50.5 .057 1.802
1 200 46.0 48.0 .054 1.8562 200 46.5 48.0 .054 1.910i 200 44.0 45.5 .051 1.961
i 200 42.0 44.0 .049 2.0:0
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At this point <?.4SgramsofCaO wasaddedto the Saskand the sample
thorougMyagitated. The 0.45 gram ia mbtraoted from the total CaO
extraeted.

TABLEXI (Continued)
cc.ofN/MH,80<
to neutralisetooce.
ofthesotuMon Soluble

~i~ Eetimated Total CaO SMc~
Daye sotuttcn Phenol. Methyl CaO extracted P.P.M.
standingwithdmwn phthatein Orange GfNM Grams SiOt

2 58.0 6o.5 1.560
i 200 ss.s 57.o .064 1.624
i zoo 53.5 550 .062 t.686
i 200 50-0 5~.0 .058 i.8oo
t 200 48.0 50.0 .056 i.Soo

i Mo 46.0 48.0 .054 1.854
t zoo 44.0 45.5 051 1.905

3 200 445 46.5 .052 1.95?

3 430 45.0

43.5 45.5

iS 43-5 45.5

~4 200 43.5 45.5 .051 2.oo8

1 200 42.0 44.0 .049 2.051 5-5*
t 200 38.5 40.5 .045 2.102

i :oo 37.0 39-0 .044 2.146

t zoo 37 2 38.8 8 .043 2.189
t 200 36.2 38.0 .043 2.232
i zoo 34.8 36.4 041 2.273
i 200 34.0 35-~ -039 2.3~2
i 200 32.4 33.6 6 .037 2.347

i 200 31.6 3~.6 ..037 2.386
i 2oo 30-0 31-~ 035 2.421
i 200 29.4 3i'o .035 2.456
i 200 28.2 30.4 .034 2.490
i 200 a8.o 29.8 .033 2.523
i 200 28.0 29.6 .033 2.556
ï 175 27.9 28.8 .027 2.583
i 200 27.2 28.4 .032 2.615
1 200 26.4 27.6 .031 2.646
i 200 26.0 27.4 .031 2.677
I 200 25.0 26.4 .029 2.706
ï 200 24-8 a6.o .029 2.735
I 200 24.0 25.2 .028 2.763
i 200 23.6 24.6 .028 2.797
i 200 22.4 23.8 .027 2.8i8
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TABLE Xt (Continued)

eo. of NAo H,SO,
to neutrati~e too ce.
oftheeotution

"< So!uMe
~tu~tt CXMUDK)

<<"
o,

Eftthnated Total CaO SiUe&
Daya wtu~n

Ph~ot. Methyl C~ extracted P.P.M.
atandtngmthdt&wn phthabin Orange Grams Gram 8i0,

t 200 2ï.6 23.2 .MO 2.844.
ï 200 21.4 22.8 .Mo 2.870
1 200 20.8 22.0 jMg 2.89$
ï 200 2Ï.O 22.0 jMg 2.Q20 <<
ï 200 20.0 2t.2 .024 2.944

t 200 20.0 21.2 .0:4 2.986
1 200 10.6 20.4 .023 2.9Qt
t 200 t8.8 10.6 .0:2 3.ot3
Ï 200 18.4 Ï0.2 .Ml 3.034
1 200 18.0 10.2 .0:2 3.056
t 200 iy.2 18.8 .0:t 3-077
i 200 16.8 t8.8 .021 3-o<)8
1 200 16.0 18.0 .Mo 3-n8
i 200 16.0 ty.8 .Mo 3.!38
i 200 16.0 iy.6 .Mo 3.i;8

i 200 is.6 x6.8 .019 3.177
i 200 ts.a! 16.8 .OK) 3.196
i 200 is.6 i6.8 .019 3-a!5
1 200 15.2 t6.8 .019 3.234
i 200 i4.4 15.6 .017 3.251

200 14.0 15.6 .01? 3-~8
i 200 ï4-4 i5'6 -0:7 3.:85
1 200 14.0 148 -M7 3.302
ï 200 13-6 i4.8 .ot6 3-318
ï aoo 13.2 ï44 3'334

i 200 iz.4 130 -oiS 3-349
I 200 12.0 14.0 .015 3-3<'4
i aoo 12.8 t4.o .ot6 3.380
ï 200 12.4 14-0 -oi6 339~
i 200 12.8 t4.8 .oi6 3.412

ï 200 12.4 14.0 .ot6 3.428
i aoo i2.o 13-6 .015 3.443
t 200 n.6 13.2 .ot5 3.458
2 200 11.2 12.8 .014 3-47~
i 200 n.6 12.8 .0:4 3.846
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TABLE XI (Continued)

ce. of N/<o H,SO,
to neutra!tMtooce.
of the solution

cc.of
of thé soMon

n.

Estimated TotalCaO
So!nb!eee.of

Ofthesolution
Fetimated TotalCa0 8ilieaD.y. solution p~ Methyl extracted P.P.M.Btandtngwithdrawn phthalein Orange Grame Gram 8K),

ï 200 n.: 12.8 .0~
ï 200 n.a. ia.8 .0~ ~4.

zoo n.i: .014 3.528
ï Mo 10.8 12.4 .o~ ~t
7 Mo 10.8 iz.o .ot3 3-554

t8 aoo M.8 12.4 .ot4 3.568
I 200 !0.8 )t!.o .013 3-58ï
3 200 to.o 12.0 .o!3 3S94
i 200 10.8 n.o .0:3 3607
I 200 10.0 12.0 .013 3.620

200 ~o i!6 .ot3 3.633
i 200 to.o n.6 .o!3 3.646
t 200 to.O H.2 .Ot2 3.658
i 200 0.6 n.6 .012 3.670
1 200 !0.0 H.2 .0!2 3.682

2 aoo o.6 to.8 .012 3.694'
1 200 0.2 10.8 .Ot2 3-706

200 0.6 to.4 .on 3 7*7
200 9.2 10.8 .012 3.729200 8.8 to.4 .ot2 3752

f 200 0.2 T0.8 .012 3-752
i 200 8.8 ïo.4 .on 3763
i 200 8.8 10.4 -ot2 3.775

Mo 8.8 10.4 .0!i 3.786
Mo 0.2 10.8 .oi2 3798

Mo 9.2 !o.4 .on 3.809
2 200 8.4 10.0 .on 3.820

Mo 8.8 lo.o .on 383:
Mo 8.8 10.4 .on 3.842
Mo 8.4 10.8 .012 3854

2 200 8.4 lo.o .on 3865
Mo 8.4 10.0 .on 3.876
Mo 8.4 9.6 .on 3.887
Mo 8.8 M.o .on 3898
200 8.4 lo.o .on 3909
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W 11VHVIN·IInV ·w V4.

of thesolution SotuMe
oc.of Estimated Tota!CaO Sihcft

Days sotution Phenot- Methyl CaO extracted P.P.M.
standing withdrawn phthatein Orange Grams Grams SiO.

3 zoo 8.8 9.6 .on 3-920
`

i 200 S.o 9.6 .on 3 93*
i zoo 8.4 lo.o .on 3-94~
i zoo 8.4 lo.o .on 3.953

3 :oo 8.0 9-6 .on 3.964

i zoo 7.6 9 -oto 3 974
i :oo 8.o 9.6 .on 3 9~5
i zoo 8.o 10.0 .on 3-995

3 zoo 8.o 9-6 .on 4.007
ï zoo 8.o 9-6 -oti 4018

*ï soo 8.o 9'6 -on 4-029

5 200 8.o 9-6 .on 4.040
ï 200 7'~ 8.8 .oie 4.050
i 200 y.6 9-6 .on 4061
ï 200 8.o 9-6 .on 4.072
ï 200 8.o 9-~ .010 4 082
2 2oo 7-6 9'~ .oxo 4 002
ï 200 76 96 .on 4 ~03
ï 200 8.o 9.2s ojo 4-t!3
2 200 8.o 9-6 .on 4 124
ï 200 8.o 9-2 010 4.134
2 200 8.o 9 .010 4 !44
ï 200 7-~ 9-~ -oto 4.~54
2 200 8.o 9-6 .on 4.165
ï 200 76 9.6 .on 4.176
ï 200 8.o 9-6 -on 4.187
2 zoo 76 9.6 .on 4.198
3 200 76 9.2 .0:0 4 208
I 200 7-2 9-2 .OtO 4.2!8
I 200 7.6 9-2 .010 4-228

'Apptmdmatety

The amountof CaOinthe tgo ce. ofsolutionremainingin the Baskwas
approximatelyo.t46 gram. This is not taken into considerationin the
extractionexperiment,consequentlythe totalCaOextmct~das givenin the
table is alsosUghtIyin error. With the numberof tests madeit is readily
seenthat this errordoesnotatter the fact that the resultsindicateadsorption
ofthe calciumhydroxideby somecompoundofcalciumandsilicabelievedto
be monocalciumsilicate.

TABLE XI (Continued)

ec.ofN/5oH,80<
to neutraXM!oo oc.
of the solution
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TheCaOin TableXI is computedfromthe aeid requiredto neutralise
the solutionwhenmethyl orange ia usedfor the indicator. One oc. of
N/so H)S04neutralisesapproximatelyo.ooos6gram of CaO, and this
factorwasusedin computingtheCaOinthesolution. Whencareiataken in
makingthe titrationtests thé errorshoutdbeverysmaU.

Averystrikingproofof adsorptioniawhen0.45gram ofCaOwaaadded
at a certainstageof the extractionexperiment,shownby TableXI and

the curvein Fig. 3. Extractiontests beforethe additionof this CaO are
representedby cireleson the curveand afterwardsby x marks. It willbe
seen that whenthe amountof CaOaddedis subtractedfromthe total CaO
extractedit givesa pointalmostexactlyonthe curve,then as theextraction
test is continuedthe pointscoincideveryclosely. This indicatesthat the
calciumhydroxidein solutionand that whichis aaaumedto be adsorbed
give a reversibleequilibriumas they shoulddo if there is adsorption. In
otherwords,whenthe Ca(OHhinsolutioniaincreasedmoreCa(OH):is ad-
sorbed,andwhendecreasedpart of that whichhadbeenadsorbedisgiven
off. Thereis not enoughsolublesilicawhenthe alkali concentrationre-
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quiresmore than about 20oc. of the N/go acid to neutraMzeto be of any
materialconsequence.This tact is of vital importancein supporting the

assumptionof adsorption.
Absoluteequilibriummaynot havebeenestablishedwithin24hourg,but

in mostcasesa ro ce. portionof the solutionwastested shortly after the

replacementwith distilledwater of the solutionremoved. These tests
showedthat equilibriumwas nearly establishedwithin one hour. Table
XI givesoneinstancein whichthé samplewasheld24dayswith praetically
nochangein the alkalinityafter the Srst fewhours.

ExtractionF~enmen~2. In this experimentaUthe alkali in the sodium
siUcatewas neutralizedwith hydrochloricacidand the precipitatewashed

practioaHyfree from chlorides.
Thé exactamountof silicaused in this testwasnot determined,but it

wasmuch!essthan that in Experimenti. TheSaskwasfilledto the 500ce.
markand 250ce. of the clear liquidwerewithdrawnat each test, making

TABM!XII

ExtractionofadsorbedCaloiumfromCalciumSilicate

ce.of N/so H,SO<
to neutfMMetooce.
ofthesolution Soluble

co.of EotinMtedTotatCaO 8iUc&
Dftys solution Phenot- Methyt CaO extracted P.P.M.
tttsndmgwithdrawn phthatein Omnge GrMM GKUBB (SiOt)

2 0 !0;C(4 110.0

i 250 76.0 78.o .t09 .io<)
i :!$o 62.0 64.0 .ogo .199
t s~'o 54.o
3 250 53.0 5S-o .077 .~6 3.0

i ago 4~.0 440 .062 .338
i ago 37-0 39.0 .055 .393
i ~50 33.2 35.2 .049 .442
i 250 28.8 30.0 .042 .484
i 250 24.4 25.6 .036 .520

I 21.0 23.0
2 22.0 24.0
3 22.0 24.0
5 250 23.0 24.0 .034 .554
i 250 19.5 20.5 .029 .583

i 250 16.0 18.0 .025 .6o8

2 16.0 !7.2

4 250 i6.o 17.2 .024 .632
i 250 t4.o 15.0 .02: .653
4 250 i4.4 i5-6 .022 .675
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TABMXII (Continued)
ce. of N/M H,80,
to aeuttMtze toc ce.
ofthesotution
w uvuusouno 1W CG,
ofthesolution Solublece.of Estimated TotatCaO Sitica

D~ solution Phonol- Methyl CaO extraoted P.P.M.
standingwithdrawn phthateih Orange Grame Grame (8i0,)

2 !2.8 t~

~50 12.6 1~.2 .MO .69$
a ~SO !1.2 t2.8 .0!8 .~3
i 250 10.0 n.z .Mo at.o

~50 96 n.2 .ot6

~50 9.2 n.o .01$ .76o
~50 9.4 ïi.o .ot~ .775

i 250 8.8 10.4 .015 .~o
250 8.4 io.2 .014 .804
250 8.0 lo.o .014 .8i8

1 7.6 9.2
8.0 9.6

3 250 8.o 9.6 .013 .831
l ~50 7.2 8.6 .0:2 .843

250 7~ 8.6 .ot2 .855

72 8.6 .012 .867
25° 7-2 8.6 .ot2 .879 40.77
~So 7.2 9.2 .OJ3 .892
250 72 8.6 .0:2 .004
~S<' 72 8.6 .012 .oi6

l 250 7.2 8.6 .ot2 .928
~50 7.2 8.8 .0!2 .040
~o 72 8.8 .012 .952

7.4 8.8 .012 .964
~50 7.4 9-0 .ot2 .976

250 7.4 g.o .oï2 .988
~50 72 8.8 .ot2 i.ooo
~50 7.2 8.8 .012 1.012
~50 6.8 8.4 .012 1.024 5S.O
~o 6.8 8.o .ou 1.035

~50 7.22 8.6 .oï2 1.047
~50 6.8 8.4 .012 i.o59
~o 7.22 8.6 .ot2 i.oyt1 250 6.4 72 .010 T.o8t
"50 6.8 8.4 .ot2 1.093
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thedilutionwhenrefilled50percent. The alkaliconcentrationof the solu-
tionafter the additionof 2.5gramaof CaO,allat onetime, and standing2
dayswith frequentagitationrequiredno oc.of the N/so acid per 100ce.
ofthe solutionto neutralise. Thisis approximatelyone-halfthe saturation

pointof calciumhydroxideat roomtemperature. Therewas no sodiumin
thesohttionin thiaexperimentaswasthe caseforExperimenti. TableXII

givesthe alkaliconcentrationofthe solutionas the calciumwasextracted.
Thisisalsoshownby the solidlineinFig.4.

TABLEXIII

ExtractionofadsorbedCalciumfromCalciumSilicateproducedby adding
Limeto "CeHte"

ce. N/soHfSO~
to neutralizetoooo.
of thesolution

cc.of Estimated Total CaO
Daye MtuMon Phenol- Methyl CaO extraoted
standing withdrawn phthalein Orange Grams GratM

~5 o t~.o tgy.o
Il 180 77.0 80.0 .081 .o8i

6 !66 61.0 63.0 .0~9 .140
6 :oo 48.0 ~0.0 .056 .ï<)6
2 200 4~.0 44.0 .049 .245

2 Mo 379 39.5 .044 .289
2 Mo 34.4 36.4 .041 .330
3 ~oo 3ïa 32.8 .037 .367
3 200 27.6 28.8 .032 .399
3 2oo 24.4 26.4 .029 .4~

3 2oo 23.0 o 24.4 .027 .455
3 200 21.2 23.2 .026 .481
2 200 J0.2 20.2 .023 .504
2 200 18.0 10.6 .022 .$23
i 200 tg.2 16.0 .on .544

i 200 13.6 14.4 .oi6 .560
i 200 12.6 13.4 .015 .575
i Mo n.6 13-~ 015 .590

200 11.2 Ï2.4 .014 .004
ï 200 to.4 11.6 .013 .6:7

i Mo 0.6 n.o .012 .629
I MO 10.0 tl.2 .012 .641
Ï 200 0.2 10.4 .011 .652
1 Mo 8.8 io.o .on .663
i 200 8.4 96 .oie .673
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Whenthe tableshowsno solutionremoved,only 10to 25 co. werere-
movedfor testingandthe samplewasheld overfor a tongerperiodwithout
theadditionofmoredistilledwater. Ïn one instancethe samplewasheld30
dayawith practicallyno changein the alkali concentrationof the solution
overwhatit wasat 24hours.

F~o~~on &p<fMMM<3. In this experiment3.0 gramsof eoœmeroia!
limetesting92 percentwatersolubleCaO wasadded to 3.4gramsof"Col-
ite." ThiB:s a trade name for a diatomaceousearth fcequentlyused in
smallquantitiesin concrète. The dry "Celite" was placedin a 300 ce.
Pyrex Sask and the Baskfilledto the 300cc. mark with distiUedwater.
The limewasaddedin smallweighedquantitiesover a periodof 32 days;
then it wasallowedto stand 25daysbeforetheextraction test wasstarted.
Onece.of N/so NaOHwasabo added. Thereaction of the limewith the
"Celite"wasverymuchstowerthanfor the experimenteusinga gelatinous
hydrousoxideofsilica. Theextractiontests givenin Table XIII andshown
by the brokenlinein Fig. 4 showit to have the same characteristiceas the
othersilica.

"CeUte"probablyis not puresilica,and all the silica presentmay not
be in a form that readilyuniteswith calciumhydroxide. The test, how-
ever, givesevidenceof adsorptionthe same as the tests wherethe pure
silicajeUyis used. Therewasapproximatetythe same amountof caloium
oxideusedin both ExtractionExperimenta9 and 3. It is also notedthat
the twocurveeinFig.4 coincideveryclosely.

ANExpérimentaIndicate AdsMptionof Calcium Hydroxideby
CalciumSiMcate

The significantfact broughtout by these experimentsis that silicaof
certain formawhenin contact with a solutionof calcium hydroxidewill
establishequilibriumat any point betweenthe equilibriumof somecom-
poundbelievedto bemonocalciumsilicateand thesaturation pointofcalcium
hydroxidein water,dependingonthe amountof calciumhydroxideinsolu-
tion. Thisequilibriumisapproximatelythe samewhetherestablishedbythe
additionof calciumhydroxideor by the extractionof calciumhydroxide.
Compoundsof calciumand silicaofa highercalciumcontent than CaO,SiOt
are thoughtby manyto undergohydrotysisto the extent of producingcal-
ciumbydroxidecrystals. Thismaybe the case,but the compoundof lower
calciumcontentevidentlyadsorbacalciumhydroxideuntil somecondition
of surfaceequilibriumis established. How muchcalcium can be adsorbed
mnot knowndemutely,but the experimentsindicatethat 30 to 45percentasmuchcalciumcanbeadsorbedas is presentasCa0,8i0!.

It is believedthat thepowerofadsorptionhasgreat influencein retardingthe hydrolysisor breakingdownof the high calcium compoundsin hy-dratedportlandcernentwhichissubmergedin water. Thé writerconducted
extractiontests onconcrètewhichhad been exposedto water over to years,and these tests abo gaveevidenceof adsorptionof calcium hydroxidebycalciumsilicate,orsomecompoundin the concrète. The réversibleequilib-
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riumdueto increasingthé calciumhydroxideconcentrationof the solution
wasnot sopronounced,however,MwithpuresilicajeUy. Thismay be due
to the silicauniting with the alumina,as the calciumis extracted,to form
an aluminumsilicate,whichcompoundmay not adsorbcalciumhydroxide
toanymaterialextent.

Lerchand Bogue' attribute the varyingpH or alkali concentrationin
the hydrolysisof the calciumsilicateslikelyto be foundin portlandcernent
to dissociationof thèse compounds,andgivepossibleequationsforthe stages
ofhydrolysisfromgCaO.SiO:to CaO,SiOt.It is dimcultto understandhow

they arriveat such a conclusion,for thereis noevidencein theirpaperor in

anypreviousworkon the calciumsilicatessofar as the writercouldfind to

supportsuchan assumption.
In the discussionofa paperbythe writer,Bogue~takes exceptionto the

statementthat there is evidenceof adsorptionby the cementcompounds,
andatates:

"The curvespresentedare typicalcurvesforhydrolysis. Anysalt which
containseithera weakacid radical,or a weakbasic radical,or both, will
undergoin water a decompositioninto its acidieand basicconstituents.

Thus,in the data presentedby the author,there ia nothingthat is
not altogethercomprehensibleand completelyexp!ainableon the basis of
the recognizedlaws and theoriesof chemistry. The injectionof a theory
of surfaceadsorptionseemsunnecessaryand unwarranted."

Certainlyno one believesthat 2 to 6 partsper millionofSiO),even if it
all existedin the dissociatedstate, can materiallyaffect the pH or alkali
concentrationof a solutioncontainingfrom:oo to 1,000parts per million
of calciumhydroxide. To explainthe largeamount of calciumhydroxide
goingintosomekind of a combinationwiththe silicaover that necessaryto
form CaO,SiO!it must be assumedthat a definitecompoundof higher
calciumcontentis formedor that there isadsorption. Whileit may be pos-
siblefor someother compoundto beformed,the evidencedoesnot seemto
justifysuchan assumption. Boguecannotbe correctunlesshe is assuming
that the surfacemoleculesof the solidcalciumsilicateare dissociatedand
canattract the calciumions,whichafterallisnothingbut adsorption. This,
however,is not sayingthat the surfacemoleculesor ionsofcertainsolidsare
dissociated,but that they havethe powerofunitingwithor drawingto the
surfaceionsof a differentelectriccharge.

Summary

Reactionsof calciumoxideand silicaareofgreat importance;e.g. in the
buildingindustry.

Thereappearsto bea compoundofcalciumoxideand silicaapproximately
equalto the hydratedCaO,SiO:formedwhencalciumoxideis added to a

1 LerchandBogue:J. Phys.Chem.,3t, 1627(tt~y).
1CorrosionofConcrete.DiscussionbyR.H.Bogue:Proe.Am.Soc.CivilEmaneeK,

52,tayo(t~6).
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sohttioncontainingsilioa in a solid fonn such as the hydrousoxideof
silica.

Theadditionofmorecaloiumoxideto the solutionwillestabliehequilib-riumabetweenthe solidand the caloiumhydroxidein solutionthat varyfrom the solubilityequilibriumof monocalciumsiMcateto approximatelythe saturationpointofcalciumhydroxide.Caloiumhydroxideto the extent
of approxtmatety30to 45 per cent of the caloiumhydroxideuaited with
the ailieaappeareto be adsorbedby the monocalciumsilicate,or whatever
be the definitecompoundof calciumandsiUoa.

Theequilibriumbetweenthe monocaioiumsilicateand its adaorbedcal-
cium, and the calciumhydroxidein solutionis réversible. By inoreasingor reducingthe calciumhydroxidein soutiencalciumisadsorbedor rekased
by the silicate.

Thé assumptionthat dissociationof the calcium silicatescauses the
variablepH or alkaliconcentrationas the calciumis leachedout is not
correct.

It ispossiblethat theconditionofsurfaceequilibriumdueto adsorption
matena!!yretardsthe rate of hydrolysisofsomeof the compoundsin con-
cretewhichis submergedin water.

The writerwishesto acknowledgeseveralvaluablesuggestionsmadebyMr. FrankHannanin the interpretationofthe data andin thearrangementof the manuscript.
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BY C. C. FAUT AND N. R. DHAR

In foregoingpublications'wehaveshownthat differentcarbohydrates,
nitrogenousproducts,alcohols,etc. whichare not ordinarilyoxidisedby air,
arereadilyoxidisedby air in presenceof reducingagentslike sodium sul-
phite,ferroushydroxide,ceroushydroxide,manganoushydroxideand other
reducingagents.

In a récent communication*wehaveshownthat methylalcohol, ethyl
alcohol,and glycerolcanbe oxidisedby passingair at the ordinarytempera-
turein presenceof sunlight. Moreoverseveralyearsago,oneof usapointed
out that reactionswhichare sensitiveto the influenceof lightare also in-
ducedto take placein presenceofanotherchemicalchangeofthe sametype.

In this paper, weare recordingthe experimentalresultsobtained in the
oxidationof severalcarbohydrates,urea, glycine,hippurieacid, potassium
stéarate,palmitateandoleateby passingair throughthesesolutionsin prés-
enceof tropicalsunlight. Glassbottlescontainingsolutionsof various sub-
stanceswereexposedto sunlightand a definitevolumeof air was passed
throughthem;andthe amountsofunoxidisedsubstanceswereestimatedafter
passing36.5litresofair in 5~hours.

In theseexperiments,a slowcurrentof air waspassedthrougha seriesof
bottlescontainingsolutionsof carbohydrates,nitrogenoussubstances and
fats respectively. In eachcase 10ce.of the solutionsunderinvestigation
weretakenand the volumewasmadeup to 100ce. In the caseof carbohy-
dratesand glycogen,thesewereeatimatedafter hydrolysiswhen necessary
by réductionof Fehling'ssolution. The cuprousoxideobtained was col-
lected,dried,and ignitedin a crucibleandweighedas cupricoxide. In case
ofnitrogenoussubstances,urea wasestimatedby freshlyprepared alkaline
solutionof sodiumhypobromitein an ureometer. Afterintroductionof a
knownvolumeofsolutionof urea,thewholeSystemwassetapart over night
andthe readingsnotedon the followingday. By this method,an accurate
resu!twas obtainedand the necessarycorrectionwas not needed at ail.
Uneaoidwasdeterminedby treatingthe solutionwithconcentratedH:SO<
andthen titrating againststandardpotassiumpermanganatesolutionwhiist
thesolutionwashot.

Théamino-acids,viz.glycine,alanine,and hippurieacid, wereestimated
by addingio ce. of neutralisedsolutionof formaldehyde(t part formalde-
hydediluted with 2 parts of water)and titrating the mixturewith N/io
sodiumhydroxidesolutionusingphenolphthaleinas indicator. This method

J.Phys.Chem.,29,376(i~s); M,939(!9~6).
J.Phya.Chem.,M,926(t9s:s).
J.Chem.Soc.,111,694(t9t7).

OXIDATIONOF CARBOHYDRATES,FATS, AND NITROGENOUS

PRODUCTSBYAIR IN PRESENCEOF SUNLIGHT
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of determinationgivesaccurateresults. The fats viz.potassiumstearate,
potassiumoleateand potassiumpatmitateweretreatedwith ïo ce.of iodine
trichlorideand kept for 2hoursin theda.rk;andthenthe wholesolutionwas
treatedwithN/to sodiumthiosulphatesolutionbyaddingpotassiumiodide
solution.

Thefollowingexperimentalresultswereobtained.

TABLB1 (A)
In eachof theseexperiments,the volumeof air passedwas36.5litres

in $)hours

TABUS1(B)
In eachof theseexperiments,the volumeofair passedwas36.5Htres

in ~hours

e~~tB~i~?& gresterthanthat previousexperimentsehowninTableI (A).

The reauttsprove conclusivelythat solutions of canesugar, glucose,
galactose,maltose,laevulose,lactose,arabinose, starch,and glycogencan
be oxidisedby passingair throughthesesolutions in presenceof sunlight.

No.of Substance ActuatweM~tof Amountof PereentageExperi-usedin the substancem 10ce. substanceoxi- amountofment experiment of the solution disedin grm. Mbstaneeoxi-
takenin gnn.

W
dised

oJti-

(Blank)
i Arabinose o.ïooo 0.0075 ?.<

Galactose 0.0861 0.0067 7.8
3 CanesugM* 0.0964 0.0098 io.2
4 Glucose 0.0962 0.0144 i~.p
5 Laevulose 0.09185 0.0159 17.3
6 Lactose 0.0977 0.0197 19.7
7 Maltose 0.1097 0.0285 25.9
8 Starch 0.10:7 o 0399 38.8
9 Glycogen 0.0987 0.0987 19.7

No.of Substanceuaed Aetua!wei~htof Amountof PereentMe
Expen- m théexpen. subataneem M ce. eabatMceojd. amountefsub-
ment ment oftheMhttion disedmenn. stanceoxidised

MKenm(Enn.
(BtMtY

1 Galactose 0.0861 o.oos() 6.8
2 Arabinose o.ïooo 0.0060 6.o
3 Canesugar 0.0964. o.oo~t1 y.~
4 Glucose 0.0962 0.0076 y.p
5 Laevulose 0.09185 o.oo~o 8.6
6 Lactose 0.0997 o.ot~a ï6.3
7 Maltose 0.1097 o.o~o 20.0
8 Starch 0.10:7 0.0366 gs.6
9 Glycogen 0.0987 0.0157 15.0
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Theamountsofoxidationof the variouscarbohydratesare in the following
deoreasingorder:– Starch) mitose ) lactose) laevulose) g!ue<mecane
sugar) lactose ) arabinose.

Wehâverepeatedtyobservedthat the amountofoxidationvariesas the
intensityof light[VideTable1(B)].

Havingobtainedthe resultsto showthat oxidationof the carbohydrates
doestake placeinprésenceofsunlight,wecarriedonexperiment8withcertain
nitrogenoussubstancesandtheresultsgivenin TableII wereobtained.

TABLEII
In eaohof theseexperiments,the volumeof air passedwas36.5litres

in s~hours

The foregoingrésultaprovethat solutionsof urea, uric acid, hippurie
acid,glycine,alanine,etc., c&nbe oxidisedin presenceof sunlightby pass-
ingair.

Nextwehaveinvestigatedthe oxidationofpotassiumstearate, potassium
palmitate, and potassiumoleateand have obtained the results given in
TableIII.

TABLEIII
Experimentswithfats. Thevolumeofair passedwas36.5 litresin 5~houra.
10ce.ofiodinetrichloride+ io ce.of10%potassiumiodidesolution=a 16.0

ce.ofN/io sodiumthiosulphate_r h

Hencethesefatty substancesare alsooxidisedby passingair in presence
ofsunlight.

Théforegoingexperimentalresultsshowthat carbohydrates,nitrogenous
mattersandfatty mbstancuhavebeenoxidisedfor the first time simplyby
passingair in presenceofsunlight;and these resultsare likely to throwcon-
siderablelightonunderstandingtheuseofsunlightandartificial lightsin the
treatmentof severaldiseases.

No.of Substance Volume:nce.of Volumein cc. of PercentageExpen- UMdinthe N/to sodiumtMo- N/Msodiumthio- amountment expenment sutphaterequired suiph&terequired off&t
for Mce.offat forfat left after oxidised
taken.(Blank) the experiment

t Potassium steamte 15.25 15.55 40
2 Potassium oleate 10.45 iz.2a 31.55
3 Potassium palmitate 13.55 ~5 ~.yp

No.of Substance Actualweightof Amountof Percentage
Experi- usedin the subst&noeiNtoec.mbstMtceoxi- amountof si
ment experiment of thesolution dieedin grm. staneeoxidtf

takenin gnn.
(Blank)

1 Ure& 0.2000 o.oiyg 8.y
2 Glycine 0.0999 0.0096 9.6
3 a-Alanine 0.0997 0.0365 36.6
4 Hippuncacid 0.0483 0.0069 Ï4.2
5 Sodiumurate 0.0420 0.00825 19.6
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Wehaveabo tried to oxidisesolutionsofsodiumnitrite, sodiumarsenite,
arseniousacid,and potassiumoxalate inpresenceofsunlightby passingair.
No oxidationwas observedwith sodiumnitrite, sodiumarsenite and ar-
seniousacid. Theresultsobtainedwith K:C,04aregivenin TableIV.

TABLEIV

Experimentwithpotassiumoxalate. In this experimont,the volumeof air
passedwas36.5litresin 5~hours.

Mce.ofpotassiumoxalate ts.4 ce.ofN/io KMnO,

<t*J°~ expenment.theintensHyoflightusedwasmuchgreaterthanthatusedinthé
~~nment,

thua6i.owm<pe.tN-amountofoxidation~inoreMe in the intemityoflight.

Itis
well-knownthat oxalateion, 0,0~, ia photosenaitiveand wehâve

provedthat it canbeoxidisedbypassingair inpresenceof sunlight.

TABLEV(A)
In eachof theseexperiments,thevolumeof air passedwas 36.5litresin 5~hours. The weightof zincoxidetaken wasexactiy o.5grme.

No.of Substance Votumeiace. Volumein ce. Amouatof Percentage
~°.KMn0.ofN/MKMnO, oxalateoxidised amountofment theexperi- requiredfor 'equiKdtor intennaoîvot. oxalatement tpcc.ofMtM- the oxalateleft maeinoc.of oxidiaed

after theex- N/ioKMnO4
(Biank) periment

i Potassium

oxalate 15.4 13.05 a.35 15.2
3 Potassium

oxalate i$.4 ~.8* ~.6* 29.8*
t- ~.L'

ë~ Aotuatwdghtof Amountof
P~centMeMpen. uaedmthe mbstanMntocc. substance amount~ment expenment ofthe~tution MdS~{n ~S.

taken in gnn. grm. oxidiaed
MT'

1 Arabinose 0.10000 o.otio n o
2 Galactose 0.0861 1 o.oioi

11~
3 GÎUCOS&

0.0962 o.on4 n 8

4 Laevulose
0.00185 o.oti?

5 Canesugar 0.0969 0.01~
~.a

6 Lactose
0.0997 0.0402 41.9

Maltoses Starch
0.1027 o.o68g 66.9

9 Glycogen 0.0987 0.0382 38.7
10

Glycine 0.0999 0.0452 4S..
n ~Ahmme

0.0997 0.048~ 48.2

mppuncacid 0.0492 0.0206 41.8
13 Sodium utate

0.1575 0.0037 22.5

0.2000 0.0200 10.0
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In a recentpaperwehave provedthat zincoxide is a powerfulphoto-
chemicalsensitiserandmanyphotochemicalreactionshave beenaccelerated
bythe presenceof zincoxide. Wehavecarriedon experimentsonthe oxida-
tion of carbohydrates,glycogen,nitrogenoussubstances, and facts in sun-
lightin presenceof zincoxide. Théresultsobtainedare givenin Table V.

TABLEV(B)

Experimentswithfats. Weightof zincoxidetaken was 0.5gyms. to ce.of
ICla+ to ce.of 10%Kl sa 16.0ce.ofN/io sodiumthiosulphate

TABLEV(C)

Experimentwithpotassiumoxalate. ZnO=0.5 grm. to ce.of potassium
oxalateas 10.8ce.ofN/io KMnO~

"T_ c::tht.A.

The foregoingexperimentalresults showthat the amount of oxidation
isgreaterinpresenceofzincoxide,whichaotsas a photosensitiser.

Sunlightand artificiallights bave beenused with great successin the
treatmentof tuberculosis,pemiciousanaemia,rickets,etc. In someprevious
publications'wehaveemphasisedthe importanceof sunlight in the treat-
mentof deficiencydiBeasesand wehaveobservedthat rickets,osteomaMa,
beri-beri,pellagra,etc.wouldhavebeenmorecommonin poortropicalcoun-
tries like Indiaand China,had not the compensatingagent, sunlight,been
present.

This conclusionhas been oorroboratedby some experimentsearried on
in theselaboratories.Twolotsofpigeonswerefedon polishedriceforabout
aixmontha. Onelot had plentyof sunlightwhiistthe other had very little
of it. The lot whichhad sunshinedid not showany signs of polyneuritis
whiistthe otherlotnothavingsunshinehadstomachictroublesfiratand then
showeddefinitesignsofpolyneuritis.

Dhar:ChemiederZelleundGewebe,12,2!7,~5,~7 (t~); t3, 909(t9:6).

~u.<M oumHmce votumemco.ot Votumetocc.of Amount of Percentage
Expen-usedinthe N/toKMnO< N/toKMaO< oxahteox!tmmmtT
ment experiment required for feqmMdfor dised in tenna oxalate

toce.ofpotM- oxalateleft of volume in oxidiaed
eiumoxalate after the ce. of
Mtutiontaken experiment N/toKMnO<
(Biank)

t Potassium 10.8 y.3 g.g5 ~.4.
oxalate

T' _»..».
No.of Substance Volumein ce.of Votmneincc.of Pereentage
iMpen- usedin the N/to sodiumthio- N/tosodiumthio. amountof
ment experiment suiphatarequifed sulphaterequired fat oxidised

for Mce.ofht for thé fat left
taken. (Btanif) after the experiment

i Potassium stearate 15.25g t5.6o 46.6
2 Potassium oieato 10.4.5 ia.4 35.1
3 Potassium palmitate ï~.sg t~g ~o.g
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Weare of the opinionthat in the presenceof sunlightthemetabolismof
the foodmaterialstakenin the systomisacceteratedandthat is howdisease
is avoided. We believethat by absorptionof sunlightthe bodyce!!sare
activatedand greateramountsof oxidationof carbohydrates,fats and pro-
teinstake placethan in the absence ofsunlight. It seemsprettygeneratty
acceptedthat severaldiseasesare causedby defectivemetabolism.Weare
of opinionthat in thesediseases,whiohare causedby the wantof proper
metabolism,sunlightor artinciat Hghtshouldbe hightyenicaciouB,because
as wehave provedexperimentallythe oxidationof fats,carbohydratesand
nitrogenousmatter isgreatlyacce!eratedbylight.

SwaNMuyand Conclusion

t. Solutions of galactose, arabinose,cane eugar,gtucose,laevulose,
lactose,maltose, starch,glycogen,urea, glycine,a-alanine,hippuricacid,
sodiumurate, potassiumstearate, potassiumoleate,potassiumpalmitate,
andpotassiumoxalatehavebeen oxidisedby passingair in présenceof sun-
light.

It bas beenfound that the greater thé intensityof sunlight,the
greateris the amountof oxidation.

3. Zincoxideaotsas a powerfulphoto-sensitiserin the aboveoxidations
andinits presencethéamountof oxidationin eachcaseisgreaterthan in its
absence.

4. It is probablethat by the absorptionof sunlight,the cellsm the
animalbodyare activatedand this activationleadsto a greateramountof
oxidationof fats, carbohydratesand proteins. Hencesunlightand other
kindsofartificiallightsproveefScaciousinthe treatmentofdiseasesspecially
ofmotabouoorigin.

C~mteotZotorotot~,
~l&!A<t6<!(!{/tt~WM<
~&!t<!&od,India.
June,M~



THE INFLUENCEOF LIGHTON THE COLOROF FERRIC
CHLORIDESOLUTIONS

BY KBNNETH S. RITCHIE

Severatyearsago,in connectionwith the developmentof a spectM~otor-
imeter,ferricchloridesolutionswereused for the productionof standard
ootors~A stocksotutionof ferriechloridewas 6rst preparedby dissolving
c!oanironwire(Baker's"Iron Wirefor Standardizing-99.84%Fe")inaqua
regia,the excessnitricacid beingsubsequantlydestroyedby threeevapo.
rationswithconcentratedhydrochtorioacid. The residuewas then treated
with excessdilutehydrochloricaoidand brought to a concentrationof ap-
proximately200gm.ofdissolvedironper liter. In preparingthisstocksotu.
tion,C. P. aoidwasalwaysemployed.This stocksolution,containingferrie
chlorideand excesshydrochloricacid, was kept in a bottle wrappedwith
Hackglazedpaperandfromtimeto time other ferriechloridesolutionswere
preparedfromit bysuitabledilution. Under theseconditionscolortintsof
constantvalueswereobtainedandused as standardsfor oolorimetricwork
overa periodof twoyears.

However,uponexposureto strongsunlight or to strong artificiallight,
colorchangestookplacein the ferriechloride solutions. The directionof
thesechangeswasreversedas soonas the solutionswerewithdrawnfromthe
influenceof the lightandin certaininstancesmeasurementsshowedthat the
originalcolorhadreturned. Asa searchof the literaturefailedto revealany
recordof similarobservationsby other investigatorsworkingwithferrie
chloridesolutions,a preliminarystudywas undertakento learnmoreabout
theeffectof lightonthecolorof thèsesolutions.

Somesemi-quantitativeexperimentsinvolvingthe effectof strongsun-
lightuponthe stocksolutionandvariousdilutionsthereofwerenrstmade.
Theseshowedan increasein the colorintensity ofabout 15%afteroneday's
exposureandsomewhatsmallereffectsfor succeedingdays. Thèsemeasure.
mentsweremadewitha Kober-KIettcolorimeterbut withouttemperature
regulationduringtheexposureperiod. The originalcolorintensityreturned
after the ferricchloridesolutionshad remained in the subduedlightof the
laboratoryforseveraldays.

Later the developmentof the spectro-cotorimeter'affordedan oppor-
tunity to studythe light sensitivityof the ferric chloridesolutionsin more
detail and particularlyto determinethe spectral curveswhiehshowthe
changesoccurringindifferentrégionsof thespectrum. In oneexperiment,for
instance,thestocksolutiondilutedto one-fourthofits originalconcentration
wasemployed. Thistiquidwas exposedto the influenceof the intenselight
fromthe lampin thespectro-colorimeter,while a streamof air carriedthe

Apaperdeecribtngthisinetrumentwillprobablybepublishedduringthéoomingyear.



~70 KENKETHS.MTCHIB

heat resultingfromthe absorptionof radiationawayfromthe solutionoup
and therebykept thé temperatureof the liquidpracti~Myconstant. Under
theseconditionsfoursets ofmeasurementsweremadeafterlightexposuresof

5and 6~hours, respectively. The resultsobtainedare showngraphi-
oa!!yin Fig. t, in whieh the fractionof the incidentlighttransmittedby the
solutionis plottedas ordinate againstthe (decreasing)wave lengthof the

lightas abscissa. It is evident that there is a markedincreasein the !ight
absorptionin variousparts of the spectrumand that on thewholethe effect
of equal timesofexpoaurebecomesprogressivelyîesawithincreasingtime.

Fromtheseexperiments,it is évidentthat exposureto intenselightpro.ducesa photochemicalchange in the three-componentsystemH:0, HCI,
FeCla. Thischangeis, moreover,reversibleand thesolutionsslowlyretumto their initialconditionon removalofthe light. Achange,somewhatsimi-
lar to thisproducedby radiation, wasalsoobservedwhenthe ferriechloride
solutionswereheatedto 85~ fora hatf-hourperiod. Thereaultingliquid,whencooledto roomtemperature, then gave an increasedlight absorption
comparableto that obtained by y hour'aexposureto light. In this latter
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case,theeffectofheatingisposaMyto partiallyhydrotyzetheferriechloride
insoiutioc;and,hence,the intenseradiationmaybedoingthesameat amuch
lowertemperature.

Whilethe presentstudyis onlypreUatinary,it hasseemedbestto publish
the resultsthus obtained,as a continuationof the investigationin the im-
mediatefuture is improbableanda searchoftheUteraturobasfailedto show
any recordof similarobservationson the sensitivityof the colorof ferrie
ohloridesolutionsto light. Beforeconcludingthe author wishesto thank
ProfessorS.W. Youngforhiskindlyguidanceinthe researchandProfessor
GeorgeS.Parksforadvicein preparingthe manuscript.

Dep<t)'<me!)<of CA<m<<<
S<<t!~<Mt<Univeraity,CetMont(a.



THE TRANSPORTNUMBER0F THE CATIONIN AQUEOUS
SOLUTIONSOF NICKEL 8ALICYIATE

BY FBEMMCK EMTON JONES AND C. li. BCBY

In a previouscommunicationfromthis laboratory'it wassuggeetedthat
coppersalicylateionisedin aqueoussolutioneither as a normalcupricsalt
oraBacomptexcupri-saMeyticacid':–

Cu' + aUSal' = aH' + [CuSaM'

(whereHsSal = salicylicacid),the modeof ionisationdependingprimarilyon the hydrogenion concentration. Sofar as couldbe detectedfromtrans-
port numberdetenninations,the firstmethodof ionisation(asa oupriosait)aloneoccurredin neutral solutions,thoughthe oxifttenceof tracesofcomplexacidhavesincebeendetectedby hydrogeniondetenninations'. Asa result
of the formationof undissociatedsalicylicaoidit was shownthat the ratio
LCuSat!]/Cu should increasewithconcentration:this couMnot bedem-
onstratedexperimentallyowingto the low solubilityof coppersalicylate.It thereforeseemedof interestto determinethe transportnumbersof nickel
salicylate,whichis muchmoresolublethan, but in other respectssimilar
to coppersalicylate.

Experimental

Nickelsalicylatewas preparedby dissolvingfreshlyprecipitatednickel
hydroxidein excesssalicylicacid suspendedin water at about 6o°C..The
resultingsolutionwas concentratedby evaporation,the temperaturebeing
kept below6o",then cooledand filtered: the tetrahydrate crystallisedout
on inoculation. This waswashedwith aqueousalcoholto removethe last
tracesofacidand recrystallisedfromwater.

Its solubiH~was foundto be 70.04grams(o.aiogmois)per 1000gramsof waterat 2$ C.. It is thereforeabout seventimesas solubleas the cor-
respondingcopper compound. Nickel was determinedquantitatively,inthe solubilitydeterminationand in the transport numberexperiments'bythe potassiumcyanidevolumetriemethod.~

Transportnumbersweredeterminedby the sameprocedureas wasused
withcoppersalicylate,exceptthat a smallercellof 80ce. capacitywasused
for the moreconcentratedsolutions,and silvercoulometersof the Rayleigh
type, as describedby RosaandVinat",wereemployed.

J.Chem.Soc.,131,333(t~).
atJ~t~ improbablethatthe~id Hp8.tCuM]MMtsManintermediate

~nia~ ~t" inwhichcMethe equifibriumconstantdeducedforthere-actionisnotvalid.
Wark:J.Chem.Soc.,131,~53(i~y).
Sutton:"VotumettioAnaty~ 970(t~oo).
Bull.Bm-eauStandards,9, t~ (!9t3).
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Aswith the coppersait,a gelatinousprecipitateis formedat thecathode,
andtransportnumbersare thereforebasedonanalysisofthe anodeportions
only. Duringeleotrolysis,one gram moleculeof sa!icy!ioaoidperfaraday
is liberatedat the anode:someof this remainsin solutionwhilesomecrys-
tallisesout. In orderto obtain consistentandaccuratercsutts,it wasfound

necessaryto tranaferthe acid completelywith the anodeportionfromthe

cell,by waahingout the latter with smallamountsof the originalsolution,
and to deduotits weight,oalculatedfromthe coulometerreading,fromthe

weightof the anodeportion.
Forexample,in oneexperimentthe originalsolutioncontained0.002911i

gm. Ni per gramof water (or 0.04960mobper 1000gm.),whilethe anode

portion,weighing71.68~gm., wasfoundto cont&in0.16:3gm.Ni (= 0.0204
gm. Ni(SatH)t). The mean weightof silverdepositedin the coulometers
was0.25675gm.,whichcorrespondsto a tossof0.06983gm.Nifromthe cell,
and to the liberationof0.320gm. H~Satat the anode. Theweightof water
in the anodeportionwastherefore 71.687 o.ozo – 0.329= 70.438gm..
Thé!os8of nickelfromthe anode portionwastherefore70.438X 0.002911

0.1693==0.04274gm.,and the transportnumber0.04274+ 0.06983=
o.6!2. In dilutesolutionsthe weightof salioylicacid liberatedat the anode
is verysmallcomparedwith the weightof water in the anodeportion,and
this correctionis relativelyunimportant.

TABLEI

The resultsobtainedare given in Table I: columnsi, 2, and3give,re-

spectively,the initial eoncentrationaand the concentrationsof theanode
centreand the cathodecentreportions,in motsper 1000gm.water:columns
4and 5showthe increasein weight ingramsofthe cathodesofthe twosilver

Concentrations Coutometere Anodeportion Transport
numberofinitial anode- cathode- anode cathode weight nickel cation

centre centre
0.2046 0.2045 0.2045 0.3747 0.3743 26.85 0.2417 0.573
0.1962 0.1961 0.1962 0.3784 0.3786 38.99 0.2553 0.566

.0.1718 o.i7ï7 0.1715 0.34S4 o.345z 39.61 0.2265 0.582
0.1718 0.1717 0.1721 0.3532 0.3532 30.98 0.2382 0.581
o.t5to 0.1509 0.1510 0.4749 0.4748 78.35 0.5833 0.589
o.io8o o.to8o 0.1080 0.2943 0.2941 82.53 0.4569 0.589

.o.toSo 0.1079 0.1079 0.2952 0.2954 75.65 0.4148 0.589,
0.0702 0.0702 0.0702 o.4oig 0.4014 72.40 0.2253 0.602
0.0406 0.0497 0.0498 0.2567 0.2568 71.69 0.1623 o.6i2
0.0496 0.0494 0.0496 0.2807 0.2810 67.76 o.i475 0.605
0.0306 0.0306 0.0307 o.ï573 0.1576 76.35 0.1095 o.61o
0.0306 0.0306 0.0305 0.1730 0.1738 72.72 0.1007 0.605.

_o.ot95 0.0195 0.0193 o.ti48 0.1148 77.25 0.0683 0.617
0.0195 o.o!93 0.0195 0.1082 0.1082 71.65 0.0631 0.614

.0.0:92 0.019: 0.0864 0.0864 72.07 o.o66i 0.612
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coulometers:in columns6 and7arethe weightsand nickelcontentsingrams
of the anode portionremovedafterthe experiment,and in the last column
arethe calculatedvaluesof thetransportnumberofthe cation.

Discussion

Neither the mobilityof the nickelion, nor that of the salicylateionbas
been determinedaccurately. The most reliablevalue for the nickelion
at 25" C. appears to be that of Heydweillor'–sa.t. The only deter-
minationof that of the salicylateionis by Prideauxand Crooks'whogive
thevalue 36. Fromthesefiguresthetransportnumberofthecation innickel
salicylate shouldbe 0.501 the differencebetweenthis valueand our deter-
minations is fullyaccountedfor bythe uncertaintyof the mobilities. The
agreement,such as it is, showsnickelsalicylateto be ionisedmainlyasa
normalnickel salt.

From the recordedexperimentaldata3and onthé basisofmoderntheories
of conductivity4,it followsthat, wherea transport numberis influencedby
concentration its value tends to increasewith'diminishingconcentration
whenit is lésathan0.5,and to decreasewithdiminishingconcentrationwhen
it ishigher than 0.5. It willbeseen,therefore,fromTableI, that the change
withconcentrationin the transportnumberofthe cationinaqueoussolutions
ofnickelsalicylateis unusual.

We believe this abnormatitycanbe explainedby the presencein the
moreconcentratedsolutionsof a smallamount of the acidform of nickel
salicylate H~NiSal~ (or possiblyH{HSalNi8aH) for the presence
of this anionic nickelshouldaffectthe transport numbersin the observed
manner. The existenceofsuchcompounds'as Kz[Ni8al,jshowsthat nickel
salicylatecan reaot,and must be presentto someextent in solution,as an
acid;and, aa wasshownfor the coppercompound,the relativeproportionsof
acidfonn to salt formshould increasewith concentration. Obviously,only
a smallproportionofnickelis presentas complexion evenin the mostcon-
centrated solutions;this tact, and uncertaintyas to the mobilitiesof the
variousions, precludeanyattempt toevaluatequantitativelythe equilibrium
constant.

A series of confimatory experimentswas undertaken by Mr. W. E.
Hamer,in whiehsalicylicacid waadeterminedanalyticallyin the anodepor-
tion. The most suitablemethodofdeterminingthia wasfoundto be that
recommendedby Prideauxand Bentley."It wasrealisedthat ail analytical
methodswere toocrudefor the results,whicharegiven in TableII, to have
muchvalue; but thèsedogive a roughconfirmationof the moreaccuratede-

Z. ¡lhYl!Ík.Chem. 285(tgt4),"6 however,Althammer:Dim.Balle(1913)quoted
by~&~&M.

'TrMa.FaradaySoc.,20,97(t~).
SeeNoyesandFalk:J.Am.Chem.Soc.,33,t~6 (t9!t),eapecianyTableV.
~?~ ~y Soc.,M,34!(t9:7)Davies:J. Phya.Chem.,29,473(toM).

'BMMen:Attt.A.Lmcei,2SH,75(t9t6)..473U~5).
'Pharm.J., 110,497(!9~).
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terminationsgivenin Table î, and justify the statementmade above that

onemolofsalicylicaoid per faradayia tiberatedat theanode.

SmncMuy
Transportnumbers in nickelsalicylatesolutionsat 2s"C.have beende-

terminedthroughoutthe range0.03to o.a (theMmitofsolubility)motsper
1000gm.water. The resultsshowthat nickelsalicylateionisesmainly in a

normalmanner,but also suggestthe presenceofsmallamountsof a complex
acidform.

Oneofus (F.E.J.) wishesto acknowledgehis indebtedneBsto the senate

ofthiacollegeforthe awardofa GarrodThomasfeUow~hip.
~M<Mtf~D<M<MC~eM~co!&<t6oH)<aWM,
t/)t&w)-t«yCeBe~of~o~a,
~&e~<<<et/<
~<<f<A19,/??.

TABLE II

Mohaattper Transportnumber Mobmttper Tramportnmaber
tooogm.water o! cation tooogm.water ofcation

0.0679 0.59 0.0338 o.sy

0.0679 0.62 o.OMS 0.59

0.0338 0.63 0.02!$ 0.58
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ïn<w<MntF* a<«t 'M~M~M~.t r'~
AC(nat<-ehensiveTreattseonÏMr6mtcaadThMKt!tatCheitdstty. B~.W.AM!M-. Vol.

~V/X~7<!M;pp.t+~0. Ar~y~<tw<Z<M<L<mt<MM,G~~e~Co.S. Phce
?0.00. Thmvolumedealswith nitrogenand phoaphorusand increasesour debt of gratitude
to the author. As usas!, there are manyinteresting items. Onp.2therei9areferen<~to
R)M work on the catatytic actionofsuspended dust. E. Dubois estimates that about six
millionMograma of sait are precipitated annuaUy by rainfaBon two provincesof HoHand,
p. ta. MeUoraccepteMcLennan's view, p. 31, that the green tine of the aurora Mdue to
oxygenand not to nitrogen.

"It is dmicntt to state preciselywhoC~t Mated nitrogenand clearly tecognMed:t Ma
definite eubetanee. In Maexpenmenteon combustion or burning, John Mayow, during hN
tnvestigattOBon nitre, got very Mar, if he did not got actuaNy there. Severat others aho
werenot far away fromthe disoovery. AsG. F. RodweHpointed out, the man whodeduce.
on good mental évidence,or aven pM~esby actual experiment, thé existence of MmethiMnot known beforein not always reccgnMedaa the dtBcoveMt;but rather is haNeddiscoverer
he who pMvee by a conclusiveseriesof experimenta that the substance m queation bas
pnyerttes, j~ distinct fromaUother substances. He <tbMd~Mo~-ewA.pw<.
Othennae, Boyleor Paraeebua wouldhe eaHedthe discovererof hydrogen; Luccetius. of
carbon dioxide; J. Kunckel, of ammonia;Eck de SxHabach,of oxygen; Hooke or Ca~mi,of the law of gravitation; etc. D. Rutherford ia generallycredited with the diseovery of
nitrogen," p. ~s.

On p. 5t ia the statement that asides decompose etowtym vacuo, giving off nitrogen.On the preceding UneNthe item that Saarvasyobtained nitrogen by etectro!yeisof hydra-
sine; but there N nothing to ahowat which eteettode. On p. i ig ia thé suggestion that
tttaolum nitride may be the pigment in thé amethyst.

"SoHareadily adsorbgaaeaof variouskinde, and the occurrenceof ammonia in soitahaa
been d~cueeed by Knop, Mayer, Mttntz and Coudon, Marchai, and Berthelot and G.
André. The ammoniaisderived fromthe décompositionof nitrogenousmatter in the Boib.
Ehrenberg haa dMCUMedDer Kt-e~~dea AMweMM~otMsttj~w der NotM)-.Gmelin ob-
served that ammoniaiagiven oCwhenMmeminerab are cateined. Bouis noted that most
days contain some ammonia. The ammonia in clays and ferruginoaaores Msupposed to
have been absorbed fromthe atmosphèreand partly denved from the oxidation of iron in
contact with air and moieture. Faraday showed that clay, which haa been heated to red-
ness,absorbed an appreciablequantity ofammonia from the air during eight days' exposure
Bouesingault found that ferric oxidefromthe middie of a deep boring near Marmato con-
tained ammonia. The presence of ammonia in iron ores, dolomite, otay, soil, and other
poroussubstances bas beennoted by Vauquetin,ChevaUier,Faraday, Bouie,Knop Mayer,
Dieulafait, and A<]8Ua.The occurrenceofammonia in iron-rustwas noted by Bourdelin in
tMa, and later, by Vauquelin,Chevreul,and Reiset; and Bmé, and Regnard detected an
odourof ammonia on breakingseveralingotaof steel, prpparedby a spécialprocess,and gas
escaped accompamed by a slight hissingnoise. Analyses showed Miat the gaa is mainly
hydrogen and hydrocarbona–no ammoniaor nitrogen wasdetected," p. 147.

Ammonia goesthroughrubber eight times as rapidly as hydrogen does, p. 200. Some-
body should studythe taking-upofammoniabycyctoheMnebecauseaHtetofthisMbatanee
is said to dissolve twenty-eightliters ofammoniaat a6" and 755mm.

"Weme~s hypotheaisseemsto givea clearerinsight into the constitution of doublesalta,
complexsaJts, erystaMnehydrates, etc., tban any yet propounded; and it formathe most
elegant aystem yet proposed for etasNfyingtarge gtoups of eomp!excompounds, and par-
ticularly the ammoniametalbases. Althoughit is fully recognizedthat tbis hypothesis bas
not assumed ite finalform,yet, as oneof the fathers of phiiosophybas said, we beginwith
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doubts in order that we may end with certainties; and there is the promise that the con-

ceptionofmotecutarcompounds aseomethingspeeineaUydifférentfrom atomie compounds
willultimatelybe banished from chemistry," p. 233.

Onp. 309are the statements that hydrazine isa direct reduction produot ofhyponitrous

aeid and that the presence of a sutphite ia usuaUynecessaryfor the reduction. These two

statemente seem to be somewhat contradictory. Glauber is quite eloquent on the subject

of potassiumnitrate, p. 356.

"Deserved!ymay sattpetre or nitre be tenned the universat subject and wonderof the

world. If it werenot so, howcomesit to be so ptentifuUyfound in aUtMngs?.

AHthèse things wMchdung the fieldsand lands, and fatten them most necessarUycontain

in them sattpetre; for, from this onlyandalone, comesall the fertiuty throughout thewhole

earth, whichaidomcannot be gaitNayed. Havingehownthat nitre or ttaitpetremay

be had fromaUthings, viz., from herbs,wood, four-footedbeaats and ereepingthings, from

birds in the air, and fishes in the water, yea, from the very elemente themee!ves–earth,

water,air, and 6re-t must needsfollowthat it ia that so much spokenof universal epirit,

without wMchnothing can either beor Uve. It ia the begetter and destroyer of aUthings,
as 1bavedemonetratedin my MtMcx!ttMMwxMout ofthe most anoientphilosopherHermès.

1thereforehopethat nobody will anymore doubt thereof or oppoaeMmsetfwith a perverse

etubbomneMagainst a truth 8o manifestty known. If any one is minded firmly to

cteaveto hisownstubbom perveNenem,aven Hermèshimoelf,should he rise fromthe dead,

wouldtose bislabour in teaehing him."

When hydrogen, methane, ethylone, or propylene is burned in an atmosphère of

nitrous oxide,"the hydrocarbona give a core of white light with an apricot-cobured, and

then a large,greeniah-greysheath. The Nameaare magnifiedroughly Bve times in height
and twiee in diameter. No peroxidecould be deteeted in the interconal gases, but it is

foundin the gasesof the outer flame,"p. 395. It is possibleto read by the hydrogenflame

in nitrous oxide,though the one in air Mahnoat non-luminous.

Accordingto Burt and to Usher there is an allotropie nitrogensuipMde,a filmofwhich

ieblueby transmitted light and broMewith a metaUiclustre in reftectedlight, pp. 627,629.

Frémy oxidiseda solution of potassium hydroxynitatodisutphonate with ailver oxide or

lead dioxideand obtained a solutionwith an intense violet-bluecolor, from whichgolden-

yellowcrystab eeparated, p. 684.

"Phosphorusis nearly the most widelyand eventydiatributed etementon the surfaceof

the earth, and probably the most subdivided. Thia ean be readily understood when the

important part whiehphosphorio acidptayaand bas played in the vital cosmosis taken into

considération. Phosphorus was on the earth in gaseous, liquid, or so!id form before the

dawn of life,and since then, ail animal and vegetable créations have combined with the

physicatforcesalways at work in inanimatenature to distribute and redistribute the phos*

phorus, to divideit up, and carry it fromplace to place. If the biographyof atoms couldbe

written, the chapters on phosphona would be the most interesting and the most varied,"

P. 732.

"Dry bones,on the average, eontain the equivalent of about 60 per cent. of trieahaum

phosphate; teeth, 70 per cent.; crab and snait sheus, 7 per cent. When the animais die,
their remainshelp to build up phosphaterocks. Thus, the story of the circulation of phos-

phorus is a cycleof proeesses involvingthe concentration and dissipationof that element.

The waste of muscutar and nervous tissue involves a décompositionof the phosphorus

compounds. The producte of décompositionare carried by the Hood to the kidneye,and

there excretedwith the urine-chiefly as sodium ammonium phosphate. There seems to

be a relation between the amount of phosphorus compounds dischargedfrom the system,
and the aetivity of the brain, and this led to the inference that phosphorus is a metabolic

product ofthe activity of the brain, and that phosphate foods are neededfor brain workers.

Thé idea bas crystaMzed in the well-knownphrase ohne PAospto''têtu Ce~ttte–without

phosphorus no thought. A similar statement might be made regarding severat otber

elemente. Anormaladult excrètesthe equivalent of 3 to 4 gms. ofphosphoricaeidperdiem.

Part of this isderivedfrom the food,andpart frommuscularwaste. In thisway, phosphorus
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findaitewaybackto orperhapsintotheeewage,andSnattyintotheaea. Undgrenthus deM-ibMthe fat<of thephosphoruswhichNndsttawayinto the<ea."
In the eea-waterthe Mue-greena!gaeconcentrât.phoephorua,certainmoUuMS.or

feedon the and other .nea~ting moMuacadevourthe vegotarians.8m~ &~Be.t themotuB. targe&)heB thesmall,finallyaeahandMrd.~tow the
ae~, andsoin aboutsixtransformationsthe phosphorusoriginaUycontainedinthe sea.watermaycometo n-atin déportaofguanoondésertMandsor inaccumuMomofthebonesofo~ sea. originofthep~~xxdepoeitaofguano-the excrémentof~Mrda-on theistand.offthePeruviancoast,and
~T~ Manyielandshavebeenetripped
e~~i~ The amountof P~phates returnedfromthe ~Medible~1~ incompariaonwithwhatIsdrainedinto théseaas sewagefrom
~hfX°~ phosphatesineewagenowattraotattention,~ce

M. at the bottom,whereit mayb. unproductive
activepartIDnature'agreatcycleofchangea.Theconstantgrowthof.ropsby thefarmerimpoveMhe.thesoU,andphombati.

man<M8ar.neededtomakegoodthetosa,"p.wt~M.~mm.:
MellorT~~ thereareonlyfourallotropiefonMofphosphorus,thea- andf~ms ofyellowphosphorus,redorvioletph.8phonN,andNackphoaphorus,p.y~. Thé

triplepointforred ph<Mph.ruB,tiq~d ph~phoruB,andvaporat 589.9'and43.1atmos-~d~ accuratethantheexperimentaThea-yellowph~phoruBme~at~and changeato~yeMowphoephonMat-76.9*.
"ThecunoMnatural phenomenonknownas ~M~tM (~M, nM.t~M, wild,~tty),

~1~ oftenmanifesta moreor !~tra~ aickerh.&'S~tUM. aamedancingonthe heath,"and it ha. beenfrequenttyreportedto appearin
~~T~ marahy ~P < reeentbattle-fields,stagnantwaters,etc. The<were at one timethoughtt. bemaMteatatioM
ef~ in S~~t ~h allusionto theehresormiscMeTouaepriteswhiehthesuperatitiouabelievehauntthewildptaeMwherethe
phenomenonusuallyoce~; in Wales,<~p<~a.~M-~n refereneeto their frequentap.pearancein emeteries;andin England,Ja<<~M or tt~p, in allusionto
rustiefairlyt~ Borneratherbrilliantdisplayshavebeenreportedat vJou~Tbe phenomenon.not to beconfusedwiththe lightfromtumino~inaectahoveringover
MMhygroun<b.Thegénérâtideah that the.< aredueto theepontaneoueignition.fbubbte..f gsa containingtracesofphosphurettedhydrogenev.lved,at..g withother
~dur~thedec.mp~tmn.fanin~MbetMceaundMwaterorindampa.iia. Bubbles
of gasnodoubtescapein thedayMweUasat night,but the feebteBghtwhichiaemitted

~b~Isvisibleonlyinduakor in darknem,"p. 803.
WilderD. Bancroft

M~?*?" By~<H.G< y~A~a~. ~x
ed~on~ ~< P~SS~. Intheprefa~tothiaeditionthe author V. "Amongthe important in thepresentedition,the followingmaybementioned:-Afutbr treatmentoftimitmgdensitiea

andvaporpre~;abnefd~npt:on.fth.tate.tandmo~a.cur.temeth<fmeaBur~heataofvaporisation;a morecomprehenNvetreatmentoferyatatstructureand themethoda
ofX~y am~ an émargementofthesectiontreatingof theabsorptionof lightandite
be~.n..hMm~e.~t~.n; a thoroughrevisionof the chapteron the elementaryprincipleaof tbermodynamics;a moredieMiminati.gtreatmentofthe phenomenaof os-
moa~the inclusionof theconcept,off~ac;ty andactivityinconnectionwiththesubjectof vaporpre<~reaof dilutea.M.n,; a f~r discussionof the theoriesof emnIaiSon
~°"<icnandth.methMbofpreparationofc.Bo.da;a moredetailedaccountofthe th~n< of catalysis;the treatmentof the moreimportantpracticalapplicationsof~ndu~a~e andelectrometricmethodain
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sepatatesections in the respectivechapters devoted to electrical conductance and electro-

motiveforce; the aimpMcatioa of the treatment of hydrotysis; the adoption of a unifonn

and consistent.System for the représentation of gatvanio eeth, thereby conneeting their

polaritywith the direction ofcurrent flow,a futter treatment of both the hydrogenelectrode

and oxidation and réduction ceHs;the rearrangement and enhtrgement of the chapter on

eteetrotymsand potarization; a brief présentation of the quantum theory together with ite

applicationto the principle of photoohemicalequivatenee: an outline of Baty's fasoinating
and MMestive researches in the field of photosynthesis; and tMtty, the complète revision

of the ehapter on atomic structure."

The treatment ia quite modem. Oamoticpressure iediscuNed from Waahbum'apoint
ofview,eMentia]!y aa a kinetio phenomenon,p. atg. Raouit'e tawis consideredas a Bpeeia!
case ofHenry'a law, p. x~, in spite of the fact that Hemy'a lawMa relation for the same

substancein vapor and solution, white Raoult's deaia with the vapor pressure of one sub-

stanceand the concentration of the other. There ie alsonothing to show to what the mote-

cular weighterefer In Raoutt'Blaw. That does not matter for ideal Botutions,boeausethe

molecularweights are the same in both phases by definition.

Fugaeity is introdueed on p. 337 and activity on the bottom of the next page. Thé

author stands out, however,against one hundred percent dissociation. The ctassMeationof

coMoidsN that of von Weimarn and WolfgangOstwatd; but the author talke about emut-

soidaandeuapensoids, p. }ts. Adsorption is taken up thirty-Sve pages later, whiohmeanB

that the treatment in the intervening pages ie neceœahiy empiricat. The author follows

the modemprsctice and writes Zn) ZnSOt -o.yoy wtts, p. 546. He is a bit non-com-

mittat about the theory of over-voltage, p. 606.

"AUof the dyeatuCa whioh can function aa optical ttensitizershave been found to ex-

hibit anomalousrefraction, i.e., for w&ve-tengthsstightty longer than those absorbed,thèse

substancespoasesBan abnormajiy targe refractive index, in conséquenceof which the re-

fractedwavesexert the same effectupon the silverhalide as the shorter wave-iengthsof the

epectrum. Although it iBnot an essential property, it isgenerallyfound that opUeaisenei-

tizers are fluorescent," p. 643.
The author ia not so modern that he does anything with the displacement of the water

equitibrimnor that he refers osmoticpressure to the volume of the solvent rather than to

the volumeof the solution; but these things willcome in some future edition.

Wilder D. B<!Mcr<~<

PhetometricChemiMiAmïysis. By~An~.yM. ~o!«Mef. Co!onMe(t~.MX~

cm; pp. BN + 77~. Ww yofjt: John and &na, ~SM. PWee; ?.~0. "The

great demand in aU fieldsof app!ied chemietry is for analytical methode of sufficientac-

ouracywhieh require but little time for completion. In recent years another requisite bas

been addedto that of sumcient acouraoy and rapidity, namety that of sensitivity, so that

extremelysmati amounts of substance can be analysed or determined if neeessary." "The

rapid growthof oolorimetry and nephelometry bas created a demand for a comprehensive
referencework on thèse two methods of chemieatanatyas" and the author bellevee"that

the timeis not ripe for the tbeoretical considerationand correlation that these two sister

methodsof chemioal anatysis deserve."

"Photometnc chemicalanalysismay bedefinedas analysis whichdépends upon achange
in the amount or character of light due to a ohemicalreaction. The change in the amountof

light as understood in this treatise ie that due to either absorptionor reHeetion. Analysis
madeonthe baais of absorptionis usua1lycaMedcotorimetry,and ina fewcases turbidimetry,
whileanalysis based on renected light is callednephelometry."

Thé author disousses the different methods employed in matching eotors and the re-

quirementeof a.satisfactory colorimetriemethod.

"No general statement oan be made as to thé accuracyof colorimetriemethods. Some

colorimetriedeterminations havebeen brought to such a high degreeof perfectionthat they
far surpassgravimétrie or volumetric determinations in acouracy. On the other hand,

many colorimetricmethods are only rough approximations."
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"As in the caaoofaccuracy, colorimetriemethods vary widely from the atandpoint of
apeed. Someare extremelyrapid, requiring onty &few minutes, whileotheraare slowand
tediouB,especiallyif the higheet degreeof aecuracy is desired. Oftenacettraeyis saerineed
for apeed."

"In generala colorimetriomethod cannot be uaed when more than oneor two percent
of the substance beingdeterminedia present without resorting to aliquot parte" and "they
are applicable ta concentrationsofone or twopercent downto onepart in ahundredmillion
but thèselimite maybe extendedunder the proper conditions."

Followinga completedescription of the various forme of colorimetrieappttrat~m,the
author diMUNesthe methoda of catcutating results, the oslibration of co!orimetcreand
correctioncurvea.

"ïn a)tcolorimetriemethods, it Matated or uoptied that Beer'elaw iBvalidbut this law
doeanot hold in manycases. Therefore in aUcolorimetrieméthodeauch innuencesmust be
recognized,the limiteof dilution muet be set, and eompamocs made under identieat con-
ditioM,"p.S8.

Numerous possibleerrors in eotorimetry are pointed out but "fortunatdy, however.
most of thèse errors caa be avoided or reduoed to a aatMactory minimumby carefuMy
worked~nt proceduroeand good technique, together with the use of a goodcolorimeteror

carefuNymatchedcolorcomparison tubea," p. 89.
The nMt part of the book ia eonoludedwith a dMeuMonof thé use of coloredcolloid

BUBpenaiona,colorimetriestabiJizeMand general directions for uainga preeMoncolorimeter.
The major portion of the book ia devoted to detaited directions for makingmany in-

organie, organic and biologieal determinations. The author has endeavored M far as
possibleto state thé limitaof accuracy of eaohmethod.

The book Mreplete with referencea to the original !iterature and an extensiveMbti-

ography, arranged atphabetieaUyby aubjeet and chMnotopcaKyunder each subject, bas
been ineluded.

tn the opinion of the reviewer, the author haa covered the subjeet of colorimetrynot

only fully butexceptionallywell and it can berecommendedboth for the advancedstudent
in chemietry and for the research worker as well, who may have occasionto makeuœ of
colorimetriemethodaof analysis. M. L. Mtttah

MikMphotcgmtMe. By ~«cM< ~<!Me< Lt~enf~ jlMer~MM't Handbuchder
Mcht~MhcAMt~)-6e{<MMeth<x!t!t.S~ X ~cm; pp. ~S7. Berlin: Urbanat~-Sc~o~tte!
~a%7. Pnce~ ~0.0 ttM~. As an exhaustive treatise on thé theory of photonacrography,
thia book iaperhaps unique.It is written in the typical H<m<&Mc<tstyle, with chapters and
aubchaptem on aUphases of photomicrographic procedure. This does not make a very
readable work,but facuitatea référenceto the different sections, and ainee thereis no index
to thia JM~Mnc,aucha ayatematicarrangement is very important. Thé three main divi-
sions are: Photomicrography with Visible Light; with Untra-violet Light; and Stereo-
acopioPhotomicrogra.phy.ThenKtoftheaedeataveryeompletetywiththegenetatpnncip!es
of iNumination whieh are ao important in governing the interpretation of microscopic
structures. Lena equipmentafor variouspurpMesare diacumed!n détail,aa area numbero{
different photomicrographiecamema. Unfortunately, the emphaNaia almostentirely on
Zeiœappsratue and the manipulative méthodeappropriate to it are given in great detail,
at the expenseof deacriptionaor comparisonaof instrumenta by other makers.

The operationaof photographyare treated very completely,and with spécialreference
to purely photomicrographicproblems aueh aa choice of exposure, correct rendition of
values, and photomicrographyof coloredobjecte.

Although a general understanding of the theory of the microscopeMpresuppoMd.the
author deab rather fullywith the diffraction theory of Meolution,and ite application to
utra-violet microscopy.

JMï&fop~atost'opMeis to be recommendedhighlyaa a supplement to the moreelementary
bookaon thia aubjeet, and, together with D<MJtf~)'<Mtepund Beine.A~tMtKh~ (Lief.95)
alM by KôUer, it conatituteaa valuable addition to the writinga on eritiealmieroseopy.

C. M<WK



I. Introduction

The immediatepurposeof the présent investigationwas to determine
the influenceof varyingamountsof sulphur on thé electricalconductivity
ofmeta!!ictellurium. Accordingto the literaturelsulphurand telluriumare
misciblein allproportionsin the liquidstate and the phasediagramindicates
an absenceof compoundsbetweenthe two componenta. Sincetelluriumis
a metallieconductorand sulphuris a non-conductor,it appearedof interest
to invct~tigatethe conductionprocessin mixturesof thesetwo elementsas a
functionof composition. Solutionsofmetals in non-metaUicsolventsoccur

only infrequently. The only systemsof this type that have beenstudied

extensivelyare solutionsof the alkalimetals in liquidammoniac In these
solutionsthe metallieatom appearsto be ionizedinto a normalpositiveion
and an eleetronwhichis more or lessassociatedwith the solventmolecules.
In a mixture,such as tellurium and sulphur, it might be anticipatedthat
the relationbetweenconductivityandcompositionwouldvary greatlyfrom
that of the ammoniasolutionsjust mentioned. Telluriumitselfis onlyvery
weakly electropositiveand bas a relativelyhigh affinity for the electron.

Sulphurbasa lowdielectricconstantandweshouldexpectthat, in a mixture
of sulphur and tellurium,the conductingpowerwouldfaUrapidlywith in-

creasing concentrationof sulphur. Moreover, since sulphur bas a high
affinityfor electrons,wemight expectthat at higherconcentrations(ofsul-

phur) the electronswouldassociatethemselveswithsulphuratomsormole-
culesand that theconductionprocesswouldbe ofthe electrolytictype. Such,
in fact, bas beenfoundto be the case. Incidentally,the conductivityofpure
telluriumbas beenmeasuredfor thesolidas wellas the liquidstate.

The methodemployedin measuringthe conductivityof pure tellurium
as well as that of its mixtures with sulphur consistedin introducingthe

tellurium, or its mixture with sulphur,into suitablecellswhoseconstants
had been determined. The cellscontainingthe materialswere introduced
into a thermostat whose temperaturewas readily varied and controlled.
Themixturesweremeltedunder anatmosphereof nitrogen. The resistance
of the mixtureswasmeasuredby meansof a directcurrentand Wheatstone

bridgeor an alternatingcurrent and KoMrauschbridge.
Il. Materials, Apparatusand Procedure

TeUurium. The tellurium waspreparedaccordingto the followingpro-
cédure:An impuremetal was dissolvedin nitric acid in the presenceof a

PeUini:Atti.Acad.Lincei,181,yot(t909);Chikaahtge:Z.anorg.Chem.,72,109(1911);
JaegerandMenke:73,z~t(t~ta).

'Ï&tms:J. Am.Chem.Soc.,S3,749(t9ït)andearlierpapets;KrausandLucasse:
<3,:S3'('9~'):44,1941(!9M);4S,255!(t9:3).
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mall amountof hydrocl1loricacidand evaporatedto dryness. The residue
washeatedto decomposeany tracesof basicnitrate, hydrocMoncacidwas
addedand the productwasagainevaporatedto drynessin orderto remove
all tracesof nitrioacid. This produetwasdissotvedin stronghydrochtono
acid,dilutedwithhot water, madesHghttyalkalinewithammoniaandaoidi-
fiedwithdiluteaceticacid. Thetelluriumdioxideprecipitatedin thisopera-
tion wasthrownon a filter, washedand dried. It wasthenheatedto yso"in an alundumboat in a quartz tube witha slowstreamof oxygenpassing

Thermostat

overit. This servedto removethe greaterproportionofseleniumdioxide
present. The resultingproductwas dissolvedin stronghydrochloricacid,thesolutiondilutedto about 6 N,andthe metalreducedbymeansofsulphurdioxideat a temperatureof about90°. Theprecipitatedmetalwasthrown
on a filter,thoroughlywashedwithwaterand finallywithalcohol. After
dryingina vacuumdesiccator,themeta!wasdist:Uedinvacuofromanalun-
dumboatplacedina pyrex tube. Thefinalproductgavenoqualitativetest
for probableimpuritiesincludingselenium.

SM:p~r. Sulphur was purifiedby recrystaNizationfrom freshly die-
tilledcarbonbisulphide.
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The?'AenKM(o<.The resistancetemperaturecoemcientof the various
mixtureswas foundto be highand it wasthereforenecessaryto provide
meansforaocurateand convenienttemperaturecontrolof the thermostatin
whiohthe cellacontainingthe mixtureswereplaced. Thé thermostatcon-

TemperatureReguktor
sistedof a weldedmetalpot (Fig.r) in whicha lowmeltinglead-tina!!oy
wasemployedas thermostatioliquid. The pot waswoundon the outside
with nichromewireB, a currentthroughwhichservedto compensatefor
radiationlossor to heat up the thermostatinitially. The pot was lagged
withsil-o-cetcontainedinan asbestosboardbox. Théliquidin thethermostat
was thoroughlystirredby meansof a motor-drivenpropellorF. Within
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the pot, andundemeaththe surfaceof the thermostatieliquid,wasplacedan armoredrésisterC woundin the formofa hcticatspirat)ust slippinginto
the pot. Throughthis eoitwassent an intermittentcurrentwhichserved
to maintainthe temperatureof the thermostatat a constantvalue. The
makeandbreak of the regulatingoufrentwaseffectedby meansof a con-
stantvolumegasthermometer.This thermometerconsistedofa thin waUed
steeltubeD, havinga diameterof 4 cm. anda lengthofapproximately15g
cm.,ail jointsbeingwelded. This bulb wasconnectedwiththe electrical
contactdeviceby meansof a small steeltubeE, (Figs.i and2). This tube
hada thicknessa little underi mm.anda diameterofapproximatety3 mm.

Theregulatingdeviceiaoutlinedin Fig. z. The steelthermometerbulb
wasattachedto tubeF of thisdeviceby meansofa deKhotinskysealat X.
TubeF wasconnectedwitha mercurycolumnAB. Théheightofmercuryin thiscolumnwasadjustableby meansofa movablereservoirL and could
be fixedby closingthe stopcockK. The freespaceabovethemercurycol-
umn C wasexhausted throughstopcockG. Thé regulator,includingthe
thennometerbulb,couldbeexhaustedthroughstopcocks1andJ. Initially,thé mercurywas loweredin the reservoirL until connectionbetween the
arma andB wasestablishedafter whichthe stopcock wasctosed The
thennometerbulbwasthenexhaustedthrough1and filledwithnitrogenat a
pressureofapproximately y atmospheres. StopcockK wasthen opened,C wasexhaustedthrough G and the meroarylevelwasadjustedto make
contactwiththe platinumpointM at the desiredtempératurein the ther-
mostat. StopcocksJ and1 werethen elosed. The diameterof the tube A
wasapproximatety8 mm. ThechamberC,in whichwaslocatedthé upperlevelof themercurycolumn,had a diameterofapproximatety3 cm. The
purposeof this was to inoreasethe sensitivityof the contactdeviez The
freevolumeof the tube abovethe mercurysurface wasmadeas smallas
possible,whilethe connectingtubes E and F had an internatdiameterof
about 2 mm. The objectof this was to reducethe extemalvolumeto a
minimumsoasto increasethesensitivityasweûasto improvethe constancyof the regulator. Tube D wasa chamberfilledwith nitrogenin the initial
filling. Byopeningstopcocks11and J, this reservoircouldbe connected
withthe thermometerbulbwhenit wasnecessaryto allowthe thermostat
to cooldownto comparativelylowtempératures.To changethetempérature
settingof the thermostat,the temperaturewasraisedto approximatelythe
desiredpoint,stopcockK wasopenedand the levelof the reservoirL ad-
justeduntilcontact was madewith the platinumpoint at M. On closing
stopcockK, the existingtemperaturewasautomaticallymaintained.

Thedeviceabovedescribedprovedto be extremelyconvenientand re-
liableat temperaturesfromzoo'6oo". The températureof the thermostat
was read by means of a platinum,platinum-rhodiumthermocoupleand
regulationwaseffectiveto o.i", as indicatedby the couple. To preventoxidationofthe alloyin the thermostatat highertemperatures,a thin layerof powderedgraphitewasplacedover it.
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CoM<fMC<!t~Cells. Twotypes of eonductivitycellswereemployedde-

pendinguponthespeciSorésistanceof themixture.Thefirettype, iUustratedin

Fig.3,consistedofapairofplatinumwireshavinga diameterofabouto.7 mm.
andatengthofsmm.sealed througha PyrextubeA. Thesewireswerojoinedtoa_»..»b. r.

pairofcopperleadsF passingthrougha rubberstopperD.

Theelectrodetube Awasinsertedin a Pyrextube B,into

whiohit fittedotosety,closureof the junetionbeingeffeoted

by meaoaof a shortlengthof pure gumtubing C. The

relativepositionof the tubes wascarefullygauged,since

the constantofthe ceUdependedslightlyuponthe posi-
tionof the electrodes.The interiorof tube A wascon-
neotedwith the interiorof B througha smallopening
Gin order to preventthe passageofthe meltedmixture
intothe interiorof Aalongthe platinumwires. At the

bottom,the electrodetube Awasprovidedwitha loopof

gtassrod Thepurposeof this wasto facilitatethe stir-

ringof the mixturewhichwas accomp!ishedby tuming
the tube Athroughanangle.

These cellswere calibratedby comparisonwith a

standardcellof thepipettetype. A solutionof potas-
siumiodide,nearlysaturatedwith iodine,wasemployed
in makingthe comparison.The presenceof the iodine
euminatespolarizationand makes it possibleto deter-
minethe cell constantof unpiatinizedelectrodes. The

résistanceof the leadswas determinedby dippingthe

electrodesintomercuryand measuringthe résistanceby
meansof a précisionbridge. The cell constantsand the
data from whichtheseconstantswerederivedaregiven
inTableI.

TABLE 1

LeadRésistancesand CeUConstants for Cellsused in

measuringthe Resistanceof Mixturesrich in Sulphur

For measuring the resistance of tellurium and of mixtures rich in tellur-

ium, it was neccssaryto use a cell having a high resistance capacity. Such

a cellis outlined in Fig. 4. Two arms, K K are joined by a length of capillary

tubing AA havingan interna! diameter of about i mm. Platinum leads BB

Cell for measuring
conductanceofmix-
tures of S and Te
rich in S.

tures rich in tellur-

CeUNo. R. LeadR. R. (Con-.) CeUConst.

4 2()6.ç 6.9 2()o.o 3.442

5 141.9 5.4 136.5 1.620

6 2i6.6 6.11 zio.5 2.449

7 M7.6 5.1 Z02.5 2.404
8 lys.t 6.0 169.1J z.ooy

Pipette Cell 286.77 o.4 286.3 3.397

(comparison)
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are joined to oopperconductorsand sealedinto tubes CC. The platinum
pointsare adjustedtomakecontactwiththe metalat theendsofthe capiU&ry
AA. The mixtureto bemeltedis introdueedinto tube D whichconnecta
with the capillaryAA by mea.nsof tube L. Closelyfittingin tube D is a
plunger(not shownin the figure)reachingto thébottomof that tube. This
plungercan be raisedor loweredat willby dippingthrougha rubbercon-
nectionat the top of tube D. After introducingthe metalinto tube D and

fillingwith nitrogen,the cell is placed in the

thermostatand,whenthe materialin Dis melted,
the plungeris loweredto the bottomforcingthe
meltto passthroughtube L and through capil-
laryAAmakingcontactwiththeelectricalcircuit

throughthe leadsBB. Whenthe measuremeats
have been completedand whilethe mixture in
the capillaryAA is liquid, the plunger in D is

F' raisedand themeltisblownout of the capillary
into tube D by meansof a slight pressureof

nitrogenon the melt in the tubes K K. This

procedureisessentialasother<nseit ispractically
impossibleto oteanthe capillary. The pressure
betweenKK and D is equalizedor adjustedby
meansofstopcockG. Thecellmust of coursebe
oteanedaftereachseriesof measurements.This
cellwascalibratedby meansof a 1.0N solution
of potassiumchloride,the specifieconductance
of whichwasassumedto be o.m8 at a~ The
solutionwas made up by weightaccordingto
the procedureof KrausandParker.~

TheceUconstantsaregivenin Table11.

TABLEII

ConstantsofCellsforPureTelluriumand Mix-
turesrichin Tellurium

Cell for measuring conduct-
ance of mixtures of 8 and Te
rich in Te.

For cells2 and 3, the leadresistancewasdeterminedunderworkingcon-
ditionsby dipping the electrodesinto moltentin and determiningthe ré-
sistanceat varioustemperatures. The leadsofcelli werethe sameas those
of cell2 exceptthat the lengthofplatinumwasshortened.The corrections
for oelli werecalculatedfromthoseof cella assumingthe value0.0036for
the resistancetemperaturecoefficientof platinum. The resultsare given
in Table III.

1KrM)aandParker:J.Am.Chem.Soc.,44,~a (t9M).

CellNo. R. CeUConst.
1 ~303 ~57.8
a 6340 ?o8.8
3 4435 495.S
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TABLEIII

LeadRésistanceforCeHsi, 2and3 at DifforentTempératures

Other~ippora~M.The temperaturewasmeasuredby meansof a plati-

num, platinum-rhodiumthermocouplepreviouslycalibratedagainst the

meltingpointsof tin, lead,zincandaluminumandthe boilingpointofwater.

For measuringthe resistanceof puretelluriumand mixturesof tellurium

andsulphur,containingup to i~ at.% ofsulphur,a LeedsandNorthuppre-

cisionbridgewasused. For mixturescontaining30or moreat.% of aut-

phur, a Koh!rausohbridgeand telephonewereemployed. Witha 30at.%

mixture,the résistanceas measuredaccordingto the twomethodsdiffered

by about one-halfpercentdue to polarizationeffectswhichwerenoticeaMe

in the caseof the D.C. method. Mixturescontainingmorethan 30at.%

of sulphurshowedmarkedpolarizationeffects.

Procedure. In the caseofmixturesrichinsulphurthedesiredquantities
ofsulphurandtelluriumwereweighedout,groundtogetherinanagatemortar
andintroducedinto the eeU(Fig.3). Thecellwasthenevacuatedand filled

with nitrogen. The thermostat wasbroughtto a temperaturesomewhat

abovethe meltingpoint of the mixture,whereuponthe cellwasintroduced

into the thermostat. When the mixturewas melted,the electrodeswere

loweredinto the fusedmass and the mixturewas stirreduntil a constant

value of the resistancewas reached. The resistanceof thé meltwas then

measuredat a seriesof températures.
Tellurium-richmixtureswerepremeltedina Pyrextubeunderan atmos-

phereof nitrogenat a pressureof approximatelytwoatmosphères.Spécial

precautionswereobservedto avoid the !ossof sulphur. Whenthe mass

wasmelted,it wasthoroughlyshakenandthencooledrapidly. Théproduct

was removed,whencold, and introdueedinto tube D of the conductivity
oell (Fig. 4). The cell was evacuatedand filledwith nitrogenand'a slow

streamofnitrogenwaskeptpassingthroughtheupperpartofthecellthrough
tubes E andF againsta slight pressureof mercuryin a trap attachedto F.

Whenthe mixturewasmelted,the plungerwasdepressedas describedabove,

forcingthe melt into the capillaryAA of the cell,afterwhichthe resistance

wasmeasuredat a seriesof temperatures.
In the caseofpure tellurium,the metal,whichhadreceivedanadditional

distiUationinvacuo,wasintroducedintotubeDof thecell(Fig.4)andmelted

undernitrogen. Themanipulationwassimilarto that describedabovein the

Temp."C. _ttMMtance_Temp.OC.
'caneanceiïT 3

~.6 0.3002 0.2935 0.2900

369.0 0.3029 0.2960 o.29~3

395.0 0.3065 0.298$ 0.2947

~6.0 0.3094 0.2999 02959

~29.3 o.3ïï33 0.30:3 0.2960

itS?.o 0.3152 0.3044 0.2990

~86.0 o.3i9a 0.3070 0.3018
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caseof the mixturesrich in tellurium. It wasaecessaryto carryrésistance
measurementsout as rapidly as possiblesincetelluriumreuetsstowtywith
thé platinumelectrodesat highertempératures.

Telluriumhas a marked tendenoyto undercoo!so that it waspossible
to extend the conductancemeasurementsa considerabledistanceinto the
metastableregionof the liquidphase. Onsolidifying,adiscontmuMBchange
occursin the resistance. In seriesi, the ceUwasprovidedwitha compara-

Fm.sg
ResistanceofTeUuriumandof Sutphur-TettunumMixtures

tively large capillaryandit waspossibleto measurethe resiatanceof thesolid
phase over a considerabletemperaturerange. This wasnot foundpossiblein the case of cells2 and 3 whichwereprovidedwith smaHercapillaries,
sinee,owingto contractionwhichfollowssolidification,the threadofmétal
ruptured abortlyafter solidificationoccurred.

ni. ExperimentalResults
Cell i wasusedin determiningtherésistanceofpure telluriuminthesolid

state (Series i). In this series the valuesfor liquidtelluriumarenot very
precisesincethe resistancewasverylowanda smai!error in the leadresist-
ance caused a relativelylargeerror in the finalresult. The valuesfor the
solid,however,are fairlyaccurate,sincethe resistanceof this phaseismuch
greater than that of the liquid. Moreprecisedata for the conductanceof
liquid telluriumwereobtained in Seriesa in which the resistanceof the
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capillarywasmuchhigherthan in Seriesi. Theresultsforpuretellurium
andforvariousmixturesof telluriumandsulphuraretabulatedbelow.

TABLEIV

SpecificResistanceof Telluriumand of MixturesofTelluriumand Sulphur
Seriesi. Pure Tellurium(Celli)

Seriesz. Pure Tellurium (Cell 2)
0.6<QQ ntcn

Series3. s At.% Sulphur (Cell 3)
~~Aïft

Series4. 15At.% Sulphur(CeU3)
t~~

Temp. R. R. (Corr.) Sp.R. X !0'

480.5 0.4442 0.1257 0.488
4~.o o.4S'5 0.1351 O.S25
457.2 0.4S75 0.1423 O.SS3
449.1 0.4631 0.1490 0.579
437.0 0.4762 0.1638 o.6.;6
43~8 o.48z5 o.tyo8 0.663
404.7 3.319 3.0" n.69
380.5 3-73~ 3.427 13.31 Solid
3'3.o 4.1166 3.814 i4.8i

499.9 o.6s9<) 0.3513 0.496
483.1 0.6774 0-3705 0.523
4638 o.yo45 0.3996 0.564
45~9 0.7291 0.4255 o.600
438.0 0.7613 0.4590 0.648

404° O.OOK) 0.3622 o.73t
477'~ 0.6341 0.3334 0.673
4~9 o.648I 0.3479 0.702
4550 0.6862 0.3872 o.?8t

L~~

440.3 0.7392 o.44i5 0.891
4~7.5 o.8o6s 0.5099 i.otS
4~8.0 7.115 6.8i8 13.75
409.5 10.31 10.02 20.2l SoMd
382.0 12.06 ti.77

445-3 2.790 2.492 5026
461.2 1.948 1.649 3.3:6
474.8 1.537 1.236 2.493
464.0 1.858 1.55.) g.~
455.6 2.i8z t.884 3.800
436.5 3.455 3.158 6.370
42S.5 4.628 4.332 8.738
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TABLEIV (Continued)

Temp. R. R. (Corr.) Sp.R. X to*

Series5. 30At.% Sulphur (Cell 3)
420.0 188.o t87.7 378.6

436.0 131.0 130.y 263.6

457.5 75.4 75.1 i5i-5
474.! 49.9 49.6 ico.o

455.0 8i.7 81.4 164.22

444.2 !04.5 105.2 212.2

426.0 160.4 160.ï 322.9
400.0 294.3 204.0 593.0o

Series6. 50 At.% Sulphur (Cell 3) Series7. 70 At.% Sulphur (Cell 4)

Temp. R.XM-' 8p.R.X!o-' Temp. R.X!0-' Sp.R.Xto-'

398.0 i6.29 0.0328 47Ï.6 3.72 t.o8

42!.5 lo.oo .0220 46!.6 4-44 1.29

440.3 744 -ot56 451-3 5.28 ï.53
469.2 4.oi .oo8i 437.8 6.67 1.94

455.8 5.35 -oio8 415-' 'o-o6 2.92

440.1 7.58 .o~i 408.2 u.4S 3-33

423.0 io.8i .02:8 387.0 16.76 4.87
4!6.s 12.31 .0248

Series8. 75 At.% Sulphur (Cell 5) Series9. 77.5At.% Sulphur (Cell 6)

429.2 31.3 193 464. l 54.8 21.9
4480 21.8 13.5 454-9 64.9 26.0

426.0 32.3 19-9 434.1 90.7 36.3

399-3 54.7 33 8 425.5 III.o 44.4

375 o 88.0 54.3 403 9 163.0 65.2

4o6.i 154.0 6i-6

390.1 :!o.o 84.0

404.1 160.0 64.0

Series10. 80At.% Sulphur(Cett7) Seriesti. 85At.% Sulphur (Cell 8)
456.1 200.0 83.2 394.o 2770.0 i~8o.o
450.8 221. 8i.o 404.6 1530. 762.
429.0 340. 141.0 425.5 928. 462.
430.5 323. 134.0 437.5 482. 240.
418.o 421. !75 o 444.0 409. 204.
405.0 541. 225.0 440.1 465. 232.
397.0 655. 272.0 435.2 530. 264.
399.3 6oo. 250.0 428.0 692. 345.

4t8.t 958. 477.
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The resultsfor pure telluriumand mixturescontaining5 and t~ at.%

sulphurrespeetively,&t'eshowngraphica!tyin Fig.5,inwhiehthe logarithm
of the speoifieresistanceis plotted against the temperature. The cor-

respondingplotsfor mixturescontaininghigherpereentagesof sulphurare
similarto thoseobtainedat s and 15at.% exceptthatthecurvesare steeper
andmorenearlylinear.

From the plots,valuesof the specifieresistanceofvariousmixturesat a

temperatureof440"werereadoff. Thesevaluesaregivenin TableV.

TABLEV

SpeoineRésistanceofMixturesofSulphurandTelluriumat 44o°C

Discussion

As maybeseenfromaninspectionofFig. 5,the logarithmof the specifie
résistancevariesapproximatelyas a linearfunctionof the temperaturefor
mixturesof telluriumand sulphuras wellas for puretellurium. With in-

creasingsulphurcontent the specificresistanceincreasesmarkedly. This
is i!!ustratedin Fig. 6, wherethe logarithmof the specificresistanceis

plotted as a functionof the compositionof the mixture.The resistanceof
a mixturecontaining5 at.% of telluriumdoesnot dinergreatlyfromthat of

puretelluriumwhilethat ofa t s ~< mixturebasaresistanceapproximatety
ten times that of pure telluriumat 440". A mixturecontaining85 at.%
ofsulphur,or s§ atomsof sulphurper atom of tellurium,has a specifiere-
sistance3.6 X lo*timesthat ofpure tellurium. Evidently,with increasing
sulphurcontent,the specificrésistanceof the mixtureincreasesindefinitely
and the equivalentconductingpowerof the telluriumin the mixtureap-
proachesa valueof zero.

With pure tellurium,as wellas withmixturescontaininggand t$ at.%
sulphur,no indicationsof polarizationwereobserved.Beginningwith 30
at.% of sulphurand at highersulphurconcentrations,polarizationeffects
became marked, indicating the presence of ordinaryions. Evidently
the electronsdue to metauic telluriumassociatethemselveswith sulphur
atomsormoleculeswhenthenumberofatomsofsulphurbecomescomparable
withthat of tellurium. This is not unexpectedsincethe affinityof sulphur
forthe electronsis fairlyhigh. Sincesulphuris a non-polarsubstance,as is
indicatedby its lowdielectncconstant,the ionizationofteUuriumdiminishes

rapidlywith increasingsulphurcontent. Evidentlythe law governingthe
ionizationof telluriumin these mixturesis similarto that governingthe
ionizationofordinaryelectrolytesinsolventsofverylowdie!ectricconstant.

-r- _».s.» »

At.%8. Sp.R. At.%8. Sp.R.

o.o 6.4io X 10~ 70.0 i.Syo X 103

5.0 8.()ïo X to"' 75.0 1.592 X !o~

15.0 5.74l X 10"' 77.5 3.365 X to~

30.0 z.390 X 10"' 80.0 1.145 Xto''

50.0 Ï.57Ï X 10 85.0 3.317 X io'
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The metatUcpropertiesdue to telluriumare evidentlylost when the
numberof sulphuratomspresentin the mixturebecomesequal to or sught!y
greaterthan thatofthételluriumatoms. Ashasbeenpointedout elsewhere,l
the metalliepropertiesof a substanceare greatlydependenton the mean );distancebetweenthe metaUicatomsor ions. If this distance is increased
considerablyabovethat of the normalmetallieelementor compound,the
metatiicpropertiesdisappear.

~'IU. v

ResistanceofSulphur-TelluriumMixturesat440°.

It is interestingto note that the speoificrésistanceof both solid and
liquidtelluriumdiminishesgreatly with increasingtemperatureand that
a largediminutionof resistanceoccursas the meta!passesfrom the solidto
the liquidstate. Theratiooftheresistancesof theelementin the twoforms
isapproximatelyi to 15. It maybe noted in this connectionthat the spe-
cificvolumeof solidtelluriumis markedlylowerthan that of the liquid.

Previousdata relatingto the spécifieresistanceofpuretelluriumare very
discordant. Matthiessen2givesthe value 2.14 X !o-~for the specifiere-
sistanceof telluriumat ordinarytemperatm-eswhileBndgman' gives a
value6.45X io-' fora particularspecimenat 24°. Beckmann~givesvalues

Kraus:J.Am.Chem.Soc.,44,Mt8(t922).
Mtttthiesaen:Pogg.Aan.,103,428(t88s).

Bridgman:Proc.Am.Acad.Ar~8ci.,52,573(tgt?).
Beehnann:Physik.Z.,t6,59(~[g).
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rangingfrom0.61 yto0.0493dependingon previous treatment. In none

of the investigationshere cited was the telluriumof knownpurity. In the

present'investigationthe value foundat 263°,the lowest température at

whichmeasurementsweremade,is 0.0148whichismuchhigherthan that of

Bridgmanat ordinary temperatures. Since in the present case, the re~

sistancewasfoundta increasemarkedlywith decreasingtemperature, it

followsthat at ordinarytemperaturesthe specifieresistancewouldprobably
fallin the neighborhoodof the valuesdeterminedby Beckmann. However,
the influenceof thermal treatment on specifierésistancerenders any com-

parisonuncertainif not quite meaningtesp.
Guntz and Broniewskilmeasuredthe resistanceof a specimenof tel-

luriumthroughthe meltingpointand founda pronouncedmaximumforthe

solidat 50°. Fortsch' found the resistanceof solid tellurium decreasing

regularlyfrom –yoto 280°. Bridgman,as also Beckmann,found the

temperaturecoemcieotsvarying, dependingon previous treatment. Ex-

cepting the observationsof Guntz and Broniewski,already referred to,
whichare expressedin arbitrary units,no data are available relativeto the

specifieresistanceof liquid tellurium.

Summary

Methodsand apparatus are describedfor determiningthe specifieré-

sistanceof liquidmixturesof sulphurandtellurium. The specifierésistance

ofpure telluriumhas beenmeasuredat highertemperaturesfor both solid

and liquidand that of sulphur-telluriummixtures,up to 85 a.t.% of sul-

phur,bas beendeterminedover a considérabletempératurerange for liquid
mixtures.

Thespecificresistanceof the mixtures,asalsoofpure tellurium,decreases

withincreasingtempératureas an exponentialfunetionof the température.
With increasingsulphur content the specifieresistanceincreasesgreatly.

Evidentlytheéquivalentconductingpowerof telluriumapproachesa value

ofzérowithincreasingsulphurcontent.

The specifieresistanceof liquid telluriumat its melting point is ap-

proximatelyt/ig that of solid telluriumat the sametemperature. Liquid
telluriumis, comparatively,a goodconductor;at goo°its specifieconduct-

anceisabout1/6that ofmercuryat ordinarytemperatures.
The authorsgratefullyacknowledgetheir indebtednessto the Warren

Fundof the AmericanAcademyof Arts and Sciencesfor a grant for the

purchaseofapparatuswhichwasused in this investigation.

CA<nttca<Laboratory,
Brott~tUtMfenttt~,
Providence.R.

1GuntzandBroniewski:Compt.rend.,t47,t474(t9o8).
*Fortsch:Proc.IowaAcad.Sei.,20,s:) (t?!?).



THE INFLUENCEOFSAJ.T8ONTHE SOLUBILITYOF OTHER
SALTSIN NON-AQUEOUSSOLVENTS'

BY CHARLES A. KBAM AND BALPH P. SEWABD

I. Introdacttoc
Themutualsolubilityrelationsof salts in aqueoussolutionaremarkedly

regularand have beenthe subjectof extensiveinvestigation. Apparently,a correspondingstudyof satt sotubititiesin non.aqueoussolventsbas not
beenmade. Thisproblemwasoriginallyattackedby Dr. A.B. Stowe*who
workedchienywithacetone. The difficultiesinherentin the problemwere
not completelyovercomebut his resultsshowedclearlythat, in general,the
solubilityrelationsparallelthosein water, that is, on adding a sait witha
commonion, the solubilityis depressedwhile,onadding a salt withouta
commonion,the solubilityis inoreased.~

The present investigationwasundertakenfor the purposeof obtainingaccuratedata withrespectto thé solubilityrelationsof salts in oneor more
non-aqueoussolvents. Muchtimewasspent in anattempt to obtainreaults
withacetone,but the instabilityofthesolventrenderedthe problemextremelydifficuitso that only a limited seriesof satisfactorymeasurementswas
finallyobtained. Isopropylalcohol'wasthen choaen,since it is stableand
may be readilypurified. The order of magnitudeof the solubilityof or-
dinarysalts in thissolventisalsoexceptionallyfavorable.

The ultimateaim of this investigationwas to gain an insightinto the
phenomenapeculiarto solutionsof electrolytes. In order to disentaagtethe complexphenomenaofetectrotyticsolutions,it is necessaryto simpufythe problemby workingat rather lowconcentrations. Hitherto,the con-
ductancemethodbas beenusedahnoatexclusive!yin the study ofsolutions
in non-aqueoussolventsat lowconcentrations. Unfortunately,the results
of conductancemeasurementscan not be safelyinterpretedat the present
tune. The freezingor boilingpoint method bas not thus far beensatis-
factorilydevelopedin the caseof non-aqueoussolvents,even at concentra-
tions as highas 0.01N. It seemed,therefore,that the solubilitymethod
mightaffordthe readiestmeansofinvestigatingthebehaviorofnon-aqueoussattsolutionsat concentrationsas lowas 10*~N or lower.

.f~s~oftheFaraday8odety,23,488(1927)..
AllenB.Stowe:Dissertation,ClarkUmveMity(1923).

h. ~L~ (TransactionsofthePaMdaySociety,23 SM1927)1,havedetermmed&osolubilityofsodiumiodideinethylalcoholmthepresenceoflithium
~M~tho~oMint~theaolubifityofthesaturatingsaltiadiminishedontheadditionofa saltwithacommon
&sS~s~s=differenceinthesolubiUtyofthesaturatingsalts,
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Thémutual solubilityeffeotsof satts in aqueoussolutionshave recently
been critically reviewedby A. A. Noyés.' He concludesthat they are in

substantialagreementwith the interionicattraction theory of Debye and

Hûcke! The resultsof the presentinvestigationmake it possibleto test

the sametheory in the case of solutionsin non-aqueoussolventshaving a

valueof the dielectricconstant in the neighborhoodof 20.

H. Materiats

Acetone. Commercialacetonewaspurifiedby the bisulphitemethod.

Finaldehydrationwasaccomptishedbytreating the solventwithfinelypow-
deredborieoxide.This methodof dehydrationprovedverysatisfactorybut

the solvent itse!fwasfoundto be relativelyunstableso that thé solubility
of thesalt ohangedas the ageof the solventincreased.

fooprop~!Alcohol. Commercialpetrohol, 01% isopropylalcohol, was

treated with powderedsodiumhydroxide. The alcohollayerwas distilled

and thé same processof dehydrationrepeateduntil a satisfactoryproduct
wasobtained. Thepurifiedproductbasa densityof0.78$at 250and a spe-
cifieconductanceof about1.5X 10'

<So«s.The best grade of salts were twice recrystattizedfrom water.

Sodiumchloridewaspurifiedby dissolvingin hot water and precipitating
withhydrogenchloride. AUsaltsweredriedbeforeusing.

ni. Methodand Procedure

Themethodofdeterminingthesolubilityofthe salt consistedin agitating
a quantity of the solventcontaininga knownamountof the addedsalt and

an excessof saturating salt until saturation was reached and then ana-

lyzingthe solutionfor the saturatingsalt. About5g. of the saturatingsalt

werefinelypulverizedinan agatemortarand introducedinto aspecialbottle
of cylindricalform, havinga lengthof approximately38 cm., a diameter

of 10cm.,and a capacityof3 liters. Aknownweightof the secondsalt, also

finelyground,wasintroducedintothesamebottleand then a knownweight
of puresolvent (abouta liters)wasintroducedfromthe stockcontainer.

Thebottles wereprovidedwithnarrownecksof about 12mm. internat

diameterwithwellgroundstopperswhichwereheldin position,water tight,

by meansofspecialrubbercaps. FourbottleswereaSixedto a spindlewhich

wasrotated ina horizontalpositionunderwatermaintainedat a température
of 25d:.ot". Initially,the bottleswererotatedfor 12hoursat a température
of 28"-30"after whichthe températurewas loweredto 25"and rotated for 6

hourslonger. The bottleswerethen removedfromthe spindleand set up-
rightwithoutremovingfromthe thermostatand allowedto settlefor3 hours

or more. Two samplesof 500ce.or morewerethen blownfromthe bottle

into glassstopperedErlenmeyerflasks,the exactamount of solutionbeing

ArthurA.Noyes:J.Am.Chem.Soc.,46,!098(!924).
DebyeandHQcM:PhysikZ.,24,185;Debye:334(!923);Rec.Trav.chim.,42,597

('9~3).
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determinedby weight. The solventwasthen evaporated,the residuecon-
tainingthesaltswastransferredto a beakerand thé contentofthe saturating
satt determinedanatyticaUy.

ByfarthemostconvenientsaltswereoombinationsofalkalimetalhaUdos
withnitrates,the halideservingas saturatingsalt. In thiscase the halide
was determinedby preoipitationwith silver in the usual manner. The
concentrationof the secondsatt wasknownfrom the amountinitiallyadded.
In one or two instances,in whiehthé second salt was present up to the
saturationpoint,the amountwasdeterminedanatytica-Uy.At the lowcon-
centrationofthe solutionsused,the densitydid not differappreciablyfrom
that ofthepuresolvent,hencenocorrectionwasmadeforthisfaotor.

IV. SolubaityBKectsin Acetone

Onlya singleseriesof satisfactorymeasurementswasobtained in the
case of this serventusingsodiumbromideas saturatingsait and sodium
nitrateasaddedsait. Theresultsare givenin Table I, concentrationsbeing
expressedin millimolsper liter.

TABLE 1

SolubilityofSodiumBromidein Acetoneat 25"
in the presenceof SodiumNitrate

V. SoluMityEffectsinIsopfopylAlcohot
In thissolvent,the solubilityof sodiumchloridewasdeterminedin the

presenceofsodiumnitrateandammoniumnitrate. Thesolubilityof sodium
chloridewasparticularlyfavorable,beingless than 0.5 X 10- With a
combinationof sodium chlorideand sodiumnitrate, the analytical pro-oedureworkedout very well. In the case of sodiumchlorideand am-
moniumnitrate, however,the procedurewas less satisfactoryas is evi-
dencedbythe lackof satisfactoryagreementbetweencheckdéterminations.
The dimoultywasprobablydue, in part at least, to the volatility of am-
moniumsalta,somelossperhapsoccurringin the removalofthealcohol.

The resultsof the solubilitydéterminationsof sodiumchloride in the
presenceof sodiumnitrate and ammoniumnitrate are givenin Tables II
and III respectivety. In view of the analytical dimouttiesmentioned in
connectionwith mixturesof sodium chlorideand ammoniumnitrate, the
highestvalues,rather than the mean,areemployedin the subséquentdis-

NaNO, N&Br(AM!) N&Br(Mean) (:ci)*Xto' -Mog~/P;
o.oo 0.7674 0.7677 ~.07 o.oooo

.7680
o.i37i 0.7594 0.7597 40.68 .0315

.7601
o.~86 0.7436 0.7469 41.48 .0457

.7488
o.66o: 0.7I5! o.7i!:9 45.68 .noa

.7105



INFLUENCE 0F 8AÏ.T8 ON SOLUBILITY 0F OTHER 8AI/T8 t2py

oussion. Theseresultsare somewhatmoreconcordantthan are the mean
valuesalthoughthe d!Cerencewouldnot materiallyalter thé natureof the
results. Concentrationsareexpressedin millimolsperliter.

TABLE II

SolubilityofSodiumChloridein lsopropytAlcoholat 2:"
in thepresenceof SodiumNitrate

TABLE III

SolubilityofSodiumChloridein IsopropylAlcoholat 2$"
in the presenceofAmmoniumNitratet'vv va 4a.u.&.UV~

NH<NO NaCt(AMh) NaCt(sdected) (So)tXto~ -~ogPi./Pf
o.oooo 0.4565 0.455 30.16 0.0000

-4541

0.0985 0.474l 0.481 34.12 .0241

.48n

0.1839 0.4838 0.503 37.06 .0436

-S034

0-3537 0-5346 0.547 4:.45 .0800

.5466

0.6938 0.6175 0.617 5t.2o .1323

.6o96

ï.4024 0.734!! 0.734 65.35 .2027

.6850

NaNO, NaCKAnat.) NaCt(Mean) (SciXX'o* -}!o:Ph,/P)

o.oooo 0.424~ 0.4246 :9.i4 0.0000

.4251
o.oSoo o.4!47 0.4139 3!.So .ozoa

.4~

0.1672 0.4057 0.4050 33-84 .0544

.4044

0.40:3 o.38!2 0.38:7 39.57 .ioo8

.38~

o.5ûoa 0.3657 0.3625 43.64 .1412

-3594

0.5084 0.3650 0.3640 43.87 .1442

.3631

0-8539 0:3502 0.3480 49.16 .t827

-3459

1-3097 0.3245 0.3242 57.'6 .2340

.3~39

1-5574 0.3196 0.3244 6t.32 .2645
.3~93

1.0590 0.3081 0.3074 67.31 .2036
.3087

2.8240 0.2899 0.2903 78.oï -35oi
.2908
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VI. Influenceof Wateronthe SotuMUtyof SodiumChloridein Isopropyl
AÏeohol

In the courseof this investigationit was soonfoundthat the solubilityofvarioussaltswasmeaaurablyinfluencedby the presenceof tracesofwater.
In orderto eliminateany unoertaintydue to the présenceof water, the in-
fluenceofwateron the solubiutyof pure sodiumchloride,as wellas on that
ofmixturesofsodiumchlorideandsodiumnitrate wasinvestigated.

In TableIV are givenvaluesof the solubilityof sodiumohloridein iso-
propylalcoholin the presenceof varying amountsof water. The densityof thé solventmixturewasdeterminedand the concentrationsareexpressed
inmiUimobofsaitperliterofthemixture.

TABLE IV

Solubilityof SodiumChloridein IsopropylAlcoholat 25°!1..1

To a largequantityof solvent,2.02% of water wasaddedandthe solu-
bilityofpodiumchloridedeterminedin the presenceof varyingamountsof
sodiumnitrate. The resultsare given in Table V, concentrationsbeing
expressedinmiHimo!8per liter.

TABt~!V

SolubilityofSodiumChloridein IsopropylAlcoholat 25°
containing2.02%ofWaterin the presenceof SodiumNitrate

~1.1AM&NU, NaU)(AMt.) ~faC~(Mem) (Sc))~X!0' -ttog ?,?,
o.oooo t.ioo4 1.0999 46.90 o.oooo

1.0994

o.tyoy 1.0780 t.0796 so.oo .0238
1.0813

o.s697 1.0672 i.o679 s'.7i .0360
1.0687

0.4370 1.0460 1.0560 54.64 .0576
t.o66o

0.8842 i.ona i.o!39 61.6o .1007
1.0167

~3597 0.9694 0.97~3 68.30 .t364
-9752

2.44~ 0.9107 0.9123 8~.90 .2014
.9'4o

6.534 0.7985 0.7984 Ï2Ï.I .3424
.7984

in the presenceof Varying Amounts of Water
%HtO NaCKAntJ.) Denoity %H~) NaCKAnat.) Density
o.ooo 0.4246 0.7849 t.39 0.8025 .)'88s
0.084 0.4399 -78s4 a.02 i.ioo .yooo
o.Sis 0.6034 .~868 5;88 4.138 .7985
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VU. Discussion
Concordanceof R~M~s.Consideringthé anatytioaldiScutties, chiefly

due to the lowsolubilityof the salts studied,the concordanceof the data
obtainedis fairlysatisfactory.This is partieularlytrue of the solubilityof
sodiumchloridein anhydrousandhydratedisopropylalcoholin the presence
ofsodiumnitrate. Withfewexceptions,the analyticalvalues agreewithin
lessthan 1%andthe pointslieonsmoothcurves. In Fig. i (uppercurve)is
Bhownthe solubility.ofsodiumchloridein isopropylalcohol in the presence

FtQ.t1
ComparisonofSolubilityofSodiumChloridein IsopropylAlcoholin thepresenceofSodiumNitratewithValuecalculatedaccordingtoInterionicAttractionTheory.
ofsodiumnitmteas a functionof the total salt concentration. Asmaybe
seenfromthe figure,onlythe9th pointis seriouslyin error. The twoana-
tytieatdeterminationsin thecaseofthis pointarenot in agreement, oneof
the valuesbeingmuchtoo high,as is evident fromthe fact that the solu-
bilityas foundisgreaterthanat theprecedinglowerconcentrationofsodium
nitrate. If the highvalueisrejected,the pointconformswell with the curve
as drawn. The detorminationawith sodiumchloridein hydrated aloohol,
as wellas withsodiumb!'omidein acetone,are in good agreement. The



*300 CHARLES A. KRAUB AND RAU*H P. BEWARD

determinationsof the solubilityof sodiumchloridein tho presenceof am-
moniumnitrate showconsidérablevariation,probablyforthe reasonalready
mentioned. However,it is bolievedthat the highervaluesohosenare not
seriouslyin error.

CompcWsoM~<A AqueousSo~<:oKs. Roughly,the influenceof a uni-
univalentsait on the solubilityof another salt of the uni-univalenttype is
muchthe samein isopropylalcoholand acetoneas it is in water. It is note-
worthythat the depressiondue to an addedsaltwith a commonionis much
smaUerin isopropylalcoholand acetonethan in water,whilethe increasein
solubility,due to the addition of a sait withouta commonion, is much
greater in isopropylalcoholthan in water.

.––––––r-––r––––––.

Fta.a2
RelativeSolubilityEffecteia WaterandIsopropylAlcoholcompared.

In order to comparethesolubilityeffects,in the presentcase,withsimilar
effectsas observedin aqueoussotutions,it is necessaryto reducethé con-
centrationsto a commonunit. This ia convenientlydoneby dividingthe
observedvaluesof the solubility,as weUas the concentrationof the added
salt,by the solubilityof thesatumting salt in the puresolvent. Therelative
concentrationsso obtained thua represent the concentrationof a given
constituentin terms of thé concentrationof the saturatingsalt in the pure
solvent. For the purposeofcomparison,the relativesolubilitiesandrelative
concentrationsof added salt have been calculatedfor solutionsof thallous
chloridein water in the presenceof potassiumchlorideand ofpotassiumni-
trate' andfor sodiumchloridein isopropylalcoholin the présenceofsodium
nitrateand ofammoniumnitrate. The relationbetweenrelativesolubilities
and relative concentrationsof added salt is showngraphicaUyin Fig. 2.
Someof the valuesas readfromthe smoothcurvesat roundrelativeconcen-
trationsare givenin TableVI.

1BrayandWinninghof:J.Am.Chon.Soc.,33,t67o(!9!t).
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AsmaybeseenfromFig.2, or fromTableVI, the solubilityof thallous

chloridein water,on the additionof potassiumchloride,is depressedmuch

more than is that of sodiumchloridein isopropylalcoholon additionof

sodiumnitrate. Forexample,on the additionofa secondsalt,corresponding
to 0.2of the concentrationof the saturatingsalt in the pure solvent,the

solubilityofthallouschlorideis dopressed!o%while in isopropylalcoholthe

solubilityofsodiumchlorideisdepressedonly2%. Onthe additionof a sait

of concentrationequalto that of the originalsalt in purewater,the solu-

bility in the caseof thallouschlorideis depressed35% whilein isopropyl

alcoholthesolubilityofsodiumchlorideis depressedonly!o%. Thismeans

that onadding16.07millimolsofpotassiumchloride(S. = 16.07X io~) to

a solutionofthallouschloridein water,the solubilityisdepressed35%while

onthe additionof0.4246millimolsof sodiumnitrate (8. = 0.42X to~) to

sodiumchloridein isopropylalcohol,the solubilityis depressedonly 10%.

Roughly,therefore,the depressingeffect,ofa uni-univalentsait on the solu-

bilityofa seconduni-univalentsalt witha commonionis aboutthreeand a

hait timesasgreatin wateras it is in isopropylalcohol. Toobtainthé same

relativedepressionin isopropylalcoholas inwater,the relativeconcentration

ofaddedsaltmustbe sixtimesas great as inwater.

The inereasedsolubilityof a uni-univalentsalt on additionof a uni-

univalentsalt withouta commonion is muchgreater in isopropylalcohol

thanit isinwater. Thismaybeseenfromtheupper curvesof Fig. 2 as well

as fromTableVI. For example,at a concentrationof the addedsalt cor-

respondingto therelativevalue0.2, the solubilityof thallouschloridein the

presenceofpotassiumnitrate is inereased1%,while that ofsodiumchloride

in thepresenceofammoniumnitrate in isopropylalcoholisinereasedapproxi-

mately5%. Fora relativeconcentrationof 1.0,thé increaseofsolubilityis

6% and 25%respectivelyin water and isopropylalcohol. In roundnum-

bers, the increaseof solubilityof a uni-univalentsalt in isopropylalcohol

onadditionofa secondsaltwithouta commonionisaboutfourtimesas great
as it isfora correspondingpairof salts in water. Expressedin otherterms,
to obtainthé samerelativeinereaseof solubilityin wateras in isopropyl

alcohol,the relativeconcentrationof addedsalt in watermustbe six times

that in the alcohol.
TheInfluenceof Water. The effectof wateron the solubilityof salts in

non-aqueoussolventsis of considérablesignificancesince,in thé interpreta-
tionofsolubilitydata,it isnecessaryto knowto what extentwatermayhave

TABLEVI

Comparisonof So!ubtHtyEjecta in IsopropylAtcohotand Water
RelativeConcentrations

C added Salt 0.2 o.5 !.o z.o 3.0

8(T!CtinH!0+Ka) 0.90 0.78 o.6s 0.47 0.41

S(NaCUnC,H,OH+NaNO,) 0.98 0.94 0.90 o.8: 0.77

S(TtCtmHtO+KNO,) 1.0: 1.03 i.o6 1.10 1.13

S(NaCHnC,H,OH+NH<N09) 1.05 i.t3 1.25 T. 44 i6o
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a. disturbioginfluence. The additionof water to isopropylalcoholresultsin a markedinerease in the solubilityof sodiumchloride.
TableV Thus, theadditionof 2%of water,or o.886moIsperliter,ra~ thé solubilityfrom 0.4246X i. to t.:o X 1-~ mob per liter.The lowercurve in Fig 3 showsthat the solubilityinoreasesmore1'8pidlythan the concentrationof the addedwater. The logarithmof the solubility

1

rMhg3

~t~ Î8influencedbyadditionofWater.

funetionof the concentrationof water
excepto concentratedsolution,as may be seenfromthe uppercurveofF.g 3. Wemight interpretthia bysayingthat the thermodynamiepotentialof the salt insolutionis diminiahedon theadditionofwaterand,if
S~ ~T potentialvaries as the logarithrnof the concentration,then the thennody~mic potential of the ~t varies approximatelyas alinearfunctionof the waterconcentration. Suchan interpretation,however,

~c.nce foronlyunhydmtedsalt, eithJaa ionsorionpaire,canbemimmediateequilibriumwiththe puresolidph~se. Whatfractionofthésalt ispresentin theunaolvatedcondition,wehavenome~ of knowing,but it ,s probablyveryaman. Onthe otherhand, wehavegoodreasonfor
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betievingthat the addition of water leads to a disturbanceof the solvate

equilibriumwith the formationof hydrated ionsand ion pairs. The for-

mationofnewmolecularspecies,on addition of water,raisesthe solubility.

Sincewehaveno knowledgeof the fraction of saltpresentin an unsolvated

condition,the interpretationof the thennodynamiopotentials,oractivities,

in termsof stoichiometricconcentrationsleads to purely fictitiousresults

in thephysicalsensé.

If weassumehydrationof thesait to oecuraccordingto the equation:

(a) MX + nH:0 = MX(H,0).

and if the law of massaction iaapplicable,we obtainfor the solubilityof

thesait theexpression:

a s t
S.C'*nM)

(i)
H=M.+––~––

whereS isthe solubilityof the saltin the presenceofwater,S. is itssolubility

in thepuresolvent,CH,ois the concentrationof water (mo!sper liter),K is

the equilibriumconstantof reaction(a), and n is the numberofmoleculesof

waterassociatedwith onemoleculeof salt. 0~,0 maybe assumedequal to

the total concentrationof water sinceonly a smallfractionof it isassociated

with the salt. For sodiumchloridein the presenceof water in isopropyl

alcohol,weobtain the valuesK = 0.47 and n = 1.58. The concentrations

ascalculatedbymeansofequation(i), using theseconstants,donotdeviate

greatly from the observedvalueswith the exceptionof the point st the

lowestconcentrationwhichmay wellbe in error owingto thé smallsotu-

bilitychangeandthe possiblepresenceof tracesofwater. Thevaluen i .58

maybeconsideredas themeanhydrationof the salt. Theactualphenomena

involvedare doubtlessmore complexthan has beenassumedand we can

placenogreatweightonthe result. Neverthelessit isof interestto note tbat

the valueobtainedfor the hydrationof the salt is reasonableas to orderof

magnitude.
Whilethe additionof 2%ofwaterto.isopropylalcoholincreasesthe solu-

bilityof sodiumchlorideto approximatelytwoandone-halftimesits value

in thepuresolvent,the relativesolubilityeffect,onadditionofsodiumnitrate,

dinersbut little fromthat in thepuresolvent. In Fig.2, the curve,passing

throughpoints indicated by crosses,represents the relative solubilityof

sodiumchloridein pure isopropylalcoholin the presenceof sodiumnitrate.

If the correspondingcurve is calculatedfor the hydratedalcohol,it is found

to riseonlya little above that for the pure solvent. It must be concluded,

therefore,that, althoughthe orderof magnitudeof the solubilityeffectsis

muchincreasedon addition of water, the relativesolubilityeffectsremain

8ubstantiallyunchanged.

The7K<ertomtcA«roc(tOMTheory. It is of interestto comparethe solu-

bility enects observedwith the requirementsof the interionicattraction

theoryof Debyeand Hückel. Asalreadymentioned,A. A. Noyesbasmade
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a careful solubilityeffectsin waterfromthispointof viewandhasconcludedthat the resultsare insubatantialagreementwiththis theory.
M~X t~ resultspresentedin this investigationindicateathat these are not in agreementwith the interionicattraction
theory. For purposesof comparison,Noyes'methodhas been adopted.AsNoyéshasshown,accordingto the theory,thé followingequationshould
holdfor.uni.univalentsalts:

(.)
-~og~(2Ct)'+(.C.)'

In thisequation?“ is the productofthe ionconcentrationsof the saturating~t in the puresolventand P, the sameproductfor thesa!t in the mixture,
assumingcompleteionisation. is a constantinvolvingthe tempen~and the dielectricconstant of the solvent,2C, is the total concentrationof
ions,po~e andnegative,in thesolutionandisthereforeequalto twicethétotal salt concentrationand C. is theconcentrationof thésatumtingsatt inthe pure solvent. Obviously,for twosalts with a commonion, = C.and_ft C.(C.+ Cb), whereC. is the concentrationof the saturatingsaitin the mixtureand Cbthé concentrationof the added8a!t. In the caseoftwosaltswithouta commonion P~= 0~. In water,theconstant bas thévalueo.35yat .5° Assumingthe dielectricconstants'of acetoneand iso-
propylalcoholto be respectively,wefindfor<3in thesesolventsthe values:

<3(acétone)= 2.24, (alcohol)= z.yo.
In Fig.4 areplottedvaluesof logPj./P, againstthoseof (SC,)'. Accord-
ing to the interionicattraction theory,this plot shouldbe linearand the
slopeshouldcorrespondto the valueof forthesolventinquestion. In Fig.4 the straight hnes,as drawn, correspondto thé theon-ticdcurvesfor iso-
propylalcoholand acetone. It willbeseenfromthe figurethat the expéri-mentalpointslie far belowthe theoreticalstraightunesandthat, moreover,the plots aredistinctlycurvedevenupto the lowestconcentrationof addedsait. The divergenceof the curvefor sodiumchloridein the presenceofsodiumnitratetsmarkedlygreaterthanthat forthésamesait in thépresenceofammomumnitrate. The divergencein thecaseof sodiumbromidein the
presenceof sodiumnitrate in acetoneis markedlygreaterthan in that of
sodiumchloridein isopropylalcohol. great the divergenceis betweenobservationandtheory,is illustratedinFig. inwhichareplottedthe actual
andcalculatedvaluesof the solubilityofsodiumchloridein isopropylalcoholm the presenceofsodiumnitmte. Solubilitiesare plottedas ordinatesand
andtotal salt concentrationsas abscissas.Theuppercurverepresentstheobservedvalues;thelowercurvecalculatedvaluesaccordingto équation(2)

A satisfactoryvalueforthedielootricconstantoriaoproPYlalcoholdoesnotappearin

N~S~S~withthevalueofthiaconstantforrelatedalcohols.
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assumingfor thé dielectricconstantof isopropylalcoholthe value20. la
thecaseofsaltswithouta commonion, the divergenceis equaUystriking.

Thedivergenceof thé experimentalresu!tsfromthose requit according
to theinterionieattractiontheorybearsnoapparentrelationtothe dielectrie
constant.In orderto bringthe observedvaluesin the moredilutesolutions
intoconfonnitywiththe theoryit wouldbenecessaryto assumeforthe dielec-
trie constantthe value 5.3for acetone with sodiumbromideand sodium

Fta.4
ComparisonofSolubilityEtTectainAcetoneandIsopropytAlcoholwith

theInterionieAttractionTheory.

nitrate;7.: for isopropylalcoholwith sodiumchlorideand sodiumnitrate,
and11.4withsodiumchlorideandammoniumnitrate,and 9.?forthehydrated
alcoholwithsodiumchlorideandsodiumnitrate.

The valuesthus calculatedfor the dielectricconstantwouldappear to
precludethe possibilityof accountingfor the presentdiscrepancieson the
basisofa changein the dielectrieconstant due to the addedsalts. In all
thesecasesthe total salt concentrationis of the orderof 10-~or less. Evi-
dentty,thedietectricconstantisnot the determiningfactorin thèsesolutions.
Thu8,the dieleetricconstantof acetone,if anything,is greaterthan that of
isopropylalcohol,yet the deviationfor acetoneis much greaterthan for
isopropylalcohol. In the latter solvent, the deviationsare muchgreater
forthecombinationsodiumchloride-sodiurnnitratethan forsodiumbromide-
ammoniumnitrate, while for the hydrated alcohol,the deviationsare
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markedlysmaller than for the puresuivent. Whilethe additionof a% of
waterwoulddoubtiessinereasethe dielectricconstant slightly,there is no
reasonforbelievingthat this wouldbesufficientto acoountfor the observed
results.

It seemsevident that the mutualsolubilityeffectsofsaltsarecharacter-
istionotonlyof the saltbut alsoofthesolventandit is reasonableto lookfor
anexplanationof thephenomenaina specifieinteractionbetweenthesolvent
moleculesand the ionsor ion pairsofthe salt.

The discrepanciesbetween the values observedand those predicted
accordingto the interionicattraction theoryare so great that it is difficult
to seshowthey can bereconciledwithoutintroducingnewconcepts. While
thé theoryhas met with markedsuccessin the caseof aqueoussolutionsit
seemsdoubtfulthat it willmeet withequalsuccessin the caseof solutions
in non-aqueoussolvents. If the solubilityeffectsas observedin watermay
belookedupon as a confirmationofthetheory,then the correspondingeffects
observedin the caseofnon-aqueoussolutionsmust weighequallyagainstit.

It wouldseemthat in electrolyticsolutionsin solventsof lowerdielectric s

constantit will be necessaryto assumethat the processof ionizationis in-
complete. Solutions of salts in non-aqueoussolvents, generally,behave
muchas doaqueoussolutionsofweakacidsandbases. Theultimatesolution
oftheproblemis, perhaps,to be lookedforin a combinationofthe interionic )
attractiontheory withsomeotherconceptthat takesintoaccountthemechan-
ism of the ionizationprocess. The,theory takes accountof the mutual
forcesactingbetweenthe ions,oncetheyexistassuch, but it tellsus nothing
withregardto the processby whiehtheseionscorneinto existence.

Withdecreasingvalueof the dielectricconstantthe forceactingbetween
a pairof ions increases,and it is not unreasonableto supposethat ionpairs
mayapproacheachothersufficientlycbsetyto act as a unit fromthe kinetic
pointof view. The processof ionizationwouldthen consistin supplyingto t
suchan ionpair a sufficientamount ofenergyto separatethe ionsagainst
the attractive forceof their charges. This would naturally depend upon
the neamessof approachof the ionsand the spatial configurationof their
etectronicsystems,as weUas the dielectricconstantof the solventmedium.
Therearenot a fewfactsthat are in agreementwith this pointofview. In a

givensolvent,ionizationdependsmainlyon theeffectiveiondiameterswhich
insomecasesmay correspondto iondiametersas determinedfor puresalts
and in otheraas determinedfor solvatedions in solution. The formation
ofsolvatedions involvesspecifiefactorsrelatingto both the ionsand to the
solventmolecules. Accordingto this view,the affinityof the negativeion
foranelectronhas notbingto do withthe tendencyof the salt to ionize;for
this doesnot affect the energyrequiredto separate a pairof ions. The
affinityofa positive ionforan electronmay,however,be directlyinvolved.

It shouldbe pointed out that, qualitatively,the resultsof the present
investigationare inagreementwiththeviewthat electrolytesareincompletely
ionizedin solvents havingdielectricconstantsof intermediatevalue. The
lowdepressionof the solubilityofa salton the additionofanothersaltwith
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a commonion and the great inereaseof solubilityon theadditionofasalt
withouta commonionlend support to the view that unionizedmolecules,
that is,ionpairs,existin thesesolutions. It may beforeseenthat in the case
ofsolventshavingstill lowerdielectricconstantsthan thosehereinvestigated,
the mutual solubilityeffectsmay becomerelativelyvery largefor salt pairs
withouta commonion,ovenat lowconcentrationsof the addedsalt.

Swnunaty
The influenceofuni-univalentsattson thésolubilityofotheruni-univalent

salts in acetoneand in isopropylalcoholhas been investigated. These in-
étudesodiumbromidein thé presenceof sodiumnitrate in acetone,sodium
chloridein the presenceofsodiumnitrateandammoniumnitratein isopropyl
alcoholand sodiumchloridein the presenceof sodiumnitrate in hydrated
isopropytalcohol.

The solubilityeffeotsin these solventsresemblethose in water,that is,
thesolubilityof a givensalt is depressedonadditionof a secondsalt witha
commonionand is increasedonadditionofa secondsalt withouta common
ion. The solubilitydépressionin thesesolventsis about one-fourththat in
waterwhilethe increase,onadditionofsalt withouta commonion,isabout
fourtimesas great asin water.

The results obtainedhave beenexaminedfrom the standpointof the
interionicattractiontheoryof Debyeand Hûcket. Theobservedeffectsare
muohsmallerthan predictedaccordingto the theory.

It is suggestèdthat,in orderto accountforthe observedeffects,the inter-
ionieattraction theorywillhave to be supplementedby otherassumptions
whichtake into accountthe specificinteractionsbetweenthe ions and thé
solventas wellas betweenthe ions themselves.

CAeMtea<Z<o6ont<or!Br<MMtt/MtMfttty,
Proo~we,R.
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Very fewphotochemicalreactionshavebeeninvestigatedfromthispoint
ofview. Draper' in 1843firstestablishedthat in thé reactionbetweenhy-
drogenand chlorinethe chemicalchangewasproportionaJtto the intensity
of the light. Duringrecentyearsvariousinvestigatorshavebeenat work
to settle this problemwhichisatilluneolved.

Another reactionwhichhas been taken up in recent years fromthia

pointof viewisthe photochemicaloxidationofpotassiumoxalatebyiodine.
This reaction wasnrst investigatedby Dhar~who hasdefinitelyestablished
that the températurecoefficientof the reactiondecreaseswiththé increase
in the intensityof the light. Wc havenowatudiedquantitativelythe in-
fluenceof thé changeof intensityof lighton the rate of thisas wellas the

followingfourteenreactions.

i. Chromicacidandoxalicacidin presenceof manganoussulphateand

sulphuricacid.

2. Sodiumcitrate and iodine.

3. Ammoniumoxalateandiodine.

4. Sodiummalateand iodine.

S. Sodiumnitriteandiodineinpresenceofsodiumacetate.

6. Sodiumformateand iodineinpresenceof sodiumacetate.

y. Sodium-potassiumtartrate and bromine in presenceof sodium
acetate.

8. Ferroussulphateand iodine.

o. Bleachingof dicyanin.

10. Oxidationof iodoformin benzeneas solvent.

i t. Sodiumformateandmercuricchloridein presenceofsodiumacetate.

12. Ammoniumoxalateand merouricchloridein presenceof eosinas
sensitiser.

t~. Oxidationof quinineby chromicacid in presenceof sulphurieacid.

14. Oxidationof mauoacid by potassiumpermanganatein présenceof
sulphurieacid.

PMt.Mag.,23,40!(t843).
J. Chem.Soc.,1U,707(t~ty),t23,t856(!923).

THE INFLUENCE0F THE INTENSITY0F INCIDENT LIGHTON

THE VELOCITY0F SOMEPHOTOCHEMICALREACTIONS
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Expérimentât

The experimentalarrangementadopted for these investigationsis as

foUows:–

A thermostatwas maintainedat a constanttempératureand waterfrom

it was ciroutatedby meansofan automaticsyphoninsidea hollowdouble-

waUedrectangularjacket madeofcopper,the endsofwhichcouldbeclosed

by meansof shuttered screens. Insidethe hollowspaceof this jacketwas

placeda otose!y-6ttingrectangularglasscellwithparallelendswhichserved

asthe vessetinwhichthe reactiontookplace.

A thermometerwith graduationsup to 0.1°wasalwayskept suspended
with its bulbdipping insidethé reactingSystem–sothat the temperature
at whichthe reactiontook placecouldbe controlledwithin ±0.1

A icoo-wattgas-filledtungsten-SIameatlampoperatedat 4.6 amperes
wasused as the source of light in these experiments.To checkthe con-

stancy of thé current consumed,an ammeterwasconnectedin serieswith

the lamp. Owingto the intenseheating effectproducedby the lamp an

etectrioradiatorhad to be constanttyusedat the backof thé lamp. The

lampand the radiator wereenclosedin a boxmadeof thick woodwith as-

bestoscardboardlining inside. In orderto getthemaximumintensityand a

parallelbeamof Ught a combinationof twobigcondenserglasslenseswas

pJacedin positionbetweenthe sourceof lightandthereactionvesse!.

To isolateany particular regionof wave-lengthsa combinationof two

lightfiltersoutof a set of gelatinfilm"WallaceM and 8" filtersmanufac-
turedby the Central SoientincCompanywasused.

A soreenediris diaphragmwasplaced betweenthe light filtersand the

reaction vessel in such a way that a!I light excepting that passing
throughthe aperture was preventedfrom fatlingon the reactingmixture.

Thechangein the intensityof the incidentlightwaseffectedbyvaryingthe

sizeof the apertureand it wastakento be directlyproportionalto theareaof

thé aperture through whichthe light finallypassedbeforeilluminatingthe

reactionvessel.

The changesin the reactionsstudied wereobservedby withdrawing
someof the reacting mixturesat noted intervalsof time and subjectingit

to spectrophotometricmeasurementsor suitabletitrations.

In all the experiments the superimposedthermal reactionswere de-
duotedfromthe total reactionoarnedon inMghtinorderto obtaintheeffect
dueonly to light.

1(a). Potassiumoxalateandiodine.

K,C~ N/2.52,1. N/zoo; Ki N/3o.

No light filter wasused.

Temperature2o"C.



B. K. MUKEBJt AND N. B. CHAR

t:)?~ iodineper3o.c.ofthereMttMmixturebeingdirectlynmnor
~S~ titre,
direotlyintheabovecomputatiOI18.

w~S~S~wherethesymbolahavetheUBUa1Biguificance.

The oxidationof potassiumoxalateby iodineproceedsin the darkness
at a ratewhichïs negligibleincomparisonwiththe velocityobtainedphoto-
chemt~Uy. Hence,in consideringthe finalresultthe valuesobtainedin (i),(u) and (iu) were directlyutilised.

Resuit:–
DiameterofapertureNo.(i) = s. ocm.
Areaof the aperture = 3.142sq.cm.
DiameterofapertureNo. (ii) = 1.2 cm.

om.

Areaof theaperture = i. 31sq. cm.
DiameterofapertureNo.(iii)= i.ocm.
Areaof the aperture = o. 786sq. cm.

(i) Diameter of the aperture =' 2.0 cm.

~T~ So~o- k)("BMm. Timein Sodiumth:a. kt(*'aemt-~u~ sulphatesper ~~) n, sulphate*per moleoular)3O.C.ofthe1'0- 3 0.0.of thel'e'actingmixture actingmixturetIo 4-Ssc.c. –
30 ~.a o.c. 0.0103

~-5 o.otoS. 50 3.85 .00960
Mean = 0.0102

(ii) Diamoter &fthé aperture t.z cm.
o 4.8sc.c. – 4.250.0. 0.0054:

~S 4.55 0.00560 tos 3.65 .00556
Mem= 0 00543

(iii) Diameteroftheaperture = i.ocm.
o 4.8so.c. –

56 4.25 e.c 0.00500
4.5 o.ooso6 84 g.M .005~

Mean =
0.00506*ThaMMMMtfn*î~<j:– <

II. III.
If directlyproportional If proportional

tochan~e to thé squareinMttenNty rootof théchange

Velocity o. oloz 3 I4x
of intensity

VelQCtty(i) 0.0102
1.84

,t~
:L78 ~=I.77Vetocity(ii) "o. ~78=1.77Velocity (ü) .00553 1 131

Velocity (i) _o.o[o2
2.02 3.142

4 00 2.00Vetocity(iii) .00506' o"786"°°
~4.00=2.00

Velocity (ü) o~oo~ 1.09
j.

I. 44 = I. 17Velocity (iii) .00506'°" o~86" Vï.44=1.17 y
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Fromthé aboveresultsit is apparentthat thé changein the velocities

of thé reaction is proportionalto the square rootof the changein the in-

tensitiesof the incidentradiationbecausethe valuesfound expenmentaHy
in cotumn1agree withthe theoreticalresultsobtainedin columnIII within

thé limitsof expérimenta!error.

Thisexperimentwasrepeatedbyusinglight-filters,aperturesofdifferent

dimensionsas wellas differentconcentrationsof the revotants.

Thefollowingare the experimentalresults:-

(b) Potassiumoxalateand iodine.

K~C~ N/2.9S; N/m.6;
Kl N/29.3S.

Filters 8 and 3 (Xsooo-44SoA.).
Mean X = 4725À.
Temp. 3o"C.

(i) Diameter of aperture = 3.55cm.

Timein Sodiumthio- k) Timein SodiumtMo- k)
minutes aulphate minutes sulphate

pet s o.c.ot per5 c.c.of
the mixture themixture

o 7.I3C.C. 30 6.2 c.C. 0.0121

i} 6.7 o.oia6 60 5-~5 .0126

Mean = 0.0124

(u) Diameter of the aperture = 3.09 cm.

o 7.130.0. 40 s.9 c.o. o.om

M 6.45 0.0120 6o 5-5 -oiio

Mean = o.on?

(m) Diameter of the aperture =2.65 cm.

o 7.13 c.c. 50 5.7 c.e. o.o!i3

26 6.4 o.oio8 68 5.25 .oui

Mean = o.om

Result:-

Area of aperture (i) = o. 893sq. cm.

Area of aperture (ii) = 7.495 sq. cm.

Areaof aperture (iii) = 5. 5~3sq. cm.

I. 11. III.
If directtypro- Ifproportional
portion<dto to thesquareroot

changein intenaity ofthechangeof
intensity

Vetooity(i) 0.0124 = 9893 = x.3z
,/––

x5_––––~=1.06 -–~=t.3;: Vi.32=i.t5
Vetocity(u) .0117

1.06
7.495

1.32 %/1.32= 1415

Vetocity(i) 0.0124 9803 = 1-79
/––

_–-L~==––~=1.22 'L~'Ë==i.79 Vt.79==i.34
Ve!octty(m) .0111x

1.22
5.5133

1-79~I-34

~~)=o~7=, x.o5 ~95~ 6 ~36~.r7
Velocity (m) ot nx 5.5133
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Hère,toowefindthatthe changein the volocitiesof the reactioninlight
of 4735Ài8proportionalto thesquareroot of thechangesinthe intensities
of the incidentradiation.

II. Chromicacidand oxatioacid in presenceof manganèsesulphate
andsulphurioacid.

H,Cr,Of-N/4~.3; (COOH), N/io.t:; MnSOt-N/?68.5;
H,SO,-N/2.8.

Filters8 and3 (X<ooo 4450À.).
Mean =' 4725A.

Température ~i~C.

(i) Diameterofaperture= 3.55cm.
Timein Sodiumthio- k. (zoM-mot&-Timein Sodiumthio- k. (zero.mote.minutes auiphateper cutar) minutes, sulphateper oular)

50.0.ofthére- 5c.e.ofthére-
acting mixture acting mixture

Thé formulausedfor the M)-o-mo)ecuta)-velocity coeScient =!{.,= x/t, where "x" ie
the change in concentrationofchromicacidin "t" minutes.

The value of "k." in the darkness =
0.131i

Pure light effect in (i) = o. 1:0

Pure light effect in (u) =0.080

Purel!ghteSectin(iii) =
0.0700

o 6-oo.c. –
i3 2.9C.C. o.239

3 5-! 0.267 ïy 2.0 .235
S 3-99 -a63 Mean= 0.251

(u) Diameter of aperture '= 3.09 cm.

o 6.oc.c. – 18 2.IC.C. 0.217

5 4.95 o.2io 23 1. 5 .200

3.4 .2i6 Mean = 0.211

(iii) Diameter of aperture 2.65 cm.

0 6.0 CC.. –
to 2.3C.C. 0.200

8 4.4 o.aoo 25 0.9 .204

~3 3.4 .2oo Mean'= 0.201

Result:– I. II. in.&suIt:- J.
If directlypro- If proportional

portionalto change to the square
in intensity motof thechange

Vetoetty (i) 0.120
of intenaity

Vdo.tty(ii) "080"
'S

Velocity (ü) .080

Velocity(i) o.no
= 1.71 1.79 1.34

Vetocity(iii)"
I i-34

Ve!<xsity(it) 0.080
= 1.14 1.36 1. 17

Ve!o.ity(iii)'o"
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Thevaluesobtainedin cotumn1agréemoreoloselyto thevaluesgivenin

columnII than to thosein eotonmIII. Hence,the velocitiesof thisreaction

aredireottyproportionalto the intensitiesof thé incidentradiation.

III. Sodiumcitrateandiodine.

Sodium citrate N/n-s:; lodine – N/îoo; Potassiumiodide

-N/
No light filterwasuaed.

Temperaturega~C.

(i) Diameterofthe aperture= 3.55cm.
Timein Sodiumthio- kt Timein Sodiumtdio- kt
minutes ftutphateper minutes sutphateper

5o.o.ofthére- s c.c.oftheM-
actingmixture actingmixture

Thecorrespondingvaluefor "k)"inthedarknesa==0.00312.
Therefore,the effectof pure lightin (i) ==o. 00403

Therefore,the effectof pure lightin (ii) = .00300
Thereforethe effectof pure lightin (iii) = .00239

Besult:–
i. n. in.

If directiypro- If proportionalto
portionalto incident thé equareroot

intensity of theincident
intensity

Vetooity (i) 0.00403 1.34 1.32 I.I5
Vetoolty (u) .00300

Velocity (i) 0.00403
'6 i.yg x.34.r,––––=––=1.69 9 1.79 1.34

Veloelty (m) .00239

Velocity (ii) 0.00300 m .25 “ i.xT
Velocity (m) .00~39

=1.25 1.3
1.17

That is, the vdoeities of this reaction are directly proportton&t to the

intensities of the incident light.

o 8.6 c.c. – 56 75C.C. 0.00700

19 8.2 0.00726 76 7.1 .ooyoo

38 7-8 .0073: Mean =* 0.0071$

(ii) Diameter of the aperture = 3.09cm.

o 8.6 c.c. 8o 7.25 c.c. 0.00600

20 8.2$ o.oo6oo 100 6.95 .00614

50 7-7 .0063~ Mean = 0.00612

(iii) Diameter of the aperture = 2.65 cm.

o 8.6 c.c. 75 7.45 c.c. 0.00541
28 8.ï5 0.00550 ioo 7.1 .00556

50 7.8 .00556 Mean = 0.00551
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IV. Ammonium oxalate and iodine.

Ammoniumoxatate = N/6.S?; lodine – N/ico; Pota~ium iodide

-NA.7.

Filtera 8 and 3 (~scoo 4450À.).
MeanX e= 4ya$Â.

Temp. 9ïs''C.

(i) Diameter of the aperture = 3.$$ cm.

Timein Thiousedper t/~xh Timein Thiousedper t/~Xk,
minutes s o.c.of there- (unimolecular)minuteasc.e.ofther~- (unimolecular)

actingmixture Mtiogmixture

In this case,thevelocityin the darknessis negligiblysmallincomparison
withthe valuesobtainedin the aboveexperimenta. Hence,the élimination
of the superimposedthermaleffectia not necessaryin obtainingthe fol-

lowingrésulta:–

There ia more concordancewithin the limits of experimentalerror be-
tweenthe valuesshownin column 1 and III than betweenthose in col-
umns1 andII.

Resuit:–
i

If
ir

pro- If
ni.

toMdirectlypM- If proporMoaatto
portionalto the thésquarerootof

changeof inteneity of thechangeof
intenaity

Vetocity(i) 0.00420 1.176 1.32 1. x5
Vetocity(ii) ""0.~='

Velocity(i)
0.00420 1.79 1.34

Velocity(m)"'oo~

Vetooity(u) 0.00357 = 1. 144 1. 36 1. 17
Vd.city(iii)'oo~

v

o 4.95C.C. –
30 3.70.0. o.oo42!i

io 4.5 0.00414 37 3.45 .00424
22 4.0 .00420 Mean = 0.00420

(ii) Diameter of the aperture =3.09 cm.

o 4.95C.C. 39 3.8o.c. 0.00359
i3 4-45 0.00356 38.5 3.~ .00361

25 4.05 .oo3so Mean = 0.00357

(iii) Diameter of the aperture *= 2.65 cm.

o 4.osc.c. 4a 3.6~0.0. 0.00315
i5 4.45 0.00308 6o 3.3 .00316
30 4.0 .00308 Mean =0.00312
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Thereforethe velooitiesof this reactionvàryproportionallyto the square
rootofthe changesin the intensitiesofthe incident!ight.

V. Sodiummalate and iodine.

Sodiummalate N/6.y8; Iodine N/ïn.6; Potassiumiodide

N/33.87.

NoUghtfilterwaaused.

Temp.30*0.

(i) Diameterof aperture g.sscm.

Timein Thiouaedper k) (semi- Timein ThiotNedper k~(Bemi-
minutess o.c.ofthere- moleoular) minutess c.o.ofthere- moleoulur)

actingmixture actingmixture

k. m thé dark = 0.00203

Therefore, ·
Theeffectofpure lightin (i)= o. 0189
Theeffectofpure light in (ii) = .0153
TheeSectofpure lightin (m) = .0136

Result:-

Thevelocitiesof this reactionare thus foundto bedirectlyproportional
to the intensitiesof the incidentlight.

o 5.950.0.
– 45 3'ï c.c. 0.0206

1$ 4.2 0.0221 62 3.6S .0103

33 3-S '<Mï4 Mean = 0.0209

(ii) Diameterofaperture 3.09cm.

o 4.oso.c. – 55 g.ogc.e. 0.0174
M 4.2 0.0176 72 2.6 .0170

40 3-55 'oi7ï Mean = 0.0173

(iii) Diameter of the aperture = 2.65 cm.

o 4.95C.C.
– 66 2.95C.C. 0.0154

22 4.2 0.0l6o 84 2.5 .0154

44 3.55 .0155 Mean = 0.0156

i. n. in.1.
If directlypro- If proportionalto

portionalto thésquarerootof
intensity intemity

Velocity(i)
0.0189 1.32 1.15.=––-=ï.34 1.32 i.is

Velocity (u) .0153

Velocity(i) 0.0180 = 1.39 1.79 1.34'=––-=i-39 i.79 i.34
Vetootty(m) .0136

Vetoctty (ii) 0.010––– '=––=i.n 1.1.6 i.i?
Vetooity(iu) .otsô

3~ x
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VI. Sodium nitrate and iodine.

Sodium nitrite o. 56 N; Sodium acetate N/ ao;
Iodine N/:9.73: Potassium iodide N/8.ns.

Filters 8 and 3 (\sooo 4450Â.).
Mean X = 4725~

Temp. 33"C.

(i) Diameter of the aperture 3.5$ cm.

Timein TMousedpof ~(aemt- Timein TMoasedper k~semi-minutes s c.e.of thé M- motecular) minutes 50.0.of théte- mo!ecutM)
actinf!mbttUM actingmixture

Thevalueof"& in thedarkness= 0.0052. Therefore,

Thepurephotoohemicaleffectin (i) '= 0.0106
Thepurephotochemicaleffectin (H) = .0080
Thepurephotoohemicaleffectin (iii) = .0069

It is diNcuttto decidedefinitelywhetherthé reactionis directlypro-
portionalto the intensityorisproportionalto thesquareroot. Onthe whole,
fromthe experimentalresultsit appearsthat the velocityofthe reactionis
proportionalto thesquarerootof theintensity.

i- H. III.
If directhrpro- If proportionalto

portmnatto thé inten- the aquaMrootof
Sttyoftheiight themtoMity

Velocity (i) 0.0106

Vetocity(ii) .0080'

Velocity (i) 0.0106 1.55 1-79 1-34
Vdodty (iii) "0069

Ve!ocity(ii) 0.0080
6 1.36 1.1'/

Vetodty(m)""oo69"

o 8.0C.C. –
50 6.75C.e. 0.0:54

M 8.45 o.otyo 70 5.95 .QI55

30 7.6 .oïSt Mean-0.0158

(ü) Diameter of the aperture '=' 3.09cm.
o 8.ûc.c. 60 6.6$e.c. o.Otag

'S 8.3 o.ot37 75 6.15 .o~

35 7.55 .0~5 Mean = o.o~a

(iii) Diameter of the aperture =' 2.65 cm.

o 8.oc.c. 6o 6.oc.c. o.oizo
M 8.2 o.ciM 80 6.3 .clic

40 7.5 .ot23 Mean = o.om
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VII. Sodiumformateandiodine
Sodiumformate N/6.42; Iodine N/t 18.02;PotMsiumiodide

N/32.46;Sodiumacetate N/y.ap.
Filters 8 and 3. (X$ooo– 4450À.).
Mean X = 4725À.

Temp. 3o"C.

(i) Diameter of aperture g.sscm.
Timein Thiousedper k) (semi- Timeim TMousedper k}(Mm!-
minutes5c'c. cfthé moleoular) minutes 5o.o.ofthé moteouiM)

mixture mixture

Thevalueof "kt" in d&rkness=*0.0457

Therefore,
The effectofpure light in (i) = o. M66

The effectofpure light in (ii) = 0.0150
The effectofpure light in (iii) == .0082

Reault:–

Fromthe above it is ctear that the velocitiesof this reactionchangedi-

recttyas thesquare of the intensitiesofthe incidentlight.

VIII. Sodium-potassiumtartrate and brominein presenceof sodium

acetate.

i. IL in.
If proportionalto If directlypro-
the squareeof in- portionalto the

tenait!e8of théincident intenmties
light

Velooity
(i).o~66~

Velocity (u) .01 go

Vetooity (i) o.oa66 = 3.a4 3.ao4 z.y4
Velocity (m) .0082

VeMty (H)~o~Sp~ g 3 ,3~5 6

Vetooity (ii) .0089

o 3.6go.c. – 24 i.i c.c. o.o7ï8

8 a.6 0.0746 go ~-7 .0716

15 t.9 .0710 Mean = 0.0723

(ii) Diameter of the aperture = 3.09 cm.

o 3.6sc.c. 22 i.55c.c. 0.0605

8 2.8 o.o6oo 30 i.o .0607

ig 2.1 .0616 Mean = 0.0607

(ni) Diameteroftheaperture =2.6$ cm.

o 3.6so.c. 24.5 i.sc.c. 0.0557

ç 2.8 0.0528 30 1.2 .0544

!5.5 2.24 .0530 38 0.8 .0535

Mean = 0.0539
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Roohelle salt N/i8.345; Sodium acétate N/y.ag; Bromine

N/aio.9.

Filters 8 and 3 (\Moo ~o À.).
Mean X =

4y:s A.

Temp. 3o"C.

(i) Diameter of the aperture =
g.ss cm.

Time in Thio used per t/z.g X k1 Time in Thio used per !/2.3 X h
minutes 3e.o.ofthere.(unimotecu)M) minutes 3 0.0. of the re- (unimolecular)

acting mixture acting mixture
tt A A

Asthereiean inataotaneouaréactionbetweensodiumacétateandbrominethereadinmwarecommeneedsometimeafterthe mixint:upof thé reactanfe.The sodiumacetateM
addedin orderto avoidthe diNeuitythat théhydrogenionfonoedin theMaotiongreattyretardethé change.

The corresponding "ki" in the darkness = 0.0101

Therefore,

Pure !ight eSected in (i) = o.oi~t

PurelighteSèctedm (ii)= .0075
Pure light eBected in (iii) = 0043

me velocities of thia Nachon vary, too, as the square of the intenaities
of the incident light energy.

Reautt:–

T. I"1.
If proportionalto If directiypfmMr-
theaquafeof the tionalto toe

intenaties intenmtieB

Vetocity (i)
0.0141 1.74 1.32

Velocity (ii)"oo7s"

Veloci<y (i) 0.0141
=3.28 3.204 1.79

Velocity (iii)"4;"3'~

Velocity (ii) 0.0075
==1. 74 1.85 1.36Velocity (ui)""oo~

~3~

o 8.0 0.0. – 21 3.sc.o. 0.0:41
~3 3.95 0.0~6 38 0.9 .0349

Meanc' 0.0:4~

(ii) Diameter of théaperture = 3.09 em.

o 7.8c.c. –
23 3.o$c.o. 0.0177

i4 4.45 0.0174 50 i.o .0178

Mean = 0.0176

(ii) Diameter of the aperture '= :.6s cm.
o 7.i$c.o. 32 2.50.e. 0.0143

12 4.8 0.0144 80 0.55 .0144

Mean='0.0144
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!X. Ferroussu!phateand iodine.

FeSO< N/n; Is N/ias; KI N/gy.s.
Nofilterwasused.

Temp.i9.s"C.

(i) DiameteroftheapertuM= z.ocm.

Timein Tbiofor30.0. kt Timein 'Htiofo~M.
minutesoftheteMtmt:(Mmimotecu!at)minutesofthereacttn:(senumoteealar)

mixture mixture

The correspondingukt" in the dark = 0.00569

Therefore,

Theeffectoflight&lonein (i) = o. 0137

TheeSectoflightalonein (ii) a 0.00541
Theeffectof lightatonein (iii)= o. 00380

Result--

It appearafrom the abovethat the reactionbetweenferroussulphate
andiodineisdirectlyproportionalto the intensityofthe incidentlight.

L n. in.
If directtypropor- If proportionalto

tioMtto the theftquMerootof

intensity the inteMttyof
the incidentlight

Velocity ,53 ~8
Velocity (u)

= 2.53 2.778 1.77

Velocity (i) = q..oo a o0

Velocity (iii)
Vetooity (ii) = r.4a i.44 i.y,=1.4~ i-44 i.i7
Vetoclty (m)

0 4i-c.c. – 36 a.8 c.c. 0.0:96
ta 3.65 0.0190 54 9.25 .0194
25 g. .0190 66 ï.Sg 0202

Mean'= 0.0194

(ii) Diameter of the aperture i. z cm.

o 4-ï c.c. – 60 3.9 c.c. o.otoy
15.5 3.75 o.oia3 80 a.55 'o~7
40 3-~5 .oui = ïoo 3.2$ .0105

Mean= o.otii

(iii) Diameterof the aperture = i.ocm.

o 4.i c.c. – 85 2.ys c.c. 0.00861

iS 3.8 o.oloï 105 a.s .00844

65 2.8 .0108

Mean = 0.00949



~'0 B.K.MOKBtUtANDN.B.DNAB

X. Bleachingof dioyanin.
Initialstrengthofdiey&nia M/a~o.
Filtera4 andy (X~o 5450À.).
Metm\=s6<!oÂ.
Zerocorrection= 0.48 onthé density8ca!e.
Thicknessof observationcell= 0.385cm.
Temp.3i"C.

Diameterof thé aperture = 3.55cm.

Readingon 9<"recMMad-Extinotion t/a.gxk,minutes thedensity ingontheden- côtoient.
J

scale Bitysetde

Therefore,

Thepurephotoohemicalreactionin (i) = 0.001829
The purephotochemicalreactionin (ii) = .001187
The purephotochemicalreactionin (iii) =* .000888

o ï-02 0.54 1.4026 ––––.

0.95 .47 i.22o8 0.002740
S~ 0.88 .~o 1.0389 .002507

~° -a8 0.7273 .002852
~o .24 .6234 -002709

.002847
Mean 0.00273:

(ii) Diameterof thé apo-tute ==309cm.

o i.o2 0.54 t.4026 ––––
30 o-9S .47 1.2208 0.002010

-36 0.9351 .002071"° -30 .7792 .002127
-7~ .24 .6234 .002147

Mean 0.001790

(iii) Diameteroftheapertu!'e=2.6scm.
o 1.02 0.54 1.4026 ––––

40 0.94 .46 1.1948 0.001741
.36 o.935i .ooï76ï

~S .80 ,3~ .83H .001818
'SS .76 .28 ~273 .00:840

Mean = 0.001790

"kt" in thé dark = 0.000902
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The rate of this change is directlyproportionalto the intensityof the

incidentlight.

XI. Oxidationof iodoformin benzeneas solvent.

M/40Iodoformin benzene.

For e~timatingthe iodineconcentrations,3 c.c.of the mixturewaswith-
drawnat intervalsand run into a largeexcesaof ooldwaterandremovedto
darknesswhereit waskept for 30minutesbeforetitrationwithstandardised
sodiumthiosulphate–thésameamountof dilute starohsolutionbeingused

every timeas indicator.

Nolight filter wasused.

Temp.2300.

(i) Diameteroftheaperture =' 1.6cm.

Thé Mh! time in the above expenmentawaa noted some minutes after the light was
tumëd on.

Timein Thio used k. (zero- Timein TMoasedper k. = (zero-
minutes 3e.e.Mttutton motecutar) mintttM 3e.c.MtutMnmoteeubr)

o* 3.150.0. ï4. 4.60.0. 0.104
6 3.75 o.ioo 25 s.o .iio

Me&n*= o. 105

(ii) Diameter of the aperture =1.4 cm.

o 3.: c.c. – 18 4.6 o.c. 0.0800

7 3.75 o.o8oo 28 5-5 .o8ai

Mean = 0.0807

(iii) Diameter of the aperture 1.0 cm.

o 3.:5 c.c. 17 3.9 c.e. 0.0382

9 3.6 0.0390 27 4.3 .039°

Mean = 0.0387

Resuit:–
i. il. in.

If directlypropor. If proportional
tionatto the to thesquare
intensity rootof the

intecatty

Vetocity (i) 0.001829 x.~4 x.3a x.x5
Velocity (ii)" .001187"

Vetocity (i) 0.001820
–––-–––'=––––-='2.06 ï.79 1.~4
Velocity (iii) .000888

Veloeity (ii) o.oott8y = x,34 x.xy
Vetooity (m)" .000888*
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Thus the velocitiesof this reactionchangeproportionallyto the intensity
of the incidentlight.

XII. Sodiumformate and mercuricchloridein presenceof sodium
acétate.

Sodiumformate – o.8o8N;Mercuricchloride M/is; Sodium
acetate o.aStggm.in aoo.c.

The changein the concentrationofmercuricchloridewasdeterminedby
drawingout 3 c.c.of the reactingmixtureat notedintervals,runningit into
an excessof potassiumiodidesolutionofknownstrengthandtitrating back 1the retnainingpotassiumiodidewith a standardisedsolutionof mercuric Echloride.

No lightfilterwasused.

Temp.:o"C.

(i) Diameterof the aperture = 2.0cm.
'1

Resuit:–

1 n. KL
Ifdirecttypropor- IfpMporMona!to
tioaMtochange thé squMeroot

inmtemity ofthéchangein
intenetty

Vetooity (i)o.ois 1.301 1.304 1.142
Velocity (ii)"'o8oy"

Vetoeity (i)0.105 2.713 2.560 1.600
Velocity(m)"o~='

'-S~ 1-~

Velocity (ii)= o.o8o?
== 2.085 1.963 1.401

Vetocity(ui)"o387" c

Timein OfMMnpt.of t/e.gxk. Timein Gram-mol.of 1/9.3xtt<
mmutesmeniorMcMonde minutéemetonnocMotide

pergc.e.ofthe per~c.o.ofthe
solution solution

0 O.OOOlS~ 102 0.000!265 O.OOIS6
44 -oootsss 0.00157 t8o .00009486 .001568

Mean'=' 0.00157

(ii) Diameterof the aperture = 1.9cm.
o 0.0001890 tio 0.0001414 0.00104

50 .ooot6i8 0.00104 139 .0001302 .00105
Mean'=' 0.00104

(iti) Diameter of the aperture = 1.0om.
o 0.0001893 no o.oot476 0.000864

47 .0001678 0.000866 !8o .0001399 .000875

Mean =' 0.000868
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"k1"in the dark 0.000669.

Therefore,

Thevalueof "kt" in pure Ughtin (i) = 0.000908
Thevalueof "ki" in pure lightin (ii) = .000378
Thevalueof "kt" in pure lightin (iii) =' .000217y

Resutt:–

Fromtheabove,it is otearthat the reactionisdireotlyproportionalto the

intensityof the incidentlight.

XIII. Ammoniumoxalateand merouriochloride(in presenceof eosin
as a sensitiser.)

Mercuricchloride M/go;Ammoniumoxalate M/5; Eosin

M/20,500.
No lightSiterwas used.

Temp. 2t.s"C.

(i) Diameterof the aperture = 2.0om.

Timein GrMa-mo).of 1/2.3X kl Timein GfMn-mot.of t/z.3 X ki
minutesmeMunooMotHe minutes metcunocMMide

per 3c.o. per30.0.

o o.00002405 y~ o.ooooisoi 0.00278
36 .00001904 0.00282 Mean = o.ooayo

(ii) Diameterof the aperture= 1.2cm.
o 0.0000240S 71 o.ooooiSoo 0.00177

34 .000020QQ o.oot74 115 .00001501 .00178

Mean = 0.00176

(iii) Di&meteroftheapeFture = 1.0 cm.

o 0.0000240S 60 0.00001955 o.ooiso
28 .00002173 o.ooiS7 128 .00001501 .ooi6i

Mean= 0.00:56

i. IL III.1.
If direettypropor- If proportional

Monatto thé to thé BquMe
intemity rootofthe

Velocity (i) 0 000908
intel18lty

Vd..Jty
(i)~o~o~

Ve!ooity(ii) .000378

Velocity (i) 0.000908
==4.19 4.00 2.00

.(= =4.i9 4-oo 2.oo
Velooity (m) .000:17y

4. xg 4.oo a o0

Veloeity (ii) 0.000378
.r––-––=––=1.74 i.44 i.i?
Velocity (m) .ooo:tyy
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From the above it is apparentthat the rates of thé reactionare propor-
tional to the square rootsofthe ratiosof thé changeof incident intensities.

XIV. Potassiumpermanganateand oxaficacid (inpresenceof mangan-
oussulphateandsu!phurioaoid).

Potassiumpermanganate N/444.4; Oxaticadd N/32;Man-
ganoussulphate N/aS; Su1phl,lricacid N/2.7.

Filters8 and3 (X5000-4450À.).
MeanX ==4725À.

Temp.io"C. i

(i) Diameterof the aperture = s .0cm.
Timein Sodiumthicaut-j/~xit, Timein Sodiumthioaut- t/3Xk.minutes phateper30.0. minutesph.tepwac.o.

~theMactmg ofthereacting'M~M mixture
g

Therefore,
The valueof "kt" in purelightin (i) = o. 130
T&eva!ueof"ki"inpUMlightin (ii) = .106
The valueof "kt" in pureiightin (iii) 0888

1
o 3.625C.C. –

3 1.0 c.o. o.186
1 a.35 o.:88 3.9 0.75 .183

~-45 .t83 Mean= 0.185 2

(ii) Diameteroftheapertute=i.zcm.
o 3.6:50.0. –

3.~5 ï.05 c.c. 0.166
~'5 o.i6i 4~5 o.y5 .i6i

i-~S .156 Mean o.iôi

(iii) Diameter of the aperture ==i. cm.
o 3.6~0.0. 3.83 i.oc.c. 0.146

'7 ~-S o.!47 4.83 0.75 .i4a
1.65 .t4: Mea.n= 0.144

"kt" in the dark at M"C. = 0.0552.
The.Ktfnm

JKesuIt:–
ï- n. in.

K dtrecttypropos If proportional
t!omnto incident to thc MUMe

iatenaity root ofchange

Velocity (i) 0.00279

of intensity

Velocity ?'"00176"
8

1
Velocity (i) o. 00:79 1.80 4.00 2.00
Ve!ocity(iii) .~0156°~

8° ~°°

Velocity (I) 0.00176 1.13 1.44 1.17Vetooity(ia) .00156°'
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Fromthe abovetable it iac!earthat thoughthé velocityof this reaction
inereasesappreciablywith the increasein the intensityof the incidentlight
yet thereis no simplerelationbetweenthé two.

XV. Quininesulphateandchromicacid(inptesenceof sutphuncacid.)

Quininesutphato-M/75 in N/a B~S04;Chromicacid–M/8o.88;
Sutphunoacid – ï.~a N.

Nolight filterwasused.

Temp:99"C.

(i) Diameterof the aperture 1.6 cm.
Timein SodiumtMmubhate1/2.3X Time!n Sodiumthioauiph~tet/a.~Xkt
minutesper.;e.c.ofthéfe- minutesper3c.c.of thére-

actingmixture aeMngmixture

Therefore,

The value of "kt" in pure light in (i) = 0.0044~
Thé value of "kt" in pure light in (ii) = .001255
The value of "k1" in pure light in (iii) = .000600

o 6.isc.c. – 35 4.2 0.0. 0.00473

15 5.2g 0.00458 58 3.2 .00489

Mean = 0.00473

(ii) Diameterofthe&perture = 1.2 cm.
o 6.I50.C. 48 5-2 c.c. 0.00152

20 5-75 0.00146 70 4.8 .00154

Mean = 0.00151

(iii) Diameter of the aperture = t.o o cm.

o 5.i5c.c. 42 5.650.0.0.000879
21 5.8 o.000857 85 5.2 .000858

Mean = 0.000865

"tr." !n ttto f)a..)r nt ~r* ±- ~~<F

Result:-
L il, III.I. il. III.

na!If (Mreottypropor- If proportional
Monatto thé to the square

intenaity rootof the
inteneity

Velocity
(1)~0~30

Velocity (ü) .106

Velooity (i) 0.130 “ '4.00 2.00–––=-––='–-–==r.46 4.00 2.oo
Vetocity(ui) .0888

Velootty (ii) 0.106
––––ï.–.–L=––––=1.10 1.44 I.!?
Ve!ooity(iu) .0888
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It is apparentthat the velooityof this réactionis proportionalto the
square of thé intensityof the incident lightwithin the Unutsof expéri-
mental error.

Discussion

Fromthé foregoingresultsit will beseenthat the réactionsinvestigated
in this paperoanbe dividedinto the followingthree classes withregardto
the inBuenceof the intensityof the incidentlight on the velooityof the
reactions:–

VeiMity~MMKaetioM!~V~MityoftheKMtioMpM-Ve!ocityoftheMMtionadi.
pwttOMttothesqMreoftheporttonaItothesquMeMotKot!ypMportM!mItot~in-mtemttyofthemMdentHghtoftheinteMityofthe tenmtyof~eSdmtUKhtincidenthght

The reactionbetweenpotassiumpermanganateand oxalioaoidis slightly
influencedby light-the velocitychangingat a ratiowhich is evenlessthan
thesquarerootofthe intensityof thé incidentlight. Thero is alsosomediffi-
cultyin aasigninga definitepositionto the reactionbetweenferroussulphate
and iodinein the abovetable.

MMKMtttMgM
(i) Sodiumformate (i) Potassiumoxa- (i) Chromioadd

andiodine lateand iodine and oxalioadd

(ii) Roohellesalt and (ii) Ammoniumoxa- (ii) Sodiumcitrate
bromine late and iodino and iodine

(m) Quininesulphate (iii) Sodiummalate (iii) Oxidationof
andchromicacid and iodine iodoformin

benzenemedium

(iv) Ammoniumoxa- (iv) Sodiumformate
lateand mérou- and merouric
rie chloride chloride
in presenceof
eosin

(v) Sodiumnitrite (v) Bleaching of
andiodine dicyanin

Reautt:–

I-
If il.

to
m.

If proportion~to If djiectty
theMUMeofthe proportionalto thé
mMdentintenaity intensityof the

Ve!ootty (i)_ 0.00~47 .a

tight

Vetocity(u) "00~5 5

Velooity (i) 0.0044~
6 6

Velooity(ai)" .000600" ~'SS

Velocity (ii) 0.0012$
8

Vetocity (iii) ''000600
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It isvèrydimoultto findouta theoreticalsignificanceforallthesegroups
ofreactions. If thevelocitiesof the reactionsin the dark are not deducted
fromthe respectivetotal valuesobtainedin the light, the majorityof the
reactionsinvolvingiodineas oneof the reactantsfall into thésecondgroup,
that is, the reactionvelooitiesare proportionalto the squareroot of the
incidentlight.

Now,in the casesof réactionswhereiodineis one of the reactingsub-

stances,wehave observedthat the reactionsare semimoleouJarwithrespect
to iodine. It is very Mko!y,therefore,that in all the reactioDSinvolving
iodineas the photo-aotiveconstituent,the chemioalchangestake placebe-
tweenatoms of iodine. If we assumethat in such réactionsthe atomic
iodineis the photo-activesubstancethen,

ktXM-k~Ip

.m=~x*M'
[il

k. ksi
XI lit],

whereX is the intensityofthe incidentlightandkiandkaareconstants.
This explainsthat the rate of disappearanceof iodinefoUowsas the

square-rootof the intenaityof the incidentiUumination.
It may be notedfromthe above table that thé reactionsplacedin the

secondgroup-that is, the reactionswhosevelocitychangesas the square
rootof the intensityarevery prominentlyphotochemicalin nature. Such
markedlyphotochemicalchangeswhenoncestartedby lightarenotsomuch
affectedby increasingthe intensityof illumination(as is evidentby their
velocitieschangingproportionallyonly as the squareroot of the intensity)
as thosereactionswhicharenot sophotosensitive.

The reactionsbetweensodiumformateand iodineand sodiumcitrate
and iodine though semimolecutarwith respectto iodinedo not fall in the
secondcategory. The reasonfor this maybe attributed to the fact that
neitherof thesereactionsissomuchaeceteratedbylightas anyofthechanges
placedin the secondgroup. It is dimcultto assign,however,any definite
reasonforthefaotthat whileboththe changesarenotveryremarkablyphoto-
chemicalin nature,thé formerreactionis sovery sensitiveto the influence
of intensityas to changeproportionallywithits secondpower,whereasthe
latter,the reactionbetweensodiumcitrateandiodine,changesproportionally
onlyas the firstpowerof the intensity.

Fromour presentstate of knowledgeit is alsodimcultto explainwhy,
of all the other reactionsinvestigatedin this paper, the reactionbetween
quininesulphateand chromicacid thoughverymarkedlyphotosensitiveis
soprofoundlyaffectedby the variationsin the intensityof the light as to
changeas thésquareofthe intensity. It maybenoted,however,that though
thereactionis unimolecularwithrespectto thechromicacid,the reactionis
quitecomplexandthat thequininesulphatesolutionalsoexhibitsa marked
absorptionof light in the visibleregion.
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Simuardimcu!tyis fo!tin explainingthépeculiarbehaviorofthe reaction
betweenpotassiumpermanganateandoxalioaoidin that the velooityof this
changeis verylittleaSeotedby changingthe intensityofthe incidentlight.

In those cases whorethe velocitiesare directlyproportionalto the in. S

tensityof the incidentlight it may be pointedout that whenthe moleoules
becomeaotivatedby the absorptionof radiationthey decomposeor reaot
withoutanyfurtheralterationandthé velooitiesof the réactionschangepro-
portionallyto the intensityof the incidentradiation.

Fromthe presentseriesof exporimentswehave cometo the conclusion
that thé réactionbetweenmeroundchlorideand ammoniumoxalateispro-
portionalto the squareroot of the intensityof thé incidentradiation. An
explanationforsuohbehaviorcanbe offeredas toHows:–

In a previouspaperlit bas beenprovedthat the reactionbetweenmercuric
chlorideandpotassiumoxalateisbi-molecularin the dark,thoughthe ohemi-
calchangemayberepresentedby the followingequation:

HgClt+ (NH4),C,0<= Hg~ + aNH~Ct+ aCO. <

In viewof the aboveequation the réactionought to be tri-molecular,
whereas,it is foundtobebi-molecularaccordingto the kineticraeasurements.
It isapparent,that inthechangetakingplacethermallythemercunocMonde
moleculesreaot in the polymerisedform (Hg,d4) without dissociation, owhereas,in the reactiontakingplacephotoohemicaUythe Hg:C!<moteoutes
breakup into a pairof HgCl~moleoules)ust as moleeuiM'iodineatomises )i
into iodineatoms;andhence,this reactionisproportionalto the squareroot ir
of the incidentradiation.

Thé bleachingofdicyaninand the oxidationpf iodoformin benzeneare
directiyproportionalto the changein the intensityof the incidentradiation.

Hence,it appearsthat whenthe moleculesof iodoformand dicyaninbe-
comeaetivated by the absorptionof radiation,they décomposeand the
velocitiesof thé reactionschangeproportionaMyto the intensity of the
incident radiation. Onthe other hand, in the reaotionbetweenmercuric
chlorideand sodiumformate,the velocityis directly proportionalto the <
intensityof the incidentradiation. It shouldbe noted, however,that the
reactionbetweenammoniumoxa!ateandmercuricchlorideis farmorephoto-
sensitivethan the reactionbetweenmerouriechlorideand sodiumformate,
Moreover,the velocityof the dark reactionbetweenmercuricchlorideand
ammoniumoxalateis practicaltynegligiblein comparisonwith the light ré-
action. Similarlythe dark reactionvelocityin thé caseof sodiummalate
and iodineis negtigiNysmallin comparisonwità the reactionin the light.
But the motion betweensodiumformateandiodineproceedsin the dark at
a rate whiehis appréciablein comparisonwiththe light reaction.

It appearstherefore,that thereactionswhichare reaHyphotochemicalin
natureare likelytobeproportionalto thesquareroot of the intensityof the Eincidentradiation. It eeemsreasonableto expectthat in suchreactionsthe

Dhar:J.Chem.Soc.,ttl, yoy,(~ty). i
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velocitiesofthé chemioalchangeshouldnot be altereda greatdeal whenthe

reactionshave started onceby the absorptionof thé minimumquantity of

energy. Henoe,thèse reactionsshouldbe proportionalto powersless than

unityof the incidentlight.

Asregardsthe reactionbetweenpotassiumoxalateand iodineit maybe

remarkedthat the effectof the intensityof light on this reaction waanot

studiedbyDhar as isgenerallyassumedbysomeauthors. It isonly recently

that wetookup this investigationand the resultsare quite in line with the

conclusionsarrived at by Berthoudand Bellenot' and recentlyby Briers,

Chapmanand Walters'. Proportionalitybetweenthe intensityof light and

thevelocitybas beenfoundin the casesofthe followingreactions:-

Hydro!ysisof chloroplatinioadd,' the decompositionofhydrogenperox-

ide/ the decompositionsof potassium cobalti-oxalatel and potassium

mangani-oxa!ate*and for the initial stagesof the photolysisof the uranyt

formatesolutions.'
In all thèse casesit is dimeuttto imaginethe reactant moleculesto be

breakingupinto simplerconstituentsas the resultof the absorptionof light.

Henceit is expectedthat in all thesechangesthe velocitiesof the reactions

wouldbe directlyproportionalto the intensityof the incidentradiation.

In the reaction betweencMonneand hydrogen there is considerable

differenceofopinionamongdifferentworkerswithregard to the influenceof

the incidentradiationon the velocity of thé chemicalchange. M.C.C.

Chapman,'Marshall"and Kornfeldand MuUer"have upheldthat the re-

actionis directlyproportionalto the incidentradiation. Onthe other hand

Berthoud"suggeststhat the reactionis proportiMatto thé squareroot of the

intensity. Baly and Barker" however,support that the reaction is pro-

portionalto (1)~ It is verydimcultto differentiatebetweonthese diver-

gentresults. If the reactionvelocitybe dépendenton the squareroot of thé

intensityit can be assumedthat the chlorinemoleculesare nrst dissociated

intoatoms.
Now the heat of dissociationof chlorinemoleculesis s~ooo calories

correspondingto the wave length0.52~. It is wellknownthat the mixture

ofhydrogenandchlorinecombinesinsunUghtand inthat lightthemeanwave

lengthin the visibleregionisabout5000À. It seemsquitepossiblethat even

in thecombinationofchlorineand hydrogen,atomsof chlorinetake part and

1Helv.Chim.Acta,7,3o7(t?~).
J.Chem.Soc.,Ï29,56~(t9!6).

'Ann.phya.(9)2, $, M6(!9t<t).
Tittn:Ann.phys.,(9)5,348(t9'6).
6J.Vr~ek:Z.EtektMchemie,23,336(t9t7).
GhoshandKappana:J. Ind.Chem.Soc.,3,r27(t9:6).
E.C.Hatt:Z.physik.Chem.,92,5:3(t9ta).
J.Chem.Soc.,125,1521(t9ï4).
J.Phys.Chem.,29,842(t9:s).

"UnpubtiBheddata.
"Hetv.Chim.Acta,7,324(1924).
"J.Chem.Soc.,H9,653(t926).
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the reactionvelocityisproportionalto the squarerootof the intensityof the
light.

In this connectionit willbe interestingto observethat Bodensteinand
Lutkemeyor'have shownthat thé rate of reactionbetweenhydrogenand
bromineisproportionalto the squarerootof the lightabsorbed.

It is difficultto assignanyreasonfor the faotsthat the reactionsbetween
quininesulphateand chromicaoid, roohellesalt and bromine,and sodium
formateandiodineprooeedat rates whichare proportionalto the squareof
the intensityof the incidentUght. Asfar as we knowno such case bas
beenrecordedbefore. Theonly reactionwherethe velocityis proportional
to the intensityof radiationto a powergreater than unity is thé photo.
combinationof hydrogenandohlorineas investigatedby Baly and Barker.
Unfortunatelythe theoreticalsignificanceofsuchbehaviourisstilluncertain.

CAemtea!Z<t&<MH)<<
~HeAotad~n~M)-~
~H<tA<)tod,fndte
~<t~,Mi!7.

1Z.physik.Chem.,114,ao8(tf~).



SOLUBILITYRELATIONSOF ISOMEBICORGANICCOMPOUNDS

VIII. SolubHityofthe AminobenzoicAcidsin VariousLiquida

BY CHARLES L. LAZZEU,* AND JOHN JOHN6TON

In a previouspaper' therewerepresentedseriesofmeasurementsof the

solubilityof the three nitroanilinesin water, atcohot,benzene, chloroform,
carbontetraoMoride,ether, ethyl acetate and acetone;the corresponding

solubilityourvesfor the threeisomersare in generalverysimilar,yet differ

appreciablyin somecases,these différencesbeingevidentlysomehowcor-

related with the melting temperature(presumablya!sowith the heat of

melting)of thé crystallineisomer. Thèseresults indicatedthe desirability
of investigatingsimilarlya relatedseriesof isomersto learn more as to the

degreeof similaritywhichmaybe expectedin suchparallelcases. Conse-

quenttywehavemeasuredthe solubility,in the samesolvents,of the three

aminobenzoicacids,whichdifferformallyfromthé nitroanilinesonlyin the

substitutionof a carboxylgroupfora nitrogroup;in chemicalbehaviorthey
differ speoincaUyin the pronouncodamphotericcharacter of the'amino-

benzoicacidsin aqueoussolution,and in the readinesswith which they de-

composeat elevatedtemperatures.
Thereare fewdata availableonthe solubilityof the aminobenzoicaeids.

F!ascbnerand RanMn~determinedthe solubilityof each in water at tem-

peraturesrangingio the caseofthe orthofrom84~,of me<afrom 66°,ofpara
from 47°,up to the respectivemeltingpoint; deConinck*workedwiththe

metain water fromo°-yo°,and thereare scattereddata in various solvents
at températuresio"-35°. Thesolventsusedin the workhere presentedare

methyl, ethyl, and butyl alcohol,ethyl acetate, benzeneand chloroform;
the températurerange is from 25'*to the melting température of the re-

spectiveacidexceptin the caseofbutylalcoholinwhichfewermeasurements
weremade.

The materialsused,selectedfromthe purest stockobtainaMe,werepuri-
fied as follows:

<3r<Ao-o)M~M6e!)~<MCAcid. The C.P. acid was crystaUizedseveral times

from waterat about80°,boilingwaterbeingavoidedbecauseat that tem-

perature somedecompositionof the aeid occurs.~ Norite was used as a
decolorizerprior to the first crystallizationfrom water. Finally the.acid
was erystaHizedfromhot chloroform,whichyieldedas)ight!yyellowcrystal-
line material. A whiteproductcan be obtainedif the acid is sublimed,but

From apartofthedissertationpresentedtotheGraduateSchoolofYaleUniversity,
in June,t9~, byCharlesL. LMzeUmcandidacyforthedegreeofDoctorofPMtosophy.

CottettandJohnston:J. Phya.Chem..30,70(1926).
FlnsohnerandRanidn:Monatsheft,31,23(t~M).
OechanerdeConindt:Compt.rend.,116,758(t893).

<MaoMMterandSbrine)*:J. Am.Chem.Soc 45,s?' ('9~3)-
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there is somedecomposition,wMohnecessitatesa further orystallization
fromwater. Themeltingpointofthe aoidas purifiedwas î46.t";that given
in the literatureis t44"-t45". The meltingpointsgiven in thispaperwere
determinedby the usual oapiUatytube method;aUreadingswerecorreoted
foremergentstemsandthe thermometersusedwerecomparedwiththermome-
ters certifiedby the Bureauof Standards.

Me<a-<MHMK~M'ot'cAcid. The C.P. acid was crystaMizedseveraltimes
fromhot water,then from95%ethyl atcohot,andfinallyfromboilingwater,
whichin this casecausesno deoomposition.The M~<<!acidcanreadilybe

TABLE1

a) Benzene
C t

100.00 146.1
80.64 135.2
7t.a6 129.9
64.69 126.3
6t.74 i25.i
50.88 ïi9.6
51-03 i'9.3
34.96 ïïo.3
99-26 io8.3
22.22 101.6
i6.35 93.3

!3.ï3 89.5

8.7' 75.7
o.8i 25.0

c) Chloroform
C t

100.00 146.11

43.14 ïio.8

29.07 100.4

18.83 88.9

ïi.24 y6.5

1.57 a5.o

e) Methyl Alcohol
C t

100.00 146.11

25.92 77.1

'3-70 50.7
7.62 25.0

FinalExperimentalValuesof the Solubility,in Terms
of MolalPercentage,ofor<Ao-AminobenzoicAcidin:-

b) Ethyl Alcohol
C t

100.00 146.t

73.92 "55
38.19 939
33.03 86.5g

s6.04 773

22.19 68.Z

7.75 25.0

d) Ethyl Acetate
C t

100.00 146.1

65.03 izo.8

52.82 ïoS.o

29.73 76.8

i4'7ï 25.0

f) Butyl Alcohol
C t

100.00 146.:a

44.86 io4.6
26.80 80.11
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sublimedin vaouo,yieldinga very pure product. The productfrom either

crystaUizationor sublimationwas perfectlywhite,and had a meltingpoint
of 177.9",that givenin theliteratureM174°'

Para-aminobenwicAcid. The C.P. acidwas crystaUizedseveral times

fromwaterat 80°,boilingwatercausingdecompositionas in the case of thé

orthoacid,thenfrom95%ethylalcohol,andfinallyfrom waterat 8o". Upon
slowcoolingthe crystalscameout of water in long colorlessneedles,which

colorslightlyuponexposureto light; they have a melting pointof 18~,
whichis the sameas givenin the literature,:86°-i87".

The modeofpurificationof the severalsolventswas identicalwith that

describedin thé earlierpaperand so meednot be repeated hereexcept to

note that the methylalcoholboiledat 66.5'67° at 765mm.,andthe butyl
alcoholat 116.$'*at 760mm. Themethodofexperimentwasalsoidentical

withthat previouslydescribed;the onlydifferencebeing that in theanalytical

method,usedonlyat 2~ a weighedsampleof the saturated solutionwas

titrated with o.t molarsodiumhydroxidepreviouslystandardizedagainst
the pure acid. The resultsare againsatisfactorilyconcordantthroughout
the range. Thesolubilityof eachof the threeaminobenzoicacidswas de-

&) Benzène
C t

too.oo ï77'9
67.04 161.7
34.9' ïS6.?
ï9-54 IS3.5
12.6o 150.4
7.S4 i43.?
5.S3 138.5
4.~3 134.4
o.oo8 25.0

c) Chloroform
C t

too.oo 177.9

3~.13 ~S~-7

5.63 13~.9

3.6$ 124.8

0.05 zs.o

e) Methyl Alcohol
C t

100.00 ~77-9

20.07 ioo.6

9.73 86.2

1.70 25.0

TABLEII

FinalExperimentalValuesof the Solubility,in Terms

of MolalPereentage,of me<a-AminobenzoicAcidin:–

b) Ethyl Aloohol
tC t

100.00 i779

78.o6 163.6
47.92 140.5
24.H 115.5

ïi.89 98.6

I.ga 2~.0

d) Ethyl Acetate
C t

ïoo.oo ï~9

47.19 145.1

11.76 no.5

1.~0 25.0

f) Butyl Alcohol
C t

100.00 1779

29-35 138.7

20.72 127.2
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terminedover the rangefrom25" upwardsin benzene,chloroform,ethylal-
cohd;a lesscomplèteserieswithethyl acétate,methylalcohol,butylalcohol;the !ast two constitutingwith ethyl alcohola groupof closelyrelatedsol-
vents. The finalexperimentalresults are presentedin Tables1-111C beingthe molalpercentage(C = 100N wheMN is the molefraction)and t the
températurecentigrade.

Thesedata wereplottedona largescalein tenusofC versust; fromthèse
curveswerereadoff,at 10' intervals, valuesof the solubility,and theseare
hstedin Table IV, the séquenceof solventsbeing in orderof diminishing
so~ubthtyof the respectiveacid in the lowerpart of the temperaturerange.Thevaluesfor waterare derivedsimilarlyfromthe data ofFlaschnerand
Rankm.those in the columnheaded "Ideal" were calculatedfromthe in-
tegratedformof the solubilityequation on the basis that themolalbeat of
melting,and its dependenceupontempérature,is expressedbythefollowing
equatton,deriveddirectlyfromcalorimetriedata': M

1Andrews, andJohMton:J. Am.Chem.Soc.,48,MM(t<M6).DetMbofthémethodofc~cutattonmaybefoundinJ. Phya.Chem.,29,to~ï(~g).
~MtNotme

Final ExperimentalValuesof thé Solubility,inTerms
ôf MolalPorcentage,of para-AminobenzoicAcidin:-

a) Benzène

-0-"

C t
100.00 tSy.o
53.4~ t65.o
33.37 !6o.a2

~8.50 tgç.s
18.34 i~.s
'X.66 i~.a
~.14 ï54.8
4.98 139.9
!.n ia.i.y
0.04 25.0

c) CMoroform
C t

100.00 187.0
29.90 156.4

S.~5 x36.y7
0.13 as.o

e) Methyl Alcohol
C t

100.00 187.0
~.87 108.3
i7.75 86.5
5.94 25.0

TABLE III

b) Ethyl Alcohol.
t

ïoo.oo t87.o
65-5a tsg.a
48.01 140.1
30.00 ns.o
M.04 99.0
20.04 88.y
'5.a9 8t.3
~.56 75.8
4.97 zs.o

d)
C

Ethyl Acetate
t

ïoo.oo 187.0
4S.40 144.0
41.95 136.6
34-75 131.2
23.07 ni:
M.t9 82.1

f) Buty!AIcohol
C t

100.00 187.0
55.to 1~.2
33.36 134.5
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TABM! IV

SoluMHty of thé Aminobenzoic Acids in V&nous Solvents, as Interpolated

at & Sénés ot Températures, expfessed in Tenns of Mol Percent&ge, C.

*ENm Naschnerand Rankin, m.p. t44.6°C. Values extrapolated much beyond the

experimental fange where thé dope of thé carve eeema ancertain are enctosed in paren-

them

FromNaschnerandRanMn,m.p.!74.4;valuesbelow67°fromdeConinck.

b) mets (m.p. 177.9")

Temp. Ideal CH~)H C&OH EtOAe ButytAlo CHC!, C~. H,0*

25 6.3 1.70 ï.52 1.30 o.os 0.008 o.i

30 7.0 a.a 1.8 1.4 .3 .3 .2

40 ,8.8 3.4 2.s 16 .7 .4 .3

$0 10.9 4.6 3-2 1.8 1.1 .7 .4

6o 13.5 5-7 4.0 20 i-5 i'o .5

70 ï6.s 5 7.0 4.6 a.s 1.9 1.3 .6

8o 20.2 8.6 6.0 3.3 s-~ ï-6 .7

90 Z4.5 ïo.8 8.4 4.7 s.s 1.8 .9

100 29.5 i5-o ~7 6.8 2.8 2.2 1.4

no 35.4 20.3 19.7 ii4 3-' 2.4 3-5

120 42.1 27.9 ~7-9 ~9-~ 3.4 ~-7 '~6

130 49.7 37.5 37.3 ~8.4 22.4 4.8 3.6 26.3

140 58.3 (48.7) 47.4 39.S 30.6 95 5.9 399

150 67.8 (6i.o) 59.0 54.6 23.3 is.i 54.0

i6o 78.4 (73.9) 7~.8 (70.9) (68.9) (59.7) 70.0

170 9o.i x. (88.o) 88.0 (87.1) (88.o) (88.0) 87.0

a) <M'<~o(m.p. !46.ï")

Temp. Méat EtOAo C.H.OH CH~H ButylAle. CHC!, C.H. H,0*

25 11.3 ï4.7ï 7.75 7.62 ï.57 o-~

30 t3.6 15.2 9.0 8.6 a.o i.3
40 t5.S 16.8 ïi.6 ïo.8 3.0 z.3
go To.o t~z 14.6 13.5 4.4 3.6
60 :3.z aa.a 18.5 i7.~ 6.4 5.3
yo :8.a 96. 93.o 23.1 9.0 7-3
80 34.1 3~.6 a8.4 a7.8 26.6 13.0 9.9 o.6

90 40-9 39-0 35.2 (3S.o) 3~.6 19.5 i3.S -9
ioo 48.7 45.S 43.8 (43-S) 40.0 28.5 zo.o 2.4

no 57.7 54.4 54.4 (53.9) 52.0 4ï.8 34.3 31-2
120 67.8 64.6 67.0 (66.7) (65.3) 57.9 5~.5 55-~
130 79.a (77.7) 79.6 (794) (78.6) (72.0) 70.6 74.2
140 91.7 (91.5) 9~.3 (9~) (91.9) (90.i) 88.8 91 S
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DiscussionofResults
There is againa général similarityin shapebetweenthe solubilitycurve

of each of the threeaminobenzoicacidsin any onesolvent,as is apparent
fromFig. i. The ourvesfor the ~M<aand para isomersin water, benzene
and chloroformexhibit reverse curvature,implyingan approach to the
regionof two liquidJayers; in the caseof the ortho,this charactensticis
marked only with water, though with benzenethere is an indication of
similarbehavior. Thegeneral similarityof the curvesled us in this case
again' to seek somefunction of the solubilitywhiehwoutdyield super-

Cf.CollettandJohMton:lac.ett.,p. 80.

FromFtaschaerandR<~nMn,m.p.tM.o.
-1 > yt.

<M~o~H = 319:+ z5.i3t – 0.09341'
HM!oAH =*3389+ :s.29t o.o84t"
para AH = 308~+ :s6t – o.o6o3t'

Thecorrespondingvalues ofthé coeSeientam thé idéalequation

!ogN~ =
K,(~~) +

K. log
+ K,(T\ T)

TABLEIV (oontmued)

o) para (m.p. t87.o")
Temp. Ideal CH~H C.H.OH EtOAo ButytAb. CHCt, CJï. H,o
~5 7.i 5.94 4.97 5.i 0.13 0.04 0.7
30 7.9 (6.6) 5.4 5.4 (.a) .2 .2
40 9.6 (8.2) 6.5 6.0 (.4) .3
50 n.7 (9.6) 7.8 7.0 (.y)
60 ï4.i (n.4) 95 8.! (i.o) .6
70 ï7-o !3.4 n.8 9.? (i.:t) .78o 20.4 t5.8 14.8 ti.7 (1.5).8 o.7
90 a4.3 i9.o i8.4 14.3 (i-8) i.o i.t

100 28.8 32.9 22.4 17.7 (2.1) Ï.2 2.4
"o 33.9 27.7 27.3 M.o (2.4) 1.4 6.2
~o 39.8 33.8 33.1 ~7.8 (2.6) a.o 17.0
130 46.i (4!.i) 40.4 35.4 38.7 (3.0) 3.0 3~7
140 53.8 (49.8) 49.7 44.4 39.3 7.2 5.0 45.a
J5o 6a.o (59.6) 599 54.8 gï-t1 18.3 io.o 58.6i6o 71.1 (7o.t) 70.8 (66.3) 63.7 38.0 30.3 7~.0
170 8i.o (80.9) (8i.6) (78.8) (76.7) (73.8) 68.4 84.3

(90-3) (9~3) (90.o) 94.6FfomFtaschnar<m<<nAnMn m tfxn

are:

K. K, K,
ortho 4~9.2 5-546 -38.32 0.02042

451.0 4.741 -35.82 0.01836
para 46o.i 3.4~ -27.43 0.01318
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posablecurvea;butnone of theseattempts succeeded.Nor did wefindit
possiMoto superposethe oorrespondingourvesfor the ammobenzoioaoids
and the nitroanilines. There are therefore rea! dMferenceabetweenthé
curves,assooiatedwith speciScdi~erencesin the ohemioalnature of both
soluteandsolvent.

The orderof the severalUqu!dBwith respectto their solventpoweris,
forthe lower,andlarger,part ofthe températurerange,that ofthe correspond-
ingset of columnheadingsin TableIV. This orderis the same exceptfor

theor<Aoinethylacétate,ethylandmethylalcoholsat the lowertemperatures.
Thesolubilityof the orthois greatestin ethyl acetateup to about no°, at
whiehpoint (about35"belowthe meltingpoint of the solidacid) it ia ex-
ceededby that inthe methyl and ethyl alcohols,and thereafter the order
foraUthreeisomersis the same. Thesolubilityof eachisomeris nearlythe
samoinethylas in methylalcohol;foror<Aoethy! isslightlybetter, forM~N
methylis somewhatbetter, and for para the pair ofcurvescross at about
140°.Theorderofsolubilityofpara-nitroanilinein thefivesolventscommon
to bothinvestigationsis the sameas that of ortho-aminobenzoicaoid;butthe
< and Me<o-mtroani!ineseachshowa differentorderas betweenchloro-
form,benzeneandethyl alcohol. It is again apparentthereforethat oneis
notjastiSedin assigningan orderofsolventpowerto aseriesofliquide,based
on gradationsin their physicatproperties,even whenone is dealingwith
solutesas eloselyrelatedas thoseunderdiscussion.

If nowweconsiderthe courseof thecurvesdownwardsfromthe melting
températureof the solute,wefindthat initiallyall arecloseto oneanother
andto the ideal,but that they soondivergeand separateinto two groups.
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The Srst group,nearor the ideal,comprisesthe more polar liquids, ethyl
acetate, the three atoohob(and water at the higher temperatures); the
second,further from the ideal,comprisesthe lesspolar liquida, ohloroform
and benzene,the last being(withtheexceptionofwater)thé poorest solvent
in aUcases. With the, presumabtyless polar, nitroanilinesas solutes,this
groupingof solvents is lessweUmarked, the alcoholcurve ocoupyingan
intermediateposition.

lasteadofcomparingsolubilitiesat a fixedtempérature,it is perhapsmore
logicalto makethe comparisonat a fixeddistancebelowthe meltingtempera-

TABMV

Solubilityof the HydroxybenzoioAoidain SeveralSolwnta at a Sériesof
Temperatures,interpolatedfromthe data of Sidgwickand Ewbank';

in termsof Mol Percentage.

.a dataat tempeMtuKaia-64'byWa&erandWood:J.Chem.Soc-,73,618

Indudeadat&byWatkefandWood(ïoc.cit.),byBTaMhmrMtdRanMm(toc.ett.).Md
b~Ali!xejpN!tW.ed.

Aan.28,30S,(!886).Onundeteootingtwoliquidi.yersMereaN~;cattOMsotti&ontempérature89.5"(8.andE.).
tinctudeadatabyWatkerandWood,andbynaschnerandRanMn.1FiguMSmbracketeareextrapolated.

A. or<Ao(m.p. 159.0")
Temperature99%C~OH ButylAlo. BetMeme Heptane Water

50 ai.5 ai.i 1.0* – 0.07**
70 28.i 27.8 2.4 0.2
90 36.6 35.9 7.3 ï.3 .4

"o 48.1 476 23.2 3.s 30.5
130 65.a (65.4) 47.6 n.ï go.3
150 88.7 88.a (77.5) (84.5)

B. Me<a(m.p. 201.3")
70 i8.8 o.~
90 aa.o 20.8 3.4

"o 26.5 25.5 lo.o
~30 33.6 3~.4 0.9 Triple 22.2
~50 44.6 42.8 2.2 point 36.3
170 6o.8 62.8 ïi.4 i97"
19o 85.3 (86.5) 66.8

C. por<t(m.p.2ï3.o'')
f

70 i8.2 16.4 o.ot
90 22.5 20.2 3.2

~~o 27.0 24.6 Triple 10.5
~30 3~.6 29.5 0.5 point 20.4
~50 39.8 36.0 1.3 208.5" 31.6
~7o 49.0 49.0 3.6 45.6
~90 68.0 71.4 ï4.2 (66.9)
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turoofthe solute. If this Mdonc,the orderofdecreasingsolubilityin ethyl
alcoholis para, ortho,meta,whereasin benzeneit is ortho,para,M~aovera
rangeof 60° belowthe meltingtempérature but ortho,meta,para at lower
temperaturea.Thusit appearsthat the relativesolubilityofa groupofisomers
cannotsafelybe inferredfromthe order of their melting temperatures,but
dependsatso upon factorsassooiatedwith the différencein their ohemicat
properties. As an illustrationof this statement thé orthoand para, with
chemicalpropertiessimilarin many respects,showsimilar ourvesin ethyl
alcohol,whereasthe Me<a,withrather differentproperties,showsa some-
whatdifferenttype of curve,this is true for the nitroanilinesas wellas for
the aminobenzoicacids.

TABLEVI

Solubilityof the NitrobenzoioAcids,in terms ofMolPercentage.frotnthe
data ofSidgwickand Ewbank.

IneludesdatabyTTMchnerandRankin.

TABLE VII

Solubilityof the CMorobenzoicAcids,in termsof MolPercentage,fromthe
data of Sidgwickand Ewbank(for benzeneand heptane)and of

FlaschnerandRankin (forwater).

Temp. c~ (m.p.140.3°) NMta(m.p. !54.5*') para (m.p.241.5")
CJï. C,H,. H,0 €?< C,HMH,0 C~. 0,3. H,0

50 3.5 2.3
70 o.s5 6.2:2 i.i1

90 23.6 2.4 14.6 3.0 0.9
no 47.6 6.8 38.8 34.8 7.9 1.9
t3o 84.1 6o.o 80.2 6i.p 26.7 44.6 4.0 i.o
'So 93.~ (90.4) 87.2 8.4 1.7
'7° 26.5 4.0 o.8
~o 31.6 10.4 i6.ï
"° S3.8 25.7 (49.6)

*TwoUquidtaye)-a.

ortho (m.p. 146.8") M~o m.p. 141.4") para (m.p. 242.4")p.
ÇA C,H,.H,0* ÇA C,H,.H~* C~ï. C,H,. H,0*

50 o.a 2.6 T.P

70 1.4 0.9 6.o 76.8"
90 4.8 a8.8 17.4 33.9

no 24.6 Triple 49.8 4S.5 Tnptess.o
130 69.y point 77.0 80.1x point 83.0o o.iI
iso 139.6" ï3s° o.6
~o 5. Triple 13.55
'90 1~.6 point 35.6
~o 49.0 234" (6o.i)
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Comparisonmay alsobe madewith the data.of Sidgwickand Ewb&nk'
on the solubility of eachof the three hydroxybenzoioaoidsin water,99%
ethylalcohol,butyl alcohol,benzeneand heptane of the nltrobenzoioacids
inwater,benzeneand heptane;andofthe ch1orobenzoioacidsin benzeneand
heptane. Their results,originallyin tenus of weightperoentages,havebeen
computedin terms of mob, and plottedalongwithsuch otherdata as are
avaUable;values interpolatedat eventempératuresare presentedin Tables
V-VII,the soïvents beingarrangedin orderof diminishingsolventpower.

Fm.~a

The curves for these.setsof isomersin benzeneas solventare shownin
Kg. z. In these casesthesolubilityourvesagainexhibit the samekindof
disparitiesalthough superËoiaUythereis a generalsimilanty. Thehydroxy-
benzoicacids are eachabout equaUysolublein ethylaloohol(99%)and in
butylalcohol,but muchlesssolublein benzene. The solubilityin heptane
is muchless than in benzene,for allof thèsegroupaof acids;in waterthe
orderof solubility is irregular,aamightbe expectedfromthe appearanceof
two liquid tayers in someof the systems. Moreoverthere is no obvious
relationbetween solubilityand the meltingtemperatureof the solute,al-
thoughit does happenin someinstancesthat solutéswhichmeltabout the
sametemperature have nearly identicalsolubilitycurvesin somesolvent
overa considérablerangeof température.

No one solvent seemsto offerany specialadvantagein thé separation
of the isomers by recrystallization;for the ratio of the temperatureco-

SidgwickandEwbank:J.Chem.Soc.,119,979(l9~t).
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eSeientaof solubilityia about the sameforeach of the isomers,in anyone

solvent,within the practical température limits imposedby the boiling

pointof the suivent.

Summary

The solubilitycurvesfor each of the three aminobenzoicMtds wasde-

termined,from 2$*to the respective melting temperature, in benzene,

chloroform,ethyl alcohol,and ethyl acetate. A fewdeterminationswere

madeinbutyl alcoholand in methylalcoholin orderto ascertainthe position
ofthèseeurvesrelativeto that for ethylalcohol. Thedeterminationsat 25°
weremadeby the analyticalmethod,allothersby thé syntheticmethod.

The results are discussedbriefly,and comparedwith similar solubility

data,fromothersources,on other mono-substitutedbenzoicacidsandonthe

nitroanitines.Manyof the corrospondingeurvesare verysimilarin general

shape,but there are many departures which indicatethat the solubility,
evenof ctoselyrelated compounds,is influencedby the apeciocchemieal

natureof bothsolventand solute.



The Uviollamp,formerlyusedas the light sourcein manyresearchesin
photochemistry,was the subjectof energydistributiondeterminationsby
AIJmaad',whoalsodescribedpreviousattemptsin thisdirection. Owingto a
the low intensityofthe radiationfromthislamp,andtroublesdueto the un-
steadinessof the Paschengalvanometerused,the deneotionshe wasable to
obtain were very small, and thé possibiatyof error correspondinglylarge.
Althoughthis lampisnot likelyto be muchusedinfuture,it seemedto beof
interest to redetermineits energydistribution,as a muohmoresensitivear-
rangementof apparatuswasavailablein this iaboratory. It washopedthat
theresults obtainedmight usefuUybe appliedto someof thepublishedwork i
in which this lampwasused. Anexaminationof thesepapersconvincedus, 1
however,that toomany assumptionswouldbe involvedinrespectof trans. H
missionsof Sitersand absorptionsof solutionsunder investigationto make
thisworth while.

k

The arrangementof apparatususedwasessentiallysimilarto that de-
scribedby AUmand(loc.cit.) andby Franklin,MaddisonandReeve*in Part
II of this series. It consistedofa HilgerMonochromaticIlluminatorfor the
Ultra-Violet,witha water-cooledshutterbeforethe collimatoralit, and pro-
vided at the telescopealit witha Hilgerlinear thermopile,whiehwascon-
nected to a Pasohengalvanometer. The setting up of thé apparatushad,
however,been greatlyimproved,particularlywith regardto thé Paschen
galvanometer,whichnowrestedupona concrèteMock,weighingnearlya ton,
andstanding upona mound of!ooseearth in a pit, withnocontactwith the
floorof the building.The shietdingwasthesameaa that describedby Frank-
lin(toc.cit.) but asa!Iworkwascarriedoutat night,whentraSSodisturbances
wereat a minimum,the galvanometerwasmuchsteadier. Indeed,an un-
usual combinationof circumstancesgaveperfect steadinesson one or two
nighte,enabling smaUreadings to be made with great accuracy. A new
suspensionhad beenfitted to thegalvanometer,givingabouttwicethe senai- 1
tivity previouslyobtainable. 6

The installationof a TirnII regulatedmotor-genemtoralso enabled a o
constantvoltageeuppty(i 10volta)to bemaintained.

J.Chem.Soc.,!07,682(!9tg).
J. Phys.Chem.,2C,7~ (t~g).

STUDIESIN THE EXPERIMENTALTECHNIQUE0F

PHOTOCHEMISTRY

VI. The EnergyDistributionof the UviplLamp

BTTE. BNB8Ï.EY AND H. N. RIDYARD

Introduction

Experimental
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The woratdiSioultieslay withthe lamp itsetf. Thiswas bumt for the

maindeterminationsat 2.42amps,29.5volts,as thèsewerethe moststable

conditions. It wasfound that the lamp frequentlydepositedthin 61msof

merouryontheglass,thus changingtheenergydistribution,that it frequently
wentout,andthat as it had to beburntcloseto theshutter,in orderto getas

highan intensityas possible,the slightestchangein positioncauseda dia.

proportionatelylarge change in the intensity of any line beingexamined.

Heneethe methodwasadoptedof firstexaminingeachlineat 1-2 inter*

v&!s',and thencomparingthe deftectionsgivenbythe peaksof the varioua

lineswith that givenby one!ine(436~t) whiohwastaken as standard. As

manyunesaspossiblewere thuscomparedineachposition,andthe compari-
sonmadecompleteby bringingallthevaluesto a commonbasisof436 =*

ïoomm. Eaohlinewas examineda numberof times.

Finallyan attempt was madeto examinevariationof distributionwith

ourrentdensity. Thiswas notverysuccessfut,owingto the limitedstability
ofthe lamp,but a fewresultsaregiven.

The numberof deftectionsmeasuredfor eachUnein each comparison
varied from six to twenty. Underthe best conditionsit wappossibleto

repeata readingamounting to a fewmillimetressix times or more with

tessthan .5 mm.difference.Themaximumdeflectionobtainedin any case

was80mm.
Oneofus (H. N. R.) in collaborationwithD. W.G. Style,bas recently

publishedin this séries~an accountof renectionlossesin the apectrometer

used,and,theresultsgiven in Tables1and II arecorrectedby the factorsin

that paper.

Results

Meanvaluesaregiven in Table1 (corrected).
The denectionsobtained in the variousportionsof eachwave-bandwere

then comparedwith thèse peakvalues,and the resultsplotted in a graph

(Fig.i). Fromthe graph the areaof the diagramof eachlinewasfound,
andthis dividedby dX(thé wavelengthrangeincludedby the telescopeslit

at thia wave length),should givethe true energycontentof each line (cf.

Franklin,etc.:op.cit., 716). TheresultsaregiveninCol.3of TableI, and
it willbe seenthat they closelycorrespondwith the peakdeftectionsgiven
above.

SeeReew:J.Phys.Chem.,29,40(t9~s).
*J Phya.Chem.,3Z,86t(t9a8).

Taking 436 as 100 mm., the foUowingpeak comparisons were ob-

tained:-

579~ i6 16 38 47 37 36

546 97 104 ï26 102 us5
405 64 72 69 68 71 7~ 79 69
3<'S 30 30 31 33 3S
313 18 ao

303 a
%a- _t_ "1- l_u_~t
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In Col.4 are giventhe résultaof Allmand,for comparison. Thesehave
alsobeencorrectedfor reSectionlossesin the spectrometer,as this wasan
instrumentofthé samemake,andprobablythe mirrorwassinular. In any
case,thecorrectionsareverysmati.

In Col.s aregiven,forcomparison,figuresforoneof the quartzmereury
lampswhichhavebeenexaminedin thislaboratory.

Theserésultaare at 9.42amps.and 29.5vo!ts,exceptCoL4 (g.aamps.
and 34 volts.). The effectof changeof amperageis shownin Table II.
(correoted).

TABLEII

It willbenoticedthat thereispracticaUyno changein peakvatu~ when
the currentis raiaedfrom a.4a to 3.5 ampa. This agréeswith AIhnand's
results.

TheEnergyDiatfibuttonoftheUviolLampburning
at 39.5votts,2.43amps.

TABLE1

QuartzWave- Peak Are. Aihnaad'a S~Sy
length compariMna dA figures lamp
579W 36 34 27 us
546 io6 99 y2 no

436 toc 100 too 100

4<'S 71 76 57 46
365 3~ 33 4~ 146
3i3 M 16 i8 76
303 2 34

t~î" ~.f Comparisons Wave- Peak Comparisons
length !.sA.3oV. 3.5 A. 30.5V. length t.sA. 30 V. a.sA.go.sV.
~79~ 29 37 ~os 68

546 93 io8 365 27' 31
436 ïoo roo
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Theenergydistributionof the UviolLampbas beenexamined,and the
resultscomparedwith earlierworkand with the energydistributionof the

QuartzMercuryLamp.
Theauthors wishto expresstheir thanksto ProfessorA. J. AUmandfor

suggestingthis work,andforhiscontinuaihelpandencouragement.
Oneof'T8(E. B.) alsowishesto acknowledgea grant fromthe Boardof

Scientinoand InduatriatResearchwhusta Studentin Training.
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KingsCoMe~e,
CheimtolDept.
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Introduction
In this laboratoryworkis beingconductedon the physioalpropertiesof

various types of solutions. In a récentpaper*somedata on the physical
properties of aqueoushydroxy-benzenesolutions were presented. The
surfacetensionsofsolutionsof the sameconcentrationof hydroxy-benzenes
werefound to varyconsiderablywith the numberandpositionof the (OH)
groupsin the benzenering. The otherphysicalpropertiesinvestigatedwere
not innuencedin any strudng manner. As the numberof (OH)groupsin
the benzene ring increased,the hydroxy-benzenesbecameless effective
in loweringthe surfacetensionof water. The followingarrangementrep-
resentsthe orderofdecreasingability to lowerthe surfacetensionof water;
Phenol) Catechol) Resorcinol) Hydroquinone) Pyrogallol. This same
orderis shownby the data of HarkinsandGrafton.'

This orderofeffectivenessin loweringthe surfacetensionofwatermight
be expected and predictedfrom the nature of the substancesconcemed.
The magnitudeof the di-electricconstantmay be at least taken'asa quali-
tative measure of the degreeof polarity of a compound. The hydroxyl
groupis knownto be a polargroupand its polar influenceonthe benzene
ring may be seenby comparingthe di-electricconstantof benzene(2.27),
withthat ofphenol(0.7). It doesnotnecessarilyfollowthat theintroduction
of additional (OH)groupswill render the moleculemore polar,sincethe
polarityof a moleculeand its symmetryare intimatetyrelated.Theinfluence
ofsymmetryonpolaritymaybeillustratedby the followingdata'

Di-electrieConstant Di-etectricConstant
CH~NO:40.oo CHCI, ~.14
C(NO,)4. 2.10 CCt<a.24

Di-electricConstant

C<H6Br.o.82
C~ï<Br,(meta).8.8:

C<jH4Br:(para).4.~

Nitro methaneshowsa moderatelyhighdegreeofpolarity,as indicated
by the di-electricconstant. Whenmore nitro groupsare introduced,the
arrangementbecomesmore symmetricaland a correspondingdecreasein
polarity is observed. In the case of chloroformand carbontetrachloride,

'ContributionfromtheChemicalLaboretory,UniversityofOklahoma.
Swearingen:J.Phys.Chem.,32,785<!928).
J.Am.Chem.Soc.,47,t32e(1925).
Landott-BanMiein"Tabellen"(1905).

SOMEPHYSICALPROPERTIESOF PHENOLIN BENZENE'

BYLLOYDE. 8WEAB!NQEN
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the more symmetricalarrangementof the latter moleouleis very probably

responsiblefor the différencein polarity,as indioatedby the différencein the

di-electrioconstants. The dependenceof polarity on symmetryis alsoil-

lustrated by the brom-benzenes.
In the caseof thé di- andtri-hydroxybenzenes,we shouldexpectto find

the polarity of the moleculedecreasingwith increasingnumberof (OH)

groups,if this increasednumberof groups producesa more symmetrical
moleoule.This deoreasedpolarityshouldbemanifestedbya decreasein the

abilityof this moleculeto effect suchpropertiesas are determinedor in-

nuencedby inter-molecularattraction. This conclusionis in harmonywith

the data presentedin the previouspaper.
In the present paper, this work has been extended to the hydroxy-

benzene-benzenesystems, wherebenzène,uniike water, has a lowdegree
ofpolarity. Suchpropertiesofthesesystems,that are influencedby polarity,
shouldbe effectedin a very differentmannerfromthe correspondingeffects

observedwithaqueoushydroxybenzenesystems.

Experimental
Material. Phenol. Merok and Company. "AbsotutePhenol." C.P.

Samplesof this phenolwerepurifiedby repeatedfractionatcrystaHization.
Thetransparentcryatalswerestoredin glasscontainersina largedesiccator,
overconcentratedsulphurioacid.

Benzol. Merok and Company.. C.P. CrystallizableBenzol. This

benzolwas frozenand purified in a manner similar to that used for the

phenol.
The catechol,hydroquinoneand pyrogallolwereMerckand Company

productsof highestpurity andwereused withoutany additionaltreatment.
The resorcinolwasfurnishedby the MallinckrodtChemicalCompany,

C.P. quality, free fromdi-resoroin,phenoland acid. Thissamplewasused

without additional treatment.

The phloroglucinolwaafurnishedby the EastmanKodakCompanyand

wasused withoutadditionaltreatment.
Procedure. Solutionsof the phenolsin benzenewerepreparedby weigh-

ingout thé phenolsamplesinground-glassstopperedfiasksand then adding
the desired amount of benzenefrom calibratedpipettes. Solutionswere

prepared in whichthe mole fractionsof the phenol rangedfrom 0.083to

o.y86. Due to the smallsolubilityofthe di-andtri-hydroxybenzenesinben-

zene,a singlesaturatedsolutionwaspreparedin eachcase.

The density, viscosityand surfacetensionof the differentphenol-ben-
zenemixturesweredetermined. Onlysurfacetension data on the di- and

tri-hydroxybenzeneswere determined. Thesesolutionswereso dilute that
their viscositiesand densitieswerepracticallythe sameas these valuesfor

purebensene.
The densities were determinedin duplicateat !:5"Cwith a Geissler

pycnometer. The average of thé two determinationsis recorded. The

maximumvariationbetweenthe two valueswas eight units in the fourth
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decimalplace. Duplicate déterminationswith different pycnometers
showedthat the figurein the fourthplacewasreliable. A considerationof
the variousfactors inQuenoingthe determinationshowedthis place to be
about the limitof accuraey. Ail densitiesbave beenreferredto that of
waterat 4"C.

Theviscositiesweredeterminedat 25°witha modifiedtypeofOstwald-
Poiseuilleviscometer. Twodifferentviscometerswereused,onewitha fine
oapiUaryfor themixturesof lowerviscosity;the otherwitha largercapillary
for themoreviscousmixtures. The time of outflowwasmeasuredby two
stop watoheswhichrecordedtime to fifths of seconds. The data in all
casesare reproducibleto within0.6%. The averagesof four best deter-
minationsare recordedineachcase.

Thesurfacetensionmeasurementsweremadeat !:s°Cwith a duNoüy
tensimeter. The instrumentwas calibratedwith both waterand benzène
at :s''C. AHglasswarewascarefullycteanedand namedbeforeuse. The
thermostatwas maintainedconstantto within o.iC. The results were
easilyreproduciblewitha highdegreeofaccuracy.

Sincesomeof the materialsused in theseexperimentsare marked!y
affectedby moistureand oxygen,précautionwas taken whereverpossible
to dispt&eeair with dry nitrogen.

Restttts
Dueto the largedifferenoein the compositionof the solutions,the data

for the phenol-benzenemixturesbavebeen tabulatedseparatelyfrom the
di- andtri-hydroxybenzenedata.

TABLE1

Phenot-BenzeneMixtures

ViMMttyof pure benzène at 25"C. ftom FiscMer:Z. EiektMehemie,128, to (t~tg).
Surfacetenmonof pure benzèneat zs'C, from Mot~n and EgM: J. Am. Cnem.

Soc., M,2!5t (1917).
Data for pure phenol extmpohted fromdata.

Sample Mole Denaity Relative Absolute Surface
Fraction ~°C Viscosity VhcoaityX !0-' Ternion
Phenol ~~c a~C z5'C (Dynes)

as'c
o 0.000 o.S~ôa 1.000 S.578* 27.263**
ï 0.083 0.89112 1.145 6.592 27.375
2 o.!8i 0.9:18 1.479 8.5i6 27.88o
3 0.239 0.9236 i.ôoi 9-~18 28.183
4 0.279 0.9313 i.Soi 10.370 28.440
5 0.370 0.9477 2.oio 11.573 28.867
6 0.478 0.9710 2.945 ï6.957 29.891
7 0.522 0.9794 3.212 18.494 30.302
8 0.619 0.9988 44~ 25.404 3!.4i8
9 0.658 1.0065 4.833 27.828 3~20

io 0.692 1.0147 5.509 31-720 3~.776
il 0.762 1.0271 6.923 39.360 33-866
12 0.786 1.0340 7.683 44-239 34.an
13* (ï.ooo) (1.0775) ( ) (7~.500) (39.300)
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TABLEII
Benzene-Di-andTri-hydroxybenzeneMixtures

TABUSIII

ApparentMolalVolumeofPhenolin Benzene,25"C

Molalvolumeofsolidphenolat ao"Ccalculatedfromitsdensity.. 87.76
Molalvolumeofsolidphenolat i:5"Ccalculatedfromthedensityof

phénolobtained by extrapolatingthe densitiesof the

phenol-benzenemixtures.87.31
Discussion

The densityof the phenol-benzenemixturesis shownin Fig.i as a func-
tion of the concentrationof the phenolin the mixture. The relationis a
linearone,the density-molefractioncurvebeingforaUpractic&tpurposes&

straight Une. Extrapolationof this data givesa valueof 1.0775for the

density of phenolat the pointwhereits molefractionis unity. Dunstan,
Hilditchand Thole*report 1.070for the densityofphenolat as°C. Extra-

polationof the data of Morganand Eglon*givesapproximately1.0708for
the densityofphenolat zs~C.

J.Chem.8oc-,t03,tM([9!3).
J.Am.Chem.Soc.,38,844(t9!6).

Density MoleFraction Molesof GfMneof Volumeof The Apparent
Phenol Phenolin Phenol Solution MolalVolume

tooogram per tooo containing of Phenol in
ofBenzene gramsCtH< tocograma Benzene

ofBenzène
D X. Nt G, V 0

0.8736 0.000 0.0000 o.ooo H44 66 00.00
o.Sotz 0.083 1.1794 110.875 1246.53 86.70
0.9117 o.iSi 2.8596 270.651 i393 57 87.04
0.9236 0.939 4ono 379-o68 i493-St 87.04
0.93~3 0.279 4-9S~2 467.842 1576.10 87.05
0.9477 0.370 7.53~0 678.563 1771.29 83.n
0.97'co 0.478 ti.7104 1100.046 :i6:.67 86.9~
0.9794 0.522 13-9465 1309.820 2358.33 87.02
0.9988 0.619 20.7468 1049~70 2952.74 87.14
1.0065 0.658 24.6887 23*9-732 3298.16 87.22
i.oi47 o.692 28.7920 2702.743 3~49~7 86.98
1.0271 0.762 40.9~74 3846.473 47*8.55 87.34
1.0340 0.786 53 9445 5086.181 5883.21 87.84

Average(excludingNo. 6).87. n

Sample Concentration SurfaceTension.
of Baturated (Dynes)

Solution at Z5"C, !:5°C
Grams/tooo grama CtHt

Catecbol i-SS~ir 26.95

Resoreinol 4.209~ !6.9a

Hydroquinone o. 4010 !!6. 8$

PyrogaM 0.8340 26.85

Phloroglucinol 1.0008 a6.8s
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Théapparentmolal volumeofphenolin benzeneat !!5"Cwasdetermined
fromthe knownconcentrationsof the mixturesand their determinedden-
sities.

If N2representsthe numberofmolesofphenolin 1000gramsof benzene,
G.thénumberofgramsofphenolin 1000gramsofbenzeneandVthe volume
of the solutioncontainingtooo gramsof benzene,then the apparentmolal
volumeof the phenol in the mixture and thesequantitiesare related as
follows:

<&== ~"Y"
N,

Vis givenbythe equationV==(G, + iooo)/D,whereDis the densityofthe
mixtureat 2s°C. V. is givenby the equationV. = iooo/D., whereD. is
thedenaityofthe benzeneat 35"Candwastaken0.87369.Thisgivesa value
of 1144.66forthe valueofV., the volumeof 1000gramsof benzeneat 2<°C.

Accordingto Dunstanviscosity-concentrationcurvesmay be grouped
into three classes,accordingto whether the curveapproximatesa atraight
line,exhibitsa maximum,or a minimum. TheËFato!as8inoludesmixtures
of thosesubstanceswhichare chemicaUyindifferenttoward each other,
the moleculesof whicharenot associated. The secondcîassinoludesthose
substanceswhichare supposedto reaet chemicallywith each other. The
third dass is composedofthose substanceswhiehdo not react chemically
witheachotherbut do containassociatedmolecules,the lowviscositybeing
dueto thedissociationof thecomplex.

Theviscosity-compositioncurvefor the phenol-benzenemixturesshown
in Fig.a exhibitsa minimumand apparentlybelongto Dunstan'athird oiass
of mixtures. Phenol,in the liquid state must consistlargelyofassooiated
molecules. The dissociationof the complexinto the simpler forma will
havetakenplaceto a greaterextent in dilutethan in concentratedsolutions.
Referenceto Fig. 2showstheminimumpoint to comeat the sma!lerphenol
concentrations.
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Theviscosityofpurephenolat 2g°Cobtainedby extrapolationfromFig.

2 gtvesa valueof 0.0725absoluteunits. Bramiey~chtains a valueofo.t !04

absoluteunits for theviscosityof phenolat 20"C. Dunstan reportsa value

ofo.o8gforthe absoluteviscosityofphenolat 25"C.

Bramleyhas determinedthe densitiesand viscositiesof phenolin ben-

zeneforvarionsconcentrationsof phenolat :o'*C. For comparisonthe data

givenin Table 1 havebeen eonvertedinto weightpercent and thesedata

togetherwith the data of Bramleyhave beenreproducedin Fig. 3. Good

agreementis ahown&tthe lowerphenolconcentrations.At the highercon-

centrations,the curveshave the samegeneralform,but there is a consider-

abledisplacementof Bramiey'sdata in the directionof greaterviscosityat

1J.Chem.Soc.,M9,io(!9!6).
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the higherconcentrationsof phenol. This is to beexpectedfromthe tem-
peraturedifferences.

The surfacetension-compositiondata are showngraphicaHyin Fig. 4Thereisa markedsimilaritybetweenthesurfacetensioncompositionandthe
viscosity-compositioncurves. The latter are muchmoreconvextoward the
concentrationaxis than the fonner. The rise in surfacetensionwith con.
centrationof phenol is much moregradua! than the changein viscositywithconcentrationof phenol. Theminimumis locatedmoresymmetricallywith respectto the surface tensionof the purecomponents.Extrapolated

Fto.44

data givesthe valueof the surfacetensionof purephenolto be 39.3dynesat 25 C. Interpo)ateddata of Morganand EgM showthis value to be
approximately30.07dynes.

Saturated solutions of the di- and tn-hydroxybenzenesin benzene
(Table II) show a smatter surface tensionvalue than pure benzene.The
departuresin each case from the surfacetensionvalueof pure benzeneis
but sitght.

Whenphenolisdissolvedin water,there is a markedloweringof the sur-
facetensionof the solutionoverthat ofpurewater. Phenolis said to lower
the surfacetensionof water. Watermoleculesare highlypolarand a con-
siderableamountofworkwillberequiredto bringwatermoleculesinto the
surfacewhenthe surfaceis extended. Phenolmolecules,on the other hand,
beinglesspolarare brought into the surfacewitha smaUerexpenditureof
energy. The presenceof the phenolmoléculesin the surface,due to their
lowersurfacetension,tends to decreasethe surfacetensionof the mixture
of moleculesto a smallervalue than that for a purewater surface. Con-
sequently,whenthe surfaceof a phenol-watermixtureis extended,phenolmoleculeswillenter the surfacelayer to a greaterextent than the water
moleculeswill. Thiswill bringabout a concentrationof phenolmolecules
in the interfaceand the phenolissaidto beadsorbedin the interface.
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When phenol,with its modeste polarity isdissolvedin benzène,which
basa very lowdegreeof polarity, the phenoloperatesto raisethe surface
tensionof the solutionover that of pure benzene. Benzenemolecules,with
their lower polarityare more easilybrought into the interfacethan phenol
molecules. The extensionof a phenol-benzenesurface,the entranceof ben-
zènemoleculesinto the surface layer will be favoredover the entranceof

phénolmolecules. Somephenol moleculeswillhoweverenter the surface

layer,even at lowconcentrationsof phenol. As a result of their entrance
intothé surfacelayer,the surfacetensionof themixedsurfacewillbe some-
whatgreater than that of the pure benzenesurface. Thé concentrationof
the phenolmoleculesin the surfacewillincreaseas the concentrationof the

phenolinoreasesin the bulk of the solution. As a result of this inoreasing
phenol concentrationin the interface, the surfacetension of the solution
willgradually increase. The concentrationof the phenolmoleculesin the
interfacewill alwaysbe less than the concentrationof phenolin the bulk
of the solution,as long as there is any benzenepresent. This may be
describedas a caseof negativeadsorptionof phenolor positiveadsorption
ofbenzenein the interfaciallayer.

Summary
i. The densitiesof phenol-benzenemixtureshave been determinedfor

various concentrationsof phenol, at zs~C. The relation betweendensity
andconcentrationis a linearone.

a. From the observeddensities and the known concentrationof the

mixtures,the partialmolalvolumeofphénolinthe variousmixtureshas been
calculated. The valuesobtained have been practicallyconstant,indicating
that phenol and benzeneform essentiallyan ideal solution. The average
molalvolume of the phenol in the mixturecorrespondscloselywith thé
molalvolumeofphenolas caleulatedfromthe densityandmolecularweight.

3. The viscositiesof phenol-benzenemixtureshave beenmeasured. A
deoidedminimumin the viscosity-compositioncurve bas beenfound,the
minimumpoint beingvery pronouneedin the moredilute phénolmixtures.
Thisbehaviorbasbeenexplainedon the basisofassociatedphenolmolecules
in the more concentratedsolutions,whichdissoeiatein the moredilutesolu-
tionsto give thisabnormaleffect.

4. The surfacetensions of the various phenol-bonzenemixtureshave
beendetermined. A minimumbas also beenfound in the surfacetension-

compositioncurves. The surface tensioneffectsnoted are explainableon
thebasiaofnegativeadsorptionof the phenolat thephenol-benzeneinterface.

Norman,Oklahoma.
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BY 8. V. BAOHAVA RAO ANt) H. E. WATSON

It bas previouslybeenshownby oneof us' that the yellowcompound
HS.Hg.CNSpreparedby the actionof thio-ureaand ammoniumsulpho-
oyanideupona concentratedsolutionof mereuricchloridein aeetioacid in

présenceof an oxidisingagent is veryrapidlytumed blackby exposureto

Mghtandregainsitsoriginalcolourafterstandingfora short timein the dark
or on heating. The compoundsCl.Hg.CN8,Br.Hg.CNS,and I.Hg.CNS,
the firstofwhiohwasoriginallypreparedbyMcMurthy'havealsobeenshown
to possesssimilarproperties.

The correspondingoyaaatesandselenocyanideshavenowbeenprepared,
as wellas a numberof doublesulphides,and the phototropiopropertiesof
the moresensitivecompoundshavebeenexaminedina quantitativemanner.

Attempts to preparesimilartelluriumoompoundshavenot beensuccessfuL

Experimental

Thèse compoundsare ail insolubleor veryslightlysolubleinwater and
accurate analyticalresults weresomewhatdiffioultto obtain. The figures
given are suScientto identifythe compoundswiththe auggestedformulae
but are not accurateenoughto indicatethé preBenceof smallquantities
of impurities. As it wasconsideredpossiblethat the phototropioproperties
might be consideraMymodifiedby tracesof foreignmatter a comparison
wasmadein severalcasesbetweenpreparationsofthésamecompoundmade
at differenttimesand by alternativemethods,but thé différencesobserved
werealwayssmalland hardlybeyondthé limitofexperimentalerror.

In conductingthe analysis,merourywasestimatedas sulphideby Vol-
hard's methodaftersolutionof the compoundin aquaregia. Halogenswere
determinedby deoomposingthe compoundswitha large excessof fusion

mixture, sulphurby heatingwith sodiumcarbonateand potassiumnitrate
and estimationas bariumsulphate,andseleniumby solutionin aquaregia
followedby evaporationwithhydrogenchlorideand precipitationwith sul-

phur dixoide. Whenseleniumwasprésent,mercurywasestimatedas mer-
curouschloride.

Cyanates

The compoundsHS.Hg.CNOandHO.Hg.CNOcouldnot beobtainedby
treating a mercurysalt with ammoniumcyanateand thioureaor urea.
'The halidesCLHg.CNOand Br.Hg.CNOwerepreparedby boilingtogether
equimolecularproportionsof mercuriocyanate and the mercuryhalide
for some time and filtering. The complexsalta crystallisedout. The

Nature,111,775(!92~).
J. Chem.Sec.,S5,50(t889).
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iodinecompoundcouldnot be producedin this way but wasobtainedas
an insolubleresiduewhenmerouriocyanatewasboiledwitha slightexcess
ofpotassiumiodide,the yieldbeingquantitative.

The bromineand iodinocompoundswerealsoformedby the actionof
analcoholicsolutionof thehalogenuponmercurouscyanate.

C~ro-mercMftccyanateia a palebrownsubstance. It tums darkbrown
inabouthalfan hourin diSuseddaylightandregainsits originalcolourafter

keepingit in the darkfor twodays. AnalysisgaveHg,72.3;CI,12.7:CI.Hg.
CNOrequiresHg,7z.o;Cl,u.8.

BroMto-NMfCMMCcyanateis yellowand darkensmore rapidlythan the

chlorocompound.The time for reversaiis about the same. Analysisgave
Hg,oa.P!Br, zs.i Br.Hg.CNOrequiresHg,6z.t;Br, 24.8.

fo~o-MtcrcMnccyanatebasa brightgoldenyellowcolourandblaokenscom-

p!etetyin about 3 minutesin dinuseddaylight. The reversaitakesplace
slightlyfaster than in the two precedingcases. Analysisgave Hg, 53.6;
1,34.2:1.Hg.CNOrequiresHg, 54.21,34.4.

To avoidlossof iodineduringanalysis,decompositionof this compound
waseffectedby gentleheatingwith potassiumhydroxide.

SeteaocyaaMes
·

The compoundsHS.Hg.CNSéand HSe.Hg.CNSeas also the halogen
doublesaltswereobtainedwithoutdimculty. ThecompoundHSe.Hg.CNSe
isnot phototropic.

C'Mm'o-MMrcMrtCse!eKocyoMtdehas been prepared by Rosenheimand
Pritzlby addingpotassiumselenocyanideto a concentratedsolutionof mer-
ouriochloride. It can alsobe preparedby treating merourieselenocyanide
witha dilutesolutionof potassiumchloride. It is veryfeeblyphototropie.
Analysisgave Hg, 50.2;Se, 23.8;Ct, 10.1:CLHg.CNSerequiresHg, 58.7;
Se, 23.3;Cl, 10.4.

Foranalysisthe compoundwasdecomposedwithpotassiumhydroxide.
Brotno-~ercM~cse~TMX~MtM~ewas preparedby treating mercuncseleno

oyanidewitha dilutesolutionofpotassiumbromide. It isa veryfinepowder
and blackensin about 2 minutesin dinuseddaylight. The originalcolour
returns in about 24 hoursat roomtemperature(30"). AnalysisgaveHg,
5!.5;8e,2o.3;Br,20.8:Br.Hg.CNSerequiresHg, si.o;Se, 2o.6;Br,20.8.

fo<fo-mereMrtcselenocyanidepreparedin ananalogousmanneris anorange
powder. It darkensin !essthan 2 minutes. The reversâtis muchslower
than withthe brominecompound. AnalysisgaveHg, 45.7;Se,18. I,2<).i
I.Hg.CNSerequiresHg, 46.2;Se, 18.3;I, 20.3.

B~r<MM~o-MercMncselenocyanideis formedas a lightbrownsubstance
whena slowcurrentof hydrogensulphideis passedthroughmercuricselen-

ocyanidesuspendedin water. It is very feebly phototropictakingan
hour and a half to darken in diBuseddaylight. It retumsto its original
colourin the dark in about3 days. AnalysisgaveHg, 60.2;Se,23.9;S, 0.5:
HS.Hg.CNSerequiresHg, 50.2;Se, 23.4;S, 9.4.

Z.anorg.Chem.,M,275(1909).
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~<<)'ose!fM<MercM'!ea~toq/aMM~ia a browncompoundwhichappears
to be HSe.Hg.CNSefromitsmethodofformation(i.e.by passingHjjSeinto
Hg(CNSe)j)suspendedinwater)andisnotphototropio.

~f~rosekMO-mercMrtculphocyanidesimilarlyformed as a greypowder
on passingH:Se into Hg(CNS)isuspendedin wateris alsonot phototropio.

DoubleSulphidesof Mercury
The twocompoundsHgtStBr:and Hg,StI: firstpreparedby Franoeschi'

havebeenfoundto bephototropiobyVamhatu.~Thecorrespondingchloro-,
sulphocyano-andse~nocyano-compoundshave beenprepared. Anattempt
to preparethe correspondingcyanideand cyanateendedin failure.

T'nmefCMWc-dtSM~o-~t'~o~debas beenobtainedas a whitecrystalline
substanceby addingpotassiumchloridesolution to a solutionof freshly
precipitatedmercuricsulphideinmercuricacetate. It bas alsobeenobtained
by addinghydrogensulphidesolutionto merounccMondesolutionacidified
with hydrogenchlonde.' It turas black in about ïo minutesin diffused
daylight. Reversaitakes twodaysat roomtemperature.

7'n)KereM~o~tSM!pA<w<t$M<p~oc!/aM<~is preparedfrom mercuricsulphide
dissolvedin mercuricacetateby precipitationwith potassiumsulphocyanide
solution. It is yellowat firstbut becomesslightlygreenish. It darkens in
diffuseddaylight in about 2 to 3 minutesand regainsits originalcolour
in the darkafter two days. AnalysisgaveHg, 76.6;S, 16.5:Hg,8:(CNS)!(
requiresHg, 77.0;S, 16.4.

T~~<Mr!c-dMM!pho-dMe!eKoc~<BMd€is preparedin an analogousmanner
by usingpotassiumselenocyanidesolutionfor precipitation. It is a brown
solidwhichturns crimsononexposureto light for about sixminutes. It
regainsitsoriginalcolourinabout40hoursinthe dark.

For determinationof sulphurthe substancewas fuaedwith a mixture
ofpotassiumnitrate andsodiumcarbonate;the fusionextractwasrepeatedly
boiledwithconcentratedhydrogenchloridein whichseleniumwaaprecipi-
tated and filtered. Fromthe filtrate the sulphatewas preoipitatedin the
usual way. Analysisgave Hg, 68.4; Se, 17.9; S, 7.2; Hg,S,(CNSe)are-
quiresHg,68.7; Se, 18.1;S, 7.3.

DoubleSelenidesandOxides

The selenidescorrespondingwith the halogendoublesulphideshave also
been preparedand examinedtogether with one oxygencompoundHcjtOt
(CNS),.

7'nm<fCMnc~Me!eMO-<A!ondeis formedas a white precipitatewhen a
slowstreamof hydrogenselenideis passedinto an aqueoussolutionof mer-
curicchloride*. It is feeblyphototropio,takingnearlytwo hoursto darken
in diffuseddaylight. Reversaitakesabout z daysat roomtemperature.

BoU.chim.fann.,SS,48:(t9t6).
J. Sei.Ass.Visianagram,!0t(!9~).
RoséandPahn:Rum.Phann.Zt< tM2,120.<Uebmmn:JahMttber.,1MO,
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TnMefeMWc-~Me!etM-dt6fo?Ktdeis obtainedas a paleyellowsubstanceby

passinghydrogenselenideinto a solutionof mercuricbromide. It takes 40

to 50minutesto darkenoompletelyin diffuseddaylight,whilein the direct

sun the changeis broughtabout in 8 to 10minutes. The reversechange
takes about36hours. AnalysisgaveHg, 65.4;Br, 17.6;Se,17.2 Hg~SeiBr:

requiresHg, 65.4;Br, 17.4;Se, 17.2.

T~mercMnc~Me~M-dModtt~Mobtainedas a light brownsubstanceby

treatingeither ttimercuno-diseteno-dichtorideor the dibromidewith excess

ofpotassiumiodidesolution. It darkensin lésathan 5 minutesin diffused

daylightand takes the sametime as the dibromideto recover. Analysis

gaveHg,50.6;I, 25.3;Se, 15.8:HgtSejjïzrequiresHg,59.3;I, 25.0;Se, 15.6.

T'n~MercMftc-~toa~MM~p~ocyamtdeis formedas a yellowpowderwhen

mercuriosulphocyanideis treatedwith ammonia. It is very feeblyphoto-

tropictaking3 to 4hoursto darkenin sunlight. Therecovery,however,is

completein three days. AnalysisgaveHg, 80.5;8, 8.7:Hg~O!(CNS):re-

quiresHg, 80.3;S, 8.5. No waterwaseliminatedon decomposingthe com-

poundbybéat.

Table1givesa !istof thèsecompoundsandtheirproperties.

TABLE1

PhototropioMercuryCompounds

Substance Colour Darkeningtime,Timefor recovery,
minutes days

CI.Hg.CNO Pale brown 30 2

Br.Hg.CNO Pale yellow 15 z

I.Hg.CNO Goldenyellow 3 i.55

C!.Hg.CNS White ao 2

Br.Hg.CNS White 9 z

I.Hg.CNS Orangeyellow i 1.55

CI.Hg.CNSe Pale yellow 20 1.5g

Br.Hg.CNSe Yellow a i

I.Hg.CNSe Orange <2a 1.55

HS.Hg.CNS Lemonyellow <i

HSe.Hg.CNS? Grey not ph.

HS.Hg.CNSe Pale brown 90 3

HSe.Hg.CNSe? Brown not ph.

Hg.Ci,zHgS White 10 2

Hg.Br:HgS Pale yellow 3

Hg.Ii.,zHgS Orangeyellow <i1 2

Hg.C!2HgSe White 120 2

Hg.Br:2HgSe Pale yellow 45 i-55

Hg.It.,2HgSe Pale brown 5 i.5 5

Hg(CNS)i!2HgO Yellow 200 3

Hg(CNS)!).,2HgS Yellowgreen 3 2

Hg(CNSe)2.,2HgS Brown 6 i.55
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It is interestingto note tbat althoughthe darkeningtimes for these
compoundsvary througha very widerange, the timesof recoveryare ail
of the sameorder.

SpectroscopieExamioathm
The more activeof theseoompoundshave beenexposedto light in a

spectroscopein order to comparethe effect of the differentwave lengths.
Similarexperimentshavebeenmadeby H. Stobbelwiththe fu!gideausing
a specialspectroscopewhichgaveveiyintenseFilumination.In the present
caseowingto the greatersensitivityof the compoundsexaminedan ordinary
spectroscopecouldbe used.

The substancewasmixedwithsufficient0.1 per centsotutionof gelatine
to enableit to nowfreely,coatedon a glass ptato and dried in the dark.
Stripsof the plate werethenexposedfor varyingtimesin the speotroscope
to the lightfrom a 100o.p.pointolitelamp. For examinationin the ultra-
violeta quartz speotroscopewaausedwith an ironarc as source of light,
but this was somewhatdiffioultto keep constant in intensity and conse-
quentlymostof the meaaurementsweremade in the visibleregion.

As the compoundsunder investigationregainedtheir original colour
in the dark, it was anticipatedthat exposureof thé darkenedsubstance
to red lightwouldhavea bleachingeffectand thiswasfoundto be the case,
the generalactionof tight beingbleaching(of thé substanceafter exposure
to whitelight) in the red or infra-red,a neutralzonein theyellowor orange
and darkeningin the greenandblue.

In orderto preservea permanentrecordof the appearanceof the plates
after exposure,they wereilluminatedwithlight ofa wave-lengthwhiohhad
no action upon them by meansof filtersand photographedupon a pan-
chromaticplate.

Fig. iA.showsthe curveobtainedfor the compoundH8.Hg.CNSwhen
the reciprooabof the timesof exposureare plotted against the limits to
whichvisibledarkeningextendedafterexposure. Theportionof the curve
belowthe zeroline indicatesthat thepreviouslyexposedplatewas Meaohed
in the timenoted. It willbeseentbat thecurvebasa Qattopand verysteep
sidesso that the chiefsensitiveregionia distributedover a comparatively
widebandoffrequencybut the limitsare fairlyaharptydefined. This could
be distinctlyseen on the platesto whichlongerexposureshad been given
in whiehtwo dark zoneswerevisible,the central darkerone corresponding
with the abovenmits.

The darkeningin the ultravioletwasapparentlyuniformand extended
to the limit of transmissionof the speotroscope. Similarlytho bleaching
effecthad no evidentmaximum,and examinationwith a grating (for the
loanof whichweare greatlyindebtedto Dr. E. P. MetcaKeof the Central
College,Bangalore)intothe infra-reddidnot disctosethe existenceof a non-
sensitiveregion.

1Ann.,350,t (tgoS).
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Fig. also showssensitivityourvesforsevenothersubstances. Theyare
all of a Rimuarnature except the onefor thé compoundHg!StCItwhich

exhibitsfairlyuniformdarkeningin the blueand ultravioletregionswitha

eharpeut offin the green,but nomaximum.Theexactshapeshownforthe

ourveson the blueaidemaybe in somecasesnot quitecorrectowingto the

absorptionof the glass,althoughcheokedas acouratelyas possiblewiththe

quarts apeotrograph.The limitaofsensitivenessat the red endare however

welldefinedandit willbenoticedthat thesubstitutionofCIbyBr andBrby1

in the seriesHgtS~X:resultsin a shiftofthe maximumand ofthe excitation
limit towards the red. A similarshifttakesplaceon substitutionof 1 for

Br in the compoundBr.Hg.CNSe,and alsoin the seriesI.Hg.CNO,I.Hg.
i CN8,I.Hg.CN8e.

The points at wbichreversaibeginsare also markedwhen they could

be ascertained,but in severalcasesthey weretoo far in the red to be de-
tected. Some observationswere also made with the compoundsHgaS<

(CNS)~and HgtS~CNSe)!. The regionofmaximumsensitivencssfor thé
formerextendedfrom4550~5000A.U.thus coincidingnearlywith that for
the compoundHg!S:Br2but the sensitiveregionreachedonly to 5700and

reversaistarted at 6000as comparedwith625oand 6850for the bromine

compound. The seleniumcompoundhad a widermaximumsensitiveness

(4800-5575)further in the red than that of the sulphurcompoundandthe

sensitiveregionreachedto 6350. Reversaicouldnot be detected in the

spectroscope.

Actionof the Medium

It bas beenmentionedthat gelatinewaausedto attach the varyingcom-

poundsto the glassplates. Preliminaryexperimentsweremadeto determine
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The quantityof gelatinebas thus a distinctinfluenceuponthesensitive-
ness,there beinga maximumat a concentrationof about 10percent.of the
weightof the substance.

It bas beenobservedby M. L. Dey' that a gelatine emuMonof Hg~SJ,
blackensmorerapidlythan the pure substancebut he alsostates that the
reversechangeis completelyinhibited. Asthis latter observationwas not
confirmedby ourexperimentsit wasdecidedto examine the phenomenonin
somewhatgreaterdétail.

Plates were coatedwith three differentcompoundswith the addition
of mall quantitiesof bindingagentsand eMhset exposed to diffusedday-
light until the coloumtionreacheda standardshade. The times taken to
attain this colourwerenoted. The plates werethen put in an eleotricauyheated oven at either500or 700for 45 or 35minutes respectivelyand the
extent to whichbleachinghad takenplaceat the end of the timewasnoted.
Therelative orderof recoverycouldthus bejudged. Table III showsthe
results of theseexperiments.

In the experimentsmarked (a) reversalwaseffected at 50"and in those
marked(b)at 70°. Asthe orderof reversalwasthé sameat both tempera-tures in everycase,onlyone set of figureshasbeen given. There is no re-
lationbetweenthe times(a) and (b)or for thefigureswhichreferto different
compounds. Theonlyresultswhichare comparableare thoaefor the same
substancewith differentmedia shownin onevertical column. From these
it maybe seenthat the velocityofcolourationdependedin everycaseuponthé medium onlyand that whileagar agar,golatineand collodionin the
amounts employedexerted a marked acceleratinginfluence,gum arabic
produceda retardation. AUthe mediahada retarding influenceupon the
reversereaction.

Nature,U2,~o (tg~).

the effect of this substanceon thé sensitivenessusicg the compoundHS.
Hg.CNS. Plateswerecoatedwithsuspensionsof the compoundin gelatine
solutionsof differentconcentrationsand exposedin the spectroscopefor
vsrying'penods. Abouti gramofsubstancewasmixed with100.0.ofgetatino
solutionso that in the caseof a i per cent.solution the weightof latine
amountedto 10percent.of the weightofthecompound. TableII showsthe
regionin whichperceptibledarkeningoccuned.

TABMII

EffectofConcentrationofGelatineuponScnsitivenessofHS.Hg.CNS.
Cône.ofGetfttine R~:ondattened(A.U.)tn

2 minutes ~minutes Smioutea
0.23 4520-5340 4270-5570 4ioo-.s63o
0.47 4470-5340 4230-5570 4~00-5630
o-93 44io-54to 42tO-S64o 4040-5640
1.86 44?o-5340 4270-5580 4070-5630
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TABLEIII

Actionof DifferentMediauponSensitivity

Sensitisationby MeansofDyes

As aUthe substancesexaminedshowedmarkeddifférencesofsensitivity
to lightofdifferentwave-!engthsit wasconsideredprobablethatthe position
of the sensitiveregionwouldbealteredby the actionof dyesas it is in the

case of the photographieplate.
In order to test this a seriesof experimentswas made with the com-

poundHS.Hg.CNS. Platescoatedwiththis substancewithasmaUquantity
ofgelatineas adhesivewere dippedin dilute solutions(abouti in 20,000)
of variousdyesfor i minuteandthen dried. Experimentswitherythrosin
in whichdyesolutionsof very differentconcentrationswereused,indicated

that the effectof concentrationuponthe sensitivenesswashotappreciable

providedthat morethan a certainminimumamountof dye-stuffwas used.

The plateswereexposedto the lightfroma pointolitelampin the spectro-

scopeas in the formerexperiments,both withoutpreviousexposureto light
and after slight foggingin daylight.

In all casesthe dyeshad a distincteffect. Theregionin whichdarkening
occurredwasextehdedtowardsthé red whilethe zoneof reversaiwas also

affected. The natureof thèse changesis shownin Fig. 2, the portion of

the curveabovethe lineindioatingdarkeningandthe portionbelow,bleach-

ing. It is interestingto note that the two régionsoverlap. In the blue

regionit is possibleevenin the lesssensitivepartsto obtain practicallycom-

plete blaekeningwith sumcientexposure. Wherethe two curvesoverlap

blackeningis not so completeand only a well-darkenedplateshows the

bleachingeffect. It is evidentthat in this casethe velocitiesof the direct

and reversereactionsare comparableso that an equilibriumisestablished.

An examinationof the curvesshowsthat the blueand greendyes sensi-

tise furthest towardsthe red but that the sensitisingeffectofeosinand ery-
throsinis moremarked.

Medium HS.Hg.CN8 I.Hg.CNS Hg,8,I,
Seca.re- Seea.re- Secsfe-
quiredfor Orderof quiredfor Orderof quiredfor Orderof
cotouraMonrevetMt colourationreveteat colourationreversal

a b a b a b

Agar Agar

0.1% 90 150 3 280 540 3 250 240 3
Gelatine

0.1% 120 zoo 5 300 6oo 3 270 260 s

Collodion

0.06% 155 255 3 33o ~o 2 280 ayo 3

Nil 180 300 i 3~0 720 ï 300 285 i

Gum arabic

o.ï3% 230 420 a 390 8ïo 3 340 330
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An interestingphenomenonwasnoticed when these dyed plateswere
exposedto lightof differentwave lengths. The colourproducedby light
in the nonnalregionof maximumsensitiveness(blue-green)differeddM-
tinctlyin shadefromthe colourin théorangeregionwhiohresultedfromthe
preseneeofthedye. Withoutdye,therewouldhavebeena btoaohingeffect
in thisregion.The differencewasnoticeablewith allthe dyesusedbut was
mostconspicuousin the caseofeosinanderythrosin. The effectmaybedue
to adifferenceinthestateofmolecularaggregationbutnodefiniteinformation
on thesubjectisyet available.

A kindredeffectwasobservedwhena dyed plate previouslyexposedin
the spectrographwasexposedto daylight. The unexposedportiondarkened
morerapidlythanthe part whichhadbeenexposedtored lightso that aftera
shortintervalthe formerwasactuallydarkerthan the tatter. This appears
to indicatethat preliminaryexposureto red light desenaitisesthe material.
Theeffectwassimilarwhenthe secondexposurewasmadethrough a blue
sereen.

TempemtureCoeSdents ofDirectandReverse ReactionVetocMes

Anumberofmeasurementshavebeenmadewith the objectof determin-
ing as far as possiblethe températurecoefficientsof the reactionsin the
lightand in the dark. Two compoundsHS.Hg.CNSand I.Hg.CNSwere
studiedandthemethodadoptedwasto measurethe timerequiredto change
fromonetint to anotherunder varyingconditions. As it wasnot possible
to usedarkenedspeoimensof the substancesthemselvesfor comparisonpur-
posesthreestandardmixturesof calciumchrmate, red leadand lamp black
weremadewhichcloselymatchedthe tints of bothcompoundsat threestagesof
darkening. Platescoatedwith thosemixtureswere mountedaide by side
withsimilarplatescoatedwith the substanceunder observation,no medium
beingused,andplacedinsidea smallelectricallyheatedovenwith a glass
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front. For the direct reactionthé plates wereilluminatedwith a sooc.p.
pointolitelamp,and for reveral the oven waskept in the dark and obser-
vationsmadefromtimeto timethrougha redglass.

The MouracywithwMchthe timeof exact matohingofthe tintacould
be judgedwasnot verygreat and consequentlya numberof readingswere
takenin eachcase. Themeanvaluesfor the timesof reversâtare shownin
TableIV.

TABLEIV
Timesfor Reversa!at DifferentTemperatures

Asthe changein tint fromonestandardto anothercorrespondswiththe
transitionofa definiteproportionofthe substancefromthe dark to the light
variety,the timestaken to changefrom one colourto another whenthé
shadesdonot differverywidelymaybe taken as approximatelyinversely
proportionalto the reactionvelocity. Hencethe figuresin the last two col-
umnsrepresentthe temperaturecoefficientsfora changeof io". It willbe
observedthat theyapproximateto 1.0whichis a usualfigurefor a chemical
reactionof the ordinarytype.

Thereactionin lightiscomplicatedby thefact that at thehighertempera-
tures the rate of the reverseactionis of the sameorder. It is shownin the
next sectionthat the time of darkeningis inverselyproportionalto the in-
tensityof the incidentlight and henceit is probabletbat the amount of
darkeningis proportionalto the timeof exposurefor a limitedrange. The
samedoesnotnecessarilyholdfor the reactionin the darkbut it maybe as-
sumedto be approximatelycorrectfor a smaUchangeof colour. Henceif
<tis the timefora givencolourchangein the light and <!in the dark, the
amountsohangedinunittime areproportionalto i/~ and t/<,and whenboth
reactionstake placesimultaneouslythe changeis proportionalto t/(t-i/<
sothat if t is theobservedtime, i/< -= i/i/tt givingtt in termsof t and<
<zisknownfromthe resultsin TableIVso that canbe calculated. Table
Vgivestheresultsoftheobservations.

TABLE V

TimesforDarkeningat DifferentTemperatures

Subetance Tinta Timerequiredmina.
40" so° 60' tN~tm tK+t<.

HS.Hg.CNS stoa2 61 35 18 t.?s 1.95
atoi 1 yo M 21 1.8 t.8$

LHg.CNS 3to22 42 22 M 1.9 1.85
ztOï1 48 2$ 13 ï.99 i.9

Substance Tinta
(obs.tmm. 6e ~mino. 60.40° go" 60" so° 60°

H8.Hg.CNS itoa2 5.3 5.6 6.2 4.9 4.8
~~33 5-i 5.4 6.0 4.7 4.7 4.5

LHg.CNS itoz2 10.1 n.3 13.0 8.3 7.8 6.5
~~33 9.7 io.9 ~.i 78 7.3 6.o
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Fromtheseit appearsthat thevelocityof transformationof thecompound
HS.Hg.CNSisunaffectedby temperaturewhileforI.Hg.CNSthe tempera-
ture coeSieientis of the order1.05from40" to 50"and i.a from50°to 6o".
In the latter casethe correctionfor the reversereactionis very large,par-
ticularlyat the highertemperatureand it is probablethat the simplefor-
mulausedto obtain<tt8 incorrect. It seemslikelythereforethat the tem-
peraturecoenioientfor both the substancesis in the neighborhoodof i, the
characteristicvaluefora purelyphotochemicalreaction. Theseresultscor-
respondwiththoseofPadoaandTabetUni'who,in studyingthe phototropic
transformationof piperil-o-tolylosazonehave shownthat the temperature
coefficientof the directphotoohemicalreactionis ï.o6 whilein thedarkthe
correspondingfigureis

TheRelationBetweenLightFluxand PhototropicChange
If the quantity of a substancewhichundergoesphototropiochangeis

proportionalonlyto the totalamountoflight energy.fallinguponit, thé time
of exposurenecessaryto producea constant changeshould be inversely
proportionalto the lightintensity. Thisbas beenfoundto be thecaseforthe
substancesH8.Hg.CNSand I.Hg.CN8. Measurementsweremadeby coat-

TABU!VI
RelationbetweenTimeofExposureandLightIntensity

Tint t 'T! ~n:tT"'t!1 Tin),22 Tint3
tmtns. 1 I.t t I I.t t 1 I.t

HS.Hg.CN8
2 too 200 6 67 402 8 100 8oo
4 51 204 8 50 400 io 80 800
6 33.5 sic io 40 400 12 67 804
8 25 200 i2 33.5 402 t4 57 798

10 20 aoo 14 2p 406 16 50 8oo
ia 16.5 198 i6 25 4oo 20 40 8oo
'4 14.5 203 20 20 400 25 32 800
20 10 200 30 13.5 405 30 27 8io
30 7 210 6o 7 420 45 i8 810
60 3.5 210 6o i3.5 8to

I.Hg.CN8
4 ioo 400 8 ioo 800 20 too 2000
6 67.5 405 io 82 820 25 81 2025
8 50 400 12 67.5 8io 30 67 2010

'o 40 400 i6 50 800 35 58 2030
34.5 4~4 20 40 800 40 50 2000

~5 26.5 398 30 27 81o 45 45 20x5
30 13-5 405 6o 13.5 8io 6o 33.5 :oto
6o 7 420 120 6.5 780 120 17 2040

'GM~45î,io.(t9~).
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ing glass plates with the compoundsusing a very dilute gelatinesolution

(0.01peroent.) as binder. The plateswereheatedfor 2 hours at 60°in the

dark in order to reversesmallquantitiesof the substancewhiohmighthave

beendarkenedby acoidentalexposureto light duringpreparationand then

exposedthrougha calibratednoutraltint wedgeto thé light froma sooc.p.

pointolitotamp. Exposuresofvaryingdurationweregivenat a constantdis-

tancefromthe sourceoflightanda stripofgraduatedintensity thusobtained

foreachexposure. Theportionof thisstrip whichjust matcheda standard

tint wasnoted and the intensityof the transmitted light at that pointas-

certainedfromthe oatibratiqnof the wedge. TableVI showsthe timesof

exposureand the intensityof the tight requiredto produce a cdouration

matchingeachofthreedifferentstandardtints (thesameas thoseusedinthe

experimentsuponthe temperaturecoefficients).
Theproduct I.t is in aUcasesconstantand thereis no indicationofany

periodof induction.

Summary

i. Twenty mercurycompoundsof the types X.Hg.CNY and Hg.Xx.,

aHgY whereX is CI,Br, I, HS, HSe, CNS or CNSeand Y is 0, S or Se

have beenpreparedandfoundto bephototropic.
2. By spectroscopieexaminationof !o of the more sensitiveof these

compoundsit basbeenfoundthat withone exceptionthey are aUdarkened

by exposureto lightofwavelengthof the orderof5S00A.U.andless,slight
sensitivenessextendinginto the ultra-violetto the limit of transmissionof

quartz. Abroadbut welldefinedmaximumofsensitivenessis found,usually
in the green. The positionof the maximumfor relatedcompoundstendsto

movetowardsthe redwith inoreasein molecularweight.

3. If the compoundsare previouslydarkenedby exposureto light,re-

versai can be effectedby exposingto red light in the speotroscope.No

maximumcouldbe detected,but there was a limitingwave lengthonthe

short waveside beyondwhichno reversâtoccurred. In severalcasesthis

pointwas too far in the red to be determined. Betweenthe reversairegion
and the regionsensitiveto lightwasa neutral zonein whichno actiontook

place. Reversaiwasinall casesbroughtaboutby heat.
4. The effectof variousmediabas beenexamined. In mostcasesthe

direct réaction is acceleratedby a mediumsuchas gelatin, but the reverse

reaction is alwaysretarded.

5. The regionsensitiveto light can be extendedtowards the red by

dyoingthe compoundsas in the caseofthe photographieplate.
6. The temperaturecoefficientsof the direct (light) and reverse(dark)

reactionshave beenmeasuredfor twocompoundsand found to beapproxi-

mately 1.0 and 1.9respectively.
?. The time of exposurenecessaryto producea given changebasbeen

found inverselyproportionalto the intensity of the light. No induction

periodbas beenobserved.

Depo~metttÛM<Kt<Chemiatry,
/!tdt0n/<M<t(«<eof<SeMtt<
Bangalore.
February ~M.
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Inthe firstpaperlofthis serieswefranklyabandonedthe widelyprévientideathat a glassis simplyanundercooledliquidwhich,uponbeingheated,

changesgraduallyand regularlyin its propertiesto producethe stableliquidstate. Byourstudiesuponthetransitionofcertainorganicg!asses,especiallythoseof n-propylalcohol,propyleneglycolandglyeerol,wewereledto asome-
whatdifferentconclusion."Whilethere is no definitetemperature,compa-rableto themeltingpoint ofa crystal,at wMchallpropertiesundergoasharp
change,there is nevertheiessa temperature interval, definiteand repro.
ducible,in whieha numberofpropertieschangewitha rapidityapproachingthat observedin the caseof themeltingprocessofa orystat. In brief,thereisa softeningregioninsteadofa meltingpoint. The glassas it existabelow
thMsofteningregiondifferssomarkedlyfromthe liquidexistingabovethat
it mightwellbe consideredasa differentstate of thé substance." For this
reasonwe suggestedthe possiMUtyof regardingglassas a fourth state of
matter,distinctfromboth the liquidand crystallinestates and yet showingto Borneextentcharactensticsofboth thesestates. Apromisingalternative
hypothe.sisinvolvedtheviewthatit isa colloidverymuchanalogousto a jelly.
Accordingto thislastexplanationthe softeningregionrepresentsthetempera-ture rangethroughwhichthe jellychangesinto an associatedliquid.In this earlierpaperwe tnadeno attempt to ohoosebetweenthèse two
hypothèsesor, indeed,to excludeother possibilities,sincewepossessedex-
perimentaldata foronlytwoorthreeproperties,suchas the specificheat and
the coefficientof thermalexpansion. Moreover,any moreextensiveinvesti-
gationofthe transitionin theseglasaes,naturallyincludingthe studyofother
physical-chemicalproperties,wouldhaveencounteredveryseriousdifficulties,
owingto the lowtemperaturesinvolved. Accordingly,we havecarriedona
searchfor a simple,stableorganicglasswhichmightshowa transitionin a
regionofthe temperaturescalemoresuitableforextensiveexperimentalwork.
Aftera considerablenumberoftests wehavefinallysetectedd-gtucose(dex-
trose)for our study. This substancecan be convertedinto a pure, fairlystableglass,whiehthen exhibitspropertiesexactlysimilarto thoseshownbythe alcoholglassespreviouslystudiedand furthermoreundergoesthe tran-sition to the liquidconditionin the neighborhoodof room temperature.
Usingthismaterial,weare nowengagedin an extensiveinvestigationof the
glassystate ofmatterand of its transitionto the liquidstate.

1ParkaandHuffman:J. Phya.Chem.,31,tS~ (t~y).

STUDIESONGLA88

II. The Transitionbetweenthe Glaesyand LiquidStates
in the CaseofGlucose
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The presentpapercontainsa descriptionof the glucoseglass,together

withourexperimentaldata for its specifieheat, coefficientof thermalexpan-

sionandrefractiveindex.

The GlucoseGlass

In the preliminarypreparationôf glassyspecimens,samplesof C. P.

crystallined-glucosefrom several sourceswereemployed. However,the

materialpreparedby the SpécialChemioalsCompanyprovedto be the best

of theseand consequentlywasused as the startingpoint in the preparation

of glassesfor all our quantitativework. This"Pfanstiehl" anhydrousglu-
cosewasawhite,finelyorystallineproduct. Accordingto themanufaeturer's

description,it had a specifierotationof 52.5°and contained0.10%of water

but wasfreefromdextrin,maltoseor inorgamcimpuritics. Twocombustion

analyses,madeuponit byDr. Hashimotoofthislaboratory,gaverespectively:

hydrogen,6.60%and6.64%;carbon,40.03%and40.11%. Theresultsa~reo
withinthe limitsofanalyticalerror withthe calculatedvaluesfor pureanhy-
drousglucose:hydrogen,6.71%and carbon,39.98%.

Theorystallineglucosemeltsat i46°C.andtheproduct,uponbeingheated

up to 160°for ten or fifteenminutes,can beconvertedinto a clear,mobile

liquid. Whenthisliquidiscooled,it increasesrapidly inviscosityandfinally
sets to a hardglassin the neighborhoodof 40*0. In our earlierpreparations
the giasswasusuallystraw-coloredor lightbrown,owingto a slight initial

colorin the crysta!sand to a smallamountofdecompositionat the higher

temperatures;furthermore,it contained numerousminute bubbleswhich

marred its opticaicleamess. We thereforepurifiedour crystallineglucose

by the methodof Hudsonand Dale1beforestarting the preparationof the

glasses. Then, by use of a vacuum over the liquid at 160°,the larger
bubblescouldbe eliminatedwithina muchshorterperiodof heating,while

the applicationof 4 atm. pressureof nitrogengas upon the liquidglucose

duringthe coolingprocessservedto causethedisappearanceof the smaller

bubbles. Withthisproceduresomeexcellentsamplesof clear,colorlessglass
wereprepared.

Whenliquidglucoseis heated above i74"C.for a considerableperiod of

time,Beilstein'statesthat water is lostout of the glucosemoleculeand glu-
cosan (CtHtoOt)results. As in many of our preliminaryexperimentswe

~oticedthe evolutionofa smallamountofwaterwhichcondensedin the cold

parts of our apparatus,it seemeddesirableto check up carefullyon the

possibilityof this chemicalchangetakingplaceduring the preparationof our

glasssamples. Accordingly,after preparinga distinctly brownspecimenof

the glass,wereheatedit undervacuumat ~o" for about halfan hour and

thenchilledthe product. The conditionsof temperatureand timeofheating
under a vacuumin this particularexperimentwere thus far morefavorable

towarddeteriorationof thé glucosethan in anyactual preparationof one of

our workingsamples. The resultingmaterialwas dark brownin color and

HudmnandDate:J.Am.Chem.Soc.,39,324(t?!?)..
'Beihtein'a"HMdbuehderort~uBchenChem:e,"882(t9t8).
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inferiorin appearanceto thé glassesemployedin ourquantitative measure-
ments. However,three combustionanalyses gave the followingresults:
carbon,4o.z8%,40.37%and 40.45%;hydrogen,6.65%,6.63%and 6.60%.
Asglucosancontains44.4~%carbon,it is evident thathere wehaveJessthan
9%conversionofglucoseinto glucosan.Samplesofthe g!assesemployedin
ourspecifieheatand expansionmeasurementswereabo analyzedand found
tohavea carbonand hydtogoncontentpracticallyidentical,withinthé !imits
ofanalyticalerror,with that ofpureglucose. Thèseglasseswillbe described
further in connectionwith the partieular measurementsinvolved;but the
pointwhiehwewishto make at the present timeis that wearehere dealing
withrelativelypureglucoseglassratherthan withpossibleanhydrideproducts.

Glucoseglaasis a fairly stableor, more properlyspeaking,rather inert
materialand at roomtemperaturecanbe kept in dryair or underxylenefor
monthswithoutshowingany signaof crystauization. However,everypure
samplethat wehaveevermadehascrystallizedeventuallyandwhenthe pro-
ceœoncestarts it proceedsslowlybut surely to completion. Aninteresticg
pointin this connectionis that crystallizationappearsto start alwaysat an
interfacerather than within thé solidglass. For this reasonglasssamples
whiohcontain numerousbubblescrystaHizemore readily than specimens
whichare withoutsuch flaws. Tracesof water, or of any other liquid in
whichthe glucoseis somewhat soluble,also promotethe devitrification
process.

Wehave carriedout a few preliminaryexperimentsto test the relative
solubilityof glasayand crystallineglucose in 99% ethyl alcoholand in
absoluteethyl alcohol,isopropylalcoholand acetone. Someof the results
obtainedat about23°C.are shownin Table I. Whileasyet thisphaseofthé
investigationhasnotbeenbroughtto completion,the ratiosof thesolubilities
(Column4) showclearly the thermodynatoicinstabuityof the gtass with
referenceto the crysta!Iiza.tionprocess.

TABLE 1

Solubilitiesof GlassyandCrysta.UineGlucoseat 23"C.

Thissimpleglucoseglass whichwehave beendescribingcanbe used as
the basisfor the preparation of morecomplicatedorganicglasses,just as
siUcawhenmixedwithotherinorganicmaten&tsproducesthe vartouscommer-
cialglasses. Thusfor instance, thé addition of 10%of water to the pure
glassyglucoseproducesa two componentglass withapparentlysimilarpro-
pertiesexcept that the softeningpoint is loweredabout 50°. Another in-
terestingglass canbe made by dissolvingsodium acetate to the extent of
about1%in the liquidglucose. Thisproduct m the glassystate is a very
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poor conductorof the eteotnoourrent,but above ita softeningpoint the

conductivityinoreasesrapidly. Thus,we have foundthe conductanceof a

sampleat 75"to be about ten timeaandat 90"aboutonehundredtimesthe

conduotanceat 60°. Thisphenomenonis apparentlysimilarto thatobserved

in conneotionwith the electricatconductivityof ordinarysoda-limeglass.'

FN.ti

HeatCapacityData

The heat capacitiesof glassyand liquid glucoseweredeterminedover

the temperaturerangefrom 90"to 343°K (i.e. to 7o°C.). In principle,thé

methodof Nernstwas employedwith an aneroid calorimeterin obtaining
the "true" or instantaneousspecifioheats. A measuredamountofheatwas

suppliedby an electriocurrentto the substancecontainedin a coppercalori-

meter,whichwassuspendedina vacuumand surroundedby a silveredcopper

cylinderin order to diminishthe conductionand radiationof heat to and

fromthe surroundings. A thermocouplein the centerof the calorimeter

measuredthe rise in temperature. The entire apparatusand detailsof ex-

perimentalprocedurehavebeenfullydescribedpreviously.2

The BpeciScheat resultsappearin Table II and are representedgraphi-

callyin Fig. i. Consideringpossiblesystematic and fortuitouserrorsto-

gether,weestimatethèsevaluesto be accurate to withins.o%. Moreover,

the fortuitouserrors in any particulardeterminationproducënodéviations

fromthe curvein excessof 0.6%,a fact which indicatesthe reliabilityof the

data for comparativepurposes. The heat capacity-temperaturecurve in

SeeforexampleKraus:"ThePropertiesofElectricallyConductingSyatexM,"357
(t9M).

ParkaandKelley:J. Phys.Chem.,30,47(t9:6).
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thiscasetisessentiallysimilarto thoseobservedfor thé alcoholglassespre.
viouslystudied. Thus, up to ays'K. thespeoificheat ourvefor glucoseglass
is but slightlyhigher than the correspondingone obtainedby Simon'for
orystallineglucose,but abovethispointthereisa sharp62%iacreascinheat
capacitywithinan interval of la" and thé ourvebecomescontinuouswith
that for theliquidstate. The material,however,is notnoticeablysoftbelow
310°and onlybecomessuiHcienttyliquidto permitof the ready turningof a
stirringrodwithinit at about33o°K.

The slightlyyellowsampleof glucoseglassemployedin these measure-
mentswasallowedto remainin the sealedcalorimoterfor over sixmonths
foUowingthecompletionof the work. It wasthenremovedandfoundto be
entirelyorystalline-an importantindicationof its purity. A portionof it
wassubsequentlyanalyzedwith the followingresults: ist. analysis,6.76%
hydrogenand 39.80% oarbon;znd. analysis,6.86%hydrogenand 39.80%
carbon. Thesedata are in goodagreementwiththe theoretioalvaluesfor
pureglucose.

TABLEII

Speci&cHeatsofGlucoseGlassandLiquid
(In termsofthe 15"cabne)

Temp.K. Oppergram Temp.,°K. CppwgMm
94.1 0.1045 i:8o.3 0.3541

102.9 0-~35 zSi.i1 0.3744
lop.o o.noï :82.y 0.4035
i~.t r 0.1373 284.0 0.43!)
!5o.S 0-1613 285.8 0.4634
174.7 0.1857 285.8 0.4694
188.1 o.t99o 287.1 0.4803
193.5 O.MS2 280.0 0.4865
198.5 0.2121 280.3 0.4889
M"-6 0.2147 290.5 0.4906
~07.5 0.2209 292.8 0.4946
~~4.4 0.2408 294.0 0.4990
243.3 0.2596 294-8 0.5011
253.4 0.2684 3oo.i 0.5099
263.8 o.28n 300.5 0.5066
~74.7 0.30I? 307.7 o.5i78
275.1 o.30!3 315.9 0.5~94
~759 0-3077 323.9 0.5468
276.11 0.3076 332.8 0.5573
278.0 o.3!97 339.8 0.5673
279.3 0.3311

1 Followiugthe completion of our experimental work, a very interesting paper was
MbhshedbyTMnmmm and TMBpke:Z. anorg. attgem. Chem., 162, t (t927). For thé
change in beat capacity of glucose g!Maover the temperature range 260°to 3100K., these
investigators obtained a roufth qualitative curve which N in eseentM agreement withthé
quantitative data presented hère.

Simon:Ana. Physik, 68, 258 (1922).
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Theexperimentalresultsare forCp,the speciËche&tat constantpressure.
However,Gv,the speciËcheatat constantvolume,canbe obtainedindirect!y
by the weU-knownequation

o.oa~za~VT
C. = Cp

–––~––

FïQ.2a
ThesolidNnerepreftentaC, plottedagainsttemperature.The
brokenlinerepresentathetimefor thena&tequilibnuminthe

apecinoheatrunaplottedagainstthetemperature.

wherea is the coefficientof thermalexpansionand is the coefficientof

compressibilityof the substance. From a theoreticalst&ndpointCvbasoften
provedto beofgreaterinterestthan Cp. Hence,in the presentcasewehave
calculatedthe valuesofCyat a numberof temperatures. For thecoefficient
of thermalexpansionin this calculationwehaveusedthe data whichwillbe
describedin the followingsectionof this paper,whilefor the coefficientof

compressibilitywe have employed13(10'*) over the entire temperature
range. Thisparticularvaluewasaelectedafter a carefulstudyofthe data
obtainedby Cowperand Tammann'for glucosem the crystallineandglassy
states. TheresultsforC, appearinTable III andarerepresentedgraphicatty
in Fig. 2. It is interestingthat thecurve forCvshowsa decidedmaximum
in the temperatureregionaroundago~K(i7°C.),whichfaUsinratherelosely
with the maximumobtainedby plotting the timesrequiredfor attaining
thermalequilibriumin the specifieheat runs againstthe correspondingtem-

CowperandTammann:Z.physik.Chem.,68,~86(1909).
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ExpansionData

In thé previousstudywebelievedthat wehad evidenceofa markedin-
creasein thé coenicientofthermalexpansionofpropyleneglycolat a tempera-
ture~tM<N&OMthe regionmwhichthe suddenriseinheat capaoitytakcsplace.
However,the methodemployedwas by no means free from criticismand
thereforeone of ournrstaimsin the presentinvestigationbas beento obtain
accuratedata for thecoefficientof thermalexpansionof glucoseglass.

Twomethodsbavebeenused in thiswork. The firstconsistedsimplyin
determiningthe densitiesof the glucoseglassby weighingsamplesimmersed
in toluenein a calibratedspecifiegravitybottle. Aboutsixtydeterminations

weremadeoveratemperaturerangebetween2~5°and33o"K.Theresultswere
not satisfactoryfor evaluatingthe coefficientof expansion,altho in general
theyindicated that therewasa rather sharp increaseat about 300°. Above
this point the coefficientwasapparently about doublethe valuebelowit.
Thedensity of the glucoseglassaccordingto thesemeasurementswas1.523
at ao°C.

The second methodemployeda dilatometerand, as finaUydeveloped,
gavemuch more reliablevalues for the coefficientof thermal expansion.
In ourearlierworkthisdilatometerconsistedofa 50cespherical,Pyrexbulb,
fromthe top ofwhichprojectedverticallya longtube of semi-capiUarybore.
Smallsticksofglucoseglasswereintroducedinto the bulbthru a shortentry
tubein its side,whichwasthen sealedoffquicklywith a minuteflame. The
freeapacein the dilatometerwas next filledwith pure, dry xylenethru the
openend of the semi-eapularytube. After evacuationof the air in the
vessel,this tube wassealedat ils top. The dilatometerbulbwasthenplaced
in a 3-literDewarjar whichservedas a small,adjustablethermostat. The
jar wasfilledwithwaterand,equippedwitha stirrer,thermometerandelectri-
cal heating coil, couldbe adjuated to practicallyany desiredtemperature.
By measuringthe riseof the xylene in the vertical tube as progressivety
highertemperatureswereattained and subtractingthe part of this rise due
to theexpansionof thexyleneitself,thecoefficientof thermalexpansionofthe

pemtures. Bothe~rvesthus indicatethe existenceof a transitionregionin-
volvingthe absorptionof he&tand, in order to bring out this point more
clearly,we haveplottedthemin the samefigure.

TABLEIII

SpeoincHeatsof GlucoseGlassand Liquid
(In terme of the t$" Calorie)

Te!np.,°K. CrpergrMn Temp.K. CvpergrMn
200.0 0.2IÏ 39S-0 0.472
265.0 0.279 298.0 0.460
ays.o 0.298 300.0 0.463
280.0 0.~42 SOS.o 0.469
288.o 0.479 320.0 0.486
290.0 0.484 340.0 0.~12
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glucoseglasscouldbe obtainedforeachtemperatureincrément.Theresults

showeda sharptwoor threefoldincreaseinthe coefficientofthe glsssbetween

2930and303"K. Twosetsof runs withdifferentPyrexdilatometerschecked

qualitativelybut the actual numerioa!valueswere ratheruncertain,owing

to the faot that the volumesof the glucoseand the xylenein theseditato-

meterswereabout equal,while the expansioncoefficientfor the latter was

severaltimes that of théglucose.

We next deviseda metal dilatometerwhich provedmuchmore satis-

faotory. This consistedesscntiallyof a cytindrioalbrass can with watts

about3mm. thiok. Thecan wasfittedwitha brass top whiehscrewedinto

placeandcouldbe madevacuum-tightby meansof a smallleadgasket. A

brassconnectingtube,2s cm.longandabout4mm.in diameter,ranvertically

fromthis top to a uniformglass tube, i mm. in internatdiameterandabout

i Socm.long. The connectingtubewasbrazedinto themetaltopof the can

and wascementedto theglass dilatometertube by meansof shellac. This

metal dilatometer,whenset up, had a capacityof about 51 ce and could

carrya solid,cylindricalsampleofglucoseglassof40to 45ceinvolume. The

smallremainingspacebetweenthe glucosesampleand the wallsof the con-

tainerwaafilledwithpure,dry xylenewhichhad beenpreviouslyfreedfrom

airby boilingundera vacuum. Theamountofxylenewasadjustedsoas to

givea convenientheightof liquid in theglassdilatometertubeat roomtem-

perature. The upperend of this tubewas then closedby a loosely-fitting

glassplug,whichpracticallyeliminatedany evaporationlossofxylenewhile

atall timesinsuringtheexistenceofbarometricpressurewithintheapparatus.
Asbefore,the Dewarjar was utilizedasa small,adjustablethermostatand

all the measurementswerecarriedoutin a constant temperatureroomsoas

to eliminatethe effectof temperaturechangeson the liquid in the glass

dilatometertube.

Twodifférentséries'of data, obtainedwith this apparatus,are givenin

TablesIV and V, respectively. In Column2 are the observedheights,of

xylene in the dilatometertube correspondingto the various thermostat

temperaturesof Ûie firstcolumn. Theseobservedheightsweremeasured

from a purely arbitmry zero point andtheir différenceswerethen used in

obtainingthe valuesfor Ah/AT, whichappear in the nextcolumnof each

table. The valuesfor Ah/AT representthe resultanteffectdueto the ex-

pansionof the xyleneusedas a dilatometricfluid,the expansionof the glu-
coseandthe expansionofthe brassdilatometerwith increasingtemperatures.
Thefourthcolumncontain8the net risedue to the glucosein millimetersof

the dilatometertubeperdegree,allowancehavingbeenmadefor the expan-
sionof the xyleneandthe brass dilatometer. The last columnthen contains

the coefficientsof cubicalexpansionof the glassyand liquidglucosecaleu-

1IneaohcasethemeasurementswerecarriedoutintheorderofincreMingteameraturea
butdifferentsamplesofgtM8yglucosewereemployedmthetwoseries.Apairofanalyses
madeuponMtnitM'matenatgavethefoBowim!resatta:carbon,40.08%and39.98%;hydro-
gen,6.66%and6.63%,respeeMvely.Thm,thegtasaeahada.composMoncorreapondmgto
pureCtHt~Ot.
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lated therefrom. For thèse oaloulationsthe volumeof the dilatometertube
per millimeterwas meaauredby two seriesof caUbrations,one with pure
water and the other with meroury,and found to be o.oonS ce per mm.
The expansionof the xylenealonewasdetenoioedm an independentseries
of measurementswiththe dilatometerentirely filledwith this liquid. After
allowingfortheexpansionofthebrasscylinderwithtemperature,weobtained
Ah/AT = 43.5mm/deg.for the $0.7ceofxyleneinvolved. Fromthis value
we calculatethe cubicalexpansionfor liquidxyleneto be io.ï(to-<). The
use of xyleneand tolueneas dilatometeriiquidswas justifiable,becausethey
have no chemicaleffect on glucoseand do not dissolvethis material in
either the glassyor crystallineformato any measurableextent.

Usingthis method,we alsomeasuredthe coefficientof cubicalexpansion
of crystallineglucoseover the temperaturerange2730 323"K.andfoundit
to be uniformand equal to 0.84(10'~).

~Wmo~t ~t~t~ ~t~~M* ~t – –~–~A -r _-t~– v

In each seriesof measurementsupon glassy glucose,the valuesfor the
expansioncoefBoientshow a sharp inoreaseof approximately200%within
the temperature interval293" 303"K.(Fig. 3). Belowthis transition ré-
gion, the coefficientfor the glassiaaomewh&tlarger than that for thecrys-
taUine form but certainly of the same order of magnitude. Above this

~wetgm ot gtueose gtass, 64.46gm.; weight of xylene, 7.40gm.)
Tentp.K. Capiltary Ah/AT Netriaefor CoeNoient

'Mi(~)t,h g!ueose,Ah'/AT t/V (dV/dT)

973.11 o.omni.

278.86 so.7

~3.76 o6.o

~93.38 i8a.7

208.24 ~55

14.90 0.99 2.76

303.18 j77.o

j6.ss 11.64 3.~5

ï?.ao 12.29 3.43
308.76 433.0 ·

3~3.30 Sio.o

320.46 640.3

333.46 878.2

348.61 1,157.0

TABLEIV
DilatometerData on GlucoseGtasaand Liquid,Seriesi.

8.82 3.9t i.o() (to-~)

9.~5 4.34 !.ai

9.0l 4.io 1.14

17.ao ta.29 343

18.0$ ï3.i4 3-67

i8.30 13-39 3-73

i8.40 ï3-49 3.76
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regionthe coefficientof the rapidlysofteningglassisidenticalwiththat of the

liquid and amounts to about four times that of the crystals. Thus the

change in coefficientin goingfromthe glassyto the liquidstate is roughly
equalto that ingoingfrom the crystallineto the liquidstate. However,this

change in expansioncoefficientin the gtass-to-Uquidtransformationtakes

placein a temperatureintervalofabout 10°andnotat a defmitepointonthe

temperaturescaleas in the crystat-to-Hquidtransformation.Moreover,it

shouldbe notedthat the changein expansionrate comesat a temperature
about 15"abovethe correspondingsharp changein heat capacitydescribed
in the precedingsection. This last feature seemsrather surprisingat first

glancebut apparentlyhoîds true forail the glassesthuafar studied.
Beforepassing,we shouldnote that abovethis transitionregionin the

expansioncoeScient our measurementswerë very reproducibleand the
attainmentof thermal equilibriumwasrapid. In fact, the materialbehaved

(Weight of glucose gtaaa, 66.54gm.; weight of xylene, 6.49 gm.)

Temp.,"K. C~p!Uayy Ah/AT Net risefor CoeBcient
height, b ghiCOM,Ah'/AT i/V (dV/dT)

262. $0 –Si.omm.

273.11y o.o

282.94 +78.5

293.S4 169.7

296.26 208.7

299 9i ~76.g

302.76 326.o

305.85 379.0

308.18 419-0

314.00 519-3

322.55 672.0

3:8.45 773.7

344.50 1.053.55

TABNSV
DilatometerData on GlucoseGlassandLiquid,Series2.

7.64 3.63 o.oS (10-~)

7.99 3.98 1.08

8.6i 4-60 1.24

14.34 10.33 ~-79

18.52 14-5~ 3-9~

17.45 13-44 3.63

t7.i5 13.14 3.55

i7.i8 13.17 3.56

17.24 13-~3 3.57

17.86 13.85 3-74

I7.Z5 t3.~4 3.58

17.43 13-4~ 3-62
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!ikean extremelyvisoousliquid. Onthe otherhand,belowthis regionthe
measurementsshoweda distincthystérésiseffectwiththe tapseof time and
theattainmentofevenapparentequilibriumwasrelativelyslow. Accordingly
the resuttsforthe glasswereneverstnctty reproduoiblewithdifferentsamples
or withdifferentheattreatmentsof the samesample. Ofcourse,this is we!!
knownto boalso théexpériencewithcommercial,inorganicglassesand the
region of mereasodexpansionrate obtained in heatingup a glassis very
properlytermed"theanneatingrange."

Fia.3TheexpmaioncoefficientsofSénést pbttedagainstthecon-esponding
températures.

RefractiveIndices
Asa furthertest ofthe changein propertieswithinereasingtemperature,

measurementsweremadeon the refractiveindexof twosamplesof glucose
gïass. The preparedglasseswere heated until they changed to viscous
liquids,whichwere thenpouredinto two prismceUsof a Zeisa-Pu!frichre-
fractometer. Thesamplein Priamle wascolorlessbutapparentlycontained
small dust particles. Thesewereprobablyobtainedfrom the filter paper
used duringthepurificationof the originalglucosebythe methodof Hudson
and Dale. Thesamplein PrismIle had beenprepareddirectlyby heating
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the C.P.crystaUineglucoseand wasopticallyolear,altho slightlyyellowin
color. ln successiontheseprismsweremountedin the refractontcter,thé
metalcap for the regulationof temperaturewasput in placeand a layerof

paraffinewaspoured intothe top ofthecellto protectthe glucosegtassfrom
the moisturein théair. Duringa determinationthe temperaturewascon-
troUedby circuïatingwaterthroughthe refractometersystemfroma small,
adjustablethermostat. Thetemperatureof theglucosegtasawasmeasured

by meansof a copper-constantanthermocoup!e,the hot junction being

tmbeddedtherein. Measurementsweremadewithsodiumlightboth during
the procesoof coolingandofheatingthe samples. It wasfoundimpossible
to coolthe glass in PrismIle belowt6.5"C.without the developmentof
crackswhichpreventedfurther readingson the angle of refraction. The
resultsof themeasurementsare givenin TableVIand are showngraphicaUy
in Fig.4.

Thesetwosets of dataon differentsampleaofglucosegtassdiffersome-
whatbut they agrée in showinga breakbetween20°and 3o°C.in therate
of changeof the refractiveindex with temperature. Recently Peters,'
workingon a series of commercial,inorganicghssesat thé United States
Bureauof Standards, bas found a similarmarkeddecreasein refractive
indexwithin"the annealingregion,"followed,however,by someindications
of an increaseas the liquidstate wasattained. The measurementsgiven
heredp not show this increasewithinthe rangeinvestigated,altho they

'Petats:Bur.StandardsSci.Paper,20,635(!9:6).
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wentwellabove the temperatureat whichtheglassbecamea viscousliquid;
and,asexperimentaldifficultiesmadeit impracticalto carrythe investigation
to eitherhigher or lowertemperatures,it is impossibleto say whetherthe
curveobtained with the organiogtaas wouldcorrespondto that for the
inorganieor not. Nevertheless,the resultsdo showconclusivelythat the
indexofrefractionof the glucoseglasschangesrapidlyas the gtaas-to-liquid
transitionrange is reached. Moreover,it shouldbe noted that the tem-
peratureat whiohthe marked deoreasestarts coincidesroughlywith that
for the changein the ooemcientof thermalexpansionpreviouslydesoribed.

SuïanMïy

Wemaysummarizeour resultsas follows:

(i) When crystallineglucose(dextrose)is melted and the resulting
liquidcooleddownto roomtemperature,a clearorganicglassis obtained.
Thismaterialsoftensnoticeablyat about 40*0.andbecomesa thick,viscous
liquidat 6o"C. Analysesshowthat it correspondsto the theoreticalfor-
mula,CJI~Oe.

Temp.,°C. Refractive

(Cooling) 70.9 Ï.SM8
( ) 67.s i.s~4
( ) 60.6 ï.5250

(Heating) aa.ix ï.53~9
( ) ~8.6 ï.5315
( ) 35.4 ï.53c'4

TABLEVI

RefraotiveÏndtcesof GlucoseGtassandLiquid

PHamIo

index

5S.2 i.S:63
43.7 1.5285
~S.4 i.53aa
21.0 t.5.;a9
18.4 i.S~9
i4.9 i.533a
11.6 1.5334
~.4 I.S335
8.7 ~.5336
7.0 i'.S336

39.3 ï.S~

49.9 ï.5~2

57.6 1.5255

670 t.5~36

77.t i.s:i7

PtismIIo
Temp.C. BefracHw

index

(Coolmg) 50.0 1.5~94
( ) 40.8 i.~is
( ) 33.6 1.5331

!7-9 1.5341
~-ï 1 1.5345

(Heating) 64.9 i. 5~64
( ) 73-4 1-5349

(Cooling) 64.5g t. $266
( ). 5o-6 i.saSp
( ) 41.3 i.53i4

3'-44 1.5333
~-o 1-534~
M.o ï.5346
16.5 1.5348
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(a) The specifioheat of this materialhas been measuredover the tem-

peraturerange9o"-34o"K. The resultsshowa aharp 6:% increasein the

temperatureintervala7s"287"K (i. e. 2"t4"C.).
(3) The coeNoientof thermalexpansionhas been mcaauredover the

temperaturerange:62"48"K. The results show a sharp 900%inorease
in the intervalzos" K (Le.ao°-30°C.).

(4) The refractiveindexhas beenmeasuredover the temperaturerange
7'y7"C. The index-temperaturecurve shows a decidedchangein slope
withinthe interval:o'3o°C.

At the presenttimewe are continuingthe investigationof the properties
of glucoseghss and for this reasonwe shall reserveour discussionof the
theoreticalaspectsofthe problemfora subsequentpaper.

Dep<M'<wMM<ofCAem<<
~<ot~-d!/M<M)'<tty,CatN<M~<o,
mn~,MM.



In the courseof workon platinocyanidesnowin progressin thisiabora-
tory, it becameevidentthat a methodwasneededfortheaccuratedetemin-
ation of the vaporpressureand numberof moleculesof wateroforystal-
lizationof thé variousorystaUinehydrates. For rapidityof work,aswellas
for economyof materiab in the case of rare or expensivecompounds,a
method requiringa relativelysmallamountof sampleis to be desired. A
knowledgeof the vapor pressureof the crystalsleadsto a methodfor the
preparationand preservationof the hydratesin a purestate,withoutbeing
contaminatedby loweror higherhydrates.

Asa resultof the very tediousand time-consumingmethodsusedin the
past, our knowledgeof the variouspossiblehydratesis very meagre. In
the caseof coppersulphate,variousexperimentershaveestablishedthe ex-
istenceof compoundscontaining5, 3, i ando moleculesof waterofcrystal-
lization. In thecaseofuranylnitrate someevidencebasbeenadducedshow-
ing the existenceof compounds'containing24, 6,g,.2, i and o moleoulesof
water, but the actual proof for the z and i bas not beengiven. In most
cases,however,weonlyknowof the existenceof the normalhydratecrystal-
lizingfrom waterat roomtemperature: The lowerhydratesare sometimes
preparedby crystallizingfrom acid solutionsor solutionsof the compound
in alcoholcontainingvariousamountsofwater. Thesemethods,however,
involvethe possibilityof introducingimpuritiesandalcoholofcrysta!Uzation.

In general,weattach little importanceto a knowledgeof the lowerhy-
drates,other thanthe catalogingofaUpossiblecompounds,phasenueoqui!ib-
ria, etc. However,in the caseof the uranylsatts,verycarefulmeasurements
weremadeby Nichoband Merritt2onthefluorescencespectraofthevarious
compounds,as wellas on the varioushydratesof the samesalt. Anat-
tempt wasmadeto findsomerelationbetweenthe fluorescencespectraand
the numberofmoleculesofwaterof crystaUization.Asimilarstudy,under-
taken by the formerof us, showsthat water of crystallizationbasa very
profoundinfluenceon the fluorescencespectraof the platinocyanides.A
carefulexaminationof the literature revealedthat the data on theexisting
hydratesof the platinocyanideswereveryconflicting.The usualmethods
of analysisare not available,since evenmomentaryexposureof the salt
hydrate to air frequentlycausesvery profoundchangesin color,whichac-
companychangesin waterof crystallization.

~ContnbutiM*fromtheDepartmentofChemistryoftheUniveMityofColorado.Germann-J.Am.Chem.Soc.,44,1466(1922).
NichobandMerritt:Phys.Rev.,(2)9,ng (t~t~.

AMICROMETHODFOR THE DETERMINATIONOFVAPOR
PRESSUREANDWATEROFHYDRATIONOF

I' Introduction

SOLÏDCOMPOUNDS*

BY FRANK E. E. GZBMANN AND O. B. MUENCH
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Bymeansofthe methoddescribedin thispaper,it ispossibleto determine

the exactcompositionand vaporpressureof aitpossiblehydratesofa given

substance,as weUas to prepareeaohin a purestate for preservationand

study. Whereas,most formermethodshave involvedweeksand months

for equilibriumto be attainedat roomtemperature, this methodyieldsre-

sults of equalaccuracyin oneto threehours. This has been provenby a

study of BaCt,.z-i H~O,whichall whohavetried,agree reaohesequilibrium

with extremedimoutty.

n. PreviousInvestigations

Averyexcellentsummarywithcompleteliteraturereferencesto allwork

done on vaporpressuresof hydratesup to ioat is givenby R. E. Wilson,'t

and willaccordinglynot be repeatedhere. The two methodswhichhave

usuallybeenusedmay beciasainedasstableanddynamic. Athird method,

knownas indirect,has byfar the greatestpossibilities.Thefollowingobjec-

tionsmayberaisedagainstboththestaticand the dynamicmethods. First,

many hydratesapproachequilibriumwith extremeslownesswhen left un-

disturbed in a closedspace. Someare not in equilibriumevenafter three

or four months. Second,equilibriumis usuallyapproachedfromoneside

only, and it is then difficultto ascertainhowcloselywe have cometo it.

In additionto the above, the static method haa the followingobjections.

First, no satisfactoryconfiningliquidis available. Mercurynécessitâtes

measurementsofminutedistances,whileoilgivesoff gasess!owty,andtends

to dissolveand transmit water. Second,the presenceof adsorbed(andoc-

cluded)gaseson the surfaceof the hydrate,whichis usuallyin a finestate

of subdivision. ThesecannotusuaUybe entirelyremovedin the pre-treat-

ment,withoutdestroyingthehydrateat the sametime. Theindirectmethod,

used by MueUer-Erzbach,'Tammann,avan Bemmelen,<L&wenstein,'and

Wuaon,'consistedin the determinationof the concentrationof sulfuricacid

overwhicha pairofhydratesneithergainednorlost weight. By thismethod

they arrivedat the vapor pressureof the higherhydrate of the pairunder

consideration. Since the vapor pressure-concentrationcurve for sulfuric

acid is wellknown,referenceto it enablesus to knowthe exactvaluesof

pressureovera sohtion ofgivenconcentrationor density. Wilsonrecalcu-

lates and tabùlatesthe bestvaluesfor the vaporpressureofsulfuricacidat

differenttemperaturesandconcentrations.

m. MicroMethodforthe Determinationof WaterofHydration

Descriptionof the Method. In a micromethodinvolvingweights,one

of thé primeessentialsis a sensitiveandaccuratemeansfor measuringdif-

ferencesin weight. In thismethodusewas madeof a very sensitiveassay

'J.Am.Chem.Soc.,43,7o<(t9at). II3, ~/M~ r'MueMef-EMbach:Ber.,M, to~ 1881);Z.physik.Chem-,2, ug, 546(t888);4, 1

(t8gq);Wied.Ann.,32316(1888).
ammann:Ann. him. ~M. 16 (1897);Z.phyeik.Chem.,27, (1898);Wied.

Ann.,33,Ma(1898).
<V<mBemmeten:Z.an<Mj!.Chem.,13,:33(t897).

Lôwenetein:Z.anorg.Chem.,<M,69({909).
Wtbon:J. Am.Chem.Soc.,43,704(t9~).
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laala~,nn 'T,I.4'U'o 11d. tl. mL_ _1~balance. (JohannesMeissner,Dresden). The wholebalancecase,except
for the-frontsUdingdoor,waspracticauyair tight. The front doorwaseo
madethatwithverylittleextraeffortit couldbe olosedtightly. Thebottom
of the doorwasfelt-lined. Afterclosingthedoor,smaUwedgeaofwoodwere
insertedtoforceit firmlyagainstthefeittininginwhiehit traveled.

A smallhookmadeout ofcopperwirewasfastenedby meansofwaxto
the in8idetop of the balance. Fromthiswassuspendedan accuratether-
mometer. Twosmallmicroscopecoverglasses(tared) wereplacedon the
metal balancepans. To obviatethe necessityof openingand elosingthe
balancecaseduringa determination,riderswerearrangedto servein regis-
tenng thélossor gainin weight. Sinoeana sampleswereused(neverover
fifty miUigrams),it was foundthat a ten-milligramrider on the left hand
scale,anda twetve-miuigramrider on the right hand scale,togetherwith
the twoone-milligramridersthat are usedforordinaryweighings,servedthe
purposefor these determinations. Thèseriders wereoarefullycalibrated
by actualweighing,andin this way,theexactweightforanypositionof the
combinationof riderswaaknown.

In orderto exposea largesurfaceandholdthe acidconvenientty,large
Sat dishessuohas wouldjust fit into thé balancecaseweremadeby cutting
off400ce.beakersabouttwo centimeterafromthe bottom,so that the edge
ofthe dishwouldbewellbelowthe levé!ofthebalancepans. In this balance
there wasspacefor two such containersbesidesthree crystallizingdishes.
This arrangementgave the maximumspeedfor reachingequilibriumcon-
ditions.

The procedureusedto determinethe hydrateswith this apparatuswas
as follows:a saturatedwater solutionof the salt wasmade,and paintedon
oneof thecovergtasses. This assureda thin uniformfilm. The weightof

samplecrystaUizinglater couldbe determinedby the concentrationof the
solutionused. At first,a amallbrushwastried,but it wasfoundthat a small
rubberpolicemanservedmuchbetter,bybeingeasierto manipulateandtater
clean,besidesuaingtessof the solution.

The systemof riderawassoarrangedasto take eaMof as largea loss in
weight as their movementwouldpermit. The coverglasswith the salt,
just beforebeginningto crystaHize,was placedon onepan and the other
coverglassonthe otherpan to holdthe weights,as wellas to assureequal
buoyancy,adsorption,etc. Aftera fewtrials,enoughweightscanbe taken
off at the beginningofa determinationso that, after the excesswaterbas
evaporatedand the hydrate beginsto crystauize,ait the weighingmay be
made withthe riders. Equilibriumcan thenbe approachedfromthe other
side by a slightdehydrationof the hydrateandfollowingthe gainin weight
whenthe systemisagainclosed. Bycomplètedehydrationof the sampleby
the useofconcentratedacid,the weightof theanhydroussalt is determined
and thé hydrateoatcuiated. By systematicallyintroducingsulfuricacid
solutionsofdifferentstrengths,the equilibriumpoint betweenthe two hy-
drates canbeapproached.Whennearthe equilibriumpoint,solutionsofauch
concentrationcan be usedso that alternatelya solutionof greatervapor
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pressureandone oflessthan thé hydrateis used,in this mannerolosinginon

the equilibriumpoint fairly closely. This methodbesidesgivingtbe. com-

positionof the hydrates,willgivothe limitain specincgravityof thé aeidto

usein preparingthe purehydrates. Anapproximationofthe vaporpressure

ofthe pairof hydratesisa!soobtained.

Theaetual data in Table1wi!! iHu8tratethe generalprocedureand give

an ideaofthe timerequiredfora singledetermination.

TABM1

Fromthe Saturated Solutionto theHydrate Na!HPO<.tzH:0at z5°Cover

20.91%HijSO~
y _LL

Fogeteach of thesevalues,a tablesimilarto Table I wasoonstructed,and

thérateat whioheachhydratewaslosingweightwascloselyfoUowed.

Toapproximatetheequilibriumpoint betweenthe twohydrates,andget

m estimate of the vapor pressure,the followingprocedurewas adopted.

Whena sampleof the hydrate pairNa~RPOt-nHiO-y HtOwasplacedin

Sincethehydratebasnot changedin weightduringa periodofseventy-five

minutes,19.69mg.is theweightofthe hydrate. Theweightwhcncompletely

dehydratedover concentratedHtS04and heatedfor thirty minutesat ioo''C

toconstantweightis 7.85mg. Theweightof the ï3 HïOcaleulatedfromthe

anhydroussalt is to-Somg.,as comparedto the experimentalvalueof 10.69.

mg. Assumingthe possibilityofa compoundNa!HP04.ii H~O,the weight

caloulatedfrom the anhydroussalt wouldbe 18.80mg. The accuracyis

accordinglysuch as to make it impossibleto be in error by onemoleculeof

water.

TABt.EII

Hydratesof Na:HPO<

H,80,mM!. ConotMtWt. C&tc.from Wt. when Hydrate

Mg. anhyd. salt dehydrated

24.76 23.34 X3.45 9.30 izHtO

29.82 15.46 15.40 8.16 ?HtO

3!50 i?-37 17.25 9.14 7~0

37.00 17.27 17.18 g.io 7~0

45.50 13-44 13.41 10.70 2H:0

Intervatm Weightin Losstnweight Intervstin Wehfhtin LoMmweight
minutes M~ Mg. minutes Mg. Mg.

o 33-79 °'~ 6 96.16 ï.2i

5 3:~9 i.oo 7 ~4.95 ï-

5 3i79 ï-oo 7 ~3-74 i-si

4 30-79 '-oo 7 ~2.53
6 29.79 i-oo 7 21.32 t.:i

4 28.58 1.20 ta 19-69 i~
5 27.37 i-2i 75 1969 oM
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the presenceofa 27.00%HaSO~solutionat as°C,it lostweight,goingin the
directionofNa.HPO<.7H~O. Whena sampleofthe samehydratepair was
placedin thepresecoeof 26.14%H)SO<solutionat 3S"C,it gainedin weight,
goingin the directionof NaJïPO~ia H;0. Thevaporpressurecorrespond-
ingto a6.t4% H~SO~is t9.2?mm. Hg and that correspondingto sy.oo%
HtSOtis 18.07mm.Hg. Sincetherateofapproaohto equilibriumwasabout
the samefrombothsides,wecan,to a firstapproximationtake the average
as thé true value. The valueobtainedis !o.i2 mm.,as comparedto io.[~
mm. given by Wilsonfrom Dickinson'sdeterminations.By varying the
acidconcentrations,a moreexactvalueoanreadilybeobtained.

Bariumchloridewas also tried becausevapor pressureinvestigatorsaU
declareit to be dimcuitto determine. Onlytwo concentrationsofsulfuric
acid weremadeup, and of suchpercentagesas to fa!!oneach sideof the
equilibriumpoint,accordingtoWuson'sdata.

Over the 55.00%acid the salt orystaUizedfromthe saturatedsolution
andstable conditionswerereachedwithinan hour.

Constantweight t~ mg.
Weightwhendehydrated n. 40mg.
Thiscalculatedfor 2HtOis 13.gymg.

Thesalt wasthen dehydratedhalfway betweenthe ï H,0and the 2 H,0.
In twohoursa gainin weightcouldbe noticed.

Over57.75%acid,whenpartiaHydehydrated,it lostweight. Thevapor
pressureof 55.00%acid at as"C is 6.35mm.Hg. The vapor pressureof
57.75%acid at 25"Cis 5.05mm.Hg. Wibonobtaimthe valueof 5.8mm.
whichisseento beabout the averageofthe abovedeterminations.Asbefore
noted,the presentdeterminationsweremadeinmuchlesstimethan Wi!son's.

Thèseresultsteavenodoubtbut whattheconditionsforthepreparationof
hydratescan be determinedby this methodina MasonaMetime.

To adapt this method to accuratevapor pressuredetermination,the
wholebalanceshouldbe placedin a casecapableofbeingclosedtightlyand
havingthennostatictemperaturecontrol.

IV. Methodof Preparingand PreservingPure Hydrates

Oncethe vaporpressureof a givenhydratepair is known,the higherof
the twohydratesmaybe preparedasfoUow.Awatersolutionor oneof the
solidhydratesisplacedin onebranchofagastight systemanda largevolume
of sulphuricacid baving a vapor pressurejust above that of the desired
hydrateis placed in another branch. The volumeof the acidshouldbe
suchthat the smallamount of watertaken up by, or liberatedby the hy-
dratewillnot changeita concentrationappreciably. Thesystemmaythen
bepartiallyevacuated,and allowedto stand as longasneoessaryforequilib-
riumto be reached. Due to the partial vacuum,the tube containingthe
hydratemay theneasilybesealedoffby meansof a blowtorch.
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V. Applicationof the MicroMethodto the Determiuattonofthe

Heat of Hydration

If wehave determinedthe vaporpressureofa givenhydratepairat two

temperaturescloseenoughtogether forus to makethe assumptionthat the
heatofhydrationisconstantoverthe interval,wemayproceedto calculate
the heat by the method of Frowein.' The familiar 'Clausius-Clapeyron
equation

d!np q

dT RT~

appliedto the dissociationof a hydratewouldbe interpretedas follows.

qis the heatofdissociationofa gaseousmoleculeofthe hydrateandp isthe

pressureofwatervaporfromthe hydrate. Bineewehavea soliddissooiating,
wemust also writethe followingequationfor the heat of vaporizationof

water,whereL representsthe latent heat,and pwthevaporpressureofpure
water:

d tn pw L

dT RTt

Subtraotingthe latterequationfromthéformer,wehave

d ln p/pw q L

dT RT'

Lettingthe ratiop:p~be representedbyF and integratingwehave

Q.<L-
'Tl T2 F2

Thedifférence(q L) = Q representsthe actualheat of hydrationor dis-
sociationmeasuredcalorimetrioally.Determinedin thismannerbymeansof

exactvapor pressures,the accuracyprobablyexceedsthe directdetermina-
tion.

Summary

i. In this articleis describeda micromethodfor the determinationof
the waterof hydrationof hydrates,whichat thé sametime,givesthe con-
ditionsfortheirpreparationandpreservation.

2. The method consista in introducingsolutionsof sulfuricacid in
dishesin the tightlyclosedcaseof a verysensitiveassaybalance,with the

simplepaintedfroma saturated solutionof the sait in.the form of a thin
filmon a tared microscopecover glass. By meansof ridersof different

weights,the lossor gain in weight,andfmallythe equilibriumweightisae-

curatelyknown.

3. Data are givenusingdisodiumphosphateand also bariumchloride

showingthis to be a simpleand accuratemethodfor the determinationof
the hydrates.

Frowein:Z.phyaik.Chem.,t, 5 (tSS?).
·
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n.,r.e~n .r. _r ~2~1L4. Onlyveryematisamplesare needed,and theseare not lost, making
this methodespeciallyapplicableto costtyandraresatts.

5. By this methodan approximateideaof the vapor pressure is also
obtainedwhichcanbeiocreasedinacouracyat wiM.

6. An adaptationof this methodfor accuratevapor pressure deter-
minations,withonlyslightmodifications,is desoribed.

7. Amethodfor the preparationand preservationof the pure hydrates
is described.

8. Themethodwherebyvaporpressuresdeterminedin this way maybo
appliedto the determinationofheatsofhydrationisgiven.



ADSORPTIONOF MIXTURESOFEASILYCONDENSABLEGASES*

BY SIMON KLOSK? AND LEO P. L. WOO**

Extensiveinvestigationshave ben undortakenon the adsorptionof

single gasesin porousbodiessuch as charcoal,meerschaum,pumice,etc.

Silicagelshave beenusedby Patrickandothersfor the adsorptionofsulfur

dioxide,'butane,' etc. Burggraff wasthe first whousedtitaniagelforad-

sorptionpurposes. Very fewattemptshave been made to investigatethe

adsorptionof mixedgases. The investigationsof Joulin/ MissHomfray,6

Bergtor,"Hempeland Vater/ and Lemonand Blodgett8werelargolyquali-
tative and were quantitative only whenmeasuringthe total volumead-

sorbed. Richardsonand Woodhouse"werethe first investigatorswhostudied

the adsorptionofcarbondioxideandnitrousoxideby charcoalbythe static

methodandanalysedfor the compositionof the adsorbedgasat differentper-

centages. These two authors concludedfrom their experimentethat "it

eeemspossibleto deducethe total amountof any mixtureofcarbondioxide

and nitrousoxideadsorbedby charcoalif the isothermsof the independent

adsorptionof the individualgasesareknown. Theformula

V (mix) =
~o.+a.VM.o

100

in whichVoo,and VN,orepresentthevolumesof thosegasesseparatelyad-

Borbedat the total pressureof the mixtureand &iand a2standforthe per-

centagesof thé respectivegasesin the mixture,holdswithincertainlimits.

Onthe otherhand, thereseemsto benopossibilityofcalculatingthevolume

of each of the componentgasesadsorbedin the charcoalfromthevolumeof

the gaseousmixture. In other wordsthe ratio of the amountsof the two

gases adsorbedvaries with the pressurewhetherweare dealingwith them

separatelyin contactwith the charcoalorwhethertheyaremixed."

It wasthepurposeofthis investigationtomeasureatordinarytempérature
the adsorptionofmixturesofeasilycondensablegasessuchassulfurdioxide,

mèthyl chloride,butane, etc., by titania gel whichwas firstpreparedby

*ContributionfromtheMartinMaloneyChemicalLaboratory,oftheCatholicUni-
versityofAmeriea.

**ExtraetfromResearchWorkeubmittedasa Dissertationin partialfulfilmentof
therequirementsfortheDoetor'adegree,to:8.

PtttnckandMcGavack:J.Am.Chem.Soc.,42,946(~920).
P&trickandLong:J. Phys.Chem.,zo,336(1925).
BmggraffandHosky:J.Am.Chem.Soc.,SO,to~s(!oa8).

<Joutin:Ann.Chim.Phya.,(~)37,47~(lot:).
Homfray:Z.phystk.Chem.,74,no (toto).
Bet~tef:Atm.Physik,(4)37,~72(:9!a).

7HempelandVater:Z.Etektrochemie,M,724(t?!:).
LemonandBlodgett:Phya.Rev.,(a)14,394(t~to).

RiehardeonandWoodhouse:J.Am.Chem.Soc.,43,~638(toag).
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Kloskyand Marzano,'in this laboratoryand to determinethe amounts of
adsorbedgasesin the gel with thé hope of establishingsomerelationship
betweenthem.

Materials,AppaMtusand Procédure
Titaniagel. Thegelwaspreparedby Burggraff. The partidesof the gel

were2o-4omeshsize. It was activatedat 30o"-330°C beforeuse. The
weightof gelusedfor eachsingledeterminationwas4-5 gms. Two different
samplesof gelwereused for the twosystems.

The gaseswerepurchasedin tanks froma commercialcompany. The
sulfurdioxide,after beingdried,wasfound99.6-99%adsorbablein NaOH
solution. Thebutane wasdriedand purifiedaccordingto the method em-
ployedby Patrickand Long. Kerosenewas found suitaMefor adsorbing
butanequantitatively. MethylchloridewaspassedthroughNaOHsolution
and driedbycalciumchloride. It wasfound99.4-99%adsorbableby glaoial
aoeticacid.'

Apparatusandprocedure:AUthedéterminationsweremadebya dynamic
methodsimilarto that used by Patrick and Opdyke,' and described by
Burggraff. The chief advantagoof the dynamicmethod over the static
one isthat theformerrequiresnoexclusionofair and is morerapidalthough
it is notas accurateas the latter at lowerpressures. The total presaurewas
alwaysequal to the atmosphericpressure. The individualisothermsof each E

gas weredeterminedby mixingwith air. The compositionof the mixtures
was determinedfirstby nowmetersandthen checkedby thé analysis from
the bottle. Theanalysiswascarriedouteitherby titration as in the caseof
sulfurdioxideor by adsorptionas in the caseof butaneor methylchloride.
The flowmeterswerecalibratedwith air andwhen the readingof the 8ow-
meter,measuringthe gas, wasmultipliedby the relativeviscosity of the
gas comparedto air, the per cent by volumecalculatedfromthèsereadings
agreedwith the resultsof analysiswithin1.5%in all cases. The time re-
quiredfor the equilibriumwasfrom1to 2.$hoursdependinguponthe pres-
suresused. In everycasea constantweightwas obtainedbeforechanging )
the concentrationof the gaseousmixtures. In the determinationof inde- 6
pendentisothermsone sampleof gel wasused for severaldifferentpartial
pressures. Thepartialpressuresof thegaswerechangedfromlowerto higher
inorderto avoidtheerrordueto thé irreversibilityofadsorption.

Analysisof Gases
Aswas mentionedabove,the compositionof each gas whenmixed with

air in the determinationof individualisothermswasdeterminedby analysis.
The mixtureofsulfur dioxideand air was analysedby the iodinemethod
and alsoby adsorptionin NaOHsolution. Both methodscheckedelosely.
The mixtureofbutane and air and ofmethylchlorideweredeterminedby
absorptionin kérosèneand glacialacid respectively.

KloskyandMarzano:J. Phys.Chem.,29, nas(t9ï5).
Meighan:J.ïnd.Eng.Chem.,U,943(t~tg.)

PatrickandOpdyke:J. Phys.Chem.,29,6ot(t9ts).
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Thoanalysisof the mixturesofgasesadsorbedin the gelpresentedgréât

dMeulties. It is impossiblein the dynamicmethodto determinethe com-

positionof the adsorbedgases in the gelby knowingthat of thé unadsorbed

gases,as in thécaseef the statiomethod. The directanalysisofthe adsorbed

gasesis necessary. Aftermanytrialsit wasfoundthat the followingmethod

gavesatisfactoryresults.

TheU-tubecontainingthe ge!,after constantweightwasobtained,was

connectedto a separatoryfunnel in whicha knownvolumeof standardized

NaOHsolutionwas placed. The solution was carefullyrun into the gel

andthen the gelwaswashed intoa beaker. It wasfoundthat the concen-

trationof the NaOHsolutionshouldbe above.~N;when.ï- .35N solutions

wereused,onlyabout 66.6% of the sulfur dioxidecouldbe obtained. The

solutioncontainingthe gelwaawarmedfor about threeminutesandthen the

excessof the NaOHwastitrated as soonas possibleby a standardsolution

of nitrioacid,usingphenolphthaleinas indicator. Warmingwasalsoneces-

sary, otherwisethe error becameas bigh as 33.0%. Whenthe weightof

the gasesadsorbedand the amountof sulfurdioxideareknown,the amount

of the secondcomponentsuch as butane or methylchloridecan te readily

calculated.

ExpérimentalRésulta

Since.Burggraffhas already shownthat the adsorptionof sulfurdioxide

by titania gel agreesvery wellwith the equationsof Freunduch,Patrick,

andPolanyi,the adsorptionpf sulfurdioxidein this experimentwasmade

at onlyone température,while those of butane and CH;Ct weremade at

diBerenttempératures, in Tables 1-VII

P = pressurein atmospheres

x/m = gramsofgasadsorbedpergramof gel

.E.tperMKCK~Data
m. TT~r*. ~-– TT

TABLEÏ1

Sulfur dioxide in gel No. i

at35"C.
P(atm.) x/m

.122 035~

.431x .0497

.6os .0543

.995 .0632

TABLEIII

Butane in gel No. i at o° C.

P(atm.) x/m
.tM .0323

.401 .0562

.6io .0882

.758 .1065

.y96 .1040

i.ooo .1340

'l'ABLE11

Sulfur dioxide in gel No. 2

at 35" C.

P(atm.)
at 35>C.

x/m

.194 .0346

.~57 '°373

.478 .0428

.766 .0478

t.ooo .0510

TABLEIV

Butane in gel No. i a.t 35° C.

P(atm.) x/m

.100 .0~73

.94<) .0200

.332 .0249

.470 .0203

.625 -0330

.o8o .0395
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In the mixtureofgaaesit wasfoundmost desirableto plot the numberof
molaagainstthe partial presaures.In TablesVIII-IX Xtand Xtrepresent
theweightof gasadsorbedper gramof gel,the subscriptsi and indioate
theSratand secondcomponentaof thegaseousmixture.

Sutfurdioxide-butaneintitania gelNo.i at 35"C.

Sulfurdtoxide-methylcMoridein titani&gelNo.a at a';°Ccyaft

The data on the adsorptionof singlegaseshave beenused to test the
equationsof Freundlich,Patrick,andPolanyiand foundto agréefairlyweU.

The interestingqualitativediscussionof Drucker~about the dose re-
lationshipbetween~iscositiesand adsorptionof mixturesof gases indueed

t Drucker:Z.phymk.Chem.,M,987(t9t7).

TABU5V
CHtCImgetNo.3 :3 (

at s5"C.
P(tatm.) x/m

.tS:: .0369

.437 .0473

.788 .0683
t.ooo .0875

%SO* x ('i)(SO,) (x,)(C~)
° 0393 .oooo .0393

.0445 .0175 .oayo
~.o .0443 .0228 .o9is
24.4 .0474 .oao8 .o~6
49. a .osos .0360 .0145
77.o .os7& .0448 .0130

~<° .0625 .0625 .oooo

– w~~wtM~w*< ~M*vtjHLt~tU MMMU<t}~Ciit~t MaK25
~0' X ~)(SO.) (~)(CBWt)

.0 -<'S58 .0000 .0~8
~3-5 .0585 .010~ .0302
~3.1 .0600 .o23S .0365
29.6 .c6o5 .0~74 .0331
4!. 3 .0590 .0:98 .0:02
~-° -0578 .0374 .0:04
79-~ .0545 .0405 .0140
~5 .0535 .0407 .0128

.oSïo .0510 .oooo
Tti~–– ~Tf~ <t

TABiEVIII

TABLEIX

DiscussionofResults

Y

TABMBVI

CHtCtingdNo.a 2

at35"C.
P(atm.) x/m

-~o .0346
.M6 .0324
.570 .0440
.790 .0510

i.ooo .oss8

TABLEVII

CH,Clinge!No.3 2

&t 45"C.
P(atm.) x/m

.203 .0305

.486 .0398

.885 .0474
t.ooo .0493
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us to makean attempt to findsomequantitativeconnectionsamongthem.

It wasfoundthat thé ratioofthe moteoutafweightsandviscositiesofsulfur

dioxideand butane is ï.8o wMohis atmostexactiyequalto the inverMratio

of the relativeadsorptionloweringof the twogases.
In Tables X-XI N and N~representrespectivolythe numberofmots

of the first and secondcomponontsof the gasesadsorbedper gramof gel
fromthe mixtures. Thesubeoriptzerorepresentsthe oorrespondingamotmts

adsorbedfromthe gas-airmixtures.

TABLEX

Sulfurdioxide-butane,at 35"C.

TABLEXI

Sulfurdioxide-methylchloride,at 3S"C..w 'f'

Thesedata are showngraphioallyin Fige.1-3.
v

The valuesof viscositiesare takenfromLandolt-B6rnstein'sTabellenat

2o"Csincethoseat 35° Carenot all available.Wemayalsonote that thé

ratio of viscositiesdoesnot varyappreciablywith temperature,sonocon-

aideraHeerror wouldocourwhenweuse thé ratioofviscositiesat 20"C.for

that at 35"C. The same procédurecan be appliedto the sulfurdioxide-

methylcMondesystem,wherethe averageratio is 1.53as shownin Col.8,
TableXI. The inverseratioofthémolecularweightsandviscositiesofsulfur

dioxideand methylchlorideis:

M,~ a 64(i38o)(io)' x.5x
M, 1 5o.S(ii6o)(M)-~

If weuse the equation

No-N

No M~,

N.N' M~

No'

~V .1

NrN N.N' N.N'/N~N
No N/ N N' T~* N/ N.N;r

20 .000547 .ooo6ao .000360 .oooeys .343 .SS5 i.6t
40 .000643 .oooyyo .0004755 .000470 .a6a .300 1.48
6o .000710 .oooooo .ooo$67 .000633 .aoi .307 I.53
8o .00075$ -oolOlo .000632 .000744 -ï63 .963 i.6i

Average 1~6
mt",s" a~a., ei" ,b.,i,on<.

Sueur dioxide-butane, at 35 U.

N.-N N.N' N.N'/N<r-N
No N.' N N' T~" 'W'T~7'/T!7

20 .000614 .000305 .000431 .oooi6s .298 .522 1.75

40 .oooyôo .000643 .ooos4o .000228 .290 .$00 1.76

6o .000860 -OOOS55 .ooo6ig .000256 .286 .539 ï
80 .000940 .000625 .000718 .000350 .236 .440 1.86

Average 1.81
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to calculatethe secondcomponentfromthe twoindependentisotherm aod
fromthé firstcomponent,a surprisingagreementbetweenthe caloulatedand
observedvaluesis obtainedasis showninTableXtI-XIII.

In goingoverthe dataofRichardsonand Woodhouseit was unusually
interestingto findthat equation(i) againholdsas wellas could beexpected.
Theirdata wereobtainedfroma s<.aticmethod. For the sake of comparison
it wasnecessaryto retabulatetheir résulta,that M,to plot volumesadsorbed
agamstpressuTea.Curveswereplotted on largeacalesaccording to Table
XIV. The readingson TablesXV-XVII wereobtaineddirectly fromthe
curves,and the agreementbetweenthe calculatedand observedvalueaare
shownby the lastcolumnsofthe three tables. The averageper centerror
is oalys.t-s.

TaMeXIl

N9= butane

N(obs.) N(catc.) errer
20 .000165 .000160 3.0
40 .000228 .000221 3.3
60 .ooo2<!6 .00025: 1.6
80 .0003~0 .ooo3S<) -a.g

Average a.e

TABMSXni

N9 = methyl chloride

N(obs.) N(c<tto.) Ntor

.ootn~g .000296 *-7.i

.000470 .000464 o.6

.000623 .ooo6a6 -o.5

.000744 .000764 -a.8

Average 3.8
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TABLEXIV L

P (total) 1000mm. P aooo nun. P 3000mm.

VI V, VI V, V, V,

49.a 30.2 40.7 47.5
So.88 }8.33 48.6 $4.0

73.9 53.ï ~.5 8i.8

26.1 16.0 20.5 22.8
23.4 8.9 tg.S !6.55
76.6 65.5 8i.6 88.4

100 84.2 94.8 107.3 113-0 ïzi.o 120.0

TABLEXV
Whentotal P= 1000 mm.

V(cato.) Vt(obs.) %MMr
20 o.o o.s 5°
40 25.7 27.5 6.o
6o 47.a 48.0 1.5
80 70-5 69.4 –1.5

Average 3-S

TABLEXVI

When total P= 2000mm.

V(Calc.) V,(obft.) %erM)-

20 i4.5 '5.0 3.5

40 34.4 35.7 3.8
60 59.5 59.7 o-~

80 86.6 85.5 –1.0

Average 2.1i
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Thé ratio of molecularweightsand visoositiosof COsandN:0 is almost
exactlyequal to r. Consideringthe faot that adsorption experimentsare
relativelydifficultespeoiaUyat lowpressures,asit was statedbythe authors
themsetves,"UNderthé best conditionsthé amount of gas adsorbedby a
given specimenof oharcoalvaries severaloubiocentimetersin duplicate
determinations,"wefeel that the agreementis remarkablydose. 80 far
asweknow,the dataofRiohardsonandWoodhouseare the onlyonesin the
literature on adsorptionof mixturesof gasesby porous bodieswhiohare
extensiveenoughto be tested. Lorenzand Wiedbrauek'slexperimenton
COa-C~Htmixturesdoesnot furnish any data on the actualamountad-
sorbed,whileMagnusandRuth'9'experimentonCOz-H<mixturesdoesnot
contain the individualadsorptionisotherme. Hence these data cannotbe
used to test our equation. Againlet us considerthe experimentsof Rich-
ardsonand Woodhouseand ours: the methods,gases, adsotbenta,tempera-
tures andtotal pressuresare entirelydifferent,yet atl ofthemcanbe repre-
sented by the simpleequation. Hence,it is very probablethat moleoular
weightsandespeciallyviscositiesof the oomponentsplay an importantpart
in the complicatedphenomenaof adsorptionofgases by, at least, porous
bodies.

It maybewellto pointout that the formula

V(mix)~+~
100

whichbas beenusedby Homfray,Riehardsonand Woodhouse,and others
holdsin ourSOrCjI, syatem. Let us changetheform of theequationinto

N(nux)=~±N~
100

whereN indicatesnumberof moisand the subsoriptsindioatethe firstand
secondcomponenta.Theagreementis showninTable XVIII. Theequation
doesnot holdevenroughlyin the caseofthe SOrCH~Clsystem.

ï~t-em:andWiedbrMek:Z.Mmg.aNgma.Chem.,143,268(t~s).
2 MagnusandRuth:Z.anorg.aNeem.Chem.,150,gn (t9~6).

TABUBXVH
Whenthé total P *=3000mm.
V(catc.) V,(obe.) %eMM

20 ~.a is.o g~
40 39.1 40.3 3.0

6$.11 66.0 t.a
9~.4 91.8 -0.8

Average 2.6
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summary
i) AdsorptionisothermsofCJÏMat o"Cand z5''C,and CH~CIat 25°C,

35"Cand4S"Contitaniagelhavebeendeterminedand foundto agree with
the fonnuiMof Freundlich,Patrick,and Poianyi.

2) Theadsorptionof mixturesof SOtplus CRaCI,and SOzplus C4H,o

by titaniagelhavealsobeenmeasured.

3) A simpleformulabas beenproposedwhiohholds for au available
data withanaveragedeviationofapproximatelythreeper cent.

TABMXVIII
N (mix)(eate.) N (mix)(obe.) Mror

ti.i .000711 .000~39 3.9

t4.o .000720 .000728 t.o

24.4 .000753 .000768 a.o

49.3 .000829 .000812 –z.o

77.0 .000916 .000985 7.0

Average 3.55
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In a previouspaper the writer showed' that thé controllableinternat
energyu andthe controllableentropyS are eachzerofora substanceormix-
ture in the condensedstate under its vapor pressureat the absolutezero
of temperature,a pointcaUedthe absolutezeroof control,or

S=o 0 (,)
u=o (2)

undertheseconditions.It waaalsoshown*that the entropyis alsozerofor
atl otherstates at the absolutezeroof temperature. If wemake useof the

po8tu)atesab'eadyusedinthenr8tpaperquoted,thatt~) and(~)
are

\9T/v \av/TT
not disconttnuousfora homogeneousmassof matter ofvolumev andabsolute
temperatureT, it willfollowfromthe foregoingresultby meansof the Cat-
culus that

(~-
(3)

?),- (4)( av T
0 (4)

for all states of matter at the absolutezero of temperature. From these
equationsit can then be deduced,similarlyas in the papersquotedfor thé
casethat thesubstanceisunder its vaporpressure,that

(~)v = =
Cv~ = 0 (5)

= = =.~T'/v v ~TA v ~~T" v
°

?).-

?).-
t8)

forait statesof matterunderany givenpressure at T = o, wherec~denotes
the specincheat of the condensedsubstance at constantvolume,Cv.,the
specificheatat constantinfinitevolumeof the vapor,andp the pressure.

Again,sincethe entropyis zeroforT = o

L+w
-~–-o,

J.Phya.Chem.,31,747(tt~y).
J.Phya.Chem.,M,940(19~7).

FORMULAEFORTHE INTERNALENERGY ANDENTROPY0F A

SUBSTANCEOR MIXTURE
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whereL denotesthé internalhoat of evaporation,and w the work done

duringevaporation. It followsthereforethat

L = w = p(v, v,) = RT = o (9)

wherev; denotesthe volumeof the vapor and V1that of the condensed

substance.
The discussionof the foregoingrésultatogetherwith others willbo re-

servedfora separatepaper;m thispaperthey willbeusedmainly to develop

formulaefor the internalenergyand entropy. Considerableuse willalso

bemadeofthéwellknownequation

.T~ -p p- d.)
\aV/T \aT/v

p. ( )

1. Formulaefor the ContfouaMeImtenMlEnergyofa substance or Mixture

Sincethe internalenergyof a substancecorrespondingto a givenstate

is independentof the pathalongwhiohthis state maybe reachedfromthé

zeroof internatenergy,aninfinitenumberofformulaefor the internalenergy

maybededuced. Afewofthemonlyarehoweverofinterest and importance,

and thesewillnowbe given.

Supposethat a substanceat the absotutezéroof temperature underthe

pressureof ita vapor,in whichcaseits controttabteinternai energy is zéro,

bas its temperatureinoreasedto T at constantvolumeVo. The increase

in internal energyis
T

whereCr denotesthé specifieheatat the constantvolumeVo. Nextsuppose

that the volumeis isothennaUyinoreasedfromv. to v. The inoreasein

internaienergyis < r au, whiohmaybe written

~~(~

av

bymeansofequation(10). It isevidentfromequations(5) and (6) that the

intégralcorrespondingto the limitT = o is zero;andhence for thé internai

energyu wehave

-~T+~{T(~-p}.v

(n)

Wemayalsoproceedby supposingthat the substancein the sameinitial

state as beforeis allowedto evaporategivingriseto an inorease in internal

energyequalto the internaiheat ofevaporationL,whichaccordingto equa-

tion (9) is zéro. Onnextsupposingthat the temperatureis increasedto T

at constantinfinitevolumean increasein internal enorgyequal to
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<'TT

Cv.T

is obtained,whereCv~denotesthe specifioheat at constant infinitevolume
v.. FinaUyon supposingthat the volumeof the substanceis isothermally
decreasedfromv~ to v, anincrease

~(~

av

t/Y~
in internatenergyis obtamed. The intégrât correspondingto T = o is
zeroaccordingto equatiom(5) and (6), and heaeefor the internatenergy
wehave

~T+f {T(~)~-p}.v
(~

<' ~vc,
Therelationbetweeno, andCv~at any temperatureobtained before' is

(?), M

Anexpressionfor the internalenergy of a vapor in contact with its
condensedstate, which is convenient, is obtainedon supposingthat the
substancein contact with its vapor is heated from T = o to T and then
evaporatedgiving

u
= Ct. dT

+ L (I4)

wherec; denotesthe internalspeoifioheat of thé condensedsubstance in
contactwith its vapor, andL the internal heat ofevaporationat the tem-
peratureT.

Anotherexpressionfor the internalenergy is obtainedonintegratingthe
knownequation

~H\
~A" ~s)

giving

u+pv=H=~Cp.aT+
~.(p) (16)

wherec? denotesthe apeciceheat at constant pressure,and$.(p) the in-
tégrationfunetion. If the specifieheat is measuredat an infinitelylow
pressurewehave~.(p) = o,sinceu = o,Cp= o,*p = o whenT = o, and
hence

1J.Phys.Chem.,31,747(i~;
1J.Phya.Chem.,31,940(ï<~7).
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u + pv H= c,
aT (11)

undertheseconditions.Thisequationalsoholdsveryapproximatelyifp isnot

zero,but at the sametimenot very large,sayof the orderof anatmosphere

or80; u can becalculatedfromthis equationif the continuitytemperature

functionof c. is known. It is the funetionofT that representsthe speciSc

heatoverthe regionofvaluesof T that the substanceis inonephase,and for

aHtemperaturesdownto the absolutezerosupposingthe substanceto remain

continuous,or notcondenseinto phases. Thisfunotiondependsonthe same

ideaofcontinuityasintroducedbyvanderWaalsinconnectionwithhisequa-

tion of state, whichhasbeenshownto be permissible. Its formcan be dis-

coveredbytrialonlyandisnot yetknown,but itsdiscoveryshouldnotpresent

anyinsuperabledimcutties.Veryprobablyits formwith respectto T willbe

foundto be the samefor ail substances,whileits constants woulddepend

onthe natureofthé substanceconsidered.

An expressionforp in the foregoinginternalenergyequationsin termsof

v and T is givenby the equationof state of the substanceor mixture. It

may be ofan entirelyempiricaloharacterprovidedits constantsare deter-

minedfromthe facts. The value of v., the volumeof the substanceunder

thepressureof itsvaporat T = o, accordingto Traube,' isgivenby

v.=z.6SN.Vw. (18)

whereN. denotesthe numberof gramatomsof the substancea of atomic

weightw, relativeto the hydrogenatomthe substanceor mixturecontains.

Anotherformulafor the internal energywillnow be obtainedwhichcan

he developedalongspécialUnes. On multiplyingequation (10)by av and

integrating,it becomes

u.t{T(~) -p~v+~(T,M.,Mb.)
(t9)

whereM., Mb, denoterespectivelythe number of gramatomsof the

substancesa, b, thesubstanceormixturecontains,and<Msthe integra-

tionfunction. Nowthe part of the expressionforu whichvarieswithv isa

functionofthé partialdensities ofthe constituents. Hencethe
v v

integrationfunctionin the équationwiUconsistof two parts, oneof whieh

isa.functionofthepartialdensitieaa.ndthetemperature.a.ndtheotherafunction
of the massesandthe temperature. The expressionfor u willalso possess

the propertythat if the massesof the constituentsare increasedn timesat

constantpressurethe valueof the expressionis inoreased.n times. This is

realizedif the expressionbas the form

'Fhya!k.Z.,M,667(t909).
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u = M.
(T, )

+
M~~(T, ~)+.. M. (T)v v v v

+Mb.~b(T)+..

or,
u-SM~(T,)+BM~(T) (20)V V

Theformof the expressionfor u neednotalwaysbethesamefora given
set of constituants. This is suggestedby the existenceof isomère. The

complexsubstanceswhiehcorrespondto the same expressionforu willbe
saidto be ofthe sametype.

If the massesof the constituentsare supposedto be zeroexceptone,
equation(ao) givesthe internalenergyof thisconstituentat the volumev
andtemperatureT. Theresultantequationia tikelyto be the samein most
caseswhateverthe natureof the expressionforu, and to correspondto the
natureof the substanceasit is knownin practice. In somecases,however,
the resultantequationmaynot have the sameform, sineedifferentmole-
cularformaof the sameelementarysubstancemayexist.

Similarconsiderationsapplyto the equationof state ofa complexsub-
stanceormixture. It maybewritten in thegeneralform

– /~f -t'p=~t(T,) (ai)

wberethefunotion~neodnotaiwaysbethesamefora givensetofconstituents.
If wesupposethat the massesof the constituantsare zeroexceptonein the

foregoingequation-say a, it will give the equationof stateof the remain-

ingelementarysubstancea. But this neednot always be the samein form
sincea substancein somecasesmay existin differentforma;the resultant

equationrefersto the formof the elementarysubstancetaMn~part in the
chemicalcombination.

Aspecialformofequation(ao) is obtainedonapplyingit to substancesin
the gaseousstate whiehdonot dissociateappreoiablyonchangingtheirvol-
umesfromvi to V}. The internalenergyofeachsubatancewillaccordingty
not changeappreciablyoverthis range ofvolumes,and hencethe functions
of the type are approximatelyindependentofv undertheseconditions.

Theywillthereforealsobeapproximatelyindependentofthe massesof the

constituenta,sinceu is a functionof the ratios–* < '– if thémassofa
v v

constituentis not variedovera greater rangethan from i to v:/Vt. The

expressionforu underthèseconditionsmaybowritten

u = M.CD + Mb.&, (T).. = S M.~ (T) (M)

or u is anadditivequantityofits constituents.Thisresultappliesonly,from
whatbasgonebefore,tosubstancesof the sametype.

It isevidentfromequation(2o)that u isperfeotlyadditiveforcompounds
of the type A.. Bb in the gaseousstate independentof dissociation,
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wherea, b, are constants,if the volumesare taken proportionaltb n,

mneoin that case the relativepartial densitiesof the constituants,or the

M Mh
valuesof–*<– are thésamein eachcase.

v v

Equation(!?) maybe tested by meansof the equation

AH*= Au + Apv (23)

appliedto thé facts,whereAH denotesthe change in heat content during

a reaction,or the heat of combinationor combustionas thé casemay be.

If we are consideringgases of the kind disoussedAu is additiveand this

holdsa!sofor Apv exceptonoor more termseach equal to RT, whichmay
beneglected.

The writerbas shown*that for the hydrocarbons(32wereconsidered)

theheat of combustion–(AH),may be expressedby

(AH). = 295oo(h + c ~12) cal. (:4)

or it is additive,whereh dénotesthe numberof gram atomsof hydrogen,
andc thenumberofgramatomsof oarbon,a gram moleouleofagivenhydro-
carboncontains. Wemayalso write

(AH). = c.u~, + un,o uc,Hh (o
+ )

uo, (1
+~)

RT (~)

whereUc.Bhdenotesthé internaienergyofthehydrocarbonpergrammolecule

in the gsseousstate, uo, the internai energyof a gram moleouleof oxygen
in the gaseousstate, andUB~)the internalenergyofa grammoléculeof liquid

water, and

AHco, = Uco, – Uc Uo, ('6)

AHB.O=' UB,0 UH, Uo, RT (~)

whereuco,and un, denotethé internalénergiesof grammoléculesof carbon

dioxideand hydrogenin the gaseousstate, and ue the internaienergyofa

gramatomofgraphite. Fromthe foregoingfour equationswehave

Uo.Hh eue un, = c {AHco, + 29500 VTa}+

ïtT*)
h AHn,. + 29500+ –~ (28)

fâ ~HAro -i- 29500
4 1

(a8)

wherethe lefthandsideof the equationrepresentstheheatofformationfrom

the elements. It is evident from this equation that the internal energy
isanadditivequantityof the atoms. Thecalculationof thefactorsof candh

in the foregoingequationcannotresult inacouratevaluesbeingobtainedon

accountof each being the differenceof two large quantitiesand that the

constant20,500is an averagovalue. Sincein practice we are ahaost ex-

clusivelyconcemedwith thé valueof Au consideredas a wholeit is best to

calculateit in eachindividualcaseby meansof the equation
1Proe.CtHnbndxePhil.Soc.,te, (4),299('9")-
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Au uo.Hh eue- Un, = eAHco,+ AHa,o + (AH)o
+ °RT

(29)
32

The writerbasalsoshownthat the equation

-(AH)c+n~oo = (30))
h+ovia

holdsfor the mon-and multiatomioalcohols,carbohydrates,phenols,aldé-

hydes,ketones,basicand oxy-aoids,compnaingin aHabout ïao compounds,
wheren denotesthe numberof gramatomsofoxygena grammoleculeof a

givencompoundcontains. It caneasilybe shownfromthis that the internal

energyis an atomicadditivequantity.
In the caseof the amido-aoids,acid amidocompounds,nitrile acids~and

the uricaoidgroupit wasshownthat

(AH)o+n 50700+ m 5000 () )
h +cVn

-I-m gooo 39500 31

wherem dénotesthe numberofgramatomaofnitrogen.agrammoleodoof a

compoundoentains. As beforethis equationshowsthat an additive law

holdsfor the internaienergy.
The relation.

(AH)o m m7300
29500–––––7==––- = ~95oo (3a)

h + c-t2 a

wasshownto holdfor theacunes,and therelation
– (AH)c – m 20500= a95~ (33)––––––7=––– = ~9500 (33)

h + c -via
==29500 33

for the cyanides. The contributionof a nitrogenatomto the internalenergy
ofa moleoule,it willbe seen,is not the samein the twocases.

For the iodidesconsideredit wasfoundthat

(AE)c w9400
;49500

––h+.~––
= ~soo (34)

and forthe bromides

(AH)c + u 5800
29500 (35)–– = 29500 (35)

h + o Via

wherew denotesthe numberof gram atomsof iodineand u the numberof

gramatomaof brommea givengrammoleculecontains.
The largernumberofchloridesconsideredfallinto linewiththe equation

(AH)c + 113600
= ag5~––'– = a95oo (36)

h+evî2
= 29500 3

wheret denotesthenumberof gramatomsof chiennea grammoleculecon-
tains. Similar relationswere foundto hold for othercompoundsinvolving
variouBkindsofatoms. Theyindicatethat the internalenergyiaan additive

quantity when the substance is in the gaseousatate, but the amount con-
tributed by a givenkind of atom dependssometimeson the type ofcom-

poundinwhichit occurs. Thus thetheoreticalconsidérationsgivenareamply
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sustainedby the facts. This is the more important becausesimilarcon-

siderationswill be appliedto the entropy for the verificationof whichno

data areat presentavailable.
It maybenotedhoweverthat sincethe foregoinggroupingof compounds

isonlyanapproximation,it maybe necessarywhenactuallycalculatingthe

internalenergyofcompoundsby its help to subdividethesegroupsintosub-

sidiarygroups. The nature of this subsidiary groupingwill probablybe
foundto be intimatelyconnectedwith the groupingof thé atoms of the

mo!ecules.
Theformula(19)forthe internaienergymaybegivenanother formwhich

is of interestand importance. It may be written

n~ (~)v P }
+ ~(T' M., Mb;)+ SM <~(T) (37)

on comparingit withequation(2o),where is the function of T, M., Mb

whichrendersthe integrala seriesof funetionsof T,– – eaoh
v V

ofwhichbasoneof thequantitiesM., Mb, as a factor,wMchis the series

M Mb
correspondingto 2M (T, – –)in equation (20). Théform

ofthisfunction dependsonthe equationofstateofthe substanceormixture,
fromwhichit may immediatelybe deduced. If the massesof ait the con-
stituentsexcepta aresupposedto bezero the equationbecomes

n~(~)v' P}
+ (T, M., o, ) + M. (T) (38)

and expressesthé internaienergyof the constituenta at the volumev and

temperatureT. It is evidentnowthat the functionsof the type <~(T) in

equation(37)maybeobtainedfromthe equationsreferringto the elementary
substances. We maythereforewrite

Au =
A ~T p~ av

+ A~ (T, M., Mb, ) (30)

Henceifthe correctequationsofstate of the complexsubstanceand its con-

stituents,andthe internalenergiesofthe constituents,beknown,the internal

energyofthécomplexsubstancemayimmediatelybe calculated.
If wesupposethat equation (20) is appliedto a complexsubstanceor

mixtureat infinite volumethé function (T, – –~ ,) assumesthesamo
v v

formasifailthé massesofthe constituentswereequalto zeroexceptthatofa,
and thevolumeinfinitelylarge,inother words,thefunctionassumesthéform

applyingto the isolatedelementarysubstancea at infinitevolume. Similar
remarksapply to the other funotionsof this type. Thusat infinitevolume
u constatsof the sumof the internaienergiesof the constituentswhensepa-
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rated fromeach other, in other words,no changein internai energytakes
placeonmixinga numberofsubstancesof the sametype at inanitévolume.

2. FoimMiaefor &e ContmttaMeEntiopyof a Substanceor MixtMM
Theformulaefor theentMpycotTespondiagto thefonoulae(11),(ta) and

(14)givenin the previousSectioncanoaailybeshownto be

~(~

~(~
~)

S=~.dT+~ (“)

whereLt denotes thé totalheatof evaporation,and the e thé speoiSoheat of
thé substancein contactwitbit8 vapor. Anotherfonnu!amay beobtained
by integratingthe wellknownequation

~S\Cp
~A' T ~3)

giving

S=~.aT+~(p) (~)

where~(p) is the integrationfunction. If the speciScheat is measured

tt acy givenpresaure~(p) iazéro,sinee8 = o, Cp= o and = o when

T o/ andhence

8=~T (,s)

°
WT ~~p

+
\9T~

+ P
~;p

= ° equ~OM(7)Md(5)

-<?).?).?).

~(~(~).(~)~@).(~)~(~)(S).~
V

(~T')p
='o by mêmeofequations(8),(y),(6),(g)andtheequationo = (~

(sr),
+

(av)T(S)p
+ a& (~),

+
(~)~ diterentMtinxp twice

withKapeettoTand thenimpodnf;theconditionp c' conataat.
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underthèseconditions. The entropy couldbe readilycalculatedby means

of this formulaif the continuitytemperaturefunctionofCp,whichwasdis-

oussedin thé previousSection,were known.

Anotherformula for thé entropy may be obtainedon integratingthe

equation

(~{(~~}-(S)/
(46)

T {(au)
+

P}
==

~aT)~
(46)

av T av drv

obtaineddireotlyby thehelpof equation(10),giving

8 = (~)
3v + (T,M., M~ ) (47)

Thisequationmay be developedalongthe samelinesas equation(10). It

canbeshowntohave thefunctiona!form

S ZM. (T, ) + SM (T) (48)S = ZM e' (T, V v
+ 01M (48)

Letussupposethat thisequationisappliedto substancesin thegaseousstate,
whichdo not undergoappreciabledissociationon varyingthé volumefrom

Vtto v<. Sinceno appreciablechangein internalenergytakesplaceduring
this changein volume,the change in entropyof each.substanceis equal to

theexternatworkdonedividedby the temperature,orequalto

R tn Vt/Vt

Henceif the entropy of one substance is subtractedfromthat of another

substance,the foregoingterm disappearsand the resultantdifferenceis in-

dependentof v over the rangefrom Vtto v:, and henceindependentof the

relativemassesof the constituentsoverthesamerange. It appearstherefore

that if SA,Sa, are theentropiesofstablesubstancesof thesametypein the

gaseousstate, or rather a set of substancesfor whichthe internalenergy
isadditive,the differencesSa – SA,Sc SA, areadditivein respectto

the atoms they contain. Therefore if the substancescontain n different

atomsthe determinationof the entropiesofn + i substancesfurnishesthe

valueof ndifférencesfromwhich the atomicentropiesmay be determined.

Thevaluesof the otherdifferencesmay thenbe calculatedby meansof the

additivelaw. Onaddingthe knownentropySAcorrespondingto thevolume

v to eachdifference,the entropiesof the varioussubstancescorrespondingto

the volumev willbeobtained.

This resultmay beput into the followingconvenientform: Let niât +

niBi+ denote the formulaof a compoundof a giventypecontainingni

atomsât, n~atoms ai, etc. Let the correspondingformulafor the substance

whoseentropyisSAben{at+n~+ The differencebetweentheen-

tropyofoneofthe substancesand theentropySAisequalto

(mat+ n~ + ) (n~ + n~a:+ )

wherethe constantsal, a:, have appropriatevalues. Theseconstants

may be determinedfromthe knownvaluesof a numberof suehdifferences.
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The value of the entropyforanyoneof the substancesat the volumev is
then givenby

(ntat+n:a!+.)-(n{&i+N~+.)+ S~

At present there is not sumcientdata availableto carry out sucha set of
calcu!ations.

It is of importanceto noticethat if the valuesofmoreentropydifférences
are knownthan is necessaryto determinethe additive constants,thé eor-
rectnessof the additivelaw maybe tested by meansof these différences.
If an agreementis obtainedit isnot onlyevidenceof the correctnessof the
lawbut a!so that the valuesof the entropiesused are likelyto becorrect.
Awelcomecheckontheentropycatoulationsisthus obtained.

Equation (4~)maybe writton

8 *=
(~)~

9v+ ~(T, M.,Mb, ) + SM
~(T) (49)

oncomparingit withequation(48),wherethe funetion renderstheintegral

a seriesof functionsofT, –,– eachofwhichhasoneofthe quantities

M., Mb, as a factor. The formofthis functionmay be obtainedfrom
theequationof stateof the substance.If the massesof a!lthe constituants
excepta are supposedto be zerotheequationbecomea

S.-
~(~)~+~(T,M.,o,)+M.(T) (30)

and expressesthe entropyof the constituenta at the volumev and tem-
peratureT. The funotionsof the type<~(T) maythus be obtainedfromthe
equationsreferringto theelementarysubstances. Wemaywrite,therefore,

AS=A~9v+A~(T,M.,Mb,)
~)

Henceif the équationsofatateofthecomplexsubstanceor mixtureandofits
constituentsbe known,the entropyof the complexsubstancemay im-
mediatelybe calculated. The dimcuityis that the formof the equationof
state that wouldgivetheentropycorreetlyis not known.

It canbe shownsimilarlyas in thepreviousSectionthat ifequation(48)
is appliedto a emplex substanceat infinitevolume,the expressionfor the
entropybecomesequalto the sumof the entropiesof the constituentsin
the isolatedstate. Thereforeif substancesof the sametypewhosevolumes
areinfiniteare mixednochangeinentropytakesplace.
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3. Fonouhc for the Maximum Workand Free Inergy of a Substanceor

MhtUM

The'maxunumworkA is givenby
A=u -TS (~)

Atthe absolutezeroofcontrolu = oandS = o, andthus

A = o (53)
or the zeroof the maximumwork is the same as that of the entropy and

internalenergy. This is not the onlypointhoweverat whichthé maximum

workis zero,beingalsozerofor valuesofv and T givenby

u TS = o (54)

This equationreprésentaa curve ona v, T diagramwhichpassesthrough

v =' voandT = o. On passingfroma pointontbiscurveto the axisv the

maximumworkchangesfrom zero to u sinceT =*o under these conditions

in equation(sa), or it becomeaa positivequantity. Thus A is a poBitive

quantity correspondingto a given volumefor temperatureslese than that

correspondingto the zerovalue of A. Forhighertemperaturesthe maximum

workis negative. At the absolute zerooftemperaturethe maximumworkof

a substancein anystatebas the samepropertyasu,namelythat thefirstand

seconddifferentialcoemcientswith respect to T at constant volumeare

zeroaccordingto equations(3), (5)and(6).
Variousexpressionsfor A may be obtainedon substitutingin equation

(52)the variousexpressionsobtainedforu and S in the precedingtwo sec-

tions.
The freeenergyF is given by

F = u TS + pv (55)

Sinceu, S andp arezeroat the absolutezeroofcontrolthis alsohoidsfor F.

It isalsozeroforvaluesofv and T givenby
u TS + pv = o (56)

It canbe shownsimilarlyas for the maximumworkthat fora givenvolume

thefreeenergyispositiveat temperatureslowerthancorrespondingto F = o,

andnegativeforhighertemperatures. F bas thepropertyat the temperature
T = o that the first and second differentialcoeBicientswith respect to T

at constantvolumearezero accordingto equations(3), (s), (6),(?)and (8).

Variousexpressionsfor F are obtainedon substitutingin equation (55)

theexpressionsobtainedforu and Sin theprecedingtwoSections.

AnexpressionforAwhichisof importancemaybeobtainedonintegrating

the equation

(~
(57)

8v T

giving

A p .~v + (T, M., Mb ) (58)

Thisequationmaybewritten
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A=~p.av+~(T,M.,Mb,)+SM.(T) (59)

where is a functionwhiohrendersthe integrala seriesof functionsof T,

eachof whiehbas oneof the quantitiesM.,Mb. as a faetor.v v

It eanbeshownsimilarlyas in the precedingtwoSectionsthat the fonctions
SM. (T)havethe sameformaas for the elementaryconstituents.Hence
wemay write

AA =

A p

~v + A~(T, M., Mb, ) (6.)

The free energyequation correspondingto equation(59)is obtainedfrom
équations(54)and (50),thus

F p
~v + pv + (T, M., Mb, ) + BM ~"(T)

or F=/v-~p+~(T,M.,Mb,)+SM.~(T) (61)

where is a functionwhichrendersthe integrala sénésof funotionsofT,

eachof whichhas oneofthé quantitiesM,, Mb, as a faotor.

Thé functioDBSM (T) correspondto the formathey have for the
elementarysubstances,and hencewemaywrite

AF=A~v.3p+A~(T,M.,Mb..)
(62)

Henceif the maximumworkandthe freeenergyof the constituantsof a
mixtureand theirequationsof state and that of the mixturebe known,the
maximumworkand the freeenergyof the mixturemayimmediatelybecal-
culatedby meansof equations (60)and (6a).

It can beshownsimilarlyas in thé precedingtwoSectionsin connection
with the internalenergy and entropythat we maywrite

A=SM-~(T,)+sM.~(T) (63)

F-BM.~(T,)+SM.(T) (64)v v

If we considera number of complexsubstancesof the sametype in the
gaseousstate whiehdo not appreciablydissociateon changingthevolumeof
each fromVito v<each of thesesubstancescan easilybe shownto undergo
a changein maximumworkequal to RT m v~/Vt. Henceif the maximum
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workof one of the substancesis subtraotedfromthat ofeach of the other

substancesthedifférencesshouldboadditiveinrespectto theatoms. Asimilar

resultcanbe shownto holdforthe freeenergy.
Sincethe maximumworkandfreeenergyareusuallyoalculatedfromthe

internalenergyand entropybymeansof equations(52)and (54),it ismost

convenientto treat the latterquantitiesfromthe additivepoint ofviewand

caloulatetheirvalues by thehelpofthé additivelaw. Bydirect substitution

of thesevaluesin equations (5:)and (54)the maximumworkand freeenergy
ofeachsubstanceconsideredis then obtained. Thevalueof thé freeenergy
and maximumwork of a substanceforany otherstate maythen be obtained

by meansof the equation ofstate, formulafor the heat of evaporation,etc.

Thus the foundationis furnishedfor findingthe .freeenergy,the most im-

portant quantity to a chemist,for everyknownchemicalcompoundwithout

the necessityofcarrying outspecifieheat measurementsineachcase. Within

a fewyearswemay thereforeseoa completelistof valuesof the freeenergy
ofailknowncompoundsfora certainstandardstateavailablefor thé académie

and commercialchemist. Knowingthe freeenergyfunotionsof substances

their chemicalbehaviour mayimmediatelybe predicted,or the directionin

whicha chemicalchangewilltake placeon mixingsomeof them, and the

amount of extemal work doncduring the reaction. In particular the cor-

reapondingconstant of mass-actionKp may be calculatedby meansof the

wellknownequation'

AF = RTm Kp (65)

The additivelaw dealtwithgivessomeinterestingpropertiesof the con-

stantofmasN-actioninthisconnection.If wearedealingwiththe freeenergiesof

formationAF. and AFb oftwocompoundsa and b of the same type from

the sameelementalsubstances,wemaywrite.

AF. AFb = {RTmKp, RTInKpb} = RTm~S*pb

Nowthe lofthandsideof thisequationis additivefromwhatbasgonebefore.

Hence wowillhave

%K°'

RT
= Ae"eAr° (66)

(~r=~

wheren. is thedifferencein the numberof atomse containedin two mole-

cules of thé substancesa and b with which the constantA. ia associated,

n, the differencein the numberof atoms r with whichthe constant A, is

associated,and so on. Theseconstantsare the samefor au substancesof

the sametype.
The additivelaws developedin this and the precedingtwo Sectionsmay

evidentlybeused to calculatethe entropy,freeenergyof formation,andthe

constantof massaction ofcompoundsthat havenot yet been discoveredin

1Holdsstrictlyonlywhenthedissociationissmall,R.D.Kleeman,Phil.Mag.,s, 263,
ï9~8.
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the laboratory. The freeenergychangemay refer to the formationof a
compoundfrom the elementaryconatituents,or fromany coaceivabtesub.
stances. Valuable informationfor aotuaUyproducinga given compound
mightin that waybeobtained. It mighta!sobe pointedout that if someof
these atomic additiveconstants shouldpossessnegativevalues,a method
wouldbeaCordedof determiningthe possibilityofobtaininganyconceivaMe
compound,sinceits entropycanonly havea positivevalue.



I. Introduction

In a study of the recoveryof ioniumfromcamotiteore, Kammerand

Silvermanlnoted that when bariumsulfateis precipitatedin solutionsof

thoriumchloride,thoriumis removedfromthe solutionsin unusuallylarge

quantities,and that the amount removedvarieswith the concentrationof

the thorium chloridein a manner that may approximatelybe describedby
thé Freundlichisotherm.

Inasmuch as thé meohanismof adsorptionby précipitâtesis not well

known,and sincethe largeamountofadsorptionofthoriumbybariumsulfate

mightmake thèsesubstancesquite suitableforfurther study, this investi-

gationwas undertakenin the hopethat by repetitionof theworkof Kammer

andSilvennan, and the study of phenomenaalliedto the adsorption,infor-

mationmight be obtainedthat wouldthrowfurtherlight onthe subject.

n. ExpethnentalStudyandDiscussion

A. Preparationof Matent.

Thorium chlorideof theC. P. gradewaspurifiedby precipitatingthorium

hydroxidefrom an aqueous solutionof the chloridewith ammonia. The

hydroxidewas dissolvedin hydrochlorieacid,the thoriumthen preoipitated
asthe oxalatewithammoniumoxalate,redissolvedin excess,andthe solution

afterfilteringwasacidifiedwith hydrochlorioaoidtorepreoipitatethe oxalate.

Theoxalate was then dissolvedin concentratedsulfuricacid, the solution

boileduntil whitefumeswere givenoff,then dilutedwith cold.water and

neutralizedwithammonia. Finallythehydroxidewas treatedwith a quan-

tity ofhydrocMorieadd such that notatl the hydroxidewasdissolved. The

Miutionwas allowedto stand someweeksbeforefinalfilteringandstandardi-

zation.

BariumchlorideandoxalicacidwerepurifiedbyseveralrecrystaUizations
fromwater.

B. Pr~tWtN<N~B~erttnen~.

i. The Re-so~wmofThoriumo<~M'&edbyBarium<SM~a<e.Asa prelimi-

naryexperimentit seemedimportantto attempta determinationof the time

requiredfor adsorptionby the precipitateto cometo equilibrium. To solu-

AnabatfMtofa thesiapresentedto theQraduateSchoolofthéUniveraityofPitts.
burghinpartialMNhnentoftheMquiMmenteforthedegreeofDoctorofPMtoMphy.

**DepartmentofChembtry,UniveraityofPittsbm~h.
1KammerandSilverman:J. Am.Chem.Soc.,4V,~4 (t~s).

ADSORPTIONAND SOLUTIONPHENOMENA
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BY ERBBEBÏCK R. BALCAR WITH GEBHABD 8TEQEMAN**
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tionsof uniformthorium concentrationequal amoantaof bariumchloride
wereadded and bariumsulfate precipitatedby the addition of sulfuric
acid,with meehanica!agitation. The meehanicalagitationwas continued
at constanttemperature,zs~C.,for differentperiodsof time, and the final
concentrationthen determined. The initial concentrationof thoriumwas
o.ooo gramsas thoriumoxide in 500ml. of solution,and the amountof
bariumsulfatepreoipitatedin eaohcasewas0.9870grams. The resultsare
shownin TableI.

TABM!1
me ite-Botutionof Thorium adsorbed by Barium Sulfate

Time of agitation i hr. 6 hrs. 27hrs. 3 days 7 days
Final concentration 0.1074 0.1163 o.iaga 0.1233 0.1296

It is seenthat the concentrationof the thoriumin the solutionincreases
asthe agitationis continued.

TheEffectof ThoriumConcentrationon thePar<M!eSiu of Precipi-
<a~ BariumSulfate. Severalseriesof experimentswereperformedwiththe
viewof ascertainingwhat effecta variedconcentrationof thoriumchloride
wouldhaveonthe particlesiseof bariumsulfateprecipitatedin thesolutions.

Solutionsofvariedthoriumconcentrationwereprepared;equalamounts
of bariumchlorideworeadded and then precipitatedby the additiono
equivalentamountsof sulfurioacid. Thesuspensionswereallowedto settle
simultaneouslyin Nesslertubes, and the rates of settlingwerecomparedin
thevarious tubes. It wasfound that as the concentrationof thoriumin-
creasedfrom zero, the rate of settlingat Ërst deoreased,goingthrougha
minimumat abouto.oo2normalconcentration,thenincreasedto a maximum
andfinallydeoreaseduntil the suspensionsdid not settleappreciablyovera
periodof days.

No satisfactoryexplanationcan be offeredfor this peculiarvariationof
partMesizewith the concentrationof thorium. It maybeanalogousto the
varmtionofparticlesizeof precipitatedbariumsulfateobservedby P. von
Weimam'in the caseof varied concentrationof the reactingsolutions.

Theaboveexperimentsare sufficientto emphasizethe necessityof main-
taininguniformityas to time, agitation,and changesin concentration,if
thereauttsare to bemadecomparable.

J

C. TheSolutionof BariumandLead~~(~s in ThoriumChloridejSo~MM.
In the firstseriesof experimentson the adsorptionof thoriumby barium

sulfate,it wasfoundthat in the higherconcentrationsof the thorium,pré-
cipitationwasincomplete,givingonlya slightdoudinesswhiohdisappeared
mtttetyon warning.

An attempt to determinethe solubilityof bariumsulfate in thorium
ehlondesolutionswasthenmade in the foUowingmanner,withoutanyhope
~orverygreatprecision.Solutionsofvariedconcentrationsof thoriumwere

'OetwaMMdFiBeher:"CoUoidChenuatty",p.25(i~ty).
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prepared,andequivalentsolutionsof bariumoblorideand 8ulfurioacidwere

added alternatelydrop bydropfromburetteswhilethe solutionwasstrongly
illuminatedbya convergingbeamof light. Asthe additionof thereagents

was continuedand saturationof the solutionapproached,onedropof each

of the reagentsgave a Tyndalleffeotwhichdisappearedin a fewseconds.

The point at whichthe Tyndallconebecamepermanentwas taken as the

end point representingsaturationof thé solution. The resultsareshownin

Table II.

U = concentrationmmoisper liter of in~l4.
S =*concentrationinmoisper liter ofBaSO~.

An inspectionof the abovedata showsthat whenthe logarithmof the

concentrationof barium sulfateis plotted againstthe logarithmof the con-

centrationof thoriumchloride,as in Fig. i, the pointsHeneara straightline

whoseequationia

log S = n log C+ tog K,

wheren andKare constantshavingthe valuesof0.68and0.0789respectivety.
The solubilityof bariumsulfate in thorium chloridemay thereforebe ex-

0 8 LogC+to LogS+M

0.0871 0.0153 8.94°o 8.1847

0.0467 o.olog 8.6690 8.01:7

0.0251 0.0066 8.400Ï 7.8195

0.0102 o.oo35 o.oo86 7-5430

o.oos3 o.ooag 7.7!3i 7.3899

SotuMtitieaof LeadandBariumSulfatesin ThoriumChlorideSolutions.

TABLBII

The Solubility of Barium Sulfate in Thorium Chloride Solutions
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pressedbyan equationof the sameformas the Freundtichisothermwhioh
may be used in describingthe variationof adsorptionwithconcentration,

1
S-KC",

wheren and K are the constantsempincaUydeterminedabove. 1
Thesameexperimentwasperformedsubstitutinga solutionofleadnitrate

for the bariumohloride. The results,suchas theyare, appearin Table III,
and in Fig. i, the logarithmof the solubilityof lead sulfatebeingplotted
againstthe logarithmofthe concentrationofthe thoriumchloride,alongwith
the dataplottedin thé caseofbariumsutfate.

It is seenthat the points in the caseof leadsulfatealsoapproximatea
straight line,exceptin the higherconcentrationswheretheendpointwasun-
certain. Ifthe Unethroughthe threepointsrepresentingthelowerconcentra-
tions be takenas givingthe solubilityrelationshipover this range,the line
through thesepoints is very nearlyparallelto that in the caseof barium
sulfate. Thereforean equationsimilarto that usedforbariumsulfatemay
be usedto describethe solubilityof leadsulfate,

S' = K'C".
Not onlyare the equationsof the sameform, but as the plottedlinesare
parallelit followsthat theexponentis thesamein thetwoequations,andthat
the solubilitiesof the aattsoverthisrangeare in constantratio,

8/S' = K/K' = 0.642.
Aecordingto the theory of Debyeand Htieke!,whosegeneralequations

have beensimplifiedby BronstedandLaMerfor thechangeinsolubilityofa
sparinglysolublesait in solutionin a solventsatt, and for thechangein thé
activity coefficientor thermodynamicdegreeof dissociationofthe dissolved
salt, the followingrelationsshouldexist in diluteaqueoussolutions,

logf = -log S/S. = 0.5ZiZ,V~

where f is the activitycoefficient,S,'the.solubilityof the saturatingsalt at
any concentrationof the solventsalt,S., the solubilityof thesaturatingsalt
in water,Z,and Z<,the valencesof the ions,and /<,the ioniestrengthof the
solutiondefinedas 1/2(0~ C~ Ct~). Obviouslythe solutions
involvedin the experimentsaboveare far too concentrated(0.9to 1.0)to

TABLEIII
TheSolubitityof LeadSulfatein ThonumCMondeSolutions

C S LogC+M LogS+M

0.0817 0.0:970 8.9194 8.:9~
0.0495 o.oiy6o 8.6946 8.2450
00933 0.00959 8.3?!i .7.982o
o.otos 0.00574 8.0233 7.7587
0.0044 0.00323 7.6499 7.5093

C = concentration in mo!sper liter of ThC!<.
S = coacentration in mob per liter of PbSO<.
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hope for anything like goodagreementwith the theoreticalsolubilityof

sparinglysolublesalts. The valuesobtainedfor -log S/So whenplotted
againstthesquarerootofthe ioniostrengthgivea Unewhichis slightlycon-
cavedownwards,whoseslopeisnot far différentfromthe value0.5ZtZ;,but
the numerioalvalues of -log 8/8. are of thé order of one hundredtimes
too large.It seemsimprobablethat evenin dilutesolutionsthe resultswould
agreewiththe theory.

Thisincreasein thesolubilityofsparinglysolublesaltahasbeenattributed
by manywriters to complexion formation. Dhar and Ghosh~summarize
evidencewhichseemstofavorthisview,andgiveevidenceoftheir ownwhich
leadsthemto betievethat peptizationand solutionofcertainsubstancesare
theresultsofadsorptionofthesolventsaltby thesolidsoluté,andconséquent
complexfonnation.

Theformation,however,ofclearlydefinedcomplexessuchas aretreated
bytheolderresearehesoncomplexions,seemstobealmostoutofthequestion.
ïn thesmoothcurvesherestudiedthere is nohint of definitecompoundfor-
mationwiththe ratio ofbariumsulfateto thoriumchloridein thesolutions
varyingfive-fold.

The factthat bariumsulfateand leadsulfate (saltsof the samevalence
type),havedifferentsolubilities,seemsto indicatethat somethingmorethan
mèrestoichiometricratiosmustbe involved. From the standpointofaoti-

vities,thésolubilitiesof thesetwosattsdependon their activitycoefficients.
Accordingto Lewisand RandaU,'the activity eoenicientof 0.02mo!ar
PhOl:!is 0.47,and that of BaCl!at the sameconcentrationis 0.655. The
substitutionof anotheranionfor the chlorideionshouldnotchangetheratio
betweentheir activity coefficients,nor should the addition of the same
quantityofanotherelectrolytechangethis ratio f~b/fa.= 0.72. Nowthein-
verseratiooftheirsolubilitiesin thoriumoMoride,S~/Sph = 0.64,differsby
about ten per cent fromtheir activity coemcientratio. This is at least
qualitativelyin agreementwith what might be expectedfrom the ionic
pointofview.

D. EquilibriumCoKdtMotMtK a <So{~tOMof Barium SM~a<ein TAouMM
Chloride.

Obviouslythere mustbean equilibriumofsomekindbetweenthesolute,
in whateverstate it mayexistin the solution,and the bariumandsulfate
ions.

Thefollowingexperimentwas then performedin the hope of findinga
éluethat might leadto evidenceof a moredefinitenature:Solutionsofequal
thoriumoMorideconcentrationcontainingvariedamountsofbariumchlonde
wereprepared. Tothèsesolutionssulfuricaoidwasaddeduntil aprecipitate
wasobservedin the beamof light, as in the first experimentsonsolubility.
Theresultsappear in TableIV.

DharandGhoah:Z.anorg.Chem.,15Z,405(t~ô).
LewiaandRandaH:"ThemodynMnics",pp. 423(19~3).
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~B<.= concentrattonin mob/titerof bariumchloride.
r

Ceo.*=concentrationin mols/literof su!furicacid.
K.p = produotof the concentrationof bariumandsulfateions.
S the solubilityof bariumsulfate.
S. the solubilityofbariumsulfatewithnoexcessof bariumpresent.
concentrationof thoriumoh!oridethroughout 0.05mols/liter.

It isobviousat oncethat a relationshipas simpleas.thatof the solubilityproduotdoesnotexist,although,it isnot to beexpectedthat sucha relation-
shipwouldexist,sincethe concentrationsof tho ionsare greaterthan those
concentrationsin whichthe solubilityproduotis at bestonlyapproximatelyconstant.

If thé thermodynamiorelationsinvolvedin the solubilityof a sait in the
presenceof anexcessofoneofits ionsarevalid,lthen,

VK.p X S./S = const.

Aninspectionof the abovedata showsthat this productis not constantand that the abovesimplerelationshipdoesnot exist,although,whenthe
logarithm is plotted in Fig. p. ,4i8the points lie
neara straightUnewhoseequationwouldbeof the form

log8/80 X AV~ + const.

Thisindicatesthat there mustexistsomemorecomplexrelationshipbetween
solubilityandtheion product. If therewereinvolvedsimplythe equilibriumbetweena complexandits ions,suchan equationwouldnot be anticipated.Theresemblancewhtchthé empiricalequationbearsto the equationsof the
interionictheoryof the behaviorofstrongelectrolytesmightwellleadto the
suspicionthat wedealherewithan exaggerationofwhatBronsted~termsthe
specifiointeractionof ions.

E. TheAdsorptionof ThoriumbyBariumSulfate.
i. ~e)-MM~ Procedure. Followingthe method of Kammer and

Silvermansolutionsof variedconcentrationsof thoriumchloridewerepré-pared,andvanedamountsofbariumchloridewereadded. Tothesesolutions
&t C., sufficientsulfuricacidwasaddedwithmeehanicatstirringto pre-

Eucken,JetteandLaMer:"FundamentabofPhysiM!ChemM.ry",p. 357f,Ms)BrôMted:J.Am.Chem.Soc.,44,877(t~).

TABLEIV
The Solubilityof Barium Sulfatein the presenceof VariedAmountaof

BariumCMondeoanum untonde
CB. Cso. VK~ 8./8 L<~8/8.+,.

0.0:03 0.10033 0.01033 i.oo 0.000
0.0146 o.ooyoS 0.01020 1.46 0.834
o.oaot 0.00417 0.00916 2.48 0~606
o.o.4& o.oo~ 0.00758 4.45 9.3:0
o.o337 0.00033 o.oo~ao 3!.oo 8.570

~B<. = concentration in mob/titer of barium chloride.
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oipitate completelythe barium as the sulfate. After the additionof the

sulfurioacidthesuspensionswereimmediatelycentrifuged,and aliquotpor-
tionsofthe clearsnpematantsolutionwereremovedandthe residualthorium

concentrationsdeterminedgravimetricaUyby précipitationas the oxalate

with oxalioacid,and ignitionto the oxide. The résultaare presentedin

TableV.

TABLEV
m LogC.+to LogC+io Logx/m+to

10.0 S.oSst 7.8t!5 8.82:7
ïo.o 7.8632 7.4362 8.7267
5.0 8.o8st 7.9057 8.9824
S.o 7.8632 7.6o7~ 8.88oï
S.o 7.6871 7.3328 8.8014
3.5 7.988l 7.7949 9.0662
3.5 7.8632 7-6~93 9.0057
3.5 7-6871 7-~750 8.9198
2.5 7.9881 7.8t93 9.1653
2.5 7.8632 7 6645 9.0973
2.5 7'687ï 7'43!6 9-0030
2.0 8.2008 7-9465 9-~8zo
3.0 7-8632 7-5900 9-1463
2.0 7-687t 7.4682 9-0508
1.0 7-8632 7-7641 9-~399
ï.o 7-6871 7-5690 9-1311
i.o 7-386t 7-~053 8.9850
0.5 7-9881 7-9362 9-4079
0.5 7-8632 7-8030 9-3430
0.5 7-6871 7-6183 0.2M9
0.5 7.3861 7-~853 9.0703

m'=' massingramsofbariumsulfate.

Co initial concentrationof thoriumchloridein moisper liter.
C = final concentrationof thoriumchloridein mob per liter.

x/m = molsthoriumadsorbedby onemolbariumsulfate.

a. TheVono~tMtof a:/wwithFortottOKofm. Fromthe data inTableV
it is seen that as <Mincreasesx/m decreases.Thiswouldindeedbeexpected
sincethe concentrationof thoriumdecreasesas the bariumis preoipitated.
Thedecreaseinx/m, however,is greaterthan mightbe accountedfor by thé

changein concentration.Whenthe logarithmof x is plotted against the

logarithmof the initial concentrationof the bariumchlorideas shownin

Fig.3, thereresultsa distributionofpointswhichin the lowerconcentrations
ofbariumchlorideisbest representedby a straightline throughthe points.
Theequationofthis linewouldbe

logx = n log m+ log K,
in which? andK are constants,and n haa the valueof0.66.
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F!Q.a3

Equitibt-Mm between BMimn and Sulfate lonB in Thonum OMoride SoMons.

Fta.3
Variationin the Amountof Thorium Adsorbed.

Fm.4
Variation ofthe Slopesof the AdsorptionCurvee,
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3. The.AppMcaKCMof ~~«M~oM(û the moreccMerot~MCftpnoH<yMe

~i~orpKoMof Thorium&yBariumSulfate- In Fig. 4 areplottedlog&rithmi-

cattythe valuesof x/m againstthe finalconcentration.It is seenthat for

constantvaluesof m an equationof the formusedby Freundliohgivesa

satisfactorydesoriptionof the variationofx/m withC overthe rangeof the

concentrationsstudied. If the Freundtichequationappliesrigidly,logx/m

plottedagainstlogC givesa straightUnewhoseslopeis ogx/m
tog u

seenthat evenin the limitedrangeof concentrationsherestudiedthereisa

tendenoytoward a curve whiohis concaveupwards. With the variation

,:)
AdsorptionofThoriumonPrecipitatedBanumSulfate.

of m, K, which is simply x/m at unit concentration, varies in the manner

describedabove, decreasing as m increases, and as a glance at Fig. 5 reveals,

the slope n = also decreases as m increases. This variation of n
AlogC

with m is interesting a.nd perhaps significant.
For the saké of convenience the values of the slopesobtained by plotting

logarithmically x/m against C and Ce,are collected in Table VI.

TABLEVI

The Variation of n with m for C and Co

Whenthe valuesof n are plottedagainstlogm, the pointsrepresenting
thelowervaluesofm lienearstraightlinesasshowninFig.4. It willbenoted

that the points representinghighervaluesof m fall rather abruptlyaway
fromthe directionof the straight Une. This break in the curve,whiehis

verysimilarto that observedin the graph inwhichlogx is plottedagainst

m 0.5 1.0 2.0 a.5 3.5 5.0 io.o
nCo 0.58 0.56 0.54 0.53 0.47 0.45 0.49
nC 0.50 0.46 0.44 o.4! 0.36 0.32 o.z6
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logm, and whichoooursat the sameconcentrationof bariumohloride,evi-
dent!ybetrays a différencein the mannerof adsorptionvaryingwith w, a
kindoftransitionorcriticalpoint;ononeBideofwhichoneequationMvatidonthe othersideanotherequation. Theequationsofthe linesareof the form

Alog
x/m logm°

'~IogC'°+~B,

inwhichA andB areconstants.

Assumingthat the straight line rslationshipsfor K and n hold for the
smallervaluesofm,a généralequationforthe adsorptioninthis regionmaybe obtained,one that takes into accountboth the variationsof K and n
withm.

$
x/m-

vm

inwhichF = AlogBm.
It is interestingto note that as mdecreases,nmust approaoha limitingvalue. At the pointwhereso smalla quantity of bariumsulphate is pre-

cipitatedthat the initialandfinalconcentrationsof the thoriumchlorideare
thesame,the !mesrepresentingthevariationsof nwithmforthe initial and
finalconcentrationswouldinterseot. Byextendingtheselinesto their pointof intersection,it wasfound that this intersectionwouldocourwhen the
concentrationof bariumchtorideis about t.sXio-'moisperIiter. Theoor-
respondingvalueofn is about0.66.

The pointof zeroprécipitationis ofcoursethe pointofsaturationof the
so utton with barium.sulfate. An attempt was made to determine this
solubilityin the mannerpreviouslydesoribed,using solutionsof thorium
chlorideand sulfuricacid roughlynear the average concentrationsem-
ployedin thé solutionsstudied. Thismethodgavefor thesolubilitya value
of about io-<motsper liter, thus agreeingin orderof magnitudewith that
obtainedbytheextrapolationofthe nourves.

This seemsto estabUshpretty wellthé limitingvalueof the slopeof thé
adsorptionourvesasbeingin the neighborhoodof 0.66. Nowthis limitingvalueof the slopeofthe adsorptioncurveis so near the valueof the slopeof the solubilitycurveof bariumsulfatein thorium chloridesolutionsthat
it seemsto beworthyofnote. Evidentlywiththeprecipitationofdifferential
amountsof bariumsulfate,the adsorptionof thorium by barium sulfate
variesin somewhatthesamemannerasthesolubilityofbariumsulfatevaries
withthe concentrationof thoriumchloride.

m. SomnMïy

A. The resolutionof thorium adsorbedby barium sulfate and the
effectof thorium chlorideon the particlesize of bariumsulfate precipi-tatedin thoriumchloridesolutionshâvebeehstudied.
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B. A relationbetweenthe concentrationof thoriumchlorideand the

solubilitiesof bariumandlead sulfatesin solutionsof thoriumchloridebas

beenfound&nddiscussed.

C. The equilibriumbetweenbariumand sulfate ions in solutionsof

thoriumchloridebas beenstudied,andan empirioalequationdeducedwhieh

approximatelyfits the faots.

D. Experimentson the adsorptionof thoriumon bariumsulfatereveal

interestingvariationsin theconstantsofthe adsorptionequation.



POTASSIUMFERRO-AND FERRICYANIDES

BY 6. H. C. BRIGGS

In a recentpaper in this Journal, F. H. Getman~bas desoribedfurther
experimentsonthe absorptionspectraof the ferrooyanidesand ferrioyanides
of potassium,whichare advancedin supportof theviewthat the a- and<?-
ferrooyanidesare identioa!whereasthe a- and ~fomcyamdesare isomeric.

AlthoughGetmanreferato my first paper on the preparationof the a-
and ~-ferrocyanides~he appearsto have completelyoverlookedmy second
paperonthe natureof thé~-ferrocyamdesand the ~fernoyanides*. In this
secondpaperit wasshownthat potassium~-ferrooyanideconsistaoforystals
of potassiumferrocyanidecolouredby an amountof potassium aquopen-
taoyanoferroateKjFe(CN)JïtO] too small to bodetectedby qualitativeor
quantitativeanalysis,and that potassium~-ferrioyaaideis a compoundof
potassiumferrioyanideand potassiumaquopentaoyanoferriatehavingthe
formula3K,[Fe(CN).],K,{Fe(CN)AOJ.

In viewof the positionin whichthe subject is leftbyGetman'spaperit
appears desirableto draw attention to these conclusionswhich are in ao-
cordancewith aUthe experimentalresults and werealsoconSnnedbysyn-
thesis.

Af<ty;M,~8.

1J. Phys.Chem.,32,tS?(t~S).
Bngge:J. Chem.Soc.,99,tot9 (!9t!).
BngKB:J.Chem.Soc.,tl7, t<M6(~920).



THE ADSORPTION0F HYDROGEN,ETHYLENE, ACETYLENE

ANDETHANEBY STANNOUSOXIDE

J. N. MEABCE AND SY~VtA M. GOBaGEN

The phenomenonof heterogeneouscatalysisbas been the subject of

numerousinvestigations.Throughthe agencyof these researohesseveral

facts have beenestablishedregardingthe natureof contactcatalysis. The

moreimportantofthèsemaybe brienymentidned.(ï) Asolidcannotcata-

lyzeareactionunlessoneormoreofthe reactantsareadsorbedonits surface.'1

(a) Whilethe activityofthe catalystanditspowerto adsorbreactingvapors
on its surfacedoappearto gohandin hand,thereisnoquantitativerelation-

ship betweenthé two phénoménal (3) Substanceswhichare stronglyad-

sorbed by a catalyst act as "poisons,"in that they prevent thé reactants

reaohingthe surfaceof the catalyst.Thesepoisonsinctudeforeignsubstances,

–impurities mixedwith the reactants. Thepoisonmaybe one ofthe prod-
uots of the reaction;indeed,eitherof the reactantsmay act as a poison,if

it is so stronglyand seleotivelyadsorbedas to preventcontactofthesecond

reaotantwith the catalystsurface. (4)Theactivityof the catalyst ismark-

edly influencedby the nature of the heat treatment to which it bas been

subjeoted. (s) The maximumcatalytioactivitydoesnot necessarilyoccur

at the temperatureof maximumadsorption;it may only beginwherethe

adsorption is barelymeasurable. The adsorptioncapacitymay be con-

sidered*as an indexof the temperatureat whichthe reactioncan be induced.

In other words,a lowertemperaturewiUinitiatea reactionwhenadsorption
is strong.

An extendedinvestigationof the activityofoxideoatalystsat tempera-
tures betwen300"and 400"by SabatierandMaithe~has shownthat a ma-

jority of the oxidespromotetworeaotionssimultaneously,one the process
of dehydration,thé other, the processof dehydrogenation.The analyses
of the gaseousproductsobtainedwhenthevaporofethylalcoholwaspassed
overvariousoxidesat 340°to 350°showedthatwithcertainoxidesethylene

only is produced. In general,however,the eBuentvapor is a mixtureof

ethyleneand hydrogenin varyingproportions,dependingon the catalysts

used. Thoriabehavesahnost exclusivelyas a dehydratingagent underthe

given conditions;aluminaand tungsticoxideare only slightly lessactive

dehydratingcatalysts. The oxidesof manganese,cadmium,and tin were

foundto be dehydrogenatingcatalystsexclusively;their dehydratingpower
is entirelysurpressed. Betweenthe two extrêmesthe dehydratingand de-

Bancroft:J. Phys.Chem.,21,573,644,734(t~).
Taylor:ThirdReportofCommitteeonContactCata!yNa,J. Phys.Chem.,2S,898

(t9~4).
Pease:J.Am.Chem.Soc-,45,2296(t~g).
SabatierandMaiihe:Ann.Chun.Phya.,(8),20,Mt(t9M).
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hydrogenatingaotivityof thé oxideoatalystsvarywidely. In gênera!,the
greaterthé dehydratingactivityof theoxide,the less is its dehydrogenating
activity towardalcohol.

Benton'basstudiedthe adsorptionofa numberofgasesby severaloxides.
In thesepapershe distinguishesbetweenprimaryand seoondaryadsorption,
as proposedby Langmuir. Aooordingto him, secondaryadsorptionis ex-
hibitedby inert adsorbents,suohas charcoal,micaand ailioagel,wherethe
tendenoyofthe différentHquidsto be adsorbediain the sameorderas their
boilingpoints,or as thoir freezingpoints. Seoondaryadsorptiondeoreases
continuouslywith risein temperature,and it doesnot reaohsaturationvalue
untila highpressureisattained.Primaryadsorptionis sélectiveandis due to
primaryvalences. Fromcertainassumptionsbasedon his owndata, Benton
bas deviseda methodfor calculatingthe relative magnitudesof primary
and secondaryadsorption. He nnds that neitherthe secondaryadsorption
northe totaladsorptionby oxideeatatystsbearanyrelationto their oatalytic
activities. The primaryadsorptionofcarbonmonoxideis, howevor,in the
sameorderas the catatyticaotivityof the oxides.

BischoBand AdMns'have measuredthe adsorptionof hydrogen,ethy-
lene, and ethane by titanium oxideat 20° and oy". While the titanium
oxidesfromdifferentsourcesdifferedgreatlyin absoluteand relativeaotivi-
ties,they showednosimilardiSerencesin the adsorptionof the gaseswhich
werethé productsof the reactionscatalyzed. For a given temperaturethe
volumeof gas adsorbedwas greatest for ethyleneand least for hydrogen.
Theadsorptionof hydrogenand ethyleneby zincoxide and ferrieoxidebas
beenstudiedby LazierandAdkins.' Theirresultsindicate that, whilethere
is a qualitativeagreement,there is apparentlynoquantitative relationship
betweentotal adsorptionand catalyticactivity. Rideal*bas measuredthe
adsorptionof the sametwogasesby thoria. Taylorand Kistiakowsky*find
that at o" and too" bothzincoxideand ZnO-CrtO,,per unit weight,have
greater adsorptioncapacitiesfor hydrogenand carbon monoxidethan do
mostmetal catalysts. The adsorptionof both gasesis pronouneedat very
lowpressuresand rapidiyreachessaturationcapacityindependentoffurther
increasein pressure.

Thus far, investigationshave been limited to oxides whiohare either
whoHydehydratingcatalysts,or to thosewhichshowboth dehydratingand
dehydrogenatingactivity. It seemedadvisable,therefore,to continuethese
studieswith an oxidewhich,accordingto Sabatierand Mailhe,is a dehy-
drogenatingcatalyst only. The present investigationinvolves the study
of the adsorptionof hydrogen,aoetylene,ethyleneand ethane by stannoua
oxideat o",78.5"and ioo".

1 Benton:J.Am.Chem.Soc.,45,887,900(t9~).
'BiBchoSandAdtiM:J.Am.Chem.Soc.,47,807(t92s).
LMie!-andAdkins:J. Phys.Chem.,M,3S3('9~6).

'Rideal:J.Am.Chem.Soc..49,n6 (1927).
'TayiorandKMakowsky:J. Am.Chem.Soc.,49,2486(t9~7).
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In a later work,Sabatier' statesthat tin oxideacts catalyticallyupon

ethly alcoholabove300"as a dehydratingagent. As we mightexpect at

this temperaturc,the oxidewasfoundto be reducedto thé metaHicstate.

The metalitse!fexhibitsmarkedoatalyticactivity aboveits meltingpoint,'
but owingto the graduâtgrowthofthelargedropsofthe liquidat theexpense
of the smatlerones,the active surfaceof the catalyst is slowlyreduced.

BrownandHenke*havealsofoundthat tin isan excellentreductioncatalyst
for nitro-aromaticcompounds.

MaterMsand Apparatus

The tin oxidewaspreparedby a methodsimilarto that usedby Bury
and Partington~froman "analyzed"sampleof SnQe.aH~O.The label at-

tached guaranteedit to give water-clearsolutionsand to containonly the

followingnegligibleimpurities:"Cu,nil; Fe, 0.003;80~ o.oooi; NOa,nil."

It wasthereforeusedwithout furtherpurification. 45 gramaofthe SnC!

zH~Owerefirst dissolvedin 200ce.of distilledwater,clarifiedbythe addi-

tion of a minimumamountof constantboilinghydrochlorioacid,and then

heated in contact with metaHictin. This solutionwas then slowlyadded,
withrapidstirring,to a solutioncontainingan amount of Na~CO~just suf-

ficientto neutralizethé free acidand to precipitate the tin as Sn(OH)z.
Thé precipitatewasrepeatedlywashedby décantationuntil it nolongerset-

led on standing. It was the filteredon a Büchnerfunnel,washed,dried at

roomtemperature,andfinallystoredin a vacuumdesiccatoroversolidKOH.

Bury andPartingtonreport that stannoushydroxidereacts with air only

slightly,if at aU. They state that their dried product correspondsto the

formula:3Sn0.2H:0.

The techniqueemployedin thisworkdiffersfromthat of Buryand Par-

tington in that they reversedtheprocédureand addedthe NatCOasolution

to that ofthe tin chloride. Whenwefollowedtheir methodwefoundthat thé

reactionproduotwasfrequentlycontaminatedby traces of SnCt:. Further,
the productexhibitsa considerabletendencyto tum gray, andeven black

during the processof decantation,especiallyif the wallsof the vessel are

scratched. Usingourprocédure,theproductis alwayswhite. Whenheated

in air the oxide readily takes fireand becomesincandescentduring the

oxidation.

The dried stannousoxidethuapreparedwas groundto passthrough an

loo-meshsieve,andthen heatedinan atmosphereofCO;at the temperature
of boilinganilineuntil the evolutionof moistureceased. The finalproduct
wasyellow.

Thehydrogenusedwaspreparedby electrolyzinga concentratedsolution

of KOHbetweennickelélectrodes. The gas was then passedthrough an

Sabstier:"Catatyee",toc(t9~). TtMMtationbyDr.B.Finhehtetn.
RidealandTaylor:"CatatyaieinTheoryandFractice",~t~(t9t9).
BrownandHenke:J. Phye.Chem.,27,739(t~z~).

<BuryandPartington:J. Chem.Soe.,t21,t~S (ï~M).
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alkalinesolutionof pyrogatio!,ooncentratedH~SO~,and finallythrougha
tube containingPaOt.

Thé commercialethylene showedby repeated analysisa 99.7percent
absorptionin fumingH,SO<. It was passed over fusedCaC~ and then
througha trap immersedina freezingmixtureofsolidCO~and ether.

The ethanewasmadeby the Grignardmethod.l It wasfurtherpurified
bypassingit suceessivetythrougha!coholioAgNO,andconcentratedH~SOt.

Acetylenepreparedfrom calciumcarbide and waterwaa first allowed
tostandoverwaterto removethe solubleimpuritiesandthenfurtherpurified
by passing-it successivelythrough a 40 percent solutionof KOH,a i N
solutionofCuSO<,concentratedH,SO<,and over PtOe.

Thenitrogenwaamadefromequivalentquantities ofNH<CIandNaNOt.
It wasdriedby passingthroughconcentratedsulphurioacidand phosphorus
pentoxide.

GrignardandTMaie)-:Comptesrend.,132,835(t90t).
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Theheliumusedin determiningthe deadspacewaspurifiedby passing

it.througha liquidair trap eontaininganactivatedcharcoalwhich had been

evacuatedpreviouslyat redheat.

Theapparatus,Fig. ï, isverysimilarto that usedby Pease.~ The bulb

A oontainingthe tin oxide is connectedwith the apparatus by capillary

tubing. ThemanometerF, providedwitha meterstick,is used to measure

the pressurein the bulb A. The accuratelycalibratedburette B is sur-

roundedby a water jacket oontaininga completelyimmersed standard

thermometer.To it is attacheda smallmanometerwhichpermits accurate

adjustmentof the pressurewithinthe burette. Thélarge tube C is a gas
réservoirforstoringpure gasesor theirmixtures. TheU-tubeD servesasa

valvefor eliminatingthe pumps,and E is the McLeodgauge. Meroury
isusedas thedisptacingliquidthroughoutthe apparatus.

ExperimentalProcedure

Theentireapparatusisevacuatedby meansofa mercuryvapor conden-

sation pump in serieswitha "Hyvac"oil pumpuntUthe McLeod gauge
indicatesa pressureof lessthan o.ootmm. The evacuationof the bulb is

made difficultbecauseof the tendencyof the oxideto "puff" over. To

avoidthis completelythe oxidebulb is first cautiouslyopened to the pre-

viouslyevacuatedmanometerF. By allowingthe mercuryto drop slowly
in F the gasesin Aare graduallyremoved. Duringthisevacuationthe bulb

A is surroundedby the vaporofboilinganiline. Whenthe pressureof the

gasesbasbeenreducedto a fewmms.the bulb is thenopeneddirectly to the

pumpsand is evacuatedwith the remainderof the apparatus. Whenthe

pressureas indicatedby the McLeodgaugeis sufficientlylow and constant

the wellat D is raised and the stopoookis closed. The pure gas to be

studied is then introducedinto B and carefullyadjusted to atmospherie

pressure. In thé meantime,the bulbAbas beenimmersedin a Dewar8ask

containingiceandwater,orin thevaporofa boilingliquid,dependingonthe

températuredesired. Whenthermalequilibriumbasbeenattained a small

amountofgasisadmittedfromB andits equilibriumpressureis determined.

Thisprocédureis repeateduntilthepressurewithinthebulbis approximately
that ofthe atmosphere.From7to 9additionsofgasaremade at eachtem-

perature. Ailgasvolumesarecorrectedto o~'and760mm.

The "deadspace"wasdeterminedin the usualwayby means ofhelium.

To this end we carefullydeterminedand plotted the pressure-volumeiso-

thermsof heliumandthe severalgasesat o°, 78.5*and 100°. Thèsegraphs
werereadableto ±0.01ce. Thevaluesusedin makingourcalculationswere

read fromthese P-Visotherm at evenpressures. If we assumethat the

heliumisnotadsorbedby the oxide,then the differencebetweenthenumber

of ce. of heliumand that of any other gas necessaryto produce the same

pressureat the giventemperaturegivesdirectlythe volumeof the gasad-

sorbed. Sincewe did not use exactly to g. of oxide,these volumeswere

recalculatedto givethe volumesadsorbedby 10g. at evenpressures. The

data thusaccumulatedaregivenin Tables1-V.

Pease:J.Am.Chem.Soc.,45,1195(!9~).
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TABMElI
VolumesofVariousGasesadsorbedby 10 GramsofStannousOxideat o".1- -1

TABLE II

VolumesofHydrogenand Ethyteneadsorbedby 10Gramsof Oxideat 100".
~a-)~ir\

TABM!III
VolumesofVariousGasesadsorbedby 10 Grams of StannousOxideat o".

~a.)~ TT\

(Simple I).
P. HlP- H. C,H< c,H.cm. M. M. ce.
5 o.o6 0.29 o.yo

M 0.06 0.59 i~8
o.oy 1.16 2.~1

30 o.ta 1-73
40 o.18 a.jiy ~o
50 o.zo 2.74 s.37
60 0.22 g.K) 6~t

o~5 3.64 y.04
75 0.26 3-84

(SampteI).
P. H, c,H<
cm. ce. M.

5 0.0$ o.i8
10 o.n 0.34
20 0.16 o.74
30 0.20 t.to

40 o.25 1.50
50 0.26 i~i
6o 0.2$ 2.29
70 0.2$ 2.67
75 0.25 2.8z

(Hampteii).
S' C~, c,H< c,H.M. M. M. ce.

S 0.03 0.86 o.~i o.86
10 o.o6 1.49 i.gi ~6t

0.09 2.7s 2.46 3.02
o-~ 3.93 3.47 4.~3

40 0.13 4.99 4.4~ $.33
50 o.i8 6.02 g.a? 6.45

0.21 y.oo 6.14 7.48
0.24 7.84 6.87 8.53

75 0.27 8.27 7-M
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TABLE IV

Volumesof VariousGasesadaorbedby 10GramsofStannousOxideat 78.5".
~rt 1 ,.r,

TABLE V

Volumesof V<mouBGasesadsorbedby 10GramsofStannousOxideat 100".
/HmtYt~oTT~

Duplicateseriesofadsorptionmeasurementsweremade foreachgas at a

giventemperature,andtheP-Visothermswerecarefullyplotted. Ingeneral,

the pointsobtainedforthe twoserieswerefoundto lie almostexaotlyon the

samesmoothourve. Whenthe twocurvesdidnot coincide,the adsorption

measurementswere repeated. On the whole,the adsorption data for the

differentgasesareeasilyreproducibleat thèsetemperatures.

Therelativeadsorptionmagnitudesare mostclearlyindicatedby Figs. 2

and 3,representingadsorptiononsamplesI andII, respectivety. Becauseof

the faotthat the adsorptionof hydrogenby bothsamplesis so smaUand so

nearlyidenticalat aMtempératures,onlyonecurvefor hydrogenbas been

plotted. The adsorptionof the otherthree gasesis large, and especiallyso

at o". Withrise in temperaturethe magnitudeof the adsorptiondecrcases

rapidly. The effectof rise in temperatureuponthe volumeof thé hydro-

carbonsadsorbedat anypressureisgreatestforethaneand leastforethylene.

At thehighertemperaturesthe isothermsHattenandbecomealmostrectilinear

rsuauvo vs .aww. v."w.» ~,r

(Sample II).
P. H, C,H. OtH.

cm. ce. Ce. Ce.

g 0.04 o.io o.io

10 O.O? 0.20 0.19

20 o.ii 0.38 0.36

30 0.17 o.S7 0.54

40 0.20 o.6o 0.70

j;o
0.22 0.84 0.90

60 0.27 0.96 1.07

70 0.26 1.06 t.25

75' 0.28 1.12 t.36

VOmme" <M ytmuue <-<ttecB <tuovt)~cu <~r tv ~.tM~o ~– ––

(Sample II).

P. H, CtH, C,H< C,H,

cm. oc. M. ce. ce.

e 0.06 0.20 0.14 0.2!

~o 0.09 04~ 0-~9 o-4i

20 o.i8 0.73 o.g2 0.70

30 0.26 i.o8 0.74 0.96

40 0.27 1.41 o.97

50 0.29 174 i-i8 1.47

6o 0.28 2.05 1.39 1.69

70 0.26 2.38 ï.63 1.96

75 0.27 2.54 1.76 2.13
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at the higherpressures. At o" ethane ia the most highlyadsorbed. With
thisexceptionthe magvitudeof the adsorptiondeoreasesat a!!temperaturesin thé order:C;H~,CJÎ., C,H<,H:.

No isothermcouldbe obtained for acétylèneat ïoo". Whenaoetylenewasadmittedto the catalystbulb it showednotendenoyto attainanequHib.
riumpressure,evenovera periodofsixdays. Fromthe timethat thegaswas
admittedthé pressurebegsnto drop slowlyand a.ta.oontinuoualydecreasingrate. The acétylènemust, therefore, either décomposeinto oarbonand
hydrogen,and the hydrogenthen react withthe oxide,or it mustundergo
polymerisation. The adsorption isothermfor hydrogenat too°was then

~r

AdsorptionIsothermeato"andtoo".SampleI.

carefullydetermined. Asmaybe seen in Fig.3,thereis no distinctevidence
of anyreactionbetweenthe oxideand hydrogenat this temperature. This,
then,eUminatesthe possibilityof the formationof watervaporandthe sub-
sequentdecreasein pressuredue to its adsorptionor condensation.If free
hydrogenwereformedbythe decompositionofthe acetyleneandit remained
as a gas,the pressurein the oxidebulb shouldinoreasewith time,sinceit is
lessadsorbedthan the acetylenefrom whichit wouldbe formed. If, again,the hydrogenwhichmight thus be formedwereto reduceother acetylene
moleculesto ethylene,or posaiblyto ethane,the pressureshoulddecreaseas
thereductionproceeds. In either case amorphouscarbonshouldbeformed
andits presencewouldbe indicatedby a darkeningof the oxidesurface.No
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sachdiacotorationwaaob~rved. Wemustconolude)therefore,thatacetylene

is polymenzedslowlybystannousoxideat ioo".

In a studyof the effectof a largenumberof catalystsuponthe réactions

of ethylene,Wather*basfoundthat acétylènein glassis stabletowardheat

at températuresupto 450". Abovethis temperatureacetyleneMpolymenzed

toa brownfluorescentliquid;it decomposesalsoto a slightextentinto carbon,

hydrogenand methaneand some ethylene ia formed by hydrogenation.

na.33
AdsMpNonlaothermaato",78.5°and too".Samplen.

Likewise,undersimilarconditions,he foundthat a temperatureof 650"is

necessaryto polymerizeand decomposeethylene.
For reaaonBto bementionedlater twosamplesofthe sttumousoxidewere

used. Withsample1the isothermsweredeterminedforC:H<,Hs and C:Ht

at o",andforHt andC:H4at ioo". Witheither sampteit wasfoundpossible

to usetheoxidefirstwithonegas,then witha second,andfinallyback to the

firstwithoutshowingany impairmentin adsorptiveproperties,so longas

the oxidewasnot reduced. Both sampleswere preparedup to the Sn(OH)!

'Wetker:J. Phya.Chem.,31,961(!9~7).
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stage at the sametime. Sample1 was taken immediatelyafter formation
andsubjectedto heating and evacuation. SampleH wasallowedto stand in
a vacuumdesiccatorover solidpotassiumhydroxidefor about sixmonths,
duringwhichit acquired a lightyellowsurfacefilm. It wassubjeotedto the
sameheat treatmentas sample1beforeusing. Bothsamplesbecameyellow
throughoutin the final heat treatment. Whitethe orderof the adsorption
isothermsforthevariousgasesisthe sameforbothsamplcs,the actualvalues
for any partieularpressure differmarkedly. Theadsorptionby sample1M
lessthan that by sample II at o";exaotlythereverseis true at ioo",thé ad-
sorptionby II boingless than that by I. It is evident,therefore,that the
rate of dehydrationof the hydroxidedoes exerta markodinfluenceon the
surfacepropertiesof thé oxide.

The possibilitythat stannousoxidemightoatatyzethe hydrogenationof
ethyleneled us to attempt to determinethe velocityof the hydrogenation
process. Amixturecontainingequalvolumesofhydrogenand ethylenewas
introducedinto the adsorption bulb at o° and the pressurereadingswere
takenat frequentintervals. Theveryslight decreasein pressurewithinthe
bulbovera 24hour interval wassosmaUthat the reaction,if any, wasin-
appreciable. Asecondexperimentat o" verifiedthisconolusion.Dupucato
experimentswithsimilar 50percentvolumemixtureswererepeatedat 100°.
HèrealsonomeasuraMereactionwasdetected.

Becauseof the relatively great differencein the adsorptionof hydrogen
and ethylene,it seemedadvisableto inereasethe proportionof hydrogenin
the reactionmixture. Hence, a mixturecontaining70. percentbyvolumeof
hydrogenwasmadeup in the gasburetteand aoouratetycheckedby analysis.
Whenthis mixturewas introduced into the catalystbulb at o°, the final
equilibriumpressureafter thirty-two hours wasonly0.8 cm. lowerthan it
wouldhavebeen,assumingthat noreactionhadtakenplace. Anotherportion
of the samemixturewaa then introducedinto the previouslyevacuatedbulb
at 100°andthe changein pressurewasobservedovera periodof twelvedays.
Duringthis periodthe total decreasein pressureamountedto n cm.;even
then therewasnoindicationof the attainmentofa constantequilibriumpres-
sure. Thefreegaswaspumped offandits ethylenecontentwasdetermined
in the usualwayby absorption in fumingsulphurioacid. Anatysisshowed
23.9percentCJI~,ascomparedwith20.$percentintheoriginalmixture.Tobe
sure,the changeinthe pcrcentageofethylenewasnotentirelydueto chemical
reaction,but wasdue in part to a smallamountof adsorbedethylenewhich
wasnot removedbycompleteevacuation. Thefractionofethyleneremaining
adsorbedunderthèseconditionsat 100°wouldbetoosmaUto accountforthe
total decreasein the proportionofethylene. This,andthe continueddropin
pressurewithin the bulb leaves little doubt that a very slowreactionwas
takingplace.

Knowingthat a rise in temperature shouldincreasethe reaction
velocity,wesubmittedanother sampleofthe (yo-s-xo-g)mixtureto a tempéra-
ture of 183". Againthe pressure continuedto drop, but this time more
rapidly. Aftercontactwith the oxidefor ig hoursthe mixturewaspumped
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outandanalyzed.Thistimetheanalysisshowed41.4percentofCeH~,–anin-
creasein the proportionof ethylene. This behavior indioatedthat the

hydrogenmustbe reactingwiththe stannousoxide. To verifythissupposi-
tion hydrogenalonewas admitted to the bulb at o" and thé equilibrium
pressurewasread. The temperature wasthen raised to 100"and again a
denniteequilibriumpressurewasobtained. Finally,the bulbwasheated to

183". At this temperaturenoequilibriumwasattained: the pressurewithin
the bulb continuedto drop overa period of 12hours. The bulb was then
cooledto o",and the pressurewasfound to be37.85cm., whereasthe initial

pressureat o"was47.26cm. Thisdecreaseinpressureindicatesconclusively
that stannousoxideis reducedby hydrogenat temperaturesas lowas ~83°.

Sincethé compositionof the oxide wasunquestionablyohangedby the

réduction,the material was rejeeted and the adsorptionexperimentswere
continuedon sampteII. Thisaccountsfor the apparent incompletenessof
theadsorptiondata forsampleI.

Thesurprisinglylowreduotiontemperatureofstannousoxidebroughtthe

studyof the hydrogenationvélocityto a suddenend. The experimentalre-
sultsdoshow,however,that stannousoxidedoesslowlycatalyzethereaction
at too",whenthe mixtureofhydrogenandethyleneis approximately3 to i.
A$opercentmixturegivesnodetectablereactionvelocity. Thisis not sur-

prisingwhenweoonsiderthe relativelyhighadsorptionof the ethyleneat
ioo". Asthe mixturebecomesricher in hydrogenthe possibilityof its being
adsorbedeven in the presenceof the morereadilyadsorbedethyleneis in-
creased. Fromthe resultsobtainedit wouldalsoappearthat thesimultaneous

adsorptionof bothhydrogenandethyleneis necessarybeforehydrogenation
can take place. However,the ethylenemay be adsorbedsohighlythat it
willinhibitthe adsorptionof thehydrogento anappreeiableextent.

Summary
The adsorptionisothermsof Hz, C~H!,CJI~ and 0~4 upon stannous

oxidehavebeendeterminedat o°, 78.5°and toc".
The adsorptionof hydrogenis very smattat all temperatures. The ad-

sorptionof the three hydrocarbonsis relativelylargeand decreasesrapidly
withrise in temperature.

Hydrogenreducesstannousoxide at temperaturesas lowas tS~ The

acetyleneis potymerizedslowlyin contact with the oxideat ioo".

Hydrogénationoantake placeat 100°onlywhenthe proportionof the

hydrogenin thé mixture is relativelyverylarge. This wouldindicate that
the adsorptionofhydrogenis necessarybeforethe reactionean takeplace.

P~Otca~CA<MM<f~Z~t6<M'0<0!
NMe</t)<«ef~<~/o«M.
~M.
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OrgaaicChemisttyfor AdvaocedStudents. JuliusB. CeAtM.Vo&. F~
«MM<Mt.81X cm;PP. <«+ 4M;pp.!<t + 4~7;pp.t~t + 440. WetCroftj I~M~MM,
GreenandCo.;J.<w<h<M:Edward~moMand Co.,??. PWce~?.00 per<wh<me.ïn the

preface,p.Mi,theauthor says:"Thelast decadebasseenan unusualdevehpmentof or.

ganioohemistry,moreespeciallyintbiscountry,wherethe addi~onalfaoiiitiesand induce.

mentsforpoat~raduateresearoh,affordedbygranteand researehscholarahipsfrompub!ie

funds,basresultedin a bewitderiBgaccumulationofnewfactsand newideas. It fo!tow9

that thestudentdesirousofmakinghunsdffamiliarwiththemoMimportantadvancesin

the subjeotmaywaatemuchofhisvaluabletimemtryinf!;to winnowthechafffromthe

grain.
"Theobjectof the presenteditionia to bringthevarhmatopiceup to date whitt)tre-

taininganaccountof their earlyhistory. By oondensingeomeof the leesimportantsec-

tions,andby eliminatingotherportions,whiehbavebeenaupemededbyaubeequent)?-

search,thesizeofthé presenteditioni9onlydighttylargerthan the tast."

TheBtstvolumeis devotedto réactionsand thechaptersare entitled:historicalintro-

ductionvalencyof carbon; natureof organioreactions;dynamicaof organicreactione;
abnormalréactions.

Theauthorspeaks.veryproperty,of radicab,andsays,p. t, that "it is an interes~ng
andcarhmsfact that, withadmittedly'little to reeommendif, the ChemioalSocietyof

GreatBritainhaeseenfit toalter theoriginalspetNagto 'radiote,'andthéSocietynowholds

the uniquepositionof beingthé onlyreprésentativebodyofchemistawhiehbasadopted
thisepeUiag."It muet beeaid,however,that theChemicaiSocietynolongerinsistathat

esterssha)!bocaHedethereatsalts.

"Gombergandhis eo~workershaveehownbycomparingcarefuimolecularweightde-

terninationsof variouatriarytmethytsthat withchangesof temperatureand ofdilution
in vanomsolventachangeofootourdoesnot nmparallelwithdissociationand that conse-

quentlythe coiourchangemustbeattributed to tautomerismbetweena benzenoidand

quinoidform,"p.63.
"Anumberofrecent observationsappearto indicatethat nitrogenmayexiatina quad-

rivaientform. Theformationof a deepbluecolourhaa beennoticedwhenalkyloracyl

pyridyïsMereduced. Thesebluesotationaonabsorbingoxygenaredecoburisedandit was

oonsequentlyamumedthat thé bluecolourwasdueto oompoundscontainingbivalent

nitrogen.Further investigationbashowevermadeit clearthat the substancesare di-

pyridylderivatives,though there isa différenceonthé part of diCerentobserverain thé

interpretationofthe facts. Dimrothregardsthesecompoundsas posseasingthestructure

of a quinhydrone,conaistingof twodipyridylgroups. Weitz,on the otherhandregards
themasmonomoleculardipyridylcompounds.Emmertinclinesto thé quinoidformula.

"Whena solutionof a tetralkylammoniumiodidein liquidammoniais eïeotrotysedor

whentheohlorideis acted onbymetaUicpotassium,a bluesolutionisformedwhichreacts

in manyrespecteHkea solutionof thealkali metatsin the samesolvent. Forexample,it

givesa eharaaterietiedeepyeuowwithdimethylpyronewMchia scarcetydistinguishable
fromdimethylpyronepotassium.ScMubachregardsthe bluecompoundas the freeam-
moniumradical;whiehthereforecontainaquadrivalentnitrogen,"p. 66.

"Thereare a number ofcompoundsin whiehthereis reasonto believethat bivalent

carbonispresent. Amongthesearecarbonmonoxide,CO;Mminicacid,C:NOH;and,

accordingto Nef,the alkyl andacylisocyanides,BN~, andacetyleneandits halogende-

rivatives.Althoughit is possibletointerpretthestructureofaUthesecompounds,except
the iast,as containingmutuallysaturatedvatendesby makingoxygenquadrivatentor

nitrogenqoinquevatent,thereMechemicalas wellasstereochemicalconsiderationswhich
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makesueha suppositionimprobable.If weaccepttheusualstereoebemieatanmgement
ofthecarbonbonds,it is diNcuttto conçoiveof thesefourMnkagesbeingbroughtmmuttan.
eomiyintoactionwithanyothersingleatom. Theohemioatpropertiesofmoatof thèse
eompoundspointin thésamedirection,"p. 68.

"Byanunsaturatedgroup,aadistinguishedfromanunsaturatedatom,wewiehto imply
theunionof twoatomewhoseaCnitiesare not saturated. Whenthéunionliesbetween
carbonandearboaweobtainthéunsaturatedhydrocarbonsandtheirderivativee.It leclear
thatina caseofthischaracter,as,for example,méthylènemdacetylene,wemayiadieateun-
saturationin severalw&ys.AdoptingWernoesviewthat valenoymay distnbuteitseM
uneqaaMyoverthé atom,<tlargeramountwillbeavailableformutineunMtttMtedthanfor
Mtm-atedcarbon,or unsatarationmay be indicatedby the unionofbivalentor tervalent
carbonatome,leasinga certainamountofafSnityfree,or,again,theuneaturatedvaiencies
mayherepresentedby themethodadopted by Nefin bivalentcarboncompounda,as
saturatingoneanother. In the !ast caseweobtainwhatare knownas doubleor treble
bondeo)-tinkagee.Althoughthedoubleand treblebondisverygenerattyaeeepted,it may
bewelltostate brieaythéevidenceuponwhiehit rests. WewillthenproceedtodiscuM
thetheoryof freevalenoies,i.e. the unionof bivalentand tervalentcarbon,andfinally
Wemer'stheoryin ita applicationto unsaturatedcompounds,"p. 77.

"Theunionofethyleneandbromineis aJmostinhibitedm avesselcoatedwithparatEn
wax,whereaaa giasssurfaceallowsthe reactionto proceed,andiafurtheraooeleratedbya
stearioaoidfilm.

TheefrectMaseribedtothepreseneein~MtattercasesofapoIareatalyst,"
p.M6.

"Amorecomprehensivetheoryof catatysiswhichhasfoundmanysupporterslathat of
Langmuir.Basedon numerousexpérimentaon caseswithtongstenwirein highvaeua
andahowithptatin~mandpalladium,Langmuirconcludesthat themetatsurfaceiscapableofholdinga filmofsubstanceonemoleculethiokto whiehit adhèresmoreor tessËnnty.
Réactionmaythentakeplace(t) betweenmoteeuieaoratomsadsorbedinadjacentspaces,
(2)betweentheadsorbedBhmandthe underlyingsolid,and(3)betweentheadsorbedfilm
andthecoiudinggasmoleouleaThuathe interactionofoxygenandhydrogeninpresenceofplatinumis attributedto theadjacentadsorbedatoms,whibtbetweencarbonmonoxide
andoxygenit is betweenoxygenatomsand the eollidingcarbonmonoxidemoleoules.If
théfilmunderthe conditionsof théexperimentis notreadilyremovedfromthémetatsur-
facethereaotionstops. Thefilmacte asa catalystpoison,"p. 18o.

"Withpalladiumandhydrogenethytidenemalonicestergivesethylmatonicester;but
witheodiumamalgameNeotsa unionof the mo!eeu!esbyImHngup thé<!catbonatoms,"
p.183.

"Condensationmaythenbedefinedaa the unionof twoor moreorganiomoleculeaor
parteofthesamemolecule(withor withoutetiminationofcomponentdéments)in whioh
thenewcombinationis effectedbetweencarbonatoms,"p. 19$.

"ThéworkofZinckeandHantzsohon the actionofentonnein aMine solutionon the
phenotsandotheraromaticcompoundahaaaffordednumerousoxamptesofthe changeofa
~carbonringintoa s-carbenring. Wemaytake thécaseofordinaryphenolwhiehpassesintoa derivativeofeyotopentane.Most of the otherphenoJabehavein a similarfashion.
Wredenfoundthat whenbenzeneiereducedwithhydriodicaoidat 3000,it yietdsahydto-
carbonC~ whiohwasat Srstmistakenfor cyclohexane;but its lowboiling-point(70°)anditaconversioninto a mixtureofgtutano, succinic,andaceticacideonoxidationleftno
doubtMto its identitywithmethytcyobpentane.ZeUnskyahofoundthat oyoiohexanoi,onreductionwithhydriodicacid,givesa mixtureofoyolohexaneandmethyloyolopentane.AMhanhassinceshownthat eyctohexanechangesto methyieycbpentaneonsimplyheatingina e)Medtubewithor withoutaluminiumchloride,"p. 209.

Theactivityconceptis apparentlyworkingita inidiouewayintoorganicehemistry,
P.3:'o. "Morerecentlythéquestionof the Ngniacaneewhiohahouldbeattachedto the
termachvemass'basbeenmuohdiscussed. In thécaaeofgaseousMactionsat moderateiy
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lowpressures, the volumeconcentration would seem to atford a satisfactory measure of

this quantity. The matter ia muchlesaaimp!ewhen the reacting substances are present
in large concentrations in a liquid medium. ïn such cases the active mass is, in ait prob-

ability, more appropriately measured by the 'activity' or thermodynamic concentration,
thevalueof whieh may beobtained frommeaamementsof vapeur pressureor from osmotio

data, and in the caseof ionizedreactants from measurementsof potentlal différence."

It was rather interestingto read, p. 378,that "a!thoughempiricatinorigin,the Arrhenius

formulabas been given a theoretical basts in tenue of thé so-caUedradiation theory of

chemicalchange."

"It muet be confessedthat we are stUlprofoundtyignorant of the change which sub-

etituentaeffect in the character of the moleculeaf)a whole, the causeswhieh détermine thé

rutesof orientation, the reMonwhy positivegroupalike methyl and amino groupefaeititate

nitration, autphonation, acetytation by the Ftiedet-Crafts method, etc., why negative

groupaassiat hydrolysisofeyanides, reduction ofnitro groupe,acetat formations, etc., and

a hoatof other phenomenaof a similar nature. Untilelearer viewsobtain on these subjects
it ean scarcety be hoped that real ptORtesawill bemade on the nature of chemicalchange.
Theexpression 'sterio hindranee' meantime aSordaa useful if not a very appropriate title

fordocketing a number ofallied phenomena," p. 4: t.

Thé second volumedests with atructuK and the chapters are~entitted: physical proper-
tiesand structure; colourand structure; isomerismand stereoieomerism;etareochemiatryof

unsaturated and cyclic compounds; etereochemietryof nitrogen; isomerio change; the

benzenetheory.

"VMuric acid and its dimethyl and diphenyl derivatives, together with some of their

esters, are co!ourtess or faintly coloured, but yietd brtghtty-eotouredsatta. Not only do

différentmetals and organic bases produce diCerenttycolouredsatta; but the eame metal

yieldsdifferently colouredsalta and solutions according to the solvent employed. The

phenomenonof one salt existing in dMerentty colouredvarieties is tenned by HantMch

poti<ocAf<wt<aMt.Potassium, rubidium, and caesiumdiphenyl violurate can oach exiat in

blue and red modifications,and lithium diphenyl violurate gives both red and yellow

eatts/'p. n8.

The author trusts Ostwaïdand not hia own knowledgeof organic chemiatry, when he

says,p. t37, that "methylorange, on the other hand,is a moderatelyetrong acid whoseion

i<yellow,whereas the non-ioni8edmolscule is red." Aotually,methyl orange as an indi-

eator is a weak base. Aftergiving Ostwa!d's theoryof indicatora, the author says, p. '38,
that "the other theory of indicators is a chemicalone." It is not another theory. It is a

modificationneeesaMyin certain cases but not inau.

Aceording to Hewitt "Buorescenceiftconditionedby a process of osciMatorytautomer-

iaa, or rapid vibration betweentautomeric forme,of a peeuliarMnd, foundamonga certain

c)MSof substances capable of exhibiting what bas been tenned double<~tTae<n< tau-

tMxh~m. The two modifications absorb and emit alternately light rays of a different

period,"p. ~48.
The reviewer is scepticatas to Plotnikows secondlaw, p. tsz. "The second lawstates

that photochemical actionisproportional to the amountoflightabsorbedand is independent
ofthe wave-length."

"The amount of light energy utiiised by the leaf bas been measured by Pfeffer by

estimatingthe amount of starch produced in t sq. cm.of leaf surfaceper second of exposure
andcomparing the heat of combueionof the statch with the catonno effectof radiation on

the same surface. Aeeordingto his results only 0.6per cent. of the total energy was ab-

sorbed,but, as the method is a<fectedby certain serious errors, no gréât reliance can be

placedupon the result. Averydifferent result WMobtained by H. T. Brown,who, in place
of measuring the total solar energy fallingon the leaf, estimated only that whioh was ab-

sorbedby the chlorophylland was eonsequenttyphotochemicallyand otherwise active.
Theamount of solar radiation taken up by the leatwasdetermined bytneaM of a Callendar
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radiometer before and after transmission through the leaf. The energy thus absorbed was

found to vary in differentleaves between 64 and 77 per cent. p. t68.

"Racemisation ie usually effected by rise of température. It was first observed by
Pasteur, who obtainedboth racemic and mesotartaric acid by heatingcinchonined-tartrate

to t70°. JungSeisch modined and improved the method, heating tartane aeid with to to

t$ per cent. of water in sealed tubes to !75° for several heure, and obtained considérable

quantities of racemic and mesotartaric acid. The same processbas been found to bring
about the racemisationof aapartic, mandetio,isopropytphenytglycollio,and oamphorie acid.

Activepinene, limoneneand pheMandrene,active amyl alcohol,and many of ita derivatives

are rendered inactive by heating. Active tactie aoid le converted at tgo" into inactive

taotide,and active quinioacid into inactive quinide," p. zoo.

"When studying thé action of revente on the active oMoroeuooinicacids, Walden

found that by replacing chlorine by hydroxyl in the laevo compounduaing a strong base

(potassium hydroxide or ammonia), <<-n)atieacid is formed, but if silver oxide or water ia

employed the t-acid Mobtained. The same thing ocours if the dextro-chtofOMeoinioaeid

is used, that Mto say, potassium gives a maMcacidof oppositesignand silver oxide oneof
the same Bign. Waldenbas studied thé action of a variety of metaUicoxides in the same

way, and haa shown that they form a series, the end ntembersof which produce diametri-

cally opposite effects in the character and amount of rotation, whibt the intermediate

members form products which in sign and value lie between the two extrêmes. The hy-
droxides of the strong bases, rubidium, potaNtium,ammonium, copper, cadmium, barium,

lead, and sodium, cause inversion of sijm in différent degrees, whereas those of silver,

thallium, and mercury produce a m&!icacid having the same sign as the original malic

acid," p. 206.

"Another chemicalmethod, devised by K. H. Meyer, dependsupon the rapid union of

the enolic, but not of the ketonic, form with bromine. The former is unstable, and is at

once decomposedwith thé séparation of hydrogenbromide and the formation of the bromo~
ketone. On adding potassium iodide the bromoketoneis reduced,and the iodine set free is
estimated by titration in the uaual way. The amount of the freeiodine gives that of the
enot form présent. A standard solution ofbrominein alcohol is introduced in excessand

naphthol immediately added in order to removethe uncombinedhalogen. On the addition
of potassium iodide, iodineis liberated and estimated as describedabove," p. 373.

"Laar's tautomerim or osciUating structures, and Baeyer's pseudomerism or single,
stable structures, are limiting cases of aUetotropismor equilibrium mixtures of isomers.

The theory whieh haabeenrecently devélopedby T. M. Lowrybas been moulded on a still

broader basis. In placeof the word tautomerism and the variousother names applied by
different observers to indicate différent viewsof thé same phenomenon,he bas introduced
the single expression f~ytMMttc~emertaM, which he defines as reveraible<<<Mnertcchange,"

p.388.
"At an early period inthe history of thé benzeneformula, Kekutëput forward a dynamic

hypothesis to explain the équivalence of thé two ortho positions. This was followed by
Knorr's oscillation formula,in which only the hydrogen atom wasassumed to oscillate be-

tween each pair of carbonatoms. Knorr's view,which bears a closeresemblance to Laar's

theory of tautomerism, was thé direct conséquenceof thé observation establishing the

identity of methyl pyrazoleobtained from two différent phenylmethylpyrazoles, and bas

already been discussed. In t897 a new dynamic formula was proposedby Collie, in whieh

the carbon groups as a whole are supposed to rotate as well as change their relative posi-
tions. Without a modelit is impossible to describethe évolutionsof this mobile System;
but it is claimed that it representa in tnm the Kekuie and centricarrangement as phases
of the one formula. Latterly, the study of thé absorption bands in thé ultra-violet région
of the spectrum has led to views on the dynamical condition of bensene,which promise a

very intereating development. Accordingto Hartley, six, or accordingto Baly and Collie,

seven, distinct absorptionbanda are produced by benzene. Thèsebands are accounted for

by synchronousoscillationsof the molecule,in much the same wayas a tuning-fork vibrates
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in responseto a note of definite pitch. Thé nature of thèse mo!ecu)ar vibrationsare, how-
over, differentty interpreted by the two observera. Harttey supposes the carbons to be
rotating and alternately passing tbrough a double and single (or centrie) tink phase. If
thé passagefrom eingte to double liaking producesa band, the Crstphase whieh involves
thé making of three double links wiUproduee three banda and the second phase another
three bands,making sixattogether, though it is not obviouswhy the same recurrent proeesa
ahoutd produeesix sets of oscillation fréquences. Baly and Couie take a different view.
The oscillationsare conneotedwith dynamiechange involved in the making and breaking
of the iinka between oneor more pairs of carbonatoms," p. ~65.

The third volume iadevoted <?aynthesis,the special ohapters being headed: the carbo-
hydrates fermentation and enzymeaction: thé purine group; the protéine; the terpenesand
camphors; the aikatoids.

"Theabnormal behavior of fructosein reducing alkalinemetallie salte, whiehis usually
regarded as characterMe of aldéhydes, ie aseribed to the ready oxidisability of hydroxy-
ketones. The case is similar to that of thé hydroxy-acids,whichlike tartane acidare easily
oxidisedand separate silver from ammonia-silvernitrate, whUst simple dibaeioacide like
euceinicacid have ao auch action," p. 4.

"The eonvetsion of one monosaechandeinto another bas been effected in the foUowing
way. !scher found that omheating the monobaeicaeida (derivedfromthe augassby oxida-
tion) in aqueoussolution with pyridine to a temperature of tgo~tao* a molecularchange
ocours. The hydrogen atom and hydroxylgroup attached to the carbon atom next to thé
oarboxyt group are interchanged and a new atereoisomericmodiSeaUon is produced. It
oeeasionattyhappons that the conversionis complete;but, as the process ie réversible, thé
originaland the newly formed productare as a rule pKsent asan eqwlibriummixture," p. 9.

"Lobry de Bruyn and van Ekenstein found that under the influence of atka!!s,alkaline
earths, sodiumacétate, lead oxide,guanidine,etc., the hexosesare traneformedslowlyinto
CMxturesof their isomers. Bach of the hexoses,glucose,fructose, and mannose,formsunder
thèse conditionsa certain proportion of the other two, together with certain other sugaM,
e.g. gtutose,a -y-ketose,which is atso found in motasses," p. !3.

"If it werepossibleto prépare gtyeomcaldehydein quantity and build up the sugaMin
successivestages from it, by meana of the cyanhydrin reaction, aB of the stereoieomers
wouldprobablybeobtained and their oonngurationcouldbedetermined without difroulty,"
p. 24.

"The discoveryof the ferments concemedin gastric digestionmuet reaNybe asctibedto
Réaumur (tysa) and the Abbé Spallanzani (t78s). The latter caused birds of prey to
swaitowsmaUepongesattaohed to a etting. After withdrawal. the spongeayietdeda smaU
quantity of gastrio juiee wMchwas aMeto dissolveand change fragmenta ofmeat. These
reauits were, however,not accepted as correct until many yeara later," p. 89.

The X-ray examination of cethdoseindicates unit callacontaining four C<H;(jOtgroups,
p. 77. The author thinka that it is probable that haemoglobin,unlike most other proteins,
forms a true solutionin water, p. tSS. Sodiumremovesan atom of hydrogenfrompyridine,
and dipytidyt is formed by the iinkmg of two molecules, p. 308.

"How is thé term alkatoid to be de6ned? Koenigssuggested that the name,whichwas
originaUyapplied to ait vegetabte bases, including caffeine,theobromine, betaine, choiine,
etc., ehouldbe restricted to those vegetableproducts whiehare derivatives ofpyridineonly.
This would exclude caffeine and theobromine, which do not diBer very widely from the
aNcaMdaibases. In the present state of the subjeotan exact definition is not easyto frame,
and possiMy,as our knowledgegrows, the !ine of démarcation between thé aikaioids at
present known and other vegetaMe products may becomegradually obUterated. For the
présent, however,an a!ka)oid may be definedas a vegetable base which contains a cyclic
nitrogenous nueteus," p. 306.

This isa remarkably interesting book. The reviewerbas enjoyed immensetythe reading
of it. He recommendsit most highlyto atl ehemistsand with eapeoialemphasis to physical
chemista. This is the kind of book they have beentooMng for.

Wilder D. B<M<a-~
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Thé RMMnee ot thé Atom. B~ B~~MttM Harrow. <0 X 18 en); pp. WewYork:
Boni «tt<tJM<w<~M,?.?'. Ptw~ ~.m Thé introduetory chapters are entitled: alchemy
and thé dawn of ohemietry; Priestley and the dawnof modernehemistry. Then followaine
ehapteM on thé atom entitled: thé atom; Mendeteefî; Crookes; Madame Curie; the energy
of the future; thé structure of the atom; the work of Rayleigh and Ramsay; the work of
Langmuir. Aftor this come three ehaptera on scienceand !ife, with the sub-heads: the
origin of Mfe;the application of soience;the seientist as citizen.

In the prefacethe author says that "an attempt la hèremade to describe!nnon-technical
language, but with strict regard for accuraoy, the glorious aoMevementaof ohetniataa)td

phymoistainum'avetUoKsomeoftheprofouNdmysterieahiddenwitMntheatom.
Mthe mat~iBeent work of Bohr reçoivesbut scact mention, it le becauBo,in the first place,
my primary object in writing the book was to explain, in a simple way, just what chemical
actionw; and this Langmuu''s theory doesadtnimNy; further, to comprehend Bohr's theory
requires a knowledge of physice and mathematica much boyond the graap of thé average
reader. To 'poputariM' Bohr'a theory ia not un!ikethe attempt to 'poputatuse' EiMtein's
theory: it cannot be done."

Wilder D. Bancroft

Lehrbuch der Thermochemie und Thenao<!yaam!k. By 0. ~oetw. ~'<cott<<e<N<t<wby
C!. f. StMMtt. X ~0 cm; pp. a~ + ~47. Bo-Kn.'~K<M Springer, ~9a& P<tc~ M.~0
marke. The first edition of Saokur's TAermo~~tMtwte~bas been well known in its En-
<{!ishtranslation for some years, and there is no doubt that it waa one of the moat olearly
written worka on the aubject available. Since its appearance there have been many
advances both in thé theory and in the experimental remtta. Thèse have to some extent
been incorporated in the new edition.

It may be remarked that thé Meft)!abbreviations e< and k.cal. for gram eatorie
and kilogram calorie have been adopted. The section on calorimetry is too briet to be
reaUyuseful: Joty's method is mentioned without eritioMmand nothing is said of the new
methods developed by T. W. Richards and his schooL In the considération of the ex-
perimental détermination of the spécifieheats of gases praetioaHy aUrecent work, except
a little carried out in Germany, is omitted, and this section is quite out of date. "Bring.
worth" on p. y~ should be Brinkworth. The treatment of van der Waa!s' equation is
pureiy algebraical and thé reaUy dIScuit question of unite la ignored, as it too frequently
is in textbooks.

The introduction of the kinetic theory of gases in the section on thé thermo-dynamies
ofgaseaisperhapstike!ytobe confasingand Joule's equation (au/a~ ° o, however
"etrange" it may seem to the beginner, is a safer basis than the kinetic formulae, which
are quite foreignto thé spirit of thermodynamics. The quantum theory is introduced early
but no deductions of the formulae are given. The deviations from the Debye T*aw
observed by Onnes and his schoo! shouid have beenmentionedhere, and not deferred to p.
3~ The section on the energy of solidsis otherwiseexcellent, although the soanty refer-
ence to lattice energy on p. 93 could have been extendedwith advantage, since this part
of the subject ia now rather prominent and is certainly interesting and capable of
frequent application.

The quality of any book on thermodynamics may be estimated by its treatment of
reversibility, and hère the present volume is entirely satisfactory, the treatment being
based on that of Ptanok. Thé inequalities for irrovereiblo prooesses, however, are in-
troduced in the usual way, yet it is queationable whether they really foUowfrom the
two taws of thormodynamics. They do, however, emetgealmost automatieatty from thé
treatment ofirrevetsibility adopted.

The applications of the two laws follow in a satisfactory way and only a few points
call for comment. The rather detaNed account of the applications of the Phase Me is
rather tedioue and out of place, but thé careful treatment of Le ChateHer's theorem is
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unuaual and commendable. The interprétation of thé differential coefficientin the max-
imum work equation (4) on p. t~? Mnot compatible with thé suffix e in the equation it-
se)f. "Activity" appears very brie8y on p. 246 but no use Mmade of thé conception.
The list of values of the normal électrodepotential on p. 27: ie out of date and Kruger
and Krummreich'e very important work on absolute potentiaia ehould have been men.
tioned. Thé treatment of chemical constants and their relationto statisticai meehaniesis
good but rather brief, and no etatistiea! équations are actuaUy deduced, although thé
relation between probability and entropy ia explained m somedétail. As an indication
of the unuaually careful treatment of thé whole subjeet, two examples may be mentioned.
The discussionof sohttion pressure on p. :7t makes it elear that it ia not thé concentra-
tion of ioM the metal whieh ia concemed-a stat~ment whiehahnost uniformly appeate
or Mimplied in the ueual textbooks whenany explanation ie attempted; and in the de-
duction of the maximum work of a gas reaction on p. 324the externalworktenn, B~BT,
duly appears, 118it should but rarely doee.

No doubt this new edition of Saekur will be transtated and ao made more eaeuy
available to English and American students. If this is done some of the omimiona men-
tioned might asefuUy bo made good, the International Critical Tables turned to ac-
count and the literature referencea extended so as to covermore of thé récent En~Mh
and Americanwork than seemBto have beenavailable to Dr. Simson, who baa otherwise
done her work extremely well. The book ia one whioh ean be reàd with profit by aU
atudents of chemistry.

J. R. ParM~<<M.

Laboratoty Gtass Blowing. F. C. fntry, C. B. ?'<ts<o<and J. D. M<M)-< X M
cm; pp. ~( + ïM. New yo!-< McGffMO-tftHBook Ce., tMS. PfMe; M.60. This book
was first publiehed in tot~ aa "Laboratory Manual of GleasBlowing" and bas nowbeen
altered and aupplementedparticularly in reference to PyrexgtaMwhioh haacome into auch
wide use einee tha,t time.

The purpose of the book Matated, "to provide a clear and detailed discussionof the
elementa of gta~ working." These etementa are wieely held to inelude those operatione
whioh the acientiSeworker may be ca)tedon to perform in the manufacture and repair of

simplegtasf)apparatus.

The chaptetB are entitied: glasa and its working characteristica: générât operations;
elementary exereisea;advanced exeroisea;modified methoda and special operationa; gtass-
to-metal seals and joints. Under these headingaare discuMedauchaubjecta as: devittifica-
tion annealing;types ofgtassand their properties; t6e arrangementof equipment; cleaning
and cutting gtass; operations on tubes; capiUary tubing; joints and repairs on apparatus;
ground joints; vacuum tubes; seaMngg)aœto Pyrex, porcetain,platinum, and base metab.
The appendix gives formulas and directions for use of; platinising solutions, stop-eock
lubricants, vacuum wax, deKhotinsky eement, cement.

The book is well written and aucceedain imparting a great deal of information. The

operationsare arranged in just aboutthe sameorder as that followedby expertg!assworkers
in their instruction to apprentices and the descriptions of thèse operations are detailed

enough for ease in carrying them out. In addition, many of the procédures are weUil-
iustrated by drawings ehowingeach step. It ia anticipated that tbis little book wiNbe
welcomedas a valuable aid by that army of laboratory workerswho have some sMMand
much ambition to do things with g!ass.

HerbertL. Dauis.



mtroductton

Althougharagoniteis metastableunderaUgeologioconditions,lit is a

minera!of commonoccurrence.Manysea-shelleare composedentirelyor

inpart of aragonite,thepearlylayerof mostmolluskshetb beingaragonite.
Theoyster can, with certainty,producea uniformlayer of this metastable

modificationof calciumcarbonateat temperatureswhereno man has pro.
ducedit in any purity. But despitethé tonsof aragonitepresentin many
minéraldeposits,therebasbeennosatisfactoryexplanationof its formation.

Aneffortbas beenmadeto use Ostwald'slawofsuccessivestates,but it can

beseenhow inadequatethis is ifwemcre!yrewordthé lawto read: "If a

metastaMephaseappearsin anytransformation,it precedesthe stablephase,
sincenosubsequenttransformationcanbefromthe stable to the metastable

form." It is perfectlyclear that no metastableform can aucceeda stable

modification,but whyit shouldeverprecedeit has been left unanswered.

In orderto treat thisgeneralproblemof thefonnationof metastable,indeed

in many cases monotropic,modifioations,and the particular problemof

aragoniteand calcite,it was deemedwiseto learnmore about a numberof

simptercrystaUizationphenomena.
Whencalciumcarbonateappearsas aragoniteinsteadofas calcite,there

is morethan a merechangeof externalform. The entire structureof the

crystalis altered; thereisa changeofcrystalsystemand an entirerearrange-
mentofatoms withinthe crystal. By learningail we can about changesof

crystalform whenthereisno internalrearrangementweshallplaceoursetves

ina better positionto understandthe morecomplexproblemsof calciteand

aragonite.
Sodium chloridecrystaUizesfrompureaqueoussolutiononly in cubes,

but the minéral haliteoccursoccasionaUyin gmalloctahedraas wellas in
cubes. Haûy' observedthat whenthe solutionfromwhichsalt crystaUized
containedurea, he couldduplicatethe naturallyoccurringoctahedra. Many
otherforeignsubstanceshâve similareffects. In ait suchcases,however,the

crysta!aare still practicallypuresodiumchlorideand the formationofcom-

plexcompoundsin solutioncannotdirectlyexplainthe anomaly.
The most obviousassumptionis that urea is adsorbed preferentially

oncertain crystal faces,therebychangingtheirrate of growth,but a direct

pMofof the particularfacesuponwhichureaisadsorbedpresentsenormous

analyticaldifficulties.The problemcan, however,be solvedby an indirect
method. If we have any substancewhichcan crystallizefrom aqueous
solutionin two forms,and welet it crystallizeonce in the presenceof a

BactNtrom:J.Am.Chem.Soc.,4?,:h~ (t?~).
"Traitedemineratogie,"2,3:6(!8ot).

CALCITE AND ARAGONITE

BY CHARLES HAM!MOtt BAYLOR
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presumablystronglyadsorbedcationandthe secondtimein the presenceof
a presumablystronglyadsorbedanion,oneor the otherof the twosolutions
willshow an increasedtendencyto givethe tessstable crystalhabit. As
starting solutionswe wouldnaturallyohooseacideand bases,or acidand
basiodyes. If the tessstableformappear,let us say, in alkalinesolutions,
wecan predietthat aMstronglyadsorbedanionswilltend toproducethesame
effect,andthat ai!stronglyadsorbedcationswilltendto counteractthat effect.

Ft0.tI

Starting in Aand B with crystab wherecubeand octahedronfacesareequa)Iydeveloped,
growth petpendtcaiar to the octahedron face N represented four times as fMt aa RMwth
pentendtcmar to the cube face. The octahedron geta Mna!)erin extent and uitimately
dmappeMa. In C and D, growth perpendicular to the cube face is thtee times as faet as
gMwthpemendteutM to thé octahedron face. The cube geta stnaNerand u!timate!ydis-
appears. Sénés A and C have been ohosen so that the perpendicular distance to each
ctyatal face Mesin thé plane of the paper. The distance to a cube face is dmwa M a full
lightune,

to an loetahedwnface as a light dotted line. Thé previottsextent of the erystatMmarked by a smatt CMsaon thèse Unes. SeneaB and D make cteater the shapesof the
ctystats represented in SénésAand C.

It ia known expenmentaUy that sodium cMonde crysta)Hzes from hydro-
cMonc acid solutions in cubes, just as it does from pure water, while the

présence of a!ha!i favors production of octahedron faces. We therefore
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deducethat the adsorptionof anionsfavors the developmentof ootahedron
faceson sodiumoMoride,andthat urea is adsorbedon the samefacesthat
anionsare. It will be shownthat this assumptionenablesus to prediotthe
eS'eotof manyother additionsto sodiumchloridesolutionsand that this
new teohniqueis absolutelygénéral,applyingto aUsubstancescrystallized
fromsolutionormelt and leadsultimatelyto a fullexplanationof the oalcite
and aragonitedifficulty.

To favor a orystal face,adsorptionmust oocuron that face. The Bat
sideofa pea is thé aidewhereit has beenpreventedfromgrowingbynearness
to its neighbor. An octahedron,a cube,oranyotherorystalfaceis a Batside
on the crystal. Whenadsorptionoooursonthe eightcornersof the cube,the
ionsof the crystallinesubstancemust firstdisplacethe adsorbedmaterialbe-
fore they can becomepart of the crystal structure. The fillingout of the
eightcornersisretarded,andeightBatplaces,theeightfacesoftheoctahedron,
develop. Similarlya substanceadsorbedalongthetwelveedgesof thé cube
wouldcause flatplaces to devolopthere. They are the twelvefacesof the
dodecahedron..In the sameway,fromthe six cornersof the oetahedronwe
get the six cubefaces,and fromthe twelveedges,the twelvedodecahedron
faces.

The structure of the sodiumchlorideorystalsis face-centeredoubic,t
oppositelychargedionsbeingdisplacedhalfa unitparallelto the sidesof the
unit ceU. Thisis thé structuremost commonlynamedmerelythe "sodium
chloride structure." An important characteristtcis that crystal planes
parallel to any cube face havea checkerboardarrangementof alternating
sodiumand chlorineions,that planesparallelto anoctahedronfaceare com-
posedof only one kind of atom, sodiumand chlorineexistingin alternate
planes,that planesparallelto a rhombiododecahedronfaceare composedof
alternating rowsof sodiumand chlorine. Niggli'employingthis structure
and the probableforces of attraction betweena growingcrystal and its
mother liquor,fonnu!atesthemechanicsof crystalgrowth. Fromhis argu-
ment there followsnaturallythe answerto the question,"Whydoesa crystal
have faces anyway?" The surfaceof the crystalfragmentthat is slightly
obliqueto anatomicplanewillbea seriesofatomiosteps. Aslopingirregular
surfacewill growperpendicularto itselfmorerapidlythan adjacentatomic
planes,until it 81!sout to theirposition. Afterthat theorystalwillbebounded
by crystal faces. Further, in a crystal of thé typeof sodiumchloride,per-
pendicu!arto a cube face with its equal numberof positiveand negative
particles,the electrostaticfieldattracting newionswillpresumablybe slight
and a comparativelylowrateofperpendiculargrowthwiUfollow. Perpendi-
cular to an octahedronfaceonthe other hand théresidualeteotriofieldwill
beenormousandcrystal growthwiUtend to be extremelyrapid. Acompen-
sating influence,that Nigglineglected,oceursin that onlyonekindof atom
at a time canadditself to theoctahedronface. Theperpendieulargrowthof

Wyckofr:"TheStructureofCryatab,"304(!9~).
Z.anorg.aUgem.Chem.,110,55(t9ao).
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the ootahedronface is retardedby alternateimpoverishmentof the region
firstofsodiumand thenofchlorineions. Therefore,althoughtheoctahedron
facebasthe strongestelectricfield,its rateofgrowthis intermediatebetween
the cubeand other forms.

Spangenberg,lVateton~MissBentivogtio*and others have measured
rate ofgrowthofcrysta)sfromthepuremotherliquor. Employinga sphere
of potassiumalum, Spangenbergwitnessedthé appearanceof many faces
not ordinarilyobaervedwith alum. Perpendicularto eachcrystallographic
plane,under standard conditionsthere is a charact~risticgrowthvelocity.
The velocityofgrowthis unusuallyhighin directionsperpendicularto planes
of incommensurableindices. Suchsurfacesdisappearquickly. The alum
crystalis then boundedby a largenumberofslowergrowingcrystalplanes,
whichin turn tend to disappearin the approximateorderof growthper-
pendicularto their surface. Thisdoesnot, however,holdexactly. If the
perpendiculardistancefromthe centerof an ootahedronto a face is unity,
the distanceto a corner (wherethe cubeappears)is t.~giitand to an edge
(wherethe dodecahedronappears)is 1.2247. Clearly,the dodecahedron
will disappearbeforethe cubeif bothhavethe samerate of growth. The
dodecahedroncanevenhavea slowergrowthuntilthe ratio1.2247to 1.7321
is reachedand yet disappearniât. To borrowa biologicalterm,the cubeis
more distal on the octahedronthan the dodecahedron.Conditionswillbe

exactlysimilarwhenanytwoformscompeteagainsta still slowerform. The
discrepanciesbetweenthe ratesofgrowthofdifferentformsareusuallygreat
enough,however,that facesdisappearin theorderof theirgrowthvelocity.

Employingthe isomorphoussalts, Fe(NHJt(SO<):.6H,0,Mg(NHj9-
(SO<):.6H:0and MgKz(SO<)t.6H:0,MissBentivogliofoundthat the ratio
of growthvelocityfor differentformsvariedwidelyin differentmembers
of the series. Therate ofgrowth,therefore,isnot relatedina simplewayto
reticular density nor is the residualelectriene!dthe so!efactorgoverning
crystal growth even from pure solutions. Even whena substancecrys-
tallizesfromits puresolutionit isprobablethat adsorptionuponthe crystal
of solventand solutealtéraandservesto modifyitsexternalform.

Marc*in a clasaicalseriesof researches,studiedthé influenceof foreign
substancesupon crystal growth,and reachedthe conclusionthat foreign
materiab alter theexternalformofa crystalonlywhense!ectivetyadsorbed
and that adsorptionupona crystalalwaysretardsits growth. Marc'smost
conclusiveresultscamefromtheadsorptionofdyesuponcrystals. Gaubert'
dyed crystab and consideredthe formationof dyeand crystal laminaeas
the essentialfactormodifyingcrystalform. Reinders'studiedthe relation
betweenthe adsorptionof dyesuponsilverchlorideand the formationof

'Z.K)-ist.,<H,t89(1925).
'Z.KTNt.,S9,335(t9~4).
Proc.Roy.Soc.,USA,59(~27).

<Z.phreik.Chem.,61,385(t9<)8);67,470(tgo~ 68,t04(t909);79,685(t~to);7S,
710(19U).

"Lefacièsdeso-iattMM,"(t~u)pamphlet;andCompt.rend.,t57,tsst (t~ig).
Z.physik.Chem.,77,677(t9!t).
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dendriticcrystals. Walcott' greworystalsof lead,strontiumand barium

nitratesin thé presenceof a largenumberof inorganicsalts,and concluded,
withoutreason1think,that adsorptionwasnot the principalfactormodify-
ingcrystalform. Sincesalts of relativelylowsolubilityseemedto havethe

greatesteffeot,Walcottdecidedthat the solubilityofthe addedsubstance
wasthe governingproperty. If he had observedthe profoundinfluenceof

nitricaoid,his conclusionsmighthave beendifferent.Keenanand France~
measuredthe relativeratesof growthof the twoprincipalfacesuponpotas-
siumalum crystals, both whencrystallizedfrompuresolutionsand from

solutionscontainingas highas .05%of variousdyestuns.
Keenanand Francehold the opinion that adsorptionis the governing

influencewhenforeignsubstancesalter orystalform,butdecidethat adsorp-
tionisaltogetherspecifieandthat nothingcanbepredictedaboutit. Indeed
theirexperimentswouldat first seemto justify thisconclusion.Onebasic

dyeandonesubstantivedyedecroasedthe growthofthecuberelativeto the
octahedron.Aitotherdyestried werewithouteffect. Theyconctudethere-
forethat thé adsorptionof dyesuponthe cubefaceisthé resultofa specifie
interactionbetweenthe crystal and the dye, that it is a propertyof the

chemicalnatureofeachandof nothinge!se.

Clearlythe influenceof foreignsubstancesuponcrystal formis pretty
muchup in the air. Walcottconsidersit a matterof theslightsolubilityof
theforeignsubstance;Spangenberg"postulatesa complex,hydrated,sodium-
ureacation as the causeof formationof octahedrauponsodiumchloride;
Reinderspresentsdatawhichareuselessastouchinguponthe generaltheory;
Keenanand Francestudythe effectofdyesuponpotassiumalumand decide
that adsorptionis the governingfactor, but that nothingis knownaboutthe

adsorption. In this paperthe problembas beenmadegeneral,and by the

employmentofsimpleandusuallyqualitativeexperiments,its inconsistencies
reconciled.

It wiUbe shownin the followingpages that foreignsubstancesare ad-
sorbedpreferentiallyuponcertain crystal faces. Thegrowthof facesper-
pendicularto themselvesis retardedwhenadsorptionoccurs. Newmaterial
to buildthe growingcrystalmust diffusethroughanddisplacethe adsorbed
substance. It canusuallydothis, but rapidadditionofionsor moleculesto
thegrowingcrystalfacewillbe prevented. Sometimesthe adsorptionis so

greatas virtuallyto stopailgrowth. In thesecasestheadsorbedsubstance
is heldpermanentlyonthe crystaland often foundas inclusionswithinthe

crystal. At other timesadsorptionis lessmarkedandtherecanbenodirect

proofof the adsorption.The adsorbedsubstanceis displacedwithout great
dimcultyby the crystalmaterialand the growthof thefaceperpendicularto
itselfis but slightlyretarded. Aiways,by slowingthe perpendiculargrowth
of a face,adsorptiontends to make that facebecomelarger. It beoomesa

Am.Minera!11,2~ 259(t<~6).
J.Am.Ceram.Soc.,M,821(t9~7).

'Z.Kri8t.,59,37s('9~4).
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larger9atplaceuponthe orystal. 1shallfurthershowthat the samegeneral-
izationean be made about adsorptionupon a orystalfaceas can bomade
aboutadsorptionupon anytbing else,that this adsorptionfollowsthe same
rates that are followedin aH adsorptions. Frequentlya non-ionizedsub.
stance-as urea-is adsorbed, but it is adsorbedin the same way as if it
werean ion. It is a necessaryconclusionthat moleculesof the solventmay
a!sobeadsorbed.

Thisoften causesi80morphoussubstancestohaveentirelydif-
ferentexternalforms.Sunitady,the shape of a substanceis not necessarily
thesamewheneryataHizedfromdiaerentsolvents,orwhenaubtimed. Hydro-
genandhydroxylions are usuallymorestronglyadsorbedthan other ions.
Usingacidand alkalinesolutions,their influenceuponexternalorystalfonn
has servedas a key to the entire fieldof adsorptionand bas tied in with
thoseexampleswhereadsorptioncan actuaUybe demonstrated. This new
techniqueis absolutelygeneral;it appliesto aUcryata!Systems;it appliesto
crystalsgrowingfrom solventsother than water;and it can be applied to
crystalsgrowingfroma melt if the chemistryofthemeltisunderatoodsumci-
entty.

ExperimentalPart

Saturatedsalt solutionswerepreparedby shakingsalt with waterat a
temperaturea little above that of the room. Thesesolutionswerecooled
and allowedto stand at roomtemperature,no particulareffortbeingmade,
however,to ensure exact equilibrium. Usually foreignsubstanceswere
added to the solvent before saturating with the salt. This was the most
profitabletime, since many of them greatly influencethe solubiKtyof the
salts in water. A drop ofsolutionwasthen placedupona microscopehalf-
slide and crystals grown by auowingthe solutionto evaporate at room
temperature. Meanwhile the growingcrystals were observed with the
microscope.Frequently it was advisable to growlarger crystals. The
solution,madeunsaturated by the addition of a few dropsof water, was
placedin a cleancrystallizingdish, eoveredwitha pieceof smoothpaper,
and put in a quiet place for isothermalevaporation. Ui3ually,however,
crystalsweregrown upon a slide and observedwith a microscope. Most
crystalspreparedin this way reacheda diameterofabout fiftymicrons.

It has often been reported that occasionatorystalsof sodiumchloride
grownfrompure water have octahedronfaces,truncatingthe cornersof the
cube. Thereis no apparent reaaonwhy,if this is evertrue, it sbouldbe so
rare. A dropofsaturated sodiumchloridesolutionwasplaceduponthe slide
and allowedto evaporate. No crystalswith anyoctahedronfaceswereob-
served,althoughthe procedurewasrepeatedmanytimes. When,however,
a crystalbasbeen tilted so that a cornerof the cubeis nearestthe slide,an
irregulartriangularsurfacedevelopsthere. Sucha crystalmighteasilybe
raistakenbya carelessobserverfor an octahedron,as willbe apparentfrom
Fig.2. Adropofsolutionupon a slideis boiledto drynessovera microcame.
Morewateris added and the boilingrepeated. Afterseveralsuchevapora-
tionscrystalsgrownfrom the samepreparationwillhave octahedronfaces
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tnmcaticg the cornersof the cube. Obviouslya. sm&Uamountof alkalibas

dissolvedfrom the glassslide. Two suggestions,therefore,are ofïeredas

possibleexp!anationsofsodiumchlorideoctahedrathat hâvebeendescribed

as ctyBtaUiidngfrompurewater' or fromsolutionscontainingnickelchloride,

ferriechloride,or hydrochloncacid. The presentwriterbasbeenunableto

obtain anytrue octahedronfacesuponsalt crystalsgrowninsuohmédia.

Sodiumchloridecrystalsweregrownfrom solutionscontaining10%and

:o% sodiumhydroxide. From the 10% sotutionthe crystalswere cubes,

A. Trueoctahedraofsodiumcbloridegrowninthéprésenceofurea.
B. FaJBeoctahedron.Atriangularcornerof thecube,Coatinj;inthesurfaceofthe

liquid,inpreventedfromgrowing.ThéoutlineaoftheunderaideCMbeseenthroughthe
crystal.

the cornersbeingtruncatedby tiny octahedronfaces. Fromthe 20%solu-

tion the truncationsare much larger, but the octahedronis in no case thé

dominantfonn. Otheralkalis wereused in similarconcentrations. Potas-

siumhydroxideyieldedresultsidenticalwithsodiumhydroxide.Ammonium

hydroxideintroduceddifficultiessinceit washard to knowits concentration

at the timeofcrystalformation,but by startingwitha strongly ammoniacal
solutionthe cornersofthe salt crystalwerecut byoctahedronfaces. Asolu-

tion to whichhad beenadded sodiumcarbonatealmostto saturationgrew

crystalsof sodiumchloride,cubeswithsmallootahedronfacesat the corners.

Solutionswerepreparedcontainingseveralconcentrationsofhydrochlorie

acid, aulphuricacid, phosphoricacid, nickel chloride,and ferrie chloride.

AJIcrystals grownfromthese solutionswere cubes. Theoctahedronface

neverappears.
Antimonytrichloride,insolutionseontaininghydrocMoricacid,givesto a

certainextentionsof the acid2H~SbOte.This anionis stronglyadsorbedon

the octahedronface whensodiumchlorideis crystallizedinits presence,and

so it favors formationof octahedra. Microscopiccrystalsexhibitincurved

Odotf:J. Russ.Phys.Chem.Soc.,28,7!5(t8o6),abatrMtedinZ.Knat.,3t,5!6(t899).·
Abe~:"HandbuchderMorganischenChemte,"3 (HI),589(t~oy).
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octahedronfaces and nocubefaces. Strongadsorptionisprobablyfavored

by thé simultaneousadsorptionof hydroxylionsfromwateron the same

crystalfaces. The antimonythenprécipitâtesas a basiosalt and the com-
binedadsorptionresultsin platingan insolublelayeruponthe octahedron 3
face. This effect Mso markedthat, whencrystalsare grownrapidly to

relativelylargesize,the antimonyis presentas inclusionswithinthe crystal.
The inclusionstake the formof a milkypyramid,openingout fan-wiseto
théoctahedronface. Thismilkypyramidisconclusive.experimentalevidence
that adsorptionoccurredonthe octahedronfaceduringits formation.

Ureais not the onlynon-electrolytewhichis preferentiallyadsorbedlike
an anion upon the octahedronface of sodiumchloride. When sodium E
chlorideis crystallizedfrom a solutioncontaining5% mereuricchloride, 6
crystalsare octahedrawithcubefacesat the corners. Froma solutioncon-

taining 15%of glycocollthe crystalsare mixedoctahedraand cubes,the )
ootahedrapredominatingslightly. We see, then, tbat the developmentof <

octahedronfaceson sodiumchlorideis favoredinsolutionscontainingreadily t
adsorbedanions,of whichhydroxylion is the mosteasilycontrolled,andin
solutionscontaininga certaingroupof non-electrolytes.Asiinilargroupof
cationsmust be adsorbeduponthe cubefaceand tend to stabitizeit. Since
the cubeisstableanyhowthis tendencybas novisibleresult.

AtcoholdecreasesAdsorptionofAnions
It is well establishedthat alcoholtends to decreasethe adsorptionof t

anions. Bancroft' writesthat "colloidalplatinumis chargedpositivelyin

aqueousalcoholthough negativelyin pure water. Thereseemsto be no

specialreasonwhythe effectofalcoholon platinumshouldbe apecifieandit <
seemsto be true experimentallythat alcoholtendsto precipitatenegatively
chargedsols,beingmoreeffectiveifthe solhasbeenmaderelativelyinstable

by the additionof electrolytes. Thenegativelychargedglobulesin rubber
latex can be precipitatedby alcoholin the presenceof salts." Gurchot' f

coagutatednegative sols of copperferrocyanide,arsenioussuiphide,and

sulphurwith ethyl alcohol,the coagulationbeing moremarkedwhen a

coagulatingsalt was also presentthoughin insufficientamountsto cause ]
precipitationitself. Kiein*observednoagglomerationof positivelycharged j
ferrieoxideby alcohol.

Sincealcoholdecreasesthe adsorptionof anions,wecan predictthat it
willtendto counteractthe effectofanions,urea,and othernon-electrolytes
whichfavorthe formationof octahedronfaceson sodiumchloride. To test
this predictionten percentof alcoholwasadded to eachsolution,and the

experimentswith sodiumchloriderepeated. The resultslistedin Table 1
showthat alcoholdoescounteractthe tendencyto formoctahedra. They j
furnisha strikingcon&nnationofour primarypostulatethat anionsaread-
sorbedon the octahedronfacesandthat non-ionizedsubstanceswbichfavor
octahedrado so becausethey areadsorbedas if they wereanions.

"ApptiedCoUoidChemmtty,"263(t~6).
J.Phya.Chem.,M,83(t9~6).

'Kotloid-Z.,29,247(t92t).



CALCITE AND ARAGONITE !4~9

No additionalexperimentswereperformedwith potassiumhydroxide,am-

moniumhydroxide,orsodiumcarbonateornickelchloride.Anattemptwas
ô

madeto observethe influenceofacidandbasicdyes,but asaturatedsotution

of sodiumchlorideprecipitatesdyes completely.Methylviolet, a basic

dye, SolubleBlue 3 M, Nap Black12B, CoommassieFastBlackB, Alkali

Blueand DisulphineBlueA, aciddyes(BritishDyestuffsCorporation),were

tried,but in all casesthe dye Minsolublein the strongsaitsolutions.

Applicationof the Methodto otherSubstances

Sinceour techniqueis general,it wasnextappliedto a numberof other

substances. Take, for example,the caseofpotassiumalum. It crystallizes

ordinarilyin octahedra,but it can be crystallizedas.cubesfrom weakly

alkalinesolutions-fromsolutionscontainingpotassiumcarbonateor borax.'

Hydroxylis adsorbednot on the octahedronfacesof alum,but onthe cube

faces. We can predict that other anions,urea, and glycocollwiUalso be

adsorbedonthe cubefaces,andproducecubes.Acidsolutionsandallcations,
in the degreethat they areadsorbed,willstabilizethe octahedron.Alcohol

willdecreasethe adsorptionofanionsandtend to neutralizethe effectof

alkali. Experimentsin this lineare summarizedinTableII.

TABLEII

PotassiumAlumCrystallization
.111 _t. 't'~L1. __M _1.1 _L_1

TABMl1

CtyetaUMation of Sodium Chloride

~re~t __ns

R:nne: "X-rayo and the Fine Structure of Matter," t36 (t9:s); Le Blanc: "Crystatto-
technic" (!8o8).

Added Without alcohol With t0% ethyi alcohol

Potassium Cube and octahedron Disappearance of cube

carbonate

Borax Cubeand octahedron Disappearanceof cube

Hj)SbC!< Verylargecubefaces Cubefacesrelativelysmaller

Urea Cubefaceslarge Effectof alcohol less pro-
nounced

U_- &_A -1 1 -1- l'~

ForeignSubstance Withoutalcohol Withto%ethylalcohol

10%NaOH Cubes,small Cubes

octahedronfaces

20%NaOH Cubes,large Cubes,octahedronrare

octahedronfaces

20%HCI Cubes Cubes

5% Urea Cubes,large Cubes

octahedronfaces

15%Urea Ootahedra Cube-octahedron

10%GtycoooU Cubes,largeoctahe- Tendencyto octahedron

dronfaces greatlyreduced

5%HgClt Cube'octahedron Cubes,smaHoctahedronfaces

H)SbCt)) Octahedron Cube-octahedron

FeC!i Cubes Cubes
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Whenpotassiumcarbonateor boraxwasaddedto alum solutionsthere was
a light flocculentpreoipitationof hydratedaluminumoxide,but this only
interfèreswith the experimentby limitingthe possiblea!ka!inityof the
solution. Thèse results indicateclearlythat anionsand substancesthat

simulateanionsare adsorbed,notupontheoctahedronfaces,aswithsodium

chloride,butuponthe cubefaces.Theiradsorptionisdeoreasedbythepresence
ofatcoholin solution. PotassiumalumwiUbe consideredm anotherrelation
in the followingpages.

Bariumnitrate crystaUizesordinarilyin octahedra,'but Gaubert~and
Walcott'haveobservedthat whenit is crystallizedfromsolutionscontaining
methyleneblue,cubefacesdevelop,and that they are oftencoloredby the

dyestuff. Methyleneblue ia a true basiodye and has thereforea strongly
adsorbedcation,the colorbasewhichby adsorptionon the cubefacefavors
that habit. The concentratedbariumnitrate solutionbas !eastendencyto

precipitatethe basic dye than sodiumchloridehad to preoipitatedyes be-

causeofthe leachingactionofbariumion. Briggsand BuU*haveshownthat
the amountof methyleneblueadsorbedby woolfromalkalinesolutionsis
eut downto aboutone-halfwhenthe dyebathis 0.01N withbariumchloride.
Bariumtends thereforeto keepthe dyein solution. Aoidswouldhave the
sameeffect..Methyleneblue isadsorbed,therefore,strietlyasa cation. It
is not, aswillbofoundtaterwithsodiumfluoride,a mordantingactionof the
ions of water. Siace the dye cationis adsorbedon the cubeface,we are
enabledto predictfromthis sin~ekeyreactionwhatbther roadilyadsorbed
substanceswilldo. Bariumnitrate showseven from pure watera certain

tendencyto formcubefacesat thecornersofthe octahedron. Wecanpredict
that hydroxylionand urea will suppressthat tendency,as wefindthey do.
We canfurther predict that nitrio aoidwill act like methyleneblue, the

hydrogenion by adsorptionon the cubefavoringit. Experimentconfirm
our prediction. The cube is sostronglyfavoredthat crystalsgrownfrom
acidsolutionlookmorelikecrystabofsodiumchloridethanofbariumnitrate.

Theyare cubeswith thé sughtestoctahedrontruncation. Sincein this case
it is a stronglyadsorbedcationwhiehis effective,we expectalcoholto be
withoutmarkedeffect,as indeed,experimentshows. On the other hand
urea shouldtendto counteracttheeffectofnitricacid. ParaUelexperiments
wherebariumnitrate is crystallizedfromsolutionsthat containnitric acid
and fromsolutionsthat containthe sameamountof nitric acidandtwenty
percentofureawereperformed.In bothexperimentstherewereeightcubic
centimetersof concentratednitric acid per hundred cubiccentimetersof

1ThereM&certaindoubtas to whethertheyarereallyoctahedraor :t tetrahedra
equalldeveloped,butforourpurposesthatMimmaterial.Themostmodemdata from
crystdetructutedeterminatMnsindicatethatoppoattefacesare&tMM.Inthatcaseit is
correcttoeaHthemoetahedra.

"Lefacièsdescristaux,"tg (ton).
Am.Mineral.,U, 272(t926).
J.Phys.Chem.,M,845(t9M).
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solution. Solutionscontainingnoureagivecubesas theordinaryform;but,

onlyootahedraare developedwhenureais présent. Urea,therefore,opposes
theinfluenceofhydrogenion.

Sodiumnitrate crysta!Uzesin the hexagonalsystem. It is rhombohedra!

hexagonal.Crystallizedfrompurewater,it formsmoderatelylong,six-sided,
needleswithsix-sidedpyramidsat theends(actuallya formofrhombohedron).
If welet it crystallizeoncein the présencepresumaMyofastronglyadsorbed

cation,and then in the presenceof a presumablystronglyadsorbedanion,
oneshouldbe adsorbedon the pyramidsand make short stubby crystab,
thé prismpracticallydisappearing. The other shouldbe adsorbedon the

prim faces producinglong, thin crystals. ExperimentaUywe find that
nitricacidproducesthis latter effect. Fromthis wecanreasonablyprediot
that sodiumhydroxide,by adsorptionof hydroxylion onthe pyramidfaces
willproducethe shortstubbycrystals,whichit does.

DimouMeswereencounteredtemporarilywith potassiumchloride. In
allcaseswehaveeinployédaoidand basiosolutionsas a keyto the actionof
othersubstances,consideringthat urea, glycocoll,and mercuriccMoride,
whichare not or onlysughttyionized,wouldact Ukehydroxylion,and that

hydrogenionwouldhaveanoppositeeffect. Theconcentrationofpotassium
hydroxidewasvariedfrom 5% until the solutionwasnearlysaturatedwith
bothhydroxideand chloride,but the crystabwerealwayscubes. Hydro-
chloncacidwasvaried in similarmanner,but still the crystalswerealways
cubes. Since the structureof potassiumchlorideis identicalwith sodium
chloride,it is reasonableto supposethe possibleexistenceof an analogous
octahedronface. Actuallysomenaturalcrystabofsylviteexhibitthe form.

Accordingto our initialpostulateeitheracidor basicsolutionsshouldfavor

octahedra,one or the other. The problemwas temporarilycomplicated
furtherwhenit wasfoundthat potassiumchloridegrownfroman 18%solu-
tionofurea had octahedronfaces,and crystalsgrownfrom30% urea were
octahedra. Potassiumhydroxideshouldhave this sameeffect, but it has
not,probablybecausesélectiveadsorptionis not suffieientlystrong.

Thecornerof a cubeis timesas far fromthe centerof the figureas
the middleof the cubeface. Consequentlyas long as the rate of growth
perpendicularto the octahedronfacedividedbythe growthperpendicutarto
thecubefaceisgreaterthan 1.732,the octahedronwillneverbe a fonnupon
thecrystaland the amountof the discrepancywillhaveno outwardeffect.
Wecan,however,decreasethe rate ofgrowthof the octahedronwith a sub-
stance!ikeurea. Potassiumhydroxideshouldtend to havethe sameeffect,
and,in a mixedsolution,the effectsshouldbemoreor !essadditive. If we
startwitha solutionofpotassiumchloridethat containsjust enoughurea to
givesmalloetahedronfaces,the additionofpotassiumhydroxideto the solu-
tionshouldenhancethe tendencyto formoctahedra. If alcoholis also m-

cluded,it wiUdecreasethis tendencyand giveus cubesagain. Table III
showshowwellthis is borneout.
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ExperimentswithAcidandBasicDyes
Dyesareinsolubleinsaturatedsolutionsofsodiumchlorideand potassium

chloride,but thereare twohalogensaltsofan alkalimetalwith whiehbetter
resultscanbe expected. Sodiumfluoridewasehosensince its solubilityia
lowenoughsothat the saturatedmotherliquoris not a strong solutionand
it is not, like lithiumfluoride,80 insolublethat crystalgrowingis difficult.
Onehundredcubiccentimetersofwaterdissolve4.22gmsof sodiumfluoride
at 18"C. Solutionsoftheaattwerepreparedin platinumvesselsand crystals
grownupona celluloids!ide,sincesolutionsof the fluorideattack glasswith
fairrapidity. Anorientationgroupofexperimentsia indicated in TableIV.

TABLEIV

Crystallizationof SodiumFluoride

Smalleramountsofalkali,urea,and glycocollwereneeded to producea
pronouncedchangein the formofsodiumfluoridethan with anyothersub-
stancestudied. Thereis verystrongadsorptionuponthe octahedronfaces
ofsodiumSuonde. Alcoholreducesthisadsorptionandfavors the retention
ofcubefaces. Untessverysmallamountsofurea,glycocoll,or sodiumhydrox-
ideare used,crystalsgrownin their presenceare coveredwith a cioudof
jelly-likematerial,but with the smalleramountsof the added substance,
crystaharewelldefined.

The crystalformof sodiumfluorideis subject to the same controlling
influencesas sodiumchlorideand potassiumchloride. Anions and non-

electrolyteswhichresembleanionsin their effect are adsorbed upon the
octahedronfaceand favorthat form. If it had beenpossiNeto crystallize

TABM!III

CtystaHizatîonofPotassiumCMoride

HCI Gtycocoit KOH Urea Alcohol Crystabare
20% –– –– –– –– cubes
––

20% –- –– –– cubes
–– –– 10% –– –– cubes
–– –– –– 12% –– cubes
–– –– – –– cubes, smaUoctahedron

faces
–– ––

10% 18% –– octahedra,small
cubefaces

–– ––
10% t8% 10% cube, octahedron

.J,a,vavaa va mvwuaaa i au v

Solutioncontains Ctystataare
noforeignsubstance cubes

glycocoll octahedra
urea octahedra

NaOH octahedra
NaOH+ alcohol cubeandoctahedron
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thé twoèhloridesin dye solutionswebaveeveryreason to beMevethat thé

resultswouldhavebeenidentioalwiththosewhichfollowfor sodiumfluoride.

Solutionsof sodiumfluoridewerepreparedcontainingthe aciddyesSoluble

Blue3 M,Nap Blaok,CoonmassieFast BlackB,DisulphineBlueA,and the

basiodyesmethylvioletandmalachitegreen. The acid dye AlkaliBlue is

preeipitatedevenbythe sodiumfluoridesolution,andcouldnot beemployed.
Theconcentrationofdyestuffwassufficientineverycaseplainlyto colorthe

dropofsolutiononthé celluloidmicroscopeslide,but not to any deepshade.

Noneof the dyesemployedmodifiedin any degreethé formof thé crystal,
but thédyesfellsharplyintotwogroupswhenit cameto coloringthecrystals.
AUtheaoiddyescoloredthe cubefaces,SolubleBlue3 M, Nap Blackiz B,
and DisulphineBlueA coloringthom blueandCoommassieFast Black B

coloringthem violet. As the crystallizationcontinued,all of thé dye was

removedfrom solution. Basicdyeson the other hand did not affect the

crystalsinany degree,andallof the colorremainedin solution. It iseasy to

arriveat the explanationof whyaciddyescolorthe cubefacesof this salt,
andwhybasicdyesremainin solution. Wehaveshownthat alkalisfavor

the developmentof octahedraand fromthis deducethat hydroxylion is

preferentiallyadsorbedonthe octahedronface. A corollaryof this is that

hydrogenionis preferentiallyadsorbedonthecubefacewhereit shouldhave

a mordantingeffecton theaciddye. Sincetherewasnodistinctionbetween

differentaciddyes,this is probablywhathappened.Basicdyes,onthe other

hand,werenot taken up by thé crystals. Thecrystalshave no octahedron

facesto adsorbhydroxylionsand mordantthe basicdyes. A foreignsub-
stancewhichwillcausethe developmentofoctahedronfaces by beingitself

adsorbed,shouldpermit adsorptionof hydroxylionson the newlyformed

faces,and thus favor the mordantingof basicdyes. Urea cannotbe used,

probablybecauseit is sostronglyadsorbedthat it preventsotheradsorption.
Fourpercentof sodiumhydroxidecausesapproximatelyequal developmont
of the cubeand octahedronfaces. Thealkaliprecipitatesthe greaterpart
ofthé basicdye fromsolutionso that resultsaretessbrilliant than withacid

dyes,but octahedronfacesare coloreda faintpinkby magenta anda pale
winecolorby methyl violet. Thesebasicdyes,therefore, are mordanted

uponthe octahedronfacesby hydroxylionsalreadyadsorbed.
Themannerinwhichacidandbasicdyesaretakenup by sodiumfluoride

forcesone'sattention to thé rôlewhichadsorbedsolvent must play in the
modificationof crystalform. In this exampleforthe first time wecanshow
theadsorptionof the ionsofwateritself. Thatadsorptionhas beensufficient
to mordantdyes. Ureaa non-eleetrolyteisstronglyadsorbedandchangesthe

crystalhabit. It seemslikelythat the habitsof crystalsgrownfrompure
solventsare largelyinfluencedby adsorptionofthe solventupon particular
crystalfaces.

ApparentInconeistendes

It has already been mentionedthat Keenanand France,' from work

uponpotassiumalum,haddecidedthat theadsorptionof dyesuponcrystals

1J.Am.CerMa.Soc.,M,821(t9Z7).
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is altogetherspecinoand obeysno knowntaws. They grewalumfrom so!u-
tionscontaininga numberof acid dyes, e.g.naphthol yellowand quinoline
yeHow,the basicdyesmethylviolet,methyleneblue, andBismarckbrown,
andthesubstantivedyeDiamineSkyBlueFF. OntyDiamineSkyBlueFFand
Bismarckbrowncoloredthe crystalsor modifiedto any markedextent the
orystalform. There is, of course,no wayof telling what action thé sub.
stantivedyewillhave,but it is a little strikingthat Bismarckbrownbehaves
so differentlyfromthe other basic dyes. Inasmuchas the writer had en-
countereddifficultiesbecausestrongsalt solutionspreoipitatemost dyes,it
appearedhighlyprobableto him that Keenanand Francehad not worked
witha truesolutionofdyesbut withprecipitateddyes that Werenevertheless
suspendedin the solution. CoUodiondialysismembraneswerepreparedin
the usualmanner. On the insidewereplacedsaturated solutionsof potas-
siumalum,to eaohonehundredcubicoentimetersof whiehhadbeen added
.05gmsof methylviolet,methyleneblueandBismarckbrown. Onthe out-
side of the membraneswere placedsaturatedsolutions of alum. Methyl
violetandmethylenebluedyedthe membraneso thàt noreliabledata could
be obtained. In order to determinewhetherthe dyes are in true solution
another methodmust be employed. Saturatedalum solutionscontaining
.05gmsofnaphtholyellow,DiamineSky BlueFF (ChlorazolSkyBlue FF),
methylviolet,methyleneblue,Bismarckbrown,and potassiumpermanganate
as a checkwereplacedindifferenttest tubes. The test tubeswerefitted with
rubberstoppersthroughwhichpassedglasstubesthree millimetersin interna!
diameterand two decimeterslong. Thesetubes were sealedat the upper
ends, filledwith pure saturated potassiumalumsolution,and carefullyin-
verted so that the openends werejust immersedin the liquidain the test
tubes. Aftertwo days in a quiet dark pbce, the potassiumpermanganate
had diSusedto the top of the up-tumedtubeof colorlesssolution. Mothyl
violet,naphtholyeUow,and methylenebluehad also diffusedto the topsof
the tubes,but DiamineSky Bluehad diSusedonlysix centimetersand Bis-
marckbrowna meresevenmillimeters.DiamineSky BlueFF,asweknowin
advancesinceit is a substantivedye, and Bismarckbrownare not in true
solutionin saturatedalumsolutions. The dyeswhichare in true solutiondo
not alter thecrystalformofpotassiumalum. This connrmsthe résultawith
sodiumfluonde,dyesin true solutionbeingin somecasesmordantedon the
crystal,but not innuencingthe crystal form. The experimentsby Reinders
uponsilverchloridecrystallizedfrom solutionscontainingdyespresent an
immensenumberof irregularitiesthat makea fullunderstandingof the ad-
sorptionmechanismin that case rather diScult. It must be remembered,
however,that Reinderspreparedthe orystalsby dissolvingsilverchloridein
ammoniumhydroxideandgrowingcrystalsfromthat solution. Asa general
thing,basicdyescoloredthe crystabmorestronglythan aoiddyes,but some
aciddyescauseda tintingof the crystals. Wecan explainReinders'results
if we assume,for want of experimentalevidence,that silverchlorideocta-
hedra grownfrompure water take up aciddyes. By growingcrystals in
alkalinesolutionthenhydroxylion wouldtendto prevent adsorptionof acid



CALCITE AND ARA.GONÏTB! I4SS

dyes,and to favor the adsorptionof basicdyes. Thereare, therefore,two

oppositeeffects,the naturalpropertiesof the crystalswhichtend to adsorb
aciddyesbut not basiodyes,and the effectof alkaliwhichforcesbasic dyes
onto the orystaland ieachesaciddyes. Accordingto theeffeotwhichpre-
dominates,silvefchloridecrystalswillseemto adsorbanyacidor basicdye
ina waythat is entirelyspeoino.TheconSictingdata recordedby Reinders
are in this way readilyexplainedand it becomesapparentthat there is no
necessaryoonQictbetweenthegeneraltheoryand the observedtacts.

Negativeions are adsorbedon the octahedronfacesof thé alkali halides
andbariumnitrate, onthecubefacesofpotassiumalum,andonthe pyramids
ofsodiumnitrate. Theotherprincipalfacesadsorbpositiveions. Whenfor
thesamesubstancea crystalfacewhichadsorbsnegativeionsisrubbedagainst
anotherfacewhichadsorbspositiveions,it is reasonablethat the negative
adsorbingfacewillbecomenegativelyoharged. Whilecasesofthis kind have
not generallybeenworkedout, Vieweg'found that an octahedronface of
sodiumohloride,rubbedagainsta cubefaceof the samematerial,developed
a negativecharge. Othersubstanceswhenthey are triedwillundoubtedly
behavein the sameway.

Theformof a substancegrownfroma pure solutionisgovemed by ad-
sorptionofmoleculesofthe solventuponcertaincrystalfaces,by impoverish-
ing the regionof the partioularpartiolesneededfor growth,and, as Niggli
oalculated,by certainfundamentalpropertiesof the orystallinesubstance
itself. Other substanceswhichare presentin solutionmodifythe external
crystalformif they are preforentiallyadsorbedupon certaincrystal faces,
and theyfavor thé enlargementof the facesupon whichtheyare adsorbed.
Thismodificationof formis essentiallya growthphenomenon.When urea
causescommonsalt to growin octahedra,it has not changedthe relative
stabilityof cube and octahedronfaces. Left in contactwith the mother
liquorafter ail crystalgrowthhas beenarrested,sodiumchlorideoctahedra
wiUchangeto cubes. Foreignsubstancesdividethemselvesinto two groups:
stronglyadsorbedanionsand non-electrolyteswhiohhavethesameeffectas
anions;and strongly adsorbedcations and certain othernon-electrolytes.
With this clearingof the air regardingchangesof crystalform where no
interrialrearrangementis involved,the problemspresentedby calcite and
aragoniteare greatlysimplified.

Aragonite

Aragonite,like the crystalsof barium,strontium, and lead carbonate
whichareisomorphouswith it, isorthorhombic. Calcite,onthe other hand,
crystattizesm the rhombohedralclassof the hexagonalsystem. The crystal
structureof aragoniteas determinedby Huggins*on the basis of X-ray
diffractiondata is fundamentallydifferentfromthe structureof calcite.' A
third modificationofcalciumcarbonateis metastableunderall conditionsso
far as known.It ishexagonal,opticallypositive(caloiteisopticallynegative),

~met!UniversitythesM,"FriettonatEteotncity,"36(t9M).
~3S4<Wyehotf:"ThéStmetureofCryatats,"356(t9M).
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and variouslyknownas vaterite and p calciumcarbonate.' Our problem
concerneitselfwiththe reasonthat suohmetastablemodificationscanexist.

Frequently,in its natural occurrences,aragoniteMassociatedwith barium,
strontium,or leadcarbonate. Sincethesesubstancesform stable crystals
isomorphouswitharagonite,there is littledoubtthat muchnatural aragonite
is stabilizedby solidsolutionof barium,strontiumor lead carbonatein the
calciumcarbonatecrystal. But as Cornu'baspointedout, aragoniteis not
alwaysassociatedwith these elements(notablyin the Erzbergmines)and
certainlyit isnotassociatedwiththeminmanylaboratorypreparationsof the
substanceor in thepearlylayersof the sheU-Mi.

A. CalciteX500.
B. AragoniteXsoo.
C. CalciumcarbonateX500.

ExperimentaofRosé,'Credner/andAdter~haveestablishedthat aragonite
separatesratherthancalcitewhencalciumcarbonateis crystallizedfromits
solutionin hot watersaturatedwithcarbondioxideor by additionof calcium
chlorideto a hot solutionof ammoniumor sodiumcarbonate. Whenthe
concentrationof ammoniumor sodiumcarbonate is decreased,relatively
morecalciteis formedat all temperatures. AsL. Bourgeois*and Backstrom~
found,the presenceofureain the hotsolutionsfromwhichcalciumcarbonate
is crystaUizedfavorsthe formationof aragonite.Leitmeier~iasupposedto

Johnatoa,MerwinmdWiMÎMMon:Am.J. Sci.,41,473(t0t6).
OMtenr.Z.BergandHùttenw.,4S,No.49(t0t$).

'Poa;.Ann.,m,!s6(t86o).
J.prakt.Chem.,110,390(tSyo).
Z.angew.Chem.,14,431(1897).
Buit.Soc.Min.,6,m (t882);Compt.rend.,1M,M88(t886).
J.Am.Chem.Soc.,<7,2432(to~s).

NeuesJahrb.Minera.Geo! 1,49(toto);NeuesJahrb.Mineral.Geol.B.B.,40,655(1915).
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haveformedaragoniteat temperaturesbelowzo"Cby employingsolutions

containingmagnésiumsutphate.' Hisconditionswouldoertaintyhavegiven
himsomemagnésiumcarbonate,yethereportsall aragonite,and hismanner
oftestingforaragonitewasprobablyinadequate. Nochemicaltest canserve
asa reliableoriterionof anallotropiemodification,andanyonewho has tried

to use Meigen'sreaction(treatingwith Co(NO:)i)or Lemberg'sreaction

(heatingwitha solutionof ironchloride)foraragonitewillunderstand the

preoariousnessofsuehprocedure.Theconditions,therefore,whiohfavor the
formationofaragoniteare elevatedtemperatureand presencein solutionof

anexcessofcarbondioxide,alkalicarbonateor urea.
It mustnot beforgottenthat aragoniteismetastableunderall conditions

whereit basbeenformed:left incontactwithits motherliquorit willchange
into calcite. Therefore,any explanationof the formationof aragonite or

thestill lessstable calciumcarbonateisabsolutelyuntenableif it restson
the assumptionthat temperatureconditionsor foreignsubstances make

calcitemoresolublerelativelytootherforms. Anytheoryto account for the

appearanceofmetastaMe calciumcarbonateor aragonitemust embodythe
ideathat calcitecrystalsarepreventedforciblyfromgrowing.

The theoryinvolvedwhenweexplaintheformationofmetastablearagon-
ite isof tremendouslybroadapplication.AUformationofmonotropicmodi-
ficationscornesunderthis head;arrestedtransformationsin the presenceof
colloidsarepotentiallyof the samenature;naturaldiamondsare formedfor
thesamebaaicreasonsas aragonite.

Whensodiumchloridecrystalsweregrownin the presenceof urea, thé
ureawasadsorbedonthe octahedronfacesand retardedtheir perpendicular
growth. Thereis nochangeof allotropiemodificationbut .only a changeof
externalform. WhenHfSbC!))wasusedinsteadof urea,growth normalto
the octahedronfacewas retardedstill morebecauseadsorption was less
reversible. Quinolineyellowis stronglyadsorbedon potassiumsulphate,
andMarc' foundthat, withsumcientconcentrationofdye,potassiumsulph-
ate solutionbecamegreatlysupersaturatedbeforecrysta!sappeared. Acid

dyeswillcausetharous chlorideto supersaturateseveralhundred percent.
Thewriter suggests,therefore,that supersaturationwillalways occurwhen
thereis sufficientlystrongadsorptionofa foreignsubstanceupon a crystal-
linephase,and that supersaturationoccursbecausethe adsorbed material
dirtiesthe surfaceofany crystalnucleusassoonas it appears. In this way
potassiumsulphatesupersaturatesbecauseit bas no placeto start crystaUiz-
ing,and in exactlythe samewaycalcitesupersaturatesbecauseadsorption
dirtiesthe surfaceofeach newcalcitenucleus. But there are two other

allotropiemodificationsof calciumcarbonate. Theyhave different crystal
structures and presumablydifferentadsorptive properties. Aragonite
crystallizesbeoauseunder certain conditionsit can form crystals more

quicklythan calcitecanformcrystalnuolei.

Le!tmeier'seotuttonMnttuned0.0~06MpertiterofmagnésiumasagMMtonlyo.tooM
perliterofctdcimnion.

*Z.phyBtk.Chem.,68,1t2(toog).
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Calciteadsorbsalkali carbonates,the adsorbedsalts being washedout
ofprecipitatedcalciumcarbonateonlywithgreatdimculty.' It isconsidered,
therefore,that anions,carbonate-or more probablybicarbonate-ions'and
urea, whichbehaveslike an anion,are adsorbedon the oalcitenuclei,and
that the bigh-temperatureformofwater favorsaragoniteeither bybeingit-
selfadsorbeduponcalciteor becausethe low-temperatureform preventsad-
sorptionofanions. Thereis at presentno availablewayofdistinguishingbe-
tweenthese two cases. It seemsto be general that the high-temperature
formofwaterfavorsthe adsorptionof anionsand urea. In hot water,lower
concentrationsof ureaor alkali areneeded to causea givendevelopmentof
ootahedronfacesoncommonsalt, orto producea givendevelopmentof oube
facesonalum. Elevatedtemperaturesdo not, however,favor formationof
cubefaceson bariumnitrate. Theinfluenceof increasedtempératureis the
samewithcalciumcarbonate;ureaandanionsare morestronglyadsorbedon
calciteat the highertemperaturesandfavor the developmentof metastable
modifications.

Experiments,basedupon a methodof Gibson,Wyckofî,and Merwin'to
prépare calciumcarbonate,weredevisedto test thévalidityof the suggested
mechanismof aragoniteformation. AUdetenninationsofcrystallinespecies
weremadeaccordingto the usualopticalprocedure. Calciumcarbonatewas
crystallizedat 6o"Cby addingslowly,with stirring,0.1Mcalciumohloride
to a solutioncontaining50gmspotassiumcarbonatein 700ocofwater. The
Saskwaskept in a thermostatand the precipitatingagentaddedat the con-
stant rate of one drop in eighteenseconds. This procedurewas employed
throughoutthis section,all preparationsbeing madethree times. Exceed-
inglygreat cleanlinessis neededto prevent separationof catcite. Preoipita-
tion wascontinuedfor two and a balfhours, the preoipitatewashed,dried
withalcoholandether, and examinedmierosoopioally.It was principaUy
calciumcarbonatewith about 5% M-agoniteand a traceof calcite. When
the crystallizingbath contained20gmsof KtOOtthe precipitatecontained
principaMy CaCO:and aragoniteinequal amountsand a largeramountof
calcite(about5%). Whenthe bathcontainedonly 10gmsof K~CO,,there
was virtuallyno CaC08,a largeamount of aragoniteand caloite,and a
goodproportionof indistinguishablematerial whiohwasconsideredto be
imperfectlyspoiledcalcitenuclei. Gibson, Wyckoffand Merwinsuppose
that the metastablemodificationsformbecausean excessof commonion,
CO" makescalciumcarbonatelesssolublein the solution,but if thiswere
truë an excessof the other ion, Ca",would have the sameeffect. If 0.1M
KtCO:)isaddedto a solutionof calciumchlorideequivalentto the potassium
carbonatefirst taken, (o.si7M) nothingbut calciteforms. To determine
whetherit wasnot adsorbedhydroxylion whichpeptizedthe calcitenuclei,

BerzelhN:Jahresber.,23,to6(1844);Fresenius:Z.anal.Chem.,2,44(t863).
Becquerel(Compt.rend.,34,57~(ï8~)) teft. gypsum!ncontactwitha solutionof

potassiumcarbonateandincontactwtthasolutionofpotaMiumbicarbonateforaboutten
yeMB.Attheendofthattimethegypsamincontactwiththecarbonatehadbeenreplaced
bycalciteandthatincontactwiththebicarbonatehadbeenreplacedbyaragonite.

'Am.J.Sci.,M,325(!99s).
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o.i MCaCItwasaddedto a solutioncontaining5gmsof Ca(OH)tand3gms
ofK~CO)in 700ceofwater. Nothingbut calciteappeared. Theevidence

hèrepresentedindioatesthat an anion,HCO' is preferentiallyadsorbedon

the ca!citeand in higherconcentrationson aragonite. It is in accordwith

thisthat urea and organieanionsact in the sameway. Urea isknownto

suppressformationof calcite. Whencalciumcarbonateis crystallizedby
adding0.1 M potassiumcarbonateto 0.517M calciumacetate,very few

recognizablecrystalsare formed. The organieanion,therefore,isadsorbed

onthecalcitenucleiandspoitsthemas centersofcrystalgrowth. If weadd

alcoholto a solutionwhichwouldnormallyallowno calcite to appear,we

cannowpredictthat the alcoholwillpreventadsorptionof anions,and that

calcitewill separate. Adding0.1M calciumchloridea.t 60°C to a solution

of50gmspotassiumcarbonatein 700ce of waterinpresenceof s percentof

alcoholgivesabout half calciteand half aragonite,although in absenceof

alcoholit is practicallyaU calciumcarbonate. Adsorptionofanionsonthe

calciteand to a lésadegreeon the aragonitebas peptizedthese forms,and

allowedthe appearanceofanotherallotropicmodification,a formpossessing
an altogetherdifferentstructure.Whenthe shell-fishpreparesaragonite,he

basat his commandchitinand chttin-fonningsubstancesof doubtMcom-

position,so that an exactreproductionof the mottusks'formationofaragon-
ite is impossible, It is clear,however,that readilyadsorbed organicsub-

stanceshavingan effectidenticalwithurea, HCO')ion, and acetateionspoil
eachcrystalnucleusof calcite,and allowcrystallizationof aragonitewhieh

themolluskwants.
The phenomenonwherebystrong preferentialadsorption on a stable

modinoationallowsthe formationand survivalof a metastable formis not

uniquewith calciumcarbonate. Many other exampleshave beenstudied,

althoughthe properexplanationbas not previouslybeen suggested. Two

illustrationswillsuffice. Sameshimaand Suzuki~foundthat whenmercuric

iodidewasprecipitatedmtheprésenceofgelatinetheyellowmodincationwas

stabilizedtemporarily.Adsorptionofgelatineor an impurity in thegelatine
uponeachinoipientnucleusofthe redformpreventsfurther growthandtends
topreservethe unstableformin a metastablecondition. Cohen~statesthat

"etectrotysisof an antimonysolutionproducesthe monotropic,metastable,
modificationof the metal a antimonytendsto changeto the stable

«format all températures."Cohenbas found that the solid metalcontains
certainamounts of antimonytrichloride,as he believes,in solidsolution.
Onthe other hand, sincethe solidsolutionof saltsin metal is exceedingly
rare,probablyimpossible,it is morelikely that antimonytrichlorideis ad-
sorbeduponthesmallamountofa formthat ispresentand that it staMtizes

the formby stoppingthea formfromgrowing.Thismechanismis exaet-

lyanalogousto the stabiUzationofaragonitebystrongpreferentialadsorption.
Spangenberg*supposedthat a complex,hydratedsodium-and-ureacation

wasthe causeof the octahedronfacesupon sodiumchloride,but hegaveno

'Bull.Chem.Soc.Japau,1,8!(t9:6).
"Physico-ChemicatMetamorphoais,"37(t9:6).

'Z.&iat., 59,375('9:4).
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goodreasonwby sucha cationshoutdhâve that effeot. In evoryother case
studied,urea bas tho ssmeinfluenceas readilyadsorbedanionsand its in-
fluenceis diminishedbythesame factorsthat counteracttheeffectofanions.
Toaccountfor the effeotofuronin at!thesecasesSpangenbergwouldhaveto
postulateforevery substancea newcomplexwMchcontrolledorystal form
in the samemysteriousfashion. Simplerand capableof indirectproofis the
suggestionthat urea is alwayspreferentiallyadsorbedon the same orystal
facesas readilyadsorbedanionsandthat the consequentdecreaseof growth
perpendicularto those facesfavors their enlargement. We cannot expect
that there willalwaysbeasexcellentaccordancein the adsorptionof similar
substancesas bas beenencounteredin this work. AUworkuponadsorption
showsthat, while certain ions are usually more stronglyadsorbed than
others,no rigid sequencewillhold in all cases. There are, however,fewer
specifievariableswhena crystal surfaceis the solidadsorbent. The crystal
surfaceisat leasta planesurfaceandno complicationsarisingfromthe gross
structureof the adsorbingsurface prevent the formationof exact lawsof
adsorption.

SmNMaty
i. AHcrystaUinesubstancesadsorbfrom their mother liquor ions of

electrolytesand moleculesof solventand dissolvednon-electrolytes.
a. Adsorptionupona orystal faceretards growth normalto the surface

andfavorsenlargementofthe form.

3. Whena cationis preferentiallyadsorbedupon onefacespeciesof a
crystal,anionsare preferentiallyadsorbedupon the otherprincipalorystal
faces.

4. The non-e!ectrotytes,urea, glycocoll,and mercuricchlorideare ad-
sorbeduponthe samecrystatfacesasreadilyadsorbedanions.

5. Alcoholtends to preventadsorptionof anions.
6. Adsorptionof anionsupon the instableoctahedronfacesof the alkali

halides,the cubefacesof thealums, anduponthe endformsofsodiumnitrate
favortheirenlargement.Adsorptionofcationsuponthe cubefacesofbarium
nitrateand upon the sideformaof sodiumnitrate increasethe sizeof these
faces.

7. Sufficientlystrongpreferentialadsorptionuponan allotropiemodifica-
tionwiUspoileaohcrystalnucleusasa centerforcrystalgrowth,and tend to
obstructthe modification.This allowsan instableallotropiemodificationto
bestabilizedtemporarily.

8. Aragoniteand /t calcium carbonateare enabled to exist because
bicarbonateion, acetate ion,urea, thehigh-temperaturefonn of water, and
organicmaterial in the shellsof mollusksare preferentiallyadsorbed on
calciteand preventgrowthof calcitecrystals.

This problemwassuggestedby ProfesserW. D. Bancroft,whoseadvice
hasat all timesbeen invaluable.

CohteBU<t<Mf<t<y



ACTIVITYCOEFFICIENTSAND MA8S-ACTIONLAW

IN ELECTROLYTE8'

BY L. ONSAQER

In tworecentpapera,~F. G. Soperclaims that in consideringchemical
interactionin dilutesolutionsof electrolytes,the activitycoemcientsshould
be takenaccordingto the formula:

~'='3E~T

He thus rojectsthe originalformulagivenby Debyeand Huckel,' whichia:

-T. (2)
2DkT'

z =valence;e=chargeof an électron;D'=dieiectnoconstant;k='Boltzmann's

constant;T abs.temp.; < == meaninverseradius of the iocio atmosphère,
givenby theequation:

411'et
g

'-B~

whennimeansthe numberof ionsof thekind i presentin i cm*of the solu-

tion, andthésumiatakenoverall kindsof ions presentin the solution.

Thevaluefoundby Soperfor logf is just i of that foundby Debyeand
Hückel. Ofcourse,both the expressions(ï) and (2) cannotbe right at the
sametime.

1amgoingto show,that Soper'sformula(i) is wrong,and dependsupon
an erroneousdeductionfromsomeof theresults givenby Debyeand Hückel.

In his firstpaper,Soperarguesas follows:"Thetotal freeelectricenergy
of a solutionofMions,foundby chargingthem reversiNy~is n ze where
is the potentialat oneof theseionsducto the surrounding"ion atmosphere."
Part of this eleotricalfree energyresidesin the medium,but changein the

partial free electricalenergy of the ionsis attended simultaneouslyby a

changein the electricalfree energy ofthe médium. The potential energy
possessedby a pair of ionswith respectto their combinationwill be the dif-
ferenceof the total workdone in chargingthe ionsA and B and that done
in chargingthe complexformedby collisionof A and B. If the ions have

chargesz~andZa,thecomplexwillhavethé charge ZA+zaandthe potential
energyofAandBwillbe givenby:

i e {zA~A+ za – (ZA+ Za)~.a}{ (3)

ContributionfromtheJohtMHopMnaUniveMity,Battimote,Md.
J.Phys.Chem.,31, t~o(1997);32,67(toaS).

'FhyBik.Z.,24,t8s(t9S3).
<Debye:Fhyaiit.Z.,2S,97(t?~).
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The potential at an ion i dueto its surroundingionicatmosphèreis
givenby:

~J! = = zn/s~~
K

=

'B'="'6)/iyBTrT
D D 1)jkT D 103D k T (4)

whereni is the numberof ions of the i'th kindper ce.in thé solution,e the
chargeon an univalention, N the Avagadronumberand k thegas constant
per moteou!e."

In citingtheabove,a coupleofobviousmisprintsin theformulae(3)and
(4)bavebeencorrected.TheseformulaewerenotnumberedinSoper'spaper.

Sopersays"thétotal potential energyposseesedbyan ionmvu-tueof its
chargeIs z e He means the potentialenergywithrespectto the sur- u
roundingions;however,he goestoofar in treatingthe energyasa partiou!ar 1:
propertyof the ion.

The influenceof the electricalforcesbetweenthe ions,at equilibrium,is
givenby the changeSWin the total freeeleotricalenergyWinvolvedby a a
sma.Udisplacementof the equilibrium. Let this displacementinvolve
changesSNo, <Nt, SN. in the total numbersNo, Nl N, of the
moleculesand ionsof eachkind o, i, s present(theindexoindioatesthe
solvent). The change: “

üW = EaWSNj<W=S'<iN,t-edNt1
isobviouslycompletelygivenwhenthepartialfreeenergy

– /~W\

ws (dNt,D. T, No,Ns Ni_1,N,s NBdN,/p. T, N., Nt. N, N,+t. Ne
is givenfor eachkind i of molecules(ioes)enteringthe reaction:because,
for the others, SNt= o. Now, thé changein the freeeleotricalenergyW
involvedby introducingan ion~is given(practioaUy)by the worknecessary
to charge it in thesolution. However,thé sumof the partialfree electric
energiesof thé ionsis not equal to the work requiredto chargethem all
either simultaneouslyor successivety,that is, to thetotal freeelectricenergy. j
And, accordingty,the partial freeenergiesoannotbeobtainedsimplyby dis- i
tributing the total free electric energybetweenthe ions evenin the most

1
reasonablemanner,becausethe sumcannotposaiMyfit, at any rate, not as
longas the squareroot lawholds. Thepartial freeenergieswiare obtained
by derivationofthetotal free energy,asshownabove.

The différence'betweenthe worknecessaryfor chargingthe ion in the
electrolyteandthatnecessaryforchargingit in theneutral solventamountsto:

'tn reaUty,wecannotdetenniaethepartia!freeemetgyofasiMieion,buton!ytheeum
pfthep&rtMffeeenergiesofsucha combinationofionsforwhichtheMmofthécharges)széro,ordifferencesbetweenthepartialfreeenetgtesforionsofthesMnechargeorcom-
binatineofthesametotalcharge.

'w, =' e~ as)enf;aa ieproportionalto whichiatrueforemaMconcentrations.
~°~ tla generalwemuetpat:w, = (~e) d(xe)consideringthepotentialMa funetion rx'=o

ofthecharge.
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e~Zf'K1(

wt=iez~f= (5)

andnot e Z[ Thusthe partialfreeeleotrioalenergyofthé ionis e z;

(+ a constantwhichdoesnotvary with thé concentration). However,thé

total freeeleotricalenergyof theelectrolyteisonly

W=~ BNiZte~t=-~SNtZ~ (6)
3L't-t 1

whenNt.. Nt.. N. meanthétotal numbersof the differentkindsof ions

présent. This is easilyseenby consideringthe processof chargingthé ions

oneby one. Theworkofchargingthe first ionswillnotat aUdifferfromthat

requiredto chargethem in puresolvent. Whenso many ionsarecharged,

that the ioniostrengthbas increasedto a fraction Xofits finalvalue,the work

ofcharginganionof the i'th kindwillbe

2 D 2 D

as the meanradiusï/</ of the ionicatmosphèreat that momentwillamount

to i/T timesits6natvaluet/<whichisnotreacheduntUaUionsarocharged.

Let us chargethe ions in such an order, that we have approximately

equalfractionsof the ionsofeaohkindchargedat thesame time. Thus,at

a certainstageofthe process,numbersXNt, XNt. XN,ofeachkind are

charged. The workneededforchargingfurther NidX Ntd~ N. dX

ionsofeâchkindwillbe:

dW=.~N.dX (-<Vx)= -N.z~YdX1-1̀ t 2 2 D i- ic

the workneededfor chargingthèseionsseparatolyinpuresolventbeingsub-

tracted. Thetotalworkis foundbysummingupall steps. Thisgivesus:

X-t X°t

W =/~dW
=

Ni
~yVx = ~B

Niz,~ (6)

X=o ~=o

The total free electricalenergyW can be consideredas a funotionof the

pressurep, the temperatureT, the numbersNl, Ni. N, of thedifferent

kinds of ions, and the numberNo of the moleculesof solvent. In these

variables,WImustbe equal to because the changein Winvolvedby

introducingonemore ionof thei'th kind is SNt= i, and this

changein Wmustequalthe workwirequiredto carryout this changeof the

system. Now,this is easilycontrolledby derivingtheexpressionforWgiven

by (6). In carryingout this derivation, we must rememberthat « is a

functionof the numbersNi:
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S~
= 4" N,z,9=

4~ < x
DkTi. DkT V~'

here, V tneansthe total volumeof the system. Owingto the fact that we
have to dealwitha dilute solutionof smallcompTessiMUty,we haveuntil
nowneglectedthechangein thevolumeinvolvedby introducingand charging
thé ions. It may be shown that this approximationinvotvesbut a small
error, and it has nothing to do with those principalfeaturesof the theory
whichwearediscussinghere. Therefore,wewillassumethat the volumeis
givenby the solventmoleculesalone:

V-N.v.; 3
v. meaningvolumeper moteouleofthe solvent. Thus wehave:

4 7r i- (7)
DkT N.v.

_~L-.
dNt

sSNtZ}'

(t=T,2 .8)

Nowthe derivationofWgives:

~W_ 3 ~~w,
dN.3D~dNt dN, 3 Dj ex

f J

a_e$KZt~_ et
Z'p

~NZy
-<SN,z~ (8)3L'

3" 9BN,z~

t 1

t-t

= -~z~=w,

Now,accordingto (6)and (7) the freeelectrica!energyis an extensiveprop-
ertyof the system. Every suchfunctionobeyaa relationofthe form:

W=2N.wI=i:N~ (o)W
i-o

Nt
t-o. dNt

i°)

Comparingthiswith(8) and (6),it is easilyseenthat Wo'= <!annotbe

zéro. In this respect,therefore, onemay aaythat part of the free electric
energy"residesin the medium." w. iseasilyobtained:

aw a ~M,2
dN:3DdN.

Accordingto(y):

ax <
dN." aN.
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Thus:

– <W e~K W fio)
~=dN:-=6~N:
o

dNo 6 D .z 2 0

Nowit iseasyto seethat (9)isfulfilled. Accordingto (8)and(6)

N~`w~=~Ni aW _,egx lViz,9=âW.~––S=-fB~=~

Thus,makinguse of (10):

a
B N.wi =N.w.+ S N.w.=-~W+~W=Wt-O j~t

Now;Sopersays: "Part ofthiselectricalenergyresidesin the médium,but
changein the partial freeelectricalenergyis attended simultaneouslyby a
changein the electricalfreeenergyof the medium." Themeaningseemsto
be that a changeio the numberof ionsof the i'th kind alters the partial
freeenergyof the medium. This is true, but the partial freeenergiesofall
kindsofmoleoules,ionsasweUassolvent,are changed.

Whenwederive:

~W
a

r)
w

~–

dN.+~dNf dNi ¿,¡ 1 WJ
WI

j.0 NJ â

it followsfromthe definition:

-aw=~w<-n-r==
dN)

that:

S N~§ =o
}-o dNi

sothat an the changesm thepartial freeelectricalenergiesjust compensate
eachother.

Thismay be enoughto showthat Soper'sresults dependuponhis mis-
understandingof the term "partial free energy,"and that the theory of
DebyeandHückelis satisfaotoryin all pointsattacked by him,as far as the
deductionsare concerned.

Soper tests his own formulaeon experimentsperformedby various
authorsonreactionvelocity. Hefindsthemto fit better than the formuÏae
of Debyeand Hückel,appliedto reactionvelocityby Bronsted. However,
theseexperimentsare madeat sohigh concentrationsthat largedeviations
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fromthé limiting formulaegivenby Debyeand Hucketmust be expeoted.
At suohhigh concentrations,a squarerootformulamayfit for interpolation
overa certain range,just as a tangent Sts a curve. But it shouldbe em-

phasized,that the onlysoundapplicationof the squareroot formula!s to ]

use it with the theoreticalcoeffioientas an asymptotioformula for small
concentrations. Univalentbinary electrolytesin watermay fit the limiting
formulaefairly weUup to an ionicstrengthof o.oï; for others, the limit
must be taken still lower.

tSMMNMr~~The considerationsof F. G. Soper,whichleadto otherlimiting
formulaefor the activity coefEeientsof etectrolytesthan those givenby

DebyeandHûcke!,wereanalyzedand shownto beerroneous. Thefactthat

Soper'sformulaeagrée botter with the expérimentaconsideredby him is
attributedto his applyingthe limitingsquareroot formulaeat toohighcon-

centrations.
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In 1863Berend' noted that formamideand its homologuesreact with

alcoholin the presenceof hydroohlorioaeid to yield fatty esters. Later,

Bomz'showedthat amidesoanbeesterifiedbyheatingwithalcohol,although

frequentlythé sait ofthe correspondingamineis alsoformed. Reid~in this

mannerwasable to isolatebenzoethy!amidefrombenzamideandalcohol. A

kineticstudyof the rateof esterificationwasmadebyReid'ofthreearomatio

amidesin nearly dry alooholat $o"C. Thereactions,carriedout in sealed

tubes,werefollowedby determiningthe amountof ammommnsalt formed.

Theacid concentrationswere high,from 1M to 3 M, and no accountwas

takenof the interactionof thia withthé alcohol. The data obtainedconse-

quentlywerenecessarilyrough,andfromthispointofviewalonea morede-

tailedstudy is desirable.

Sincethis reactiondoes not involvewaterin eitherthé reaotantsor re-

sultants,it oonstitutesoneof a oîaasof veryfewmemberswhichmaybein-

vestigatedto determinethe disturbingeffectof water on reactionrate, a

problemwhich bas become of importancedue to the recent controversy

concerningthe nature of the catalystin homogeneousacidcatalysis. Lap-

worth"appearsto havebeen the firstto suggestthat thédry hydrogenionis

theactivecatalyst andon that basisarrivedat resultswhichwerein agree-

mentwiththoseofGoldschmidt~whoassumedthe alcoholatedhydrogenion

to be thé catalyst. MorerecentlyLapworth'sviewbasbeenchampionedby

Biee*whoshowedthat the temperaturecoemcientofmanyreactionscatalysed

bystrongacidsis theaame,independentofaddedneutralsalt. Thisobserva-

tionwastaken to indicatethat thé temperatureeffectissolelyduetoa change

in the H~ion concentration.

Bronsted"onthé other hand believesthe hydrogenionto existinaqueous

solutionchieSyas the oxoniumionH~, the actual concentrationof free

hydrogenionsbeingverysmall. In solventsotherthanwater,othersolvates

presumablymust be considered. Bronsted'sviewis substantiatedsomewhat

by the calculationofPajans'" of 262,ooocaloriesper molebeingtheheatof

AbattMtfroma thesiapresentedinpartialfui6!hnentoftherequirementeforthédegree
ofDoctorofPhNosophyat~ewYorkVniwmity.

'Ann.,128,337("869).
'Z. physik.Chem.,2, 883(x888).
<Am.Chem.J.,45,38(!9").

Am.Chem.J.,4t, 483(too?).
J.Chem.Soc.,M,~63,~8? (ïoo8);W,t9(to'o);Mt,M49('9"): M?.857(i9'S).

'Ber.,2a,3at8 (t89:);Z.EteetMchem:e,t2, 43~('9°6)-SeealsoMUiM:Z.physik.
Chem.,M,M9('9'3).

J. Am.Chem.Soc.,45,2808(t9:3).
J.Am.Chem.Soc.,49,2554(~7).

"Ber.deutsch.physik.Ges.,21,709(!9'9).
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hydration of gaseoushydrogenions,a figurewhiohmustneeessarilyrender
the number offreeions inwaterextremelysmall. Whetherthe actualfigure
may be aeeeptedseemsdoubtfulsinoeit is from the physicalviewpointthe
energynecessaryto po!ansean indefinitegroupofwatermoleoulesby eleotro-
static forces. Theorder ofmagnitudenoverthelessmustbe correctand the
above result thereforeessentiaUythé samewhateverthé reat value. Onthe
basis of the oxoniumion beingthe catalystBrOnstedbasshownthat the re-
sults of previousiovestigatorshavea simpleexplanation. Despitethis sim-

piicityhowever,noexplanationof the mechanismof oata!ysisis forthcoming.
Kastlel appearsto havebeenthe firstto favorthe intermediatecompound

theory of homogeneouscatalysis,a theorysubstantiatedfor examplein the t
caseof e~er formationwherethecompoundmaybeisolated. Theresearohes t
ofKendaU~toohaveprovedtheexistenceofacid-estercomplexes,thestronger i
the acid and the more basicthe organioradicalsof the ester,the moreex-
tensiveis compoundformation. The intermediatecompoundtheory,coupled
with the morerecentactivityviews,bas receivedconsiderableattentionof
late fromBronsted'andsufficetosay,theresuK-inginterpretations,partMarty
of neutral salt actionin general,warrantthe closestconsideration.

It appearsthen that whateverthe catalyst,a mechanismis still required. t
Furthermore it mightbe expectedthat the effectof waterwouldbeofprime
importance. Ofthe reactionsstudiedin non-aqueoussolventsand inpresence
of traces of water the majorityshowan inhibitingeffectof water on the
velocity. The workof Taylorand Close4seemato be an exception. The
velocity of lactoneformationfromhydroxyacids is extremelysmallin dry
ether solutionsbut rises rapidlyas water is added in increasingamounts.
Even these resultsare in contraatwith the behaviorof the sameréactionin
alcohol, and alcohol-watersolutionswhereKailan and Neumann'found a
depressingeffectofwater similarto that observedin thevelocityofesterifica-
tions and in the decompositionofdiazo-estersin alcoholicsolutions.

Such variedphenomenadonot seemto admitof a simpleexplanationon
r:

the basiseitherof freehydrogenionor the oxoniumionwithoutconsideration
of the effectofwaterand possiblyalsoalcoholorether onthesubstrateitself.
It is obvious that one must lookto the substrateand its conditionin thé
varioussolventsto decidewhetherthe reactionisto beaccelerated,unchanged,
or retarded by water or in fact acceleratedfor one rangeand retardedfor
another or vice-versa. Suchwouldseemto be the possibilitiesthat could
anse. Itwas withsuchthoughtsinmindthat the abovereactionwasatudied.
-––––––––– c

Azn.Chem.J.,19,89~(~897).. t
.~ter aMa,J.Am.Chem.Soc.,M,!7M(t9t6);43,t8:6(t~!); J.Chem.Soc.,t27,1789(i9a5)·

hZ.physik.Chem.,102,169(1922).
<J. Phya.Chem.,29,!o8s(~5).
'Z. physik.Chem.,93,tïi (t9:o);101,63(t9M).
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Experimental

i. Prepara~w~Mo~rto~.

a. Alcohol. The literaturecontainsa large numberof articleson thé

preparationof dry alcohol. MacArdlelhas summedup the methodsin ex-

cellentfashion. The methodfinallyadoptedwasWinkler's,usingcalcium.

Metatticcalcium,keptunderkerosene,waswashedwithcarbontetrachloride

to removethe ci!, then rinsedseveraltimes with alcoholand addedto the

alcoholtobe dried in the proportionof20g. per literofalcoholcontainingan

averageof 0.25per centof water. Thecalciumwasallowedto reactslowty

in the coldfor a dayor two,after whichthe alcoholwas distilledthrougha

fractionatingcolumn. Althoughboilingover completelywithina rangeof a

tenth ofa degree,a smanportionof theinitialandfinaldistillatewasrejected.

Out of fifteeninstancesof the aboveonly two requireda secondtreatment

with calcium. The anhydrousethanolwaskept in a bottle proteotedfrom

atmosphericmoistureby a tubeof phosphoricanhydride.

Thereappears to be a générâtdisagreementregardingthe bestmethodof

determiningmoisture in alcohol. The densitydeterminationseemedmost

satisfactoryand gave résultacomparablewith the accepted figuresof the

BureauofStandards. To thisend a 25ce. specifiegravity bottlewasused.

An accuracyofone part in 8000correspondingto a watercontentofonepart

in 7000or0.015per cent is eMi!yattainaNe.

The rate at whichalcoholabsorbsmoisture is a matter for discussion.

Oneexperimenttried, in whioh50 ces.of absolutealcoholin a graduate25g

mm. X 130 mm.wereleft opento the air in the laboratory (26 Cand 761.2

mm.pressure)for M minutesshowednochangein density. Alcoholhowever,

pouredthrough the air or keptm cork-stopperedbottles for threeor four

weekswasfoundtotakeupo.o3-o.o8 per centwater.

Alcoholshowingmorethan0.02percentwaterwasnot usedin theexperi-

ments requiringabsolutematerial. Moistalcoholwas obtainedby adding

water or 95% alcohol to the anhydrousor nearly anhydrousmaterial,the

actualcontentbeing determinedfromthe density.

b. Formamide.Inconsistentmeltingpointsfor formamideare to be found

in the literature,a valueof a.~C beingapparentlythe most reliable. Ofthe

variedmethodsof purification,that ofMerry and Tumer~,a fractionaldis-

tillationunder reduced pressure,gave the most satisfactoryresults. Kahl-

baum'sformamidemeltingat -5.5"Cor Eastman's meltingat -4.5 ~WM

allowedtostand overanhydroussodiumsulphateforseveraldays,afterwhich

it wasdistilled(B.P. no-i35'C at 30-45mm.pressure). The firstdistillation

was accompaniedby an odorof ammoniawhichdisappearedafter twod!S-

tillations. For seven successivefractionations,a quantity of whitecrystals

condensedin the receiver.Thesewerepresumablyammoniumformateand

dissolvedreadily in the firstfewdrops of liquid comingover. Fifteendis-

tillationsfinallyyieldeda samplemeltingat 2.2o"Cand as judgedfromthe

"SotventsinOrgMHCChemiatry",(t92t).
1J.Chem.Soc.,07,2069(t9!o);Et~tishandTumer:MS,1656(t9'4).
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meltingpoint ourvewaspraoticaNypure. Th&figureagreeswith that of
Brann',2.as"C. Althoughthe originalsubstancewasquite aoid to Mtmus,
the finalproduot wasslightlyalkalineand quite odorless. Valuesof the
density,1.1349at ï9°C,~1339at 3o.i"C,and 1.1301at 24.6"Care in agree-
mentwithdata givenbyBeilstein.

1
c. Acetamide. Three reorystallisationsof Baker's analyzedacetamide

fromacetoneor fromchloroformyieldedapureproductwithoutodor,melting
at 79'C.

d. Prop~oK<tM:t<~ë.Eaatmao'spropionamidewasreorystallisedthrectimes
as foracetamide,driedat 75"C,orushedandkeptoverPZ06.Thestrongacid
odorof the originalwasentirely removedin the process,the finalproduot
meltingat 79.5"C.

e. Benzamide.Commercialbenzamidepurifiedby recrystaUisationfrom i
hot watergavea pureproductmeltingat i27-i!:y.s"C. [

f. A~co~Kc~C!. Hydrogenchloridefrom hydrooMoncacid and su!-
phunoacidwasabsorbedin absolutealcoholin anapparatusso arrangedthat
eitheralcoholor acidcouldbe added withoutexposureto thé atmosphere.
No attemptwas madetomaintain the acidconcentrationconstantinall the
experiments,but by dilutionthe normalitywasgenerallykept between0.2
ando.6N. Solutionswereusedas soonafterpreparationaspossibleto avoid
the disturbingeffectfromthé interactionofalcoholandaoid. g

g. Baryta. N/to barytawasusedasalkaliin the titrationssincebeinga (
weakerbase than sodiumor potassiumhydroxidesit was less apt to cause
hydrolysisduring titration. As indicatormethyl orangewas usedexcept
whereotherwisestated,the usualprecautionsbeingtakento preventaction
of carbondioxideonthesolution.

h. 0<AerwM!<e~o~a.Ammoniumformate,ammoniumchlorideandbromide,
and ethylformatewerepurifiedinthe usualmannerfromKahlbaummaterial.

2. MethodofAfe<MMremeM<.

In the firstexperimentswithbenzamideat 45°0a weighedquantityof thé
amidewasdissolvedin alcoholin a volumetricflaskat 4S°Cleavingroomfor 1
additionof 6N HCIin'alcohol. A suitableamountof aoidbeingaddedthe
flaskwasSHedto themark,shaken,retumedto the thermostatandthe time
noted. Sampleswerepipettedout and titrated. At convenientintervals
thereaftersampleswereremoved,run intoicewaterto stopthe reactionand
titrated almostto neutrality. In orderto fixthe endpointhoweverthesolu-
tion had to be allowedto attain roomtempératureonaccountof the sensi-

1tivity of the indicatorto temperature fluctuations. Anattempt to reduce
lossesof alcoholby evaporationby fixinga pipette permanentlyto the re-
actionnaskdid not provesatisfactoryandwasdiscardedin later runs,

Withformamideat :s"C the flaskwasfilledsumcienttybeyondthemark ).
to allowremovalof twosamplesof the alcoholicHCIfortitration. Further
excesswasthen removeduntil thé solutionstoodat the markon thé flask.

J.Am.Chem.Soc.,40, ~}(t~tS).
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Formamidewasthen ruhin froma pipetteor bottera weighedamountadded
fromaMnallweighingtube, the tubeandstopperËnaUybeingdroppedin also.
Thesolutionwaashakenandretumedto the thermostat,thewholeoperation
requiringlessthanaminute. Theinitial time,thatis,the timeof mixingcouldbe
notedwithan acouraeyof ïo-tS seconds.The initialtiter wascorrectedfor
theamideadded. Fromtimeto timesampleswerewithdrawnwithan open
pipetteand run into a measureddeSciencyof barytaand rapidlytitrated to
avoidfurther reactionand hydrolysisof the ethyl fonnate. Manning'haa
observedthat the hydrolysisof ethyl formateis oatalysedbybaryta. The
endpointsof thesetitrationswerenotsharp. Theheat of reactionissobigh
thatthe temperaturewasmaintainedabout0.2$"0toohighoverthemeasured

period. Themain sourceoferrorin theexperimentwasin thetime,an error
ofhalfa minutein the time correspondingto 0.05ce.in the titer. Theper-
centageerror in the velocityconstantwasthe sameas the percentageerror
in the time.

With acetamideandpropionamide,weighedamountsofthe amidewere
addeddirectlyto the alcoholichydrogenchloridesolutionat thedesiredtem-

perature. The rate ofsolutionof the amidesissunioienttyrapidto warrant
sucha procedure. Thespeedofesterificationwiththesesubstancesrendors
the mainerror in the meaaurements,thé errorin the titration,an error of
o.otoc.in the titer correspondingonlyto twentyminutesin thetime. Check
titrationsthereforewererun ineverycase.

Theusualbimolecularconstant,representingthereactionbetweena mole-
culeof amideand a moleculeof acidwascalculatedineachcase.

k = _i_ Inb(a-x)

<(o-6) o(6-x)

where t = timein minutes
a = initialacidconcentrationin molesperliter
b = initialamideconcentrationinmolesper liter

a–a?, b-x = concentrationsaftert minutes

Sinceas the esterificationprooeedsammoniumchlorideis formed,the
alcoholicsolutioneventuallybecamesaturatedandthesait precipitated.The
observedeffectof this on the velocityconstantwassmall,thoughtests were
madeusingsolutionscontainingammoniumchlorideor bromideinitially,to
discoverthe effectofaddedneutralsalt.

ExperimentalResults

Theresultsofthe firstexperimentsusingbenzamideat 45"Cthoughquite
inconsistentamongthemselvesindicateda bimolecularconstantof the order
i X ïo* The inconsistenciesareduedoubtiessto theerrorcausedbylossof
alcoholbyevaporationat this temperatureand alsothat alcoholreactswith

hydrogenchlorideat45"Cgivinga bimolecularconstantof theorderi Xt<r".
Theactualresultsthereforeneednot begiven.

J.Chem.Soc.,tt9,2079(t?:!).
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Fonnamideat 2s°Cgavea bimolecularconstantof théorder5 X to"' but
the constantseemsapproximatelyproportionalto the amideconcentration.
Atrimolecularconstantwhencalculatedhoweverwasnomoreconstantthan
the bimoleoularand the resultstherefore!ist k', the bimolecularconstant
dividedby amideconcentration.The resultsneverthetessare not entirely
satisfactory. Sixexperimentswith solutionsinitially saturated with am.
moniumchlorideandacidconcentrationsofabout 0.6N and amidefrom0.2
to 0.45N gavea meanvalueofk' =1.31 ± o.oy. Twomixturesoontaining
0.2N NH~Brgavea meanvalueof t.ys. One systemcontaining0.45N
amideand 0.28Nacidyieldedk' ==X42.To test whethersomeimpurityin the
formamidewasaffectingthe velocitya run wasmadeusing200ces.of solu-
tion. The valueof k' was t.aa. Thefollowingday this samesolutionwas
againused, moreamidebeingaddedand the velocitydetermined. A value
ofk' zot wasfound. Theactual Sguresmaybeconsiderablyin errorsince
greatdifficultywasexperiencedin the determinationof end points. Never-
thelessa verydefiniteaccelerationin reactionvelocityis to beseen. If the
bimolecularconstantbedividedbythesumofthe amideconcentrationsof the
twoexperimentsa valueofk' = ~04 is obtained. This wouldseemto in-
dioatethe présenceof an impurity,possiblya tautomerof thé formamide
(theexistenceofwhiohis wellknown)whichs!ow!ychangesinto a réactive
form. The presenceofanimpurityis lesslikelysinoethe purertheamidethe
higherwas theconstantobtained. Twocasesof the constantsobtainedmay
be quotedas examples,the firstwithamidein excess,the secondwith acid
in excess.

TABLE1
,~·

Thetitrationsafterthe first sixrésultain the latter did not yieldsharp end
pointsand thevaluesofk werenot ca!cu!ated.

Expérimentai Expérimentai
HCt=. o.aSt2N HCt 04989 H,0 = 0.0%

Amtde-o.4488N Amide~o~tsy
t liter hXto* t Titer k

omin. 16.09 –– omin. 93.47 ––
30.25 8.i6 7.34 ~.26 g.2i
45-5 5-89 6.54 39.$ 16.69 5.39
6o.2S 4.6o 6.52 48 i6.2ï 4.47
83 a.9o 7.53 56 14.92 5.58 t

~37 0.06 u.!6 65 i4.4o 5-5°–– 0.07 5.43 1477 ii-66
2826 iï. i8
4221 I!32
5673 H.48
6810 n.3ï

io.33Theor.
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Theresultswithpure formamide(M.P. 2.90%)are summarisedin Table
II. The constantsare the averagesonlyof 3, 4 or s detenninationstaken
from 30 to 100minutesafter the start. Ait solutionsweresaturated with

NH4Ctatthe8tart. Othersnotedcontaineda!soNH<Br.It shouldbe noted
here that the referencevaluesof the solubilitiesof NHtCt,o.6yg. per 100g.
solutionat a5"C,andNH4Br,3.2g. per 100g. solutionseemoonsiderablytoo

high. In dry alcoholcontaining0.43and 0.31molesof acidper liter, sotu-
MutiesforNHtClwerefoundofo.g83and0.586respectively.Ino.tz NHC1
in alcoholcontaining0.48percentofwater,the solubilitywaa0.610per 100g.
solution.

TABLE II

The resultswouldat firstaightsuggesta maximumeffectof waterm the

neighborhoodof0.5per cent water. Solutionscontainingï.za per centof
water gaveevidencehoweverthat an appréciableamountofhydrolysiswas

taking place. Totest this definitelyethyl formatehydrolysiswasstudiedin
two cases,onein 97.1per centalcoholby weightandonein 92.42per cent.
The data aregivenin Table III.

TABLEIII

Cresolredwhichchangesin a pH rangeof 7.2-8.8wasusedas indioator,
so that thé titrationsmctudedfreeformicacid. It iscertainthereforethat in

solutionscontainingas little as 3 per centwater,ethyl formateis hydrolysed

Experiment no Experiment nyy
Acid 04409N H*0 7.58% Acid = 0.3653N H,0 ° ~.9%

Ester=' 0.340~N Ester – 0.2469N

t Titer t 'Hter

omin. 23.g8cc8. onua. 19. ~2ces.

35.5 28.34 41 24.56

44-5 2960 56 25.02

53 30-38 7~ ~5.75
6i 30.29 93 26.75

69 30.28 1340 26.70

Expt. H,0 NMid N amide NH~r k' X !o-' ·

65 0.0 0.5165 0.2178 –– i.6y
60 0.0 0.3013 o.oy9 0.018 2.47

49 o.oa5 0.4847 0.2451
––

!.9i
ioï 0.05 0.4389 0.2457

–– 2.16

67 0.10 0.4190 0.2488 –––
2.15

70 o.io 0.447~ 0.2158 0.026 2.24

74 o.io 0.3560 0.2256 0.026 2.54

87 0.48 0.3313 0.2085
––

2.45

9Ï 1.22 0.5022 0.2500
–––

!.ï7

94 ï-~ 0.498~ 0.2456
––

1.24

98 2.7S o.6ny 0.2457
––

o.8s
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quite rapidlyand oonsequentlythe eaterinoationconstantin 1.22and higher
percentagesof wateris too lowduete hydrolysis.Thehydrolysisequilibrium
must liefaronthe alcohol-aoidside.

The experimentsdeaUngwith the temperaturedisturbancein the form-
s

amidereactionaregivenin TableIV. In eaehcase100ces.ofalcobolicHCl
about0.45N wasallowedto attain the temperatureof the thermostat(as ±
o.oa"C), i.i g. of formamidewas then added, the solutionshakenand a
thermometerinsertedand readat minuteintervals. For brevityon!ya few
valuesaregiven,thoughthe observedtemperatureswerethesamethroughout
the timeshown,demonstratinga largeheat of reaction.

TABLEIV

Sinceammoniumformatemightpossiblybe presentas an impurity,and
furthersinceit is oneof the fewreadilyavailableneutralsaltspossessinga
reasonablesolubilityin aloohol,experimentswere tried usingmixturesof
formamideand ammoniumformate. The resultmgconstantsbeing very
muchlargerthan for formamidealoneit was suspectedthat theformatealso
wasreactingwithalcohol,the resultsofa test ofwhicharegivenin TableV.
The figuresforammoniumacetate,correctedapproximatelyforthé reaction
betweenHCIand alcoholaregivenfor comparison.

TABLE V

The ammoniumformatethereforeis reactingalmostas fastas the form-
amide. Withammoniumacetatehoweverthis disturbanceis not to be ex-
pected. Therapidity with whichformamidereactsprecludesthe necessity
ofcorrectingfor thealcohol-HCIreactionalthoughit suffersasbasbeenseen
other greaterdifficulties. Withacetamideand propionamidethe esterifica-
tion is muchslowerand it ia necessaryto see exactlyhowimportantis the
alcohol-HCIreaction. TableVIgivesthe resultsofa typicaltest. Dataare
abo addedtoshowhowthis reactionaffectsa typicalacetamideesterification
reaction.

Time 1 II Time 1 II
o min. 25.o8"C 25.oo''C 45 min. 25.23"C z5.26"C
5 sg.36 25.40 70 zs.ïS 25.~

10 25.36 25.3.6 ï22 ––
25.17

15
––

25.3t y6o ––
35.07

M 25.33 25.35

Experiment 62 Experiment 66
Acid= 0.3603N Acid o.~6s2NNH<0~!H 0.0429N NH<0,C,H, 0.0259N

t Titer k t T:te)-(oorr.) k
o min. 2t.20 ces. omia. 2:.5$ ces. –

53.5 19-44 o.oyao 1270 21.52 –
72 10.43 0.0534 2800 21.55 –
88 19.40 0.0459 58oo 21.5! –

1521 t8.04 (0.0052) Sg~s 2t.47 2X10-"
mt. tr.r_i_ .l.L_ _1~ fi.t ¡/II.
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t Titer t T:ter kX!o' ~Co~.Xto'
o min. 4S.9Scc$. o min. 45.53ces.

1430 4S.93 1444 44.34 5.2$ 5-~4
4ooo 45-81 41~ 4~.50 s-n 4.83
8300 45.67 8281 40.t4 S.i8 4.83

loooo 45.6a 9783 39.aa 5.39 4.99
ïï400 38.47 5-40 5.06

Expt. HŒ %H,0 Amide NH<Br NH.Ct k
35 o.635gN o.oo 0.3428N N 1/2sat. 6.39
41 o.yôpt o.oo 0.3307 –– 1/2 sat. 5.27
45 0.5230 o.oo 0.2508 –– sat. 7-22
57 0.5000 o.oo 0.1308 sat. 7.18
55 0.7433 o.oo 0.3341 –– ––– 5.38
47 0.5577 0.025 0.1567 0.014 sat. 8.16
48 0.5555 0.025 0.1784 0.028 sat. 7.96
42 0-7055 0.04 0.2463 0.03 sat. 8.36
99 0.3287 0.06 0.1663 3/4sat. 12.35

102 0.4632 o.o6 0.1720 –– ––– g.86
68 0.3408 o.io 0.1920 sat. 11.90
69 0.4629 o.io 0.1701 –– ––– 9-40
71 o'3~77 o.io 0.2023 0.023 sat. 10-39
72 0.3764 o.io 0.1777 0.025 ––– to.40
73 0.3806 o.io 0.1378 0.017 ––– io.99
83 0.2763 0.48 0.1414 sat. 15.63
85 0.3468 0.48 0.1397 –– ––– 12.30
89 0.3934 1.22 0.1633 sat. 14.65
90 0.3302 1.22 0.1510 –– ––– 17-32

ii3 0.3659 i.3o o.i68o –– sat. 16.15
96 0.4902 2.75 0.1674 –– ––– 17-02

115 0.3858 2.80 o.t539 sat. 2~05
n6 0.3732 2.80 0.1742 –– ––– 21.13
103 0.4265 4.28 0.1788 –– ––– 22.27
104 0.3895 4.28 0.1554 –– sat. 22.87
107 0.4759 7.58 0.1165 sat. 23.37
io8 0.4663 7-58 0.1165 –– ––– 23.88
n8 0.3284 12.13 0.1582 sat. 24.64
ii9 0.4499 '2.13 0.1752 –– ––– 23.79

Experiment4ïa Experiraent4[b
AMonotMtt~t = 0.7796M HCt<=o.y69iN

TAB!<BVI

TABLE VII

Acetamide

Acetamide=0.3307N

Mean 5. 4.97

~WMHUtUC
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Sineetheaboveis a typicalexampleoftheacetamidereactionat 25*0the
finalrésultaonlyneedbegivenof the other runs. It willbenoticedhowever,
andthe samewasfoundto holdtrue for propionamideesterification,that thé
constantsshowa definiteincreasingtrend with time. This was the more
markedinsolutionscontainingtracesofwater. Theresultssummarisedgive
howeverthemeanvalueof the constants,the trendbeingmarkedonly in a
fewinstances. Table VII presentsthé data for acetamideand Table VIII
those for propionamide. Sincein thèse reactionsammoniumchloride is
formedonlys!ow!y,the conditionof thé initialsolutionswithrespectto am-
moniumchlorideisnotedin the tables as saturated,or otherwise.

TABLEVIII

Propionamide
Expt. HCI %H,0 Amide NH<Bf NH<Ct k
63 0.3529N o.oo o.ï573N ––N sat. 15.1$
64 0.5319 o.oo 0.~352 0.029 9&t. 10.72
77 0.4069 o.oo o.ïgïo –– ––– tg.86
78 0.4301 o.oo o.tgog sat. 13.85
80 0.3735 0.00 0.1306 o.oa4 ––– 16.09
82 0.3424 0.00 0.0990 o.oa6 sut. 16.07

ioo 0.3946 0.06 0.1494 –– 3/4 sat. I4.S9
75 o.5z68 o.io 0.1497 –– sat. 10.63
76 0.5433 o.io 0.1391 –– ––– 10.53
86 0.9946 0.48 0.1217 –– ––– 20.01
9~ 0.5482 1.22 o.iz59 –– ––– 13-95
93 o.52ïo 1.22 0.1415 –– sat. 14.50

i!2 0477~ 130 0.1430 –– ––– 16.44
97 0.5198 2.75 0.1383 –– ––– 21.63

ii4 0.4597 2.8o 0.1427 sat. 22.96
105 0.3486 4.a8 0.1417 –– ––– 29.36
109 0.4883 7.58 0.0994 –– ––– ~7.14
ï20 0.4703 12.T3 0.1250 –– ––– 27.04

In anygivenexperimentwitheither acetamideorpropionamidethe devi-
ationsfromthemeanvaluequotedwereusuallyfrom2to3percent. Thede-
greeof reproducibilityin digèrentexperimentsusingdifferentpreparations
is not so good,deviationsreachingfrom 10to 15percent. Onedisturbing
factorwhichwasnot fullyappreciatedat the timeof the experimentsseems
to be that the velocity constantdependson the aoidconcentration. The
constantsappearto increaseas theacid concentrationdecreases.Comparison
of the experimentsin dry alcoholfor both amidesshowthis quitedefinitely.
Thisia in contrastto the moreusualcasefor acid-catalysedreactionswhere
the constantsinereasethoughmorerapidlythan theequivalentconcentration
of the acidinsolution. Theconstantsfor propionamideinsolutionscontain-
ing0.10percent waterareon thisaccountprobablymuchtoo lowsincethe
HCIconcentrationishere consideraHyhigherthan inotherexpérimenta.
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Despitethelimitationsof the data, a verysignificantandimportantcon-
clusioncanbedrawn. The additionofwateraccélérâtesthe esterificationof
tunidesin alcohol. This is probablythe first caseof thia kind for a polar
solventwherethe oatatyBingaoid is largelyionised.

It maybeobjectedthat formamidedoesnot givesucha pronouncedaccel-
erationas theothers,in fact its activityseemsto bedeoreasedquiterapidly
in the regionbetweeno.s and t.2 per centof water. This howeveras has

alreadybeenpointedout is onlyapparentdue to the succeedinghydrolysis
ofthe ethylformategivingfree formioacidwhichcolorsthe methylorange,
but whichisweakenoughthat it cannotbe satiafaotonlytitrated with this
indicator(Its dissociationconstant is 2.14X lo*~). Otheravailableindi-
catorswhichwouldchangeina lower(moreacidic)pH rangethan that ofa
formicacidsolution,failedto givean endpoint that wasentirelysatisfaotory.
Itis to beconcludedthereforethat a measurementoftheesterificationofform-
amidealonewouldgive increasingrates withinoreasingwaterconcentrations
muchbeyondthe rangeactuaUyobserved.

In thecaseofacetamideand, oonsideringthe acideffect,in that of pro-
pionamidealso,therate ofesterifioationreachesa maximumvalueforfrom8
to ia percentby weightof water. Overthisrangethevaluesremainapprox-
imatelyconstant. It doesnot appearas thoughanyspécialsignificanceoan
beattaohedto the positionof the maximum.

The concentrationsof addedneutral sait are smallin all cases,the am-
moniumbromidebeingabout 0.03N and the chloridereaching0.11N. If
the solutionshad been moredilute and aqueousthe formulaof Brônsted

nughthavebeenused. Lackof knowledgehoweverofactivityvaluesin the
alcoholicsolutionsused precludesthis. Neverthelessarguingthat the re-
actionsstudiedbelongto Brônsted'sType0, a linearsait effectofapproxi-
matelya percentin deoinormalsolutionsmightbeexpected. Suohan effect

TABLEIX

HCI = 0.328?N Amide = 0.1663N HtO = 0.06%
t Tttor k Xtob

omm. 17.65008. ––

!3<)0 17.24 ii.3i

2~5 16.83 n.23

SS90 tS.99 11-70

~M 15.S9 11.80

NH<CIappeared

8555 1514 i2.7i

9990 14.86 12.49
SoUdNH~CI added

1:400 14.54 12.65
ï~So 14.17 13.15
"?330 13-40 13-17
18330 13-~2 i3-3i
I9900 12.99 13.29



~4?8 H. AU8T!N TAYLOR AND THOMAS W. ÇA VIS

wouldhard!yappeardefinitelyin theresultsquotedsinoeit wou:dbewithin
thé limitsof experimentalerror. SinceammoniumohloridehoweverMcon-
tinuallyformedonewouldexpecta slightlyinoreasingtrend in the constants
eatcu!ated. This doesactuaUyooeur,but the fact that it continuesafter
ammoniumchloridebasprecipitatedshowsthe effectto be due to someother
causethan the inoreaseofneutral saltpresent. Oneother possibilityexists
of an effectof the presenceof excessammoniumchloride,namelythat the
solidmight lead to a hoterogeneousesterificationonthe surface. That this
doesnot occurappreoiablyisshownbythe data inTableIX usingacetamide
as reactant.

The solutionusedwasapproximatelythree-quarterssaturated witham-
moniumchlorideinitially. No reallymarkedchangeis observedas the salt
firstmakesits appearance,nor is theresuchwhena largeexcessofsolidwas
added. The aboveconclusionsare theroforejustified. Moreoverthe fact ]
that the increasingtrendinthe constantswasnotobservedinthe experiments
in absolutealcoholin absenceofammoniumchlorideinitiaUy,precludesthe
possibilityof its beingdue to the salt.

DiscussionofResults
The most importantquestionset forthby thèseresu!tsappearsat once

to be why water acceleratessomereactionsand retardsothers. Reaction r,kineticsin generalareexpectedto furnishinformationon the mechanismof
the processstudiedbut whereseveraldifferentmeehanismsare possibleait
leadingto the sameorderofvelocityconstant,theexpectationis an idealto
be approachedratherthan attainedwithcertainty.

Fromthe remarksat the commencementof the paperit may be judgedwith reasonablecertaintythat the answerto the abovequestion!iesin the
nature of the substrateand its possibleadditioncomplexes.Whateverbe
the natureof thé catalyst,it isnot likelythat anyexplanationwouldbeforth-

)comingfromthat alone,sincethe catalystwillalwaysbethe samein a given
environment,whereitbas beenseenwaterin somecasesretardsandin others
acceleratesthe reactionproceeding. Beforeofferinga possibleexplanationit wouldbe wellto considersomesuggestionsof Stieglitz'with referenceto
the mechanismof hydrolysisof imidoesters. Thisworkseemedto showthat
a positiveionof thesubstratewasthe reactant. AoHsadd to the estersto
formsalts,for they areweakbasesandthe resultingsaltionises. Theester
ion, or ester-H+ioncomplexsubsequentlyhydrolysesto give the NBH+ion
and the oxygenester,whichmay berepresented

~NH ~NH.HCt ~NH.H+
CH,-C

\OCH. +

HCI CH,–C

\OCH,
CH,–C

\OCH,

+ ct-
0
1:

~NH.H+ /NHJI+ ~o
CHy–C +HOH-~CH,–C––OH-*CH,–C +NH~

\OCH.
-f-HOH.->

\OCH.

-+

\OCH,

.+.NH.+ r

1J.Am.Chem.Soc.,32,22t(~to);35, ty~(t~tg);Am.Chem.J.,39, 402(t~a).
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Asimilarseriesofchangesarealsopossibleforthéhydrolysisofoxygenestera.

Stieglitzthereforesuggeststhat the oatalyticeffectofthe acidis dueto the

transformationofa weakbase,the ester,into a strongerbase,ammonia.

It seemspossibleto extendthis ideato thé affectofwateronvariousre-

actions. Wemaypresumethat a collisionbetweenalcoholandamidemole-

culesgivingrise to an additioncompoundprecedesesterification.If such

complexesare renderedmoreunstableby thé presenoeofwater,the reaction

in this casewouldbe accelerated. Toaccomplishthisthe watermayunite

withthéreactionproductsto formmorestablecompounds.For examplethe
additionof water to the nitrogenatom of the amidegroupin the amide-

r ? 1
alcoholcomplexwouldyield -NH:.

whiohon separatingwouldgiverise

L 6H Il

to ammoniahydrate or on collisionwitha hydrogenion,an ammoniumion

and water. The passagethenfromthe weakbase,the amide,to the more

basicammoniawouldbeaccompaniedbyanaccelerationinpresenceofwater.

In acidesterificationswherethéreactionis fromthestiongbase,théalcohol,

to theweakerbase,theester,thewatermoleculewouldhavethereverseeffect

fromthe aboveand attach itselfto thé acid part of the complexleadingto

the separationof the morestablealcoholrather than the ester. The same

wouldbe true in the diazo-esterdécomposition,or in the halogenationof

acétone,water in the latter casepreventinga hydrogenionfromwandering
fromthe methylto the carbonylgroupby satisfyingthe secondaryvalences

of the latter.

Consequentlywhenwatermakesthe criticalreactioncomplexmoreun-

stabletowardsreactantsthan resultants,that is, moreapt to breakup into

resultantsthan reactants thenan accelerationis to beexpected. If the re-

verseistruea retardationmaybelookedfor. TheresultsofTaylorandClose

previousiymentionedwouldfonnsucha casesincehereadditionofwaterto

thé hydroxyacid, probably to the carboxylgrouping,wouldrenderthe

hydroxylgroupstill more labilefor the formationof the innerester, the

lactone. The resultsof Kailanand Neumannfor the same processin al-

coholicsolutionscannotbe explainedon this basis. Thefact howeverthat

undersuchconditionsboth esterificationand tactoneformationmayoccur

complicatesmatters furtherandthe correctionappliedfor the esterification,
whichmuetof necessitybe an approximation,maynotbe completelysatis-

factoryleavingthe neteffectofwaterasthat in acidesterification,namelythe

retardationwhichthey actuaUyobserved.

Summary

i. The velocityof esterificationof three aliphaticamidesin dry and

aqueousalcoholicsolutions,has been investigated,usinghydrogenchloride

as a catalyst.
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a_ Theréactionsshowthékineticsofa bimolecularprocess. Formamide
possiblycontainsa tautomerwhichcatalysesits esterification..

3. Smallconcentrationsof neutral sait do not showany markedeffectonthé reactionvelocity. u

4. Additionof smallamountsofwateracceleratesthé reactions,a maxi-

1
mumeffectbeingreachedbetween8 and 12percent. A possiHeexplanationof the inhibitingor aoce!emtiagactionof wateron differentreactionshas
beenoffered.

WcAebCAem~Lo6oMt<orM.NewYork,N.Y.
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Botrodaction

Recenttya numberofpapershavebeenpublished,dealingwith the effect
ofnon-electrolytesonthe stabilityofcolloids. Theearlierviewthat colloids
aresensitisedin presenceof a non-electrolytedue to the diminutionof the
dietectncconstant cannotbe upheldin viewof theserecentresearches'. It
waspointedout in the last-mentionedpaper',that the stabilityof a sol in
presenceof a non-clectrotyteis not determinedby the valencyof the precipi-
tatingionasat-sumedbyKruytandvan Duinandthat thechangeinadsorp-ttonofbariumions,observedby Weiser(loc.oit.)doesnot permitus to draw
any conclusionas to the decreaaein stabilitybecausethe adsorbedbarium
ionmaybepresenteitherinthemobileor inthe fixedsheetofthedoublelayer.

Thesecriticismshavebeenmorethan confirmedby Sen<with MnOi!so!.
He bas shownthat the conclusionof Weiserthat the adsorptionof non-
electrolytesbythe particlesofa solcutsdowntheadsorptionofprecipitatingionsisnot general. Thusthoughsugarstabitisesa MnO,soltowardcoagula-
tion,the adsorptionof copperionsinsteadofdecreasingincreasesin presence
ofsugar. MukherjeeandChaudhury~haveshownthat the rateof migrationoftheparticlesdoeanot at aUindicatethecoagulatingconcentrationofa largenumberof acids. Theypointedout that the effectof the diminutionof the
dieleotncconstantis two-fold. It bringsabout (i) a greaterrepulsiveforce
betweenthe colloidalparticles-whichwill stabilisethe sotand (a) an in-
creasedelectricaladsorptionofoppositelychargedionsby thecolloid,whioh
willsensitisethe sol.

Thenet effectwilldependonthe magnitudeofthesetwofactors.

Thesubjeot,however,requiresfurtherstudy. In the presentpaper it is
intendedto discussthe otherpossiblefactorsthat mightaffectthe stabilityofa solin presenceof a non-electrolyte.It iaapparentthat fora clearunder.
standingof the effectof a non-electrolyteon the stabilisationof a colloid
towardscoagulatingelectrolytes,wemust have a moredefiniteknowledgeof the factors that influencethe flocculationvaluesof electrolytes. The
fundamentalideathat coagulationtakesplaceat orbelowa criticalpotential~ie itselfopento objection. In fact PowisKcordsthat the criticalpotential

28KruytandvanDuin:K°MoMchem.Beihefte,S 287('9t4); Wei~:J. Phys.Chem.,(Ma~ (1924);Mukherjee,ChaudhuryandMutherjee:J. IndianChem.Soe.3, 349(1926).
'KoMoid-Z.,39,.;to(;9a6).

J. IndianChem.Soc.,2,307(!9as).
'Powia:J. Chem.Soc.,109,734(t9t6).

EFFECT OF NON.ELECTROLYTESONTHE STABILITY
OFCOLLOIDS. 1

ArseniousSulphideSol
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dépendson the nature of thé electrolyteadded. Hismethod (Burton's U-
tube method)iBopento seriousobjections'. Evenallowingfor the errorin-
herent in the method,it wouldseemfrom thé considérationsset forth that
saltsof uni-univalentionsshouldcoagulatea solat a higherpotential than
other salts. It is of coursedear that coagulationtakesplace at a lower

densityofeleotrioatchargeinpresenceof an eleotrolytethan that of the ori-
ginalcolloid,and that belowa certainpotential(possiblydifferent fordiffer-
ent electrolytesfor thé samesol) cohesvieforcesare active in causingthe

particlesto agglomerate.Moreoversimilarlychargedionshave moreor less

stabUisingeffects,thoughgenerallynot as markedas affectsof oppositely
chargedions. The net effectof thesefactorswilldeterminethe coagulating
powerof an electrolytefora definiteconcentrationof thécolloid.

EffectofNon-electrolytes
Let us nowexaminemoreoloselyhowa non-electrolytemay affectthe

variousfactors,wbiohdeterminethé stabilityof a coMoidtowards electro-

lytes. Thenon-electrolytemaychange:

(t) Thedieteotricconstantof the mediumand (a)hence the electrical
forcesbetweenthe particleswhentheyapproachoneanothercloselyand (b)
also the electricaladsorptionof oppositelychargedions as definedby
MuJtherjee~.

(2) Thespecifieadsorbabilitiesof the ionsonthe surfaceof the colloidal

particles.
(3) Thecohesiveforcesoperativein the system.
Beforediscussingthe effectof the changeof eaehoneof these factors,it

mustbe emphasizedthat thenatureof the non-electrolytedétermineswhich
of the abovementionedfactorswiUpredominatefor a particular soland a

particularelectrolyte. Negîectingfor thé present chemicalchanges that

might result from thé additionof a non-electrolyteweshall only consider

simplephysicalchangesthat ooourin its presenceand see how far these

simpleconsiderationssumceto explainthe resultsobtained.
i. J~e(cif<AeeA<M!ce<;f<~<~e!ee<rMCMM<<M~.A diminutionin thé di-

electricconstantof the mediumdiminishesthe osmoticcoefficientor the

degreeof thedissociationof theelectrolyteemployed.Theeleotricaladsorp-
tion of the oppositelychargedionswill also be increased(Mukherjee and

Chaudhury:loc. cit.) providedno spec~ action<a&e8placebetweenthe col-
loidalsurfaceandtheionsprMCK<.

If the surfacebasapecinoattractionforsimilarlychargedions, this specific
adsorptionwillbe retardedon accountof the decreaseinthé osmotic coem-
cient. A!soelectricalrepuMonbetweenthe similarlychargedion and the

surfacewillincrease,therebydiminishingthe numberofcoUisionsfor thésame
concentrationand temperature. This enect will tend to sensitise the sol,
providedofcoursethe specifieattractiondoesnot changewith the die!ectric

Mukherjee:Proc.Roy.Soc.,103A,to: (t923).
2 FaradaySoc.Discussion,October(t~zo).
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constant. Sofor&simplecase,wherethereisnospeoinoattraction, a diminu-

tionin dieleotricconstantwill lowerthéosmoticcoefficientbut increasethe

adsorbabilityandthusbringintoplaytwoopposingfaotors.

In general,however,whensimilarlychargedionsareweaklyadsorbedwe

mightnegleotthe changeinadsorbabilityoftheseionsonthe additionofnon-

e!ectro!ytes.Finallya diminutionin dieleotricconstantin the mediumwill

bringgreaterrepulsiveforcesinto playbetweenthe colloidalpartiolesand

consequentlythe actual coalescenceof thé particleswillbe retarded.This

willtend to stabilisethe sol.Thus the resultanteffectof thesethreefactors

willdetermine,whethera colloidwillbestableor unstableon changingthe

diolectrieconstant.

(2) Changeof thespec~cadsorbabilityon theadditionof a ~(Mt-e~ro-

!~<e.If the specificadsorbabilityas apartfromthe electricaladsorptionof

theprecipitatingionschanges,then thestabilitywilldependon the resultant

effectof thesechanges. Asa resulttheremightbe widelydifferentchanges
inthe flocculationvaluesof differenteleetrolytesonthe additionof thesame

non-electrolyte.In the caseofelectrolyteswithcomplexcationsandanions

thispossibiutybas to beremembered.

(3) Anotherimportantchangeisbroughtaboutbytheadditionofanon-

electrolyte,namelyin thé valueof the interfacialtensionbetweenthecol-

loidalparticlesand the surroundingmedium. Thoughthe role of solid-

Mquidinterfacialtensionin the formation'and in the coagulationofcoHoids"

bas longbeen recognised,one scarcelyfindsany référenceto it in recent

literatureon thé coagulationof suspensoids,perhapspartly becauseit isnot

possibleto determinethe tensionofsolid-liquidinterfaces,and partly because

theactualpart playedbythis factorin thecoagulationofcolloidsis notclear

exceptthat thegreaterthe interfacialtension,thegreaterwillbethe tendency
forthe coatescenceofparticlesand that a loweringof the interfacialtension

willthus tend to makethe dispersedstate relativelymorestable. Butno

verygreat stressbas beenlaidon therôleofsurfacetensionin the proeessof

coagulation.Nowif <MaasMMea paraUeMsmbetweenthe liquid-vapoursur-

facetensionand solid-liquidinterfacialtension'wecanexptainmanyanom-
alousresultsin this subject. Weseethat in a medium,where this inter-

facialtensionisgreater,the stabilityof thecolloidwillberelatively lessand

the sol willbe stableso longas the electricalforcespreventingcoalescence

remainsufficientlyeffeotive.That is,thesolwillbesensitiveto electrolytes
as it will coagulateeven when the electricchargesremain comparatively

higher. Whenthe interfacialtensionis lower,the colloidalparticteswill

coagulateat a lowerpotential. Wemaysaythat in the formercasethesol

issensitisedandin the latter casethesolwillbe stabilised. Noone hasyet

givenanyexplanationas to whycriticalpotentiabwithAs~Sasoland mono-

valentprecipitatingionsare generallyhigherthan thosefoundwith di-,tri-

and tetravalent precipitatingions (Powis:loc. cit.). The cnticat potential

DomMn:Phil.Mag.,(b)1,647(t~ot).
Duottmx:J.Chim.phya.,7,405(!909).
Cf.FfeundMeh:"CoUoidandCapillaryChemistry",192.
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oughtto be a littlehighermthe caseof uni-univalentelectrolytesbeoauseof
the higherinterfaoialtensionproducedby the correspondingsalts of uni-
valentcationsat the highconcentrationsrequiredto coagulatethe sol.

This viewseemsto be in agreementwithsomeobservationsof ours.
Fromtheaboveconsiderationswecanatsoseewhyinpresenceofnon-eleotro-
iyteswithlowersurfacetension,adsorbabilityandcoagulatingpowerscannot
go hand in hand. If weassumethat coagulationtakes placeat a lower
oritioatpotentialonaccountofthesmallersurfacetensionandas thedieleotric
constantalsodiminishes,(as is frequentlythecaseon the additionof non-

electrolytes)thenwecanunderstandthat evenwhenthe adsorbabilityof thé
precipitatingionincreasesthe solmayappeartobe stabilisedagainstcoagula-
tion as moreof the coagulatingionmuâtbe adeorbedto bringdownthe po-
tentialto the lowercritioalvalue. Wethusseethat if the coagulatingpoten-
tial becomessufficientlylow,then in spiteof thegreateradsorbabilityof the

precipitatingion,a higherconcentrationwiUbe necessaryfor coagulation,
that is, a lowercoagulatingpowerwiUbe observed.Thèse considerations

explaintheapparentparadoxofincreasedadsorbabilityandlowercoagulating
power,referredtoby Dharandco-workersl.Sen(loc.oit.) basobservedthat

sugarstaMHsesa manganesedioxidesot whereashe finds fromadsorption
experimentswithprooipitatedMnO~that theadsorbabilityof the precipi-
tating ion increasesin presenceof sugar. This considerationbrings out

stronglythe futilityof the comparisonbetweenadsorptionasmeasuredwith

precipitatedcolloidsandthe coagulatingpowerof eleotrolytes.
To sumup,weoansaythat the additionofa non-electrolytebringstwo

physicalfaotorsintoplay.
i. A diminutionin dietectrioconstant, theeffectof whiohis generally

to sensitisethe sol.
2. Analterationin the interfacialtensionwbiohinfluencesthe eleotrical

potentialbelowwhichcoagulationtakesplace.
In this paper,an attempthasbeenmade tocorretatesomeobservations

withAstStsol.
The presentworkwasundertakento experimentallytest the viewsde-

velopedabove. It is olaimedthat convincingdatahavebeen givento show
the generalindividualityof the fundamentalassumptionsof a constant
eriticalpotentialin presenceof coagulatingelectrolytes.AIsothe diversity
ofobservationswiththesamesoland the samenon-electrolytewithdifferent

electrolytescanonlybeexplainedby aaaumittga changein criticalpotential
(comparealsoeartierpublicationsfromthis laboratory).

ExpefimMtal
~s~ SolandMethylandEthyl.A~coMs.

(a) ~<~<K'&aM~<Mmeasuredama~MoHyandcoN~o~t~ pûteer.'
Fromwhathasbeenwrittenin the introductiononeshouldnot in générât

expecta direct parattetismbetweenadsorbabilityand coagulatingpower,
speciallyin presenceofnon-electrolytes.

1J. Phya.Chem26,yot(t~e); 28,3t3(t~); 29,4~5,6S9(t925);Kolloid-Z.,34,
a6a(tt~~);36,t~ (t~as).
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The followingcoagulationsand adsorptionexperimentsweredoncwith
arsenioussulpbidesolin presenceofmethylandethyl~IcohobwithBaC!esa
thé coagulatingelectrolyte.In thé adsorptionexpérimenta,50o.c.of0.002sN
BaC!))wereadded to a mixturecontaining25o.c. of thé soland25 c.c. of
wateror insteadof water25c.o.of aqueousaleoholsolution. Themixtures
werekeptfor 34hoursandthenthéamountofbariumin a portionoftheclear
supematantliquidwas estimatedas sulphate. From this the amount in
100o.c.wascalcubted. TablesMl containtheexperimentalresults:

It willbe seenfromthesetablesthat the solis sensitisedagainstbarium
chloridealthough the adsorptionat first increases,and then decreases.
Simi!ar!ym the caseof ethylatcohot,thoughthe sol is stabilisedagainst
bariumchlorideall along,theadsorbabilityofbariumdecreasesmorein 10%
EtOHthan in 25%EtOH. Soa pajaUeiisnbetweenadsorbabilityand co-
agulatingconcentrationdoesnot alwaysholdgoodm presenceof these al-
cohobas is to beexpeotedfromthe theoreticatconsiderationssetforth in the
introduction.

(b) Relationbetweenadsorbability<M<MMce~from chargeme<MMfeNMK<s
andcoagulatingpowerandthe~c< of the~M!ec<Mconstanton<Ae(!dsor&aMM~
oftheprecipitatingions:

TablesIII and IV containthe valuesofmigrationvelocitiesofarsenious
sulphidesolwith differentconcentrationsofhydrochioricacidmpresenceof
methyl and ethyl alcohols. (cf. also Mukherjee,Ray Chaudhuryand
Chaudhuryto bepublishedshortly andMukherjeeand Chaudhury:Proceed-
ingsIndianScienceCongress,January, 1927). TableV containsthe coagu-
latingconcentrationsof hydrochtorioacid in presenceof methyland ethyl
alcohols.The rate ofmigration(V)bas beenexpressedin cms.persec.per
volt/cm.

TABLE1
Arsenious sulphide sol and methyl alcohot

ï'ercentMetgvotnme Coat{u!ating Amotmtofa<borpt!onof
M MeuH concentration barium mgms. by

in normality 95 o.e.ofthe sot

0% 0.001834 0.00!3S2

10% o.ooï6~4 0.002135

~5% o.ooia86 0.001154

TAM.T!iTTTABÏ.EÏI

Arsenious sulphide sol and ethyl alcohol

PerM!t~ebyw!<tme Coagutatm~ Amountofadsorptionof
ofB.tOH concenttation bariumin~ns. by

innormaUty aso.e.oftheeot

o% O.OOI9H 0.001352
!o% 0.002278 veryamall

a 5% 0.002040 0.00063
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It willbeseenfromthé tables,that, forthe same concentrationof hydro-
chloncacidashigherpercentagesof ethylandmethyl alcoholsareemployed,
the velocitydiminishes.Consequentlysincechange in osmotiocoefficient
canonlydiminishthe amountof adsorption,the lowercharge,observedas
higherpercentagesof alcoholare employed,teada us to assumea marked
increaseinthe adsorbabilityofhydrogenions,and that the inoreasedadsorp-
tionmorethan counteractsthe effectsofthé non-electrolytein diminishing
the osmoticcoeBieients.Theserésultastronglysupport the theory of elec-
tricaladsorptionofMuHierjeewhereintheenergyof adsorptionis givenas
W= NtN~E'/XDwhereNtandN~arerespectivelythé vatenciesofthe prima-
rily andthee!ectncaUyadsorbedions;Eistheetectroniccharge;Xisthedistance
betweenthe centresof the ionsat closestapproachon electricaladsorption
andD, thedielectnoconstantofthe mediumbetweenthé ions. Thereis thus
alsoa definiteevidenceof the existenceofa solvent layerbetweenthe ions
(VideProceedingsIndianScienceCongress,loc.cit.).

%MeOH Cono.HO.o.ooN CoM.HO,0.005N Cono.HCLo.otNbyvolume VXM~ VX!0* Vx!o*

56.5 47.0 43.g
~S 56.8 41.8 40.5
5.0 ––

~.o gg~
10.0 ––

g6.o ––

Percen~econc. Coagulatingconcentrationof HC!in presenceofofaloohol

%EtOH Cône.HCI,o.o<s8N Cono.HCI,0.0079Nbyvolume VX!o' VXto'
< 43. 47.3
='-S 38.7 46.3
S-o 35-o 44.4

10.0 ~.2

o.o 0.04450 0.03800
~-5 0.04335 0.036~5
5-o o.o4M5 0.03525

ïo.o 0.04050 0.03400
~5-0 0.03550 0.03500

ArseniouasutpMdesolandethyl alcohol

Arsenioussulphidesolandmethyl a!eoho!

TABM5III

Temperature3S°C.

TABLEIV

TABLEV

Arsenious sulphidesol

Methylalcohol Ethytateohot
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From the above tableswesee a paratlelismbetweenthe diminutionof
chargeandcoagulatingconcentrations.At25%ethyl aloohol,thé coagutatmg
concentrationof HC!increasesa littlealthoughit is lessthan the coagulating
concentrationof HC1aloneandthan that m presenceof :.s% ethyl aloohol.
Thedieteotncconstantsofmethylandethylalcoholsaregt.gand 20.8(i8"C)
respeetivetyandtheir surfacetensionsare 33.02and 22.03(zo"C). That at
higherpercentagesthe sol in presenceof ethyl alcoholtendsto be stabilised
showsthat the effectofsurfacetensionis beingfelt there.

Po<eK<~neartheco<!{jfM&!<~coKcen<ro<~oM.
The followingtablecontainsthe migrationvelocity involts per cm. per

unitpotentialgradientnear the coagulatingconcentrationof thé electrolytes
(obtainedby cataphoreticexperiments).

From the slopeof the curvebetweenthe rate of migrationand the con-
centrationit wouldappearthat the différencesin thé rateswillpersist up to
thecoagulatingconcentrationin agreementwith the considerationsset forth
in the introduction.

Conclusion

(i) Meaaurementsofthécoagulationpotentia!o~Ast8tSolwithpotassium
ohloride,bariumchloride,andhydrocMoncacidhave beendonc. The poten-
tialwithuni-univalentelectrolytesishigherthan that withbarium chloride.
Anexplanationis advancedthat the interfacialtensionat the colloid-liquid-
interfacebeinggreaterin the caseof thesesaltsat their precipitationconcen-
trations,theyshouldshowhighercoagulationpotentials.

(2) It has beenshownthat adsorbabilityas measuredanalyticaUyand
coagulatingpowerdo not go hand in hand. Explanationsbased on the
changeof dieleotricconstantand interfaoialtension havebeen advaneed.

(3) The effectof dieleotricconstantbas beenshown,by measurements
of the rate ofmigrationofarsenioussulphidesol in presenceof hydrochlono
acidwith methyland ethylalcohols,to be, in general,to sensitisethe sol.

Mybestthanksaredueto Prof.J.N. Mukherjeeforhisadviceand facili-
tiesfor work.

P~<<ca<CAem<<<r~MK)n!<<H~,
!/nM~)-eQyCoBe~e~Nctence,
C<MCM«0.

TABLEVI

Eteotrotyte Rate ofmigration

HCtN/40 38X10'
KCtN/30 36X10"
BaCI, N/8oo 27 X io"



BY NORMAN W. KBA8B AND BILL MACKEY*

Theremarkablegrowthof industriesbasedon thefixationof atmospherie
nitrogenduringthepast nfteenyeantbas fewparal!e!sin hiatory. In tpio a
total of 9000tonsof atmosphericnitrogenwasfixed;theproductionrisingto
600,000tons in 1995. Ofthe 1925production,6.7percentwereSxedbythe
arc procesa,30.3percentby thé cyanamideproceœand 63 percentby the
directsynthetioam'moniaprocess. Present devetopmentsolearlyshowthat
the lastnamedwillfurther increasein popularity.

Acarefutconsiderationof the synthetioammoniaprooesswiUinciteinone
a feelingofdoubtthat thelast wordhasbeensaidorthat futuredovelopments
willbeonlyunprovementsin the detailsof existingprocesaes.Researchand
developmenthavecarriedthe operationsinto the fieldof high temperatures
and extremelyhigh pressures. Enormousteehnica!diniouMeshavebeen
overcomeand eontinuedsuccessseemscertain. Whenit is realizedthat the
micro-organismsin the soi!fixatmospherienitrogenat normaltemperature
andpressureona scalefarbeyondwhatwe mayhopeto attain commerciatty
in thenearfuture,it seemswellto givethought to othermethodsofattacking
the generalproblem. In particular is it désirableto exhaust the obvious
possibilitiesofexistingdata as a guideto future research.

Practicallytheonlyavenueby whiohwe can approachthe generalprob-
lem of nitrogennxation is that of thermodynamics. The principtesand
methodsofthissubjecthavereceivedwideexploitationin severalbranchesof
chemistryanditspotentialusein enablingpredictionstobemadewithregard
to ohemicalreaotionshasbeenablydemonstrated.,ThéweUknownprocedure
of derivingnew equilibriumdata by the combinationof severalknown
equilibriaisthemethodemployed. Anattempt hasbeenmadeto indioateto
whatextenta givenconclusionisunreliableby pointingout, for example,the
range of extrapotationof data and the assumptionsinvolved in a given
caloulation.

A considerationof nitrogen-fixingreactionsmay wellbeginwith thosein
winchoxygenis concerned. The manyimportant compoundssuchasnitrio
acidandits saltsareof major importancein modemindustry. A glanceat
the data showingthe freeenergyofformationof the nitrogenoxidesreveals
the fact that aUare unstaMeand tendto décomposeand uberatenitrogen.
Thedata at ordinarytemperatureandpressureare asfouows:–

(i) 1/2Na + 1/3 Oit= NO(g) AF°Ms= 20850
(a) 1/2N. + 0, = N0~(g) AF~M,= 11920
(3)N2+ z0, = N,0<(g) AF'M = 22640

DepMtmentofChenuetry,UniveMityofHirnoM.
LmmandRandaU:"TheHNodynamicamdtheFMeEnN-gyofChemicatCompounda".

NEWHIGH-TEMPERATUREFIXATION REACTIONSOF
NITROGEN
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Investigationof thesereactionsover a widerangaof températureshowed
that NObecomesmorestablewithrespectto its élémentsat veryhightem-

peratures. Thearc processofnitrogennxationdemonstratesthe foasibuity
of estabushingequilibriumat a high temperatureand by suddencooling
producesa gasat ordinarytemperaturecontainingvaatlymorethan iteequi-
libriumconcentrationofN0. ThestowrateofdécompositionofNOat room

temperaturemakesit forall ordinarypurposesa stablecompound. Thearc

processusingair asa sourceofnitrogenand oxygenyieids a gas containing
fromtwoto threepercentNO by volume. Thisdilutegas is scrubbedwith

wateror alkaliandtheprocessyietdsdilutenitrioacidor a nitrate. Muohof
the costofproducing6xednitrogenby the arcprooosaresults fromthe neces-

saryuseof dilutenitrosegasforabsorptionin wateror aUtaU. Proposabto
increaaetheconcentrationofNOinarcgasbytheuseofenrichedairor bythe
useofN: andOtin thestoichiometrioproportionshavebeenmade. Calcula-
tionsonréaction(t) oanbestbemadeby useofthedata obtainedbyNemst'

usingair. Table1showsthe concentrationofnitricoxidein percentbyvolume
at equilibriumasa funotionof température. Théresultsfrom 1811"to 2675"
absoluteare experimentalvaluesof Nernst usingair. The calculationsat

highertempératuresandthoseforstoichiometricproportionaofnitrogenand

oxygenweremadeusingthe relation':

(4) AF° = 21600 2.5oT

andthe relation:

(S) F° = -RTmK

Equation(4)is developed8fromthedata ofNernst,Thomsenand Berthetot's
valueof 21600caloriesas the heat of reaction,andthe assumptionthat the
heat capacitiesofOt,Nt and NOare the same. Theextrapolationis overa

rangeof about800°.

Before considering these results any further we shall discuss some results

obtained with another reaction for the formation of NO.

Z. anorg. Chem.,49, at} (!9o6).
"Ou!'attention bas beeneatted by one of the authom ofrecent data on the nitric oxide

equilibrium, (Briner, Bonerand Rotnen: J. Chim. phye., 2!, 788 (1926) ) to the fact that
a new free energyequationbas been developedby them on thé baaia of the newdata. This
catculat!on, it appears.involvesthe detenmnation of the constant in thé Nemet equation.
In our recaMutatton.wehâvefoUowedthé morerécent terminology of thermodynamiceas
iHuatrated in the pubtieationaof G. N. Lewia,and have pointed out the effect of the new
data on aeverat important retated equilibria. Thia latter wasthe primary purpose in pub-
lishing the recateutatedvalues."

Lewis and RandaU:toe.cit., p. 560.

TABLE1

Temp. PercentNObyvolume Temp. PercentNObyvolume
Air t/2 N, + 1/2Ot Air i/a N, + !/t 0.

i8n .37 –– 2675 2.23 2.86

M33 .64 .80 3000 3.47 45~

~195 .95 ––
3~00 4.27 S.Si

2580 2.0$ 2.62 3500 5-52 7-23
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Thiscaloulationis givenm more detailthan subséquentones. If wecorn.
binereaction(1)withthe reaction expressiagthe dissociationof CO.wegetthe reactiondesired:

;1ii

(i)iAN,+t/20,=NO AH, =21600; AF~a. 20850
(6) CQ, CO + 1/2 O. AH~ = 68100;AF~ =61750
(~ ~=' + CO. =NO+CO AH~,= 89700;AF~= 82600

ACp(i) o

ACp (CO+ t/2 Oz) = 9.75+ .ooïs T

_ACp (CO~= 7.00+ .ooyi T .00000185T'
ACp (7) = 9.7s .0056T + .oooooï86T~

Then: 89,700 AH. + 2.75X 298 (298)' +
-°~~6

(298)3 12 6

FromwhiehAHo = 80:37
AF = AH. 2.75T!nT+ .0028 T~ .00000031TI + IT
WhenT = 298, AF = 83600and 1 -7.09
ThenAF" = 89137 6.33T log T + .oo:8'F .00000031T' 7.09T

Substitutionin valuesof T which are of interest fromthe standpomtof
the arcprocesswefindtheresults shownin TableII.

Thedata in Tables1andII and subséquentonesare graphicaiïyshownin
Fig. i wherethe equilibriumpercentageofNOis plottedagainstthe absoute
temperature. It is seenthatthe use ofN. and0, instoichiometrioproportions
resultsin comparativelylittle improvementover thé use of air in the arc
process. Theuse ofCO,andN2in the arc,however,shouldyielda gascon-
tainingat leasttwieeas greata concentrationof NO as that obtainablefrom
Ni,and 0,. This is contraryto the experimentalresultsof Muthmannand
SohaidhauPwhofoundthat mixtures of Neand 00: gavethe sameyieldof
NOasmixturesofN. and0:. The conditionsof their experiments,however,
werenot exactlythoseobtainingm an arcand further tests seemdesirable.
It shouldbepointedout that the conclusionsof thermodynamiecalculations
donot indicatethat a givenresult wiUbeobtained-they merelystate what
resultis the true onebasedon establishmentof true equilibrium.

1Z.Eleotroehemie,t~,497(t~tï).

TABLElI
T K %NO

41920 2.64X io-< .32
18580 .0444 io.88

~00 6602 .~72 ~.yg
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Nitrogen,Hydtogenand Carbon

The réactionsof nitrogenand carbonwith and withoutthe presenceof

hydrogenareofconsiderableinterest. Theformationofoyanogenand hydro-

eymicacidarerepresentedby thé followingéquations:

(8)Ns+ 2 C(gr.) CjjNt(g) AF'!M= 9~000

(9) !) N~+ 1/2 HI + C (gr.) = HCN(g) AF~M= 28910

Thedata aretaken fromLewisandRandalli. The data for reaction(8)
involvesomeuncertaintiesfor the valueofthe heat of reactionwhiehis finally
estimatedas~2,000.The data for reaction(9) are obtainedby combination
ofabouttwelveequilibriummeasurementsand comparewellwiththe direct

experimentalvaluesofvonWartenburg~.Théuseof reaction(8)seemstobe
withoutpromiseat any temperatureandaccuratecalculationsof the change
of free energywith the temperaturecannot be made. Attempts by von

Wartenburgto form cyanogenin an arc operating in nitrogenhave failed

entirely. Apparentlycyanogenis completelyunstable at all temperatures.

'Loc.cit.,pp.590,599.
'Z. anorg.Chem.,52,~9 (!907).
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Themeasurementsofvon Wartenburgon nitrogen,hydrogenand oarbon
permit the formulationof the freeenergy-temperatureequationon thé as-
sumpttonthat ACp iszero. Thisequationis:

(to) AF" 32000 10.3T

Theexpérimenta!data of vonWartenburgaregivenin TableIII.

Usmgequation(10)wehaveca!ouiatedthe equilibriumconcentrationsat
températuresupto 3Sco"K,an extrapolationofalmostt<oo".Thécatcu!ated
resultsare givenin TableIV.

ApparentlytheuseofNt andH: inanarcstruckbetweencarbonelectrodes
or the useof mixedN<and H, passedthroughgraphiteusedas the resistorof
anelectriofurnaceshouldresult in théproductionofgascontainingsignificant
quantities of HCN.

NitrogenandMeQume J
The use of nitrogenand hydrocarbonBat elevatedtemperaturessuch as

are obtainablein the electricarc fumiaheafurther interestingspéculation.
In the caseof methanereliableequilibriumdata existforits formation"from
the elements. Pring and Fairtie*have measuredthe equilibriumpartial
pressuresfor thereaction:

(11) C (graphite)+ xH, = CH. (g)

Theserésulte bavebeenconsideredby Lewisand Randall'and the free
energy-temperaturerelationdeveloped..If weproceedasfollows:

(M) CH4= C (graphite)+ aH,
(9) 1/2 N, + 1/2 Hs + C (graphite) = HCN(g)
(ï3) Nt + CH4= HCN + 3/2 H:

J.Chem.Soc.,lOt,91(t~M).
'toc.eit.,pp.57t-g72.

TABLEIV
T ~F° K %HCN
~98 28910 S.tXïo-

"Ï700 i~Xto-* .00093
~ooo n~oo .0~ ~yg
3°oo 1100 .i 29.4
3500 -4050 i.ySs 47. a

TABLE111
T

TABLEIII
PercentegeHCN

~908
M2$ j~
2148 3.13148
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Theadditionof the freeenergyéquationsfor reactions(12)and (9)givesthe

freeenergy-temperatureequationfor reaction (13)asfoUowa:

(14) AF' = 48,300 ïg-iS T logT .0008T

+ .0000002T*+ ïS.7 T

Calculationat a numberof temperaturesyieldsthedatashownmTableV.

It is seenthat, if equilibriumis establishedat aooo°or above,a gascon-

taining40percentofHCNand60percentof H) willresult. This temperature

permitsthereactionto be carriedon in other apparatusthan the arc fumace

and makespossiblethe employmentof catalysts for the establishmentof

equilibrium.Muchworkbas beenreported on differentmethodsofoausing

nitrogenandhydroearbonsto reaetandonsuitableapparatusfor thispurpose.
Thereis noquestionbut that the reactionoffersextremelyinterestingpossi-

bilities.

Nitrogenand Acetylene

Sumcientdata forestimatingthe resultsof the hightemperaturereaction

of nitrogenand acétylène'exist. Combinationof the followingrelations

permitscalculationof the yieldofHCN:

(t5) CJI, = C + 1/2 H; AF" = -27200 + 5.4T

(9) 1/2 Ht + 1/2N, + C (gr) = HCN(gas) AF" = 32,000 10.3T

(16) T/2C,H,+ 1/2 N~ HCN(gas) AF' = 4800 4.9T

Substitutionofappropriatetemperaturevaluesyieldsthedata inTableVI.

This réactionis of obviousinterestand deservesattention fromworkera

in the fieldofnitrogenfixation.

1FMNCM:M. EnR.Chem.,20,279(t~S).

TABLEVI

Temp. Kp %HCN Temp. Kp %HCN

298 .00363 ..oi8 3000 5.zs 72.3

1000 i.os 34.4 35oo 5.88 74-7

2000 3-5~ 63.8

TABLEV
T AF" K %HCN

298 41720 t.SX M' ––

1000 !78oo .000132 i.o

zooo –aaii8 269.2 39.4

3000 -64?48 54,830 40

3soo -85268 223,900 40
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SuBMBMV
Severalnew high-temperaturefixation réactionsof nitrogenhave been

inveatigatedwith the aid of thermodynamics. In the caseof nitrogenand
oxygen onlya comparativelysmall moreaMia thé concentrationof nitrio
oxideresultswhen stoichiometticproportionsare usedaa comparedwiththe
result usingair. The reactionof nitrogen and carbondioxidein the arc
should producea concentrationofnitnc oxidemorethan doublethat when
air is used.

Three reactions of nitrogen yielding hydrooyamoacid appear to be
promising. Nitrogen, hydrogen,and carbonshouldyieldconcentrationsof
HCN exceedingfifteenpercentat the usual arc furnacetemperature. The
Interactionofnitrogenand methaneto formHCNandhydrogenis eomptete
at 2000°absolute. Thecombinationof nitrogenand acetyleneto formHCN
is quite markedat relativelylowtemperaturesand shouldyielda gascon-
taining almost70 percent HCNby volume at the arc furnacetempérature.



THE EFFECT OFSALTSONWEAKELECTROLYTES*

II. Calculationof OverlappingConstants'

B~HBNRY8.8!MM8

Introduction

Toavoidmakingthe precedingarticle~toolongit seemsbetterto present
in a separatopaper the potentiometriotitration data of polyvalentacide,

and to explain the methodof calcuiatingthe titration indicesof those

polyvalentaoidNwith overlappingcoBStants.

Ina previouspapet*a methodwasgivenfor calculatingtitration indices

whiehoverlap. Thismethodis accurateonlywhenthe ioniostrengthis the

Fmti
Citric aoid titration curve. The dotted curve représentathe theoretical ourve at zero

ionio
BttOMth

(inanité dilution). Curve i Mdirect titration with NaCt, a, in the présence
of "(!itute"MgCb; 3, in the présenceof "con~entrated" MgCl.. SeeFig. 6.

same for aU the data. We will review this method, as applied to a divalent

acid, below. In the Btudy of activity coefficients it was neeessary to devise

a method to calculate accurate titration indices from data with various ionio

strengths. This will abo be presented below together with data on several

.divalent acids and one trivalent acid. An example of such data is found in

From the Department of Anim~ Pathology ofThe RockefeNerInaUtutefor Medical

Resemeh,Princeton, N. J.

'Thé tenn "overtappm~' constante (or indtcea)in disHneMonfmm "isolated" constanta

is used whenthe titration indicesare lésa than t.s indexunita apart, Thns PQt' Pot
0.66forazetaioacid (at an iomostrength of o.ot~); hencethe constants are "overtapptnt..
On theother hand the differencebetween the titration indicesof oxaticacidM3.03,and thé

eoMtanteor indices are "isolated".

'Simms: J. Phys. Chem., 32, nzt (t~S).
8imma: J. Am. Chem. Soc.,49, 1~39 (t~zô). See corrections in footnote t of the

precedingarticle.
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Fig. i for citrioacid, whichillustratesthe magnitudeof the eKeetofsalta.
Thesedata canat presentbe calculatedonlywith the useof the mothodde-
soribedin sectionIII.

n. Reviewof Methodof CatcuhtioaofTitrationIndices ofa DivalentAcid
fromDatawith ConstantlonicSttMgth

ftra<–Ptot the experimentalH+ ionindices(Pa) against the corrected
équivalenteofbase4(b'),

(~4)

(asin Fig. ï of the abovepaper3)andestimategraphioallythe approximate
titration indice~ (?< and Po/).

Second-For eachexperimentalpointin the bufferrangeof the titration
indexwhichwewishto oalculate(sayPô,') subtract the H+ ion index(Pa)
fromtheothertentativetitration index(Po/) and catoutatethe corresponding
a value(«t) fromthe equation

Pa Pc log- (t – «

Third-By aubtraotingthisvalueofai fromb' weget«;, since(fromï 33)
b' ° <Xt+ as (:)

~OM~–The titration index in question(PQ/) may be calculatedfrom
as byEquation i.'

Thiscaïcu!ationis madefor all pointsin the bufferrangeof the titration
indexin question(Po/) and the averageof these indexvalues may be used
(in placeof the tentative value) to calculatethe other index (Pa,) by re-
peatingthe process(i.e., calculateof:forpointain the lowerbutter range;
subtractthem fromb' to get«t;and calculatePo/ from«t).

'Whenfp-eatacc~Myisnotrequired(orwhenthecorrectionismnaU)theactivities
BMtdoanMybeusedinptaceofthecomcemt.ra~omtMdo&:

'~t~Mv.Mc.

~–<t H–OH6
"+–.– (appfMMMtdy) (ig~

ThenotationistheeameaainthepMviousMt)dee.
6'='correctedequ!vtt!entaofbase.

(6–<t)/c– equivatentaofbase.(b
&='mo!arconeentrstionofstrongbase.
.= "~Mid.
J"'

rr

~hyd)-ogenion(H=.Mtivity).
=

»
hydMxyt ion (oa =

MtMty).

ThmmaybedonemosteaaihfwithapapermoMeuttheshapeofa typteatmonovalentd~cMhoncurve(Equationt ).Valuesoftoga/(1-<t)forvariousvaluesof«maybefoundinW.M.CtMk:"ThéDetennimtionofHydrogenIons",p. 460(19~). TMapapermoldshouldbeappliedto theupperandlowerPMKofthetitrationourveandthétwocurvesdm~ (.wtthnened)insucha waythat theaumofal and«t of the twoourvesshould
equal&(ofthémpenmentalcurve)ateachPa. Thecenter(«=-o.s)ofeachofthèsemono-valentourveswillthusgivea tentativetitrationindexwhichmaybeusedinthesuceeed.
mgstepf).

ThismaybeobtainedeaeUyfroma largeaeateplotof<tagainatlog«/())-«) (tteefoot-note5).
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For bases,ampholytesand substanceswith morethan twooverlapping
indicesseethe abovepaper,'p. 1245.

If the calculatedindicesdiffermatenaUyfromthe tentative ones,the
process shouldbe repeatedueingthe oaloulatedindicesto obtainmoreae.
curato values.

SueemicAcid

If, as is likelyto be thecase,the ionicstrengthisnot constant,the titra-
tion indicesfoundabovewillnot be correctand the methoddesaribedbelow
may be usedto obtain moreaccuratevalues.

m. MethodofCaîcaMon~THmthm IndicesfromDataat Different

Ionia Strengths
For this procédureit isadvisableto have data overa widerangeof ionic

strengths (belowo.z~) inthepresenceofunivalentions,uniessthesubstance
is sufMentty similarto thosewhichwe have studiedto permitestimating
the slopesof the curves.

Ftrat–Obtain approximatetitration indicesby the method described
above.
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Second–P!otthèse indicesagainstthe squareMot of the ioniostrength
(~/ft) anddrawstraight Unecurvesthroughthe data foreach index(below
0.1~.

TAM–At the valueof of eachexperimentalpointin the bufferrange
of a giventitration index(say Po/) obtaina tentative valueof the other
index(Po/) from its curvein the aboveplot.

Fourth-With this sénésof PQ/ valuescalculatethe Pc/ values by the

procédurein Section II and plot themonthe aboveplot and draw a !ine

throughthe revisedvalueof Po.

Fto.5
AzehdeAcid

(Thepointsrepresentaveragevalues).

F~–Obtain Po/ vatuesfromthialineat thevaluesof of the points
in the lowerbuffer range;calculatePo/ valuesfromthese;plot them and
drawa Hnethrough them.

jSM~–Ifthe abovecurvesare satisfaotory,obtainfromthemthe values
ofPô, jPo,' at the ofeachpoint. Fromthesethe valuesof Po/ – PK/
(or PK/ -Pa.') may beobtained fromthe lowerourve(extendedif neces-

sary) ofFig. a of the first paper.3 Thesewhensubtracted (or added) to
Pa/ (or?<“') give PK/ (or PK/).

SeMn<&–Thedissociationindices (PK/ and PK/) whenplotted against
\t shouldgivestraight linecurveswithslopesagreeingwiththosepresented
in thisarticle.*

Thèseourvesshouldnotbeperfectlystraightlines.If thedissocmtionindices(P~')
areaMMarfunctionof V«,thetitrationindices(PaOwillnotbelinear,eincetherelation
betweenthedissociationandthetitrationindicesisnotHneM.'Howeverthereia little
errorinaNuaungthecwrvestobeetraightindilutesolution.

ThelasttwostepsmaybeperformedonaveragePô'valuesforpointsclosetogether
andtheaveragefK' valuesthuscalculatedmayb~!ottedagainstaverageV?vatueafor
thesepoints.
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The slopes indicatethe extentof agreementor disagreomontwith the
Debye-Hüokelequation. Thedéviationsobservedin the data in this article
arediscussedin the previousartiole.

E
IV.EstinMttonofÏonicStfeagth

If a monovalentaoid is titrated direotty withstrong base the ionic
strength is givenveryctosetybythe equation:

~t=~C (,)The same formulaappliesto PQ/ of an "isolated"polyvalent acid
(~<i.o).

Between&' = i andb' = 9ofan isolatedpolyvalentacidthe ionconcen-
trationsandvaluesofM'"are asfotiows:

N~+H~ =. &
i

HA ° ~<)e (~&')c
`

(6')c ~).
Totat = [~(2')Jc

Hencein this rangeofb':

!&' (2' -a)
~.–––~–––~c

C (~

andinthespecialcaseofaveryshortaeidwherea' =. 4 weget:
~=(a~-i)c (~)

Between&'= 9and6' 3weSnd:
-=)C (4a)

N~+H~
i

1

& (3.3'-9'&')e° ~-it). (3~a.a.)Totat [(t+9.) + (3.9.)~

Hencein thiarangeof&' j

~(~+3'+~ ci~
(I + 3*

2 a
~i-3.a*

a.3'C
<

and in the veryshortacidwherea' = 4and3' '=' 9 weget:

~=3(~-i)c (~)
In the presenceof alt, the valueof of the sait muet be addedto the

abovevaluesto obtaintota!~tofthesolution.
The aboveequationsare correctonly for acidewith Mo~otedconstants.

We are here interestedin thosewith overluppingconstants. For a correct
calculationof the concentrationsof the variousionicspeoieswewouldneed
to use the equationsfora divalentacid.

1
<C-~

(~

~(I -«~+~*(~-a~) S(01'+Ot') (r)-O-.)

<< =. C.'C,' (s)d z' Al t** a
(a + Ot') (a + C,')
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and similarequationsfor higheraoids. However,this wouldbevery oom-
phcated. Fortunatelyit is unnecessarysineein this partioularcase it will
not causeappreciableerror to assume"that p i «t as,thatm = ai,and that ==a~.

As examplesofthe useof Equations4 and 5, azelaioacid (~ = la.t À)basa valueof2' = z.6,hence betweenb' = i and2equa!s(1.3b' o.3)c.Citricacid (mean = 7.4)bas valuesof = 3.35and 3' = 6.5; hencebetweenb' = i anda equals(t.6 b' 0.6)0,andbetween&'= a and 3 the
valueof is (2.1b' t.6)o.

Aeparticacid.Theiaoeleetriopoint~o.7 2.96)hasa elopeof -0.911Asparticacid.Théisoetectncpoint(P, ~.06)basa atoneof -o oo
wtthe:therNaCtorM~Ct,.

V. Experimental
The experimentalconditionswere describedin the precedingpaper.Thedata arepresentedinTables1 to VIandareplottedinFigs.to 7.The titrationcurveofcitricacidwithoutsalt andin thepresenceofMgC!~s givenin Fig. i to illustratethe extent of the effectof salts. Thedotted

curveis that calculatedfor the hypothetiealcaseof zeroionicatrength(in-finitedilution).
It will be observedthat malonieacidwas titrated a!soin the presenceofMg80<and K,SO<.The diluteand concentratedsolutionshavethe same

respectiveionicstrengthsas thoseofN&CIandMgCt..
The measurementsreportedin this andthe precedingpaperweremade

byMjas VirginiaRowland.

qm~~S~ propertyofoneionicapecies,however,thisMsumptioawouldbequiteincorrect.
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TABMÏA

OxaticAcid (o.osoomolar)

S&tt PK ~? f Pa,'8alt Pu
c

b` Py` v Il

C.-M~Ch t.g~t -0.400 0.696 0.960 0.355

D.-MgCh '33~ -.400 .668 !.o82 .297
Nosalt !.343 -.400 .664 t.046 .M6

D.–NaCt '335 -.400 .66! t.o4s ~7
C.-NaCt 1.323 .400 .69: 0.971 .355

C.-MgCh !.394 -.aao .727 968 .34~

D.-M~Ch t.403 .zoo .708 t.ot7 ~z

Nosalt 1.418 –.soo .676 t.098 .MS
D.-N&0 1.408 -.zoo .697 !045 ~82

C.-NttCt 1.394 -.zoo .727 t.o68 .342

No salt !.50: o .7~ t.087 .!78

C.-MgC!, t.565 0.200 .?6 0.888 .336

D. -MgCl, !.s85 .200 .796 .994 .?73
Nosalt t.606 .zoo .768 1.085 .t93
D.-NaCt t59o .200 .790 t.ot4 273
C.-NaCt t. 582 .200 .802 0.975 .336

TABLE1B

OxalieAcid (0.00953molar)

Sait Pu ~–?
a

{,' p~
$

C.-MgCtt 25t3 0944 3*4 s.853 0.299
D.-MgCtt 2.6t8~ .944 t.a:8 g.t~a -2t8

Nosa.tt 9.96: .944 t.oyo 4.086 .!0t

D. -NaCI 9.92$ .944 t.084 3.965 .2t8

C. -NaCI 2.885 .944 t.tM 3.831 .292

Nosatt 3~M 1.048 t.t2! 4.072 .104

C.-MgCt, 2.682 .tS4 t.4M a.84! .295

D.-MgC!, 2.837 .t54 t.330 3.t45 .223
No Mit 3.44s .tS4 t9S 406: .ns
D.-N~Ct 3.345 .t54 t.zo9 3.924 .223
C.-NaCt 3.977 .154 t.2t9 3.829 .295

C.-MgC!, 2.782 1.258 1.463 2.846 .298
D.-MgCt, 2.97' 258 t.39' 3 '64 .227
Nosalt 3.671 1.258 t.283 4076 .M7
D. -NaCI 3553 ~58 '294 3934 227
C. -NaCI 3.468 .258 t.~ot 3835 .298

C.-MgCh 2.902 .364 t.5'8 2.87! .302
D.-MgCt, 3 "3 1.364 1.46o 3 '82 .23!
NofxJt 3853 364 t98t 4064 .t30
D. -NaCI 3734 364 1387 3934 23!
C. -NaCI 3634 364 t39~ 3825 .302
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TABM1 B (Continued)
OxaMoActd (o.oo9S3motar)

Salt pu
c

~{' 1.468 'W -sesD.-MsCls 3-3" 1.468 1.532 3.237 .236
:S :3: ~:s .137D.NaCI 3.908 1.468 1.485 3.934 .236S'~
:S :? :X

S'SN' ~5 ~.90) .308

°,'y'
3.479 .574 .6,s 5 3.~5 .~o

S"
1.574 4.058 .,43

s'is
::s :s: 3.930C. -NaCI 4.005 1.574 1.587 3 851 .308

C.-MgCI, 3.353 1 678 1.734 2.912 .312
D;:XS

S 3.306
N.~t 4.~7 1.678 <8; ~;S
~NaC

678 1.685 3.~ :44C.-N.Ct 4.~t 678 687 3849 .3~
C.-MgCl. 3.585 784 8!6 2.937 .3,5
D.-Mt;Ct, 3.~ 798 ~w M8Nosalt 4.6,6 784 787 4:S .157D.-NaCI

3"M ~8C.-N.Ct 4.431 1.784 3.860

to.66 ~.o<)8

TABUtIIA

Titrated not only

MMon!cAoid (o.otoo molar)
TttMted not only with NaC!and MgCt, but abo with K,SO<end MgSO<

n, 6-n EeMma.ted
Bat -Y'

«. Pe/c
NomJt e.so6 0 o.~ $670000! o~n 2.859 0.056
Nosalt 3.782 S.657 .468 3.837 .068
f-"M~' .499 S.'84 ~4 .495 a.769 .~5
Sl~S 2.738 .300 -S .~6 ..7.3U. N~ ..76ï .300 .499 s.4M -Ma .497 ,.766 .205
DM~ S~S .CM .5,0 a.7~6D.-MgSO4 S.~5 .003 .479 3.836 .5C.-M~O< ,.84~ .300 s,co .o<~ .463 2.906
~I~ .300 .459 ..933 ..osM~Y 5.454 .003 .446 ..g.! ..a.No~it ,.788 .300 .467 5.657 .oo..466 ..847 .068
S'~Ll

S.646 .00..59. ~.888 .077D.-MgŒ, 2.976 .goo .6~ 5..75 .oo6 .6.5 ..773 ..o8
n'M~r ~7M .284D.-N.Œ ..978 .soo .6.t 5.491 -003 .6,8 ..769 ..o8nM~ S~ ~5 3.736 -.84?" S..68 .006 .60.85.o8C.-MeSO< 3. g~ .284-r"~ S.5.7 .003 .597 ..888 ..o8Nn' 5.45..004 .59' ..933 ..84Nosalt 30t5 .500 .6o! 5.646 .OM .599 ..84! .077
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TABM)II A (Contioued)

Satt Pa
o

b' Pc,' a, «, PG/

NoMtt .).M8 .700 .749 s-634 .005 .~4 2.875 .087
D.-MgCt) 3.274 .700 .760 s.t6<t .otg .747 2.804 .2~

C.-MgCI, 3.233 .700 .769 4.963 .ot8 .75: 2.754 .287
D.-NaCt 3.293 .700 .75!} 5.487 .oo6 .752 a.8t2 .~z
C.-NaCt .66 .700 .764 5.399 .ot: .752 2.785 .387
D.-Mg80< 3.337 .700 .753 5.259 .otz .74: z.88t .212

C.-MgSOt 3.323 .700 .756 5.090 .0:7 .739 2.87! .287
D.-Kt80< 3.372 .700 .749 5.5~ .007 .742 2.913 .2~
C.-K,SO< 3.387 .700 .748 5.449 .009 .739 2.935 .287
Noeatt 3.350 .700 .748 5.634 .005 .743 2.889 .087

TABM!11 B

Malonie Acid (o.otoo molar)

;“ B~timated

Salt PH ––a
b' Pô,' «t Pc,' V~

NOMtt 4.460 t.!00 1.004

Noaatt 5.20t .300 t.30t 2.823 o.996 0.30$ 5.559 o.n6
D.-MgOt 4.748 .300 1.302 2.744 .990 .312 5.092 .23;
C.-MgCt, 4.482 .300 x.304 2.699 .984 .320 4.809 .302
D.-NaCt g.too .300 ï.30t 2.766 .995 .306 5.456 .23!
C. -NaCI 5.022 .300 t.301 2.728 .995 .306 5.378 .302
D.-MgSO< 4.836 .300 t.302 2.845 .990 .3!: 5.t8o .23;
C.-MgSO< 4.670 .300 ï.303 2.830 .986 .3:7 5.003 .302
D.-K.80<. 5.t35 .300 ï.30t 2.9'c .994 307 5489 .23:
C.-K,80, 5.083 .300 t.3ot 2.9:5 .993 .308 5.435 .302
Nooalt 5.23! .300 1.301 2.823 .996 .305 5.589 .tï6

Nosalt 5563 .500 t.500 2.8:5 .998 .502 5.560 .~t
D.-MgCt, 5.n8 .500 1.50! 2.739 .996 .505 5.M9 .240
C.-MgCh 4.864 .500 1.502 2.695 .993 .509 4.848 .308
D.-NaCt 5.436 .500 ï.500 2.762 .998 .502 5433 240
C.-NaCl 5.364 .500 t.5ot 2.725 .998 .503 5.359 .308
D.-MgSO< 5.208 .5oo t.50t 2.844 .996 .505 5.199 .240
C.-MgSO< 5.025 .5oo t.50t 9.830 .994..507 5.0:3 .308
D.-K,SO< 5.485 .500 ï.5oo 2.91I .997 .503 5.480 .240
C.-K,SO< 5.430 .500 1.500 2.916 .997 .503 5.425 .308
Noeatt 5.570 .500 1.500 2.8t5 .998 .502 5.567 .!4)

Nosalt 5.924 .700 t. 700 2.807 .999 .70: 5.553 .t55
D.-Mf:Ch 5.538 .700 1.700 2.734 .998 .702 5.165 .248
C.-MgCIt 5.260 .700 t. 7ot 2.692 .997 .704 4.883 .3t5
D.-NaCI 5.8!4 .700 1.700 2.756 .999 .70; 5.443 .248
C.-NaCt 5.738 .700 t. 700 2.72: .999 .70; 5.367 .3:5
D.-MgSO< 5.599 .700 t.700 2.84: .998 .702 5.226 .248
C.-MgSO~ 5.424 .700 1.700 2.828 .998 .702 5.05: .3:5
D.-KtSO< 5.846 .700 1.700 2.9n .999 .701 5.475 .248
C.-KtSO< 5.804 .700 !.7oo 2.9t6 .999 .70; 5.433 .315
Noaa!t 5.924 .700 t. 700 2.807 .999 .70! 5.553 .t5.<;
Nosalt 8.8 a.ooo z.ooo
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T~amHIA

SueeMoAcid (0.00984molar)

b-n Eetimated
salt Pu </ PQ/ a, Pô,' i/7

C.-MgCh 3.044 0 o.to8 5.!9o 0.007 o.tot (3.994) 0.274
D.-MgCt, 3.064 0 .~t 5.305 .006 .095 (404~) .t94
Nosfdt 3.091 o .o89 5.540 .004 .078 4.t6s .028
D.-Na.Ct 3.o6t o .!0t 5.350 .005 .096 4.034..i~.
C. -NeCI 3.0$! o .to8 5.~60 .006 .toa 3996 974

C. -MgCI, 3501 0.203 .Z4! S!S$ .019 -Ma 4.046 a??
D.-MgCh 3.541 .:o3 .~37 5.~95 .016 .Mï 4.oM .t99
Nosstt 3.609 .203 .M9 5.S!g -Ma at7 4.167 .047
D.-N<tCt 3.s4t .203 .937 5.345 .~4 .223 4.083 .'99
C. -NaCI 35" M3 -:4' S~S5 .M6 .MS 4.048 .277

C. -MgCl, 3849 .406 .424 S!8o .044 .380 4~55 !8t
D.-MgCt, 3895 .406 .422 5390 .039 .383 4.102 .204
No salt 3.984 .406 .4t8 5495 .M8 .390 4*79 064
D.-NaCt 3 902 .406 .422 5430 .033 .389 4 098 .204
C. NaCI 3863 .406 .424 5~50 040 .384 4069 .281

C.-MgCtt 4'ao .609 .6!9 5.t7S .08' .538 4054 .285
D.-MgCtt 4'7t .609 .618 5~85 .07! .547 4-089 .M8
Nosatt 4.~7' .6og .6!6 5.480 .059 .557 4'7! .078
D.-NaCt 4'79 .609 .6t8 533S .065 .5:3 4086 .208
C.-NaCt 4W .609 .6t9 5~0 .072 .547 4.055 .'85

C.-MgCt, 4379 .8M .818 5:70 .!39 .679 4053 .288
D.-MgCI, 4434 .812 .8t7 5~8 -M6 .69! 4084 .2t3
Noaatt 4545 8M .816 5470 .to6 .yto 4~55 -090
D. NACI 4450 .SM .8t7 5330 .t!7 .700 4081 .213
C.-NaC! 4404 .8M .8t8 5.a45 .1~6 .692 4-05~ 288

C.-MgCt, 4.606 t.o!6 t.ot8 5'65 .~7 80t (400!) .292
D.-MgCt, 4685 t.ot6 t.ot8 5~70 -ao6 .812 (4.049) .2:8
Nosalt 4829 t.o!6 !.n8 5455 -'9! .827 4'49 too
D.-N&CI 47'Q !06 t.ot8 5.325 .195 .823 4.042 .2t8
C. -NaCI 4.663 t.o16 1.018 5.240 .2M .808 4.039 .292

TABNtIII B

SuccinicAcid (0.00984moiar)
Estuna.ted

SMt Pu –
&' Po," at cj, Po,

C.-MgCt, 4.606 .ot6 .ot8 4.0400.786 0.~32 s.My o.a~
D.-MgCI, 4.685 .ot6 .ot8 4.080 .8ot .217 5.242 .8
Nosa!t 4.829 .ot6 .M8 4.J40 .830 .188 $-46$ .'oo
D.-N<tCt 4.710 .016 .M8 4.060 .~3 .sos 5.299 .2:8
C.-NaCt 4.663 .M6 .M8 4.045 .806 .~M 5.~34.
C.-MeC!, 4.736 .tt7 .Tt9 4.040 .832 .287 5.132 .~5
D.-MgCt, 4.8t9 .!t7 .n9 4.075 .847 .272 5.~47 .223
Nosatt 4.954 .ny .tr8 4.t3S .?8 .~o 5.43: .no
D.-Nad 4.848 .tt7 .n9 4.080 .854 .265 5.29: .223
C.-NaCt 4.797 .tt7 .119 4.040 .8$! .268 5.233 .295
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TABMIII B (Continued)

Satt PB
~°

6' Pô,' «t a, Pô,' V7

C.-MgCt, 4.998 .3:0 .322 4.040 .90! .42! s.tgy .30::
D.-MgC!, 5.088 .3:0 .322 4.075 9" .411 5~45 ~3t
Nosatt 5.237 .320 .322 4.!25 .928 .394 5.424 .127
D.-NaCt 5.125 3"o 407: 9'8 .404 5.294 .23:
C.-NttCI 5.073 .320 .322 4.040 .9!S .407 5~7 ~oz
C.-MKCt. 5~77 1.523 .?4 40M -946 .578 5'40 .308
D–M<;C!, 5.375 ?3 ?3 4070 .953 .570 5~ 240
Noeatt. 5.523 .5~3 5~3 4!~ .96~ .56! 54'6 .t4t
D.-NaCI 5409 5~3 5~3 4.070 .956 .567 5~9! ~40
C. -NaCI 5.353 -~3 ?4 4035 .954 .570 5-230 .308
C.-MgC!, 5.44! -~5 625 4-035 .962 .?3 5.t46 3'~
D.-MgCt, 5.539 6~5 625 4.065 .967 .658 52M ~44
NoNdt 5.685 1.625 1.625 4 "5 .974 65! 54'4 -'48
D.-N&C! 5.577 ~5 625 4065 .970 6:5 5~98 .244
C.-NaCt 55~' 1.625 .625 4.035 .968 .657 5~38 3'~
C.-MgCt, 562~ .726 .727 4.030 976 75' 5'4< 3'5
D.-MgCt, 57'9 .7~6 .727 4.065 .979 .748 5.247 .248
NoSatt 5.866 .726 .727 4.t!o .983 .744 5.403 .155
D. NACI 5.756 .726 .727 4.065 .980 .747 5.286 .248
C.-NaCI 5.698 .y26 .727 4.030 .980 .747 5.228 .315
C. -MgCl, s.86! .?8 .828 4.030 .986 .842 5.t33 .3t8
D.-M~t, 5.964 .828 .828 4.060 .988 .840 5.242 .252
Nosatt 6.100 .828 .828 4.tto .990 .838 5.385 .!6t
D.-NaCt 5.995 .828 .828 4.060 .988 .840 5.273 .25~
C.-NaCt 5.935 .828 .828 4.030 .988 .840 5.e'3 -3!8
C. MgCls 6.208 .930 .930 4.030 .993 .937 (5.034) .321
D.-MgCls 6.301 .930 .930 4.060 .994 .936 (5'36) .256
Nosatt 6.507 .930 .930 4.to5 .995 .935 5.347 .t67
D.-NaCt 6.304 .930 .930 4.060 .994 .936 5.139 .256
C.-NaCt 6.264 .930 .930 4.030 .994 .936 5.099 .32!
NoSalt 8.0 2.03!

TABMiIV A

AzelaioAcid (ooioo molar. i equivalentof baseadded to mother solution)

t-a Esttm&ted
Ewt pu

b a
bo FlotimatedMt Pn

a
6' Po/ al Po/ V~

C.-MgCh 4.247 o.soo o.soy 4.97:0 158 0.349 'tS'8 0.292
D.-MgCt, 4.286 .500 .so6 5.065 .143 .363 4530 .218
Nosa!t 4374 .500 .505 5.24' -!20 .385 4S78 -!oo
D.-NaCt 4305 .500 .506 5 103 .t37 .369 4S38 at8
C.-N~Ct 427' .500 .506 50:5 !50 .356 45~8 .29~

C. -MgCls 4462 .700 .704 4975 235 .469 45'6 29:
D.-MgŒi 4506 .700 .704 5065 .2t6 .488 4527 2!8
Nosalt 4604 .700 .703 5241 .i88 .515 4.578 -too
D.-NaCt 4522 .700 .703 5 '03 209 .494 4533 2t8
C.-NaCI 4484 .700 .704 5025 .223 .48* 4.517 292

C.-MgCt, 4.644 .900 .003 4975 -3!9 .584 4496 .292
D.-MgCls 4694 -900 .902 5.065 .299 .603 45!2 .2t8
Nosalt 4800 .900 .9<M 5241 .266 .636 4558 too
D.-NaCI 4.714 -9<o .902 5 M3 .291 .6n 45'8 .2:8
C.-NaCt 4.672 .900 .903 5025 .308 .585 4504 292
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TABusIV A (Continued)

Satt Pa po,' a, «', Pat' Virc

C.-MgCtt 4.7M t.ooo t.o<M 4.97s .367 .635 .292
R.-MgCh 4.787 t.oao t.oo: 5065 .346 .6~6 4.506 .t)8
Nosatt 4.90: t.ooo t.00) 5.~t .687 4.560 .too
D.-N~C) 4.8t6 t.ooo t.WM 5.M3 .34! .66t 4.5:6 .i!i8
C.-N&Ct 4.773 t.ooo t.o<M 5.M5 .358 .644 4.5:5

TABLEIV B

AzelaioAcid (o.otoo molar. 1 equivalentof base added to mother solution)

<“ Estunated
Sa!t fa –– &' Pat ctt Po/ V7c

C.-MgCit 4.739 .000 .ooz 4.5t8o.624 0.378 4.056 o.:o2
D.-MgCh 4.787 .ooo .002 4.551 .633 .360 5020 .2t8
Nosatt 4.902 .000 .oot 4.584 .675 .326 5.218 .too
D.-NaCt 4.&!6 .Mo .ooa 4.563 .64? .360 s.o66 .~8
C.-NaCt 4.772 .ooo .00: 4499 3SO 504"

C.-MgCI, 4846 -too .102 4.5:5 .68t .4~! 4.985 .295
D.-MgCh 4.893 .too -tôt 4.549 .688 .4t3 5.046 .223
NoMtt 5.0M .MO .!0t 4.583 .727 .374 5-234 '05
D.-NaCt 4920 .too .tôt 4.56! .695 .406 5.086 .223
C.-NaCt 4.880 .!oo .toi 4.497 .707 .394 5.067 .~s

C.-MgCh 5.04:: .300 .30t 4.sn .772 .s~ 4.992 .302
D.-MgCh 5.088 .300 .go! 4.546 .777 .594 5.046 .~t
Nosalt 5.Mt .300 .30! 4.578 .8o8 -493 5.~3 .n8
D.-NaCt 5.too .300 .go! 4.558 .78! .520 5.076 .~t
C.-NaCt 5.064 .300 .30! 4.49~ .788 .5!~ 5.043 .~M

C.-MgCh 5.~52 .500 .50! 4.507 .847 .654 4.975 .308
D.-MgC), 5.308 .500 .50! 4.543 .853 .648 5.043 .~o
Noea!t 5.42!t .goo .500 4.574 .875 .&!5 5.t99 .H8
D.-NaCt 5.323 .500 .soi 4954 .854 647 5.o6o .240
C.-NaCt 5~6 .500 1.501 4485 86! .640 5026 .308

C.-MgCh 5522 .700 .700 4498 .9! .787 49S4 3'5
D.-MgCt, 5587 .700 .700 4539 9t7 .783 5.030 .248
Nosatt, 5700 700 1.700 4.57' 93' .7~9 5 '77 ~8
D.-NaC! 5 6t4 .700 7<M 4.550 .920 .780 s 064 .248
C. -NaCI 557" 1.700 .700 4477 .925 .775 5.033 -3'5

TABU)IV C
AzetaicAcid. Catculattonof DiBSoci&tionIndicesfromAverageValues

Mt PG/ P<Pa/ Po,PK/ PK/ V~
C.-MgC!, 4.507 0.48 o.t2[ 4.386 o.~
D.-MgCh 4.~9 .s4 .108 4.4!! .:t8
No sait 4.568 .66 .085 4.489 .ton
D.-NaCt 4.599 .58 .099 4430 .~8
C.-Na.Ct 45!6 .53 .no 4406
S~t Pô,' PQ/-F-0/ PK/-PQ/ PK/ V7
C.-MgCh 4.07~ 0.46 o.M8 5.too o.3(M
D.-MxCb 5.037 .51 .!M 5.t47
Nosatt 5.208 .65 .o86 5.~94 .n8
D.-N&Ct 5.073 .54 .t(,8 5'78 .2j:
C.-Na.Ct 504~ -M -tto 5'Sa .3<M
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'5~ HEMBYO.MMM8

8slt Pg b--° b` Pos' as al Po,'
SM~ t' Po/ «J Po/

3.232 "'°~ '°~' 30950.032 0.657 t.948 o.29o
D.-MgC!, 2.228 -1.000 -32! 3.750 .~8 .6&! ~958 .2t8
Nosalt ~t 3834 .023 .626 2.002 .MO

°°° ~75~ ~S (2.o72) .zt8
C.-NaCt 2.232 -t.ooo .311 3.7~ .o~o .659 ï.945 .290

.800 ~7 3.695 .04! -7oa 1.g61 .a88
D.-MgCt, :.M7 .800 3.7so .096 .692 t.984 .~3
Nosalt 2.333 ~~4 ~S a!.M8 .089
D.-NaŒ 2.340 -.800 -g 3.~ .036 .689 ï.993 .2t3

'C.-NaCt t.940 -.800 -63 3 3.739 .038 .699 t.97~ .288

.600 .Mt 3.695 -OM .745 ~.003 .z8s
U.-Mg~t, 9.469 .600 .~to 3.750 .049 .741 s.ot3 .208

~.465 .6oo 3.834 .040 .727 ~.040 .077
n''M~! ~° 049 .741 Ot3 .208
U.-NaLt t.469 .6oo .aot 3.729 .est .748 t.994 .285

3.541 .500 3~ .064 .774 2.oo3 .~3
D.-MgCt, 3.54' -soc .t6o 3.750 .057 .783 ï.99~ .206
No~t 2.543 .500 .200 3.834 048 -7S~ a.oM .07!
?' .500 .t7! 3.752 .os7 .77~ ~.009 -M6
C. -NaCI 2.546 -soc .166 3.729 .o6o .774 a.009 .283

.400 3~S 075 .8t3 3.969 .28;
D.-MgCt, 2.6t3 .400 .,20 3.750 .067 .8t3 ~97; .204

.400 3~34 .056 .796 e.o~s .063
? ''M~ .400 ~ss .067 .8n (a.o8t) .204
~N&Ct 2.6t6 .400 .t09 3.729 .o7t .820 t.956 .281

C.-MgCt, 2.8t2 .200 .<M9 3.695 .us .866 2.002 .271
D.-MgC!, 2.8t7 .200 .025 3.750 .t04 .87: 1.9:5 .199
Nosalt 2.83! .200 -.049 3.834 .090 .86t 2.039 .045
D.-N&Ci 2.824 .Mo .028 3.752 .,05 .867 2.oo8 .199
C. -NaCI 2.89l .200 .023 3.729 .M9 .868 ~999 .277
C. -MgCl, 0 3.695 -tM .9!7 2.008 .274
D.-MgCJ, 3.073 0 .097 3.7SO -!73 .9~4 ï.9~3 '94
T' 3.U5 0 3834 .t6o .9t7 2.070 .028

308! o ..95 3.752 ..75 .920 2.ot8 ..94
L.N&~t 3.069 o .too 3.729 .t78 .922 1.994 .274

0.200 3695 .302 .953 s.034 .277
D.-MgCt, 3364 aoo .250 3.750 .290 .960 1.984 .199
Nosalt 3.430 .200 .238 3834 -e82 .956 2.045 .049
D.-NaCI 3.379 .200 .248 .~S' .997 (o.779) -ï99
C.-N&Ct 3.355 .200 .252 3.729 .295 .957 2.005 .277

Caloulationof DisMehttionïndieeefrom averagevalues,ueing equations£y.r

Sait
pa/ p~ p~~ p~~ p~ p~

1

"36o'89 3.065 4.598 5.939 3.o~ 4.588 59:6

~S. 4~ 3 °'4 4M? 4.748
~M~t' .2&5 .307 g.o~ ~o~ ~g~

(l!6-t9)
Q

TABLBVD
CitrioAoid.

TABU5VI A

AaparttoAcid (o.otoo molar)

&-a Estunated
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T*BM!VÏB

AapNtieAcid (o.otoo molar)

P

EstitMted
1 ~J-Mt Pa

a
61 Po/ al «t Pc,' V~p

C.-MgCb 9.8!: –0.200 -0.019 2.030.857 0.124 (3.657) 0.277
D.-MgCh 2.817 .200 .0:5 2.04 .856 .119 (3.683) .<99
Nosalt 2.83! .900 .049 z.05 .857 .094 3.812 .045
D.-NaCI 2.8:4 .200 .028 2.04 .858 .114 3.711 '99
C.-NaŒ 2.82! .zoo .023 2.03 .86t .n6 3 7M .277

C.-MgC), 3.056 0 .M3 2.03 .9'3 -'90 3684 .274
D.-MgC!: 3.073 0 .097 2.04 .9'S 'S2 37~6 -!94
Nosalt 3 "5 0 .077 2.05 .92! -!$6 3846 .028
D.-NaCt 308! o .095 2.04 .916 .!79 3.740 '94
C.-NaC! 3069 o .!oo 2.03 .9'6 .t84 37'4 :74

C.-MgCb 3.333 0.200 .255 2.03 .953 .302 3.694 .277
D.-MgClt 3364 2oo .250 2.04 .955 .295 3.739 .:99
Nosalt 3.430 .200 .238 2.05 .960 .278 3.843 .049
D.-NaCt 3.379 .200 .248 2.04 .956 .292 3.760 .t99
C.-NaCt 3.355 .200 .252 2.03 .955 .297 3.725 .277

C.-MgCt, 3.626 .400 .428 2.03 .976 .452 3.709 .281

D.-MgCh 3672 .400 .424 2.04 .977 .447 3.765 .204
Nosalt 3.746 .400 .4t9 2.05 .980 .439 3.85: .065
D.-NaCt 3.677 .400 .424 2.04 .978 .446 3.77: .204
C.-NaCt 3.660 .400 .426 2.03 .978 .448 3.749 .281

C.-MgCt, 3.937 .600 .6t4 2.03 .988 .626 3.7!! .290
D.-MgC], 3.98! .6oo .612 2.04 .989 .623 3.760 .2:8
Nosalt 4.032 .600 .6M 2.05 .990 .620 3.817 .!oo
D.-MaCt 3.979 .6oo .612 2.04 .989 .623 3.758 .2t8
C.-NaCt 3.957 .6oo .613 2.03 .988 .625 3.733 .290

C.-MgCh 4.347 .800 .805 2.03 .995 .8to 3.7~ .290
D.-MgCh 4.394 8oo .805 2.04 .995 .8M 3.76~ .2:8
Nosalt 4.465 .8oo .804 2.05 .996 -8o8 3.835 .too
D.-NaCI 4.40t .800 .805 2.04 .995 .8to 3.769 .2t8
C.-N~Ct 4.384 .800 .805 2.03 .995 .8to 3.75: .290

C.-MgCh 6.0 t.ooo t.ooo

D.-MgCh 6.tr t.ooo !.ooo
Nosalt 6.5 t.ooo t.ooo

D.-NaCt 6.0 1.000 t.ooo

C.-NaCt 6.3 1.000 t.ooo
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TABLEVIC

AspartioAcM (ooroomolar.équipent ofbaseaddedto mothersolution)

– p~. v~c
~"Mtt 6.77 ,.oco ,.ooo

S' 1~ 9~ "~5
D.-M:C!, 8.346 ,oo ,oo 9.20, .223Nosalt

9.84' .u.
?'lS if
~NaCI 9.679 ,.<~ ~6~

S' 8.407 ".009 .298
8.643 !.20. ,99 9.~8 .227Nosalt 9.~9 !co ,97 9.859 .n8

~"SS
9.744 .2.7~NaCt 9.067 t.aoo ,98 9674 .298

S" 1~"
9.0M .3~

9.~56
Nosalt 9.S04 ,.300 t.~95 9.884 .,<7D.-NaCI 9.373 ~7~ .~tC.-N.a 9.3,9 ,.goo ,97 9.694 .3~

S:
9.0~6 .3.5

M'gCJ, 9.064 ,.4oo ,.398 9.244 .235Nosalt
~S .,SS"~
".7SO .~35<NaC! 9.50, t.~oo ,.395 9.687 .305

C. -MgCl. S.979 ï.500 ,.498 (8.98a) .308
Nn~ 'S~ '498 (9o8o) .239Nosalt 9.939 ,.go. ~~6 .,4,
S'iSS

~NaCt 9.649 ,.goo ,.493 9.66i .308

9979 ï.600 ,.586 9.827 .,488
D.-N.a 9.867 t.6oo ,.589 97'o

r

.244
C.-N.Ct 9.8,7 ,.6oo ,.589 9.660 .3,,

Nosalt
9.8u -~5

r'~
97~ -~8

~Naa 9.9~9 ,.yoo ,.685 9.63, .3,5

M 3" '8oo ,.769 9787 -!6,
r''tj~

1.774 9.685 .252
0,-NaCt ,o.,67 ï.8oo 1.776 9.625 .3,8

Nosalt ,0.508 ,.9oo ,.85, 9.748 .,68
r"~

'~S (9.528) .256
~NaCI ,0.296 ï.900 ,.868 (9474)

No9&!t ,0.708 2.ooo ,.923 (9.62,) .,73
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VI. Summary
Whena divalent(orhigherpolyvalent)acidbas titration constants(G')

closetogetherthe titration indices(PoOcaloulatedbythe methodpreviousiy
describedare correct,only if the ioniostrengthis the samein allthe ex-

perimentalpoints.
With data at variousiomostrengthswemay Srst calculateapproximate

titrationindicesinthis way,thenplotthemagainst\~t, anddrawatentative
curveforeach index. At the valueofeaohexperimentalpointwe may
obtainfromthesecurvesa seriesofmoreaccuratetitration indices.These

may be used in catoutatingthe finalaccuratetitration indices,fromwhich
thedissociationindicesmaybeobtained.

These dissociationindices (P~) whenplottedagainst -<t shouldgive
approximatelystraight line ourvesin dilutesolution,the slopesof which
indicatethe agreementor disagreementwith the modifiedDebye-Hûckel
equationgivenin the previousarticle.

The titration curvefor citrieacid (Fig.i) demonstratesthemagnitude
ofthe eCeetof saltaona polyvalentacid.
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THE RATEOFEVAPORATIONOFMOLTENCADMIUMIN AHIGH
VACUUM*

BY ARTHUR A. 8UNÏER

In anotherresearohit wasnecessaryto evaporatemoltenoadmiumina
highvacuum. Somesixtysep~te evaporationswereoarriedout,at different
temperaturesfrom340~0to 425C. Sincethe approximateaveragerate of
evaporationwaadeterminedin eaohcase,it bas beenthoughtadviaaMeto
publishtheseresults,alongwiththe theoreticalrates ofevaporation,and also
a descriptionof theapparatusemployed.

Apparatus
Two typesof apparatus (shownin cross-section)wereused. The first,ehownin Fig.i, waadeaignedafter manyweeks experimentationon various~M~ .T~~M~o~j~uMucuM~~unvu VtMWUS

types. A is thé outer jacket, B a capgroundto fitAat the
jointD. This groundjoint must be madecarefullyin order
that a high vacuummaybe obtained in the apparatus.Con-
neetionwasmadeat C between the capB andthecondenser
HwithdeKhotinskycement.This provedto bea verysatis-
factoryjoint. Coldwaterfrom the tap, ispassedin at E and
leavesthe condenserat F. A metal bath 1 waaemptoyedin
all the distillations. At first Newton'smetalwasused but
it was soon discoveredthat the glassbecamequite dark
after somefifteendistillations. Tin wasusedfromthen on
withoutany suchtroublearising. The joint D wasprotect-
ed fromthe heat of the bath by an asbestosshieldG. Con-
nectionwasmadeto the system at J. The connectingtube
to J wasmadeabout100cmin lengthaothe apparatuscould
beshaken. Thewholeapparatus wasmadeofPyrex.

Thehighvacuum
wasobtainedwitha Knipp,High-Speed,

Htgh-VacuumMercuryVaporPump baekedbya CencoHy-Vacot! pump. Pressureswere measuredwith a McLeod
gauge having a bulb of 544 o.c. capacity and capablern~8mm,+1. m1- r ·~)' e' –– «. ~t~pitUtUJ<MtMtKtpaOteof readmg5 X jo~ mmwith ease. Thiscombinationofpumpsand gauge

gavegoodresults throughoutthe research. The gauge and mereuryvaporpumpas weUas thewholesystemweremadeof Pyrex.The apparatusshownin Fig. was developed a little later than that
showniaFtg.1i. It ismorecompactbuthaa&stiU!argeroapacity.Thestop-
cockgreasemthegroundjointCnevermelted,sincethe coldwaterinsidethe
condenserB kept the joint cool. No deKhotinskyjointsappearedin this
apparatus.'wtuohwasa!somadeofPyrex.

~.t* fromtheChemicalLaboratoryof the UniveMttyofRochester.The
St~n~ on Chen,~ heldinRochester,NewYork,in January1923.
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Temperatureswereobtainedwitha nitrogen-filledmercury thermometer

placedin the metalbath. No attemptwas made to correct the obscrved

temperaturesfor lengthofexposedstem;norwasthe thermometeroatibrated

carefully.

Procedureawwwa~av
Thecadmiumused in preliminaryexperimentscamein

the formof bars; the later materialin roda. In each case

piecesfrom3 to 6 cmlongwereoutwith the aid of a cold
chise!. Thé chargevariedwiththe varioussizesof appa-
ratus. Never more than 6a gramswere placed in one

apparatue.Whenthe chargewasin placeheavystop-cock
greasewas placedin the groundjoint,the condenserfilled
withwater,then put in place,andthe apparatus sealedto
the system. Pumpsand heat (Bunsenbumer) were gen-
erallystartedat the sametime.Whenthe metal in the bath
wasmelted,the bath wasraisedtothepositionshownin the

Figs.i and 2. Moreheatwasapplieduntil the temperature
of the bath rose to 40 or 50 degreesabove the melting
pointofcadmium. Sincethe apparatuswashighlyevacuatedthe heat was
not conductedwellto the material. This necessitatedraising the tempéra-
ture as just stated. Assoonas it wasknownthat the cadmiumwas melted

(thiswasascertainedby loweringthebath for a momentand examiningthe

TABLE1

Date: March4,1023
Apparatus:No. z, DMUation: No.13
f~hB.TM'; 6T~ m~Tna (~ P f!<t~!tY)ittm~nMge: 013grams <j. r. <jaanuum

Time Temp. Pressure Remarka

tz :4oPumps and heat started
1:10 360° 4oXio'~mm Cd melted

1:25 3yo° 2oXio"~mm Cdvaponzing
i:35 378" i6Xio-~mm
2:00 370" 4oXio'~mm

2:30 368" 5oXïo-<'nun
3:oo 375" ioXio-nm

4:00 380° 5Xio-"mm

4:30 370" tXto-'mm

5:oo 375" ~Xïo-~mm

5:10 Distillation stopped
Time: 4 hours

Température: (average) 375° (toundedvalue)
Yield:Condenaate 270 g. LI.

Residue 343 g. Ht.

Evaporation Rate: 270/(16)*(4) = 4.22g. per sq. cm per hr.

Theory: (375°) = 54 g. per aq. cmper hr.
*Fo)'apparatusNo.3 the evaporatingsmfMehad an &reaof t6sq.cm.
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cadmium)the temperaturewasrapidly adjusted to the valuedesired. Ac-
ouratetempératurecontre!wasnot necessMyhenceregulatingbyhandwas
resortedto. Asampledatasheetis givenin TableI. Data sheetssimitarto
that foundin Table1werekeptfor all of the 60distillations.

Results

Theresultsof the sixtyevaporationswillbe given in condensedformin
Table II. The values in parenthesesare the lowest and highestfor any
particutaraveragetemperature.

Theseresults are plotted in Fig. 3; the dotted line représentathe experi-
mental rates of evaporationwhile the .solid line représentathe theoretical
ratesgivenin Table111.

The condensatealwayshad a lustrous appearanceand oouldrightlybe
describedasbeautiful. Whentwoor three hundredgramaofcadmiumvapor-
ized the condensatehad verynearly a hemisphencalshape. No di&culty
whatsoeverwasencounteredinremovingthe condensatefromtheg!asscon-
denser. Asmallamount (s-!$grams) of cadmiumalwayscondensedon the
aideofthe«MM~er,but thiswasnever far removedfromthemassofmaterial
on the bottomofthe condenser. Sincethe evaporatingsurfaceofthemolten
cadmiumwasalwayssmallerthanthe condensingsurface,veryfewatomsoon.
densedon the outer wallsof the apparatua.~ Langmuir'and Wood*have
carriedoutexpérimentaonthecondensationofcadmium(andother)atomson
glassandmétal surfacea. Langmuir'aexperimentalresultsand bistheoryof
condensationandreflectionshouldbe carefullystudied by any interestedin
the subjectof non-equilibriumevaporation.

1EIrerton(Froc.Roy.Soc~103A,499(1:923»,workingwithzincdidnotobtainthis~)~~X- (Proc. &~ workingwith~'°"didnot~tain this
KSuK,but tMcondenamgsm'&eewaaatnaMerQMnhmevaporatingsurface;thisaccountstor thé(hscMpMtcy.

'Proc.Nat.Acad.Se: 3, ~t (t?!?).
PhN.Mag.,(6),32,364(1916).

TABLEII

ExpérimentalRates of Evaporation
Avaragerateofevap.NumberofRum AveM~etemp."C grNMtpersq.omparhour

335 z.o

S 34S 4.4(2.0.5.7)
'9 35~ 4.8(a.i-io.o)

363 5.i(.!z-7.i)
375 4.1 (2.4-9.a)

5 38i 4.5(~.7-6.3)
390 8.1

ï 4~ 9-4
1 425 ï9.6
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In one particulardistillationthe condensatebecame so heavy that it
brokeaway(partly)fromthe condenser,henceit was not cooledproperly.
Theresultingcondensatewascomposedofhundredaof little crystalseasUy
visiblewiththenakedeye. In thiscaseit isahnostcertain that manyatoms
of cadmiumre-evaporated. Votmer'and his associâtes have done some
beautifulworkonthisphenomenonofcrystalgrowthin a highvacuum. It is
postu!atedthat whenatomscondenseon a surfacethey are heldten;porarHy
in the forcefieldof the surface,retain-

ing, however,their motion until they
either(i) evaporateor (2) are attracted
to and held at the edgesof the surface
or (3) throughcontactwithotheratoms
formthe nucleusofanother latticelayer.
Whether(i), (2),or (3) willoccurmust

dependon the vapordensity andon the
aizeof the sutface. For furtherdetails
theoriginalshouldbeoonsulted.

TheoreticalRate ofEvaporation
Herz' bas, from kinetic theory considerations,deducedthe following

equation:

wheremis thenumberofgramsevaporatedfromone sq. cm in one second,
p is the vaporpressurein bars, M is the molecularweightof the substance,
R is the gas constant(absoluteunits) and T is the absolutetemperature.

Forcadmium,the equationbecomesm = 22.26X 102Xp i/– g./cm'/hour

whenp is in mm.

Vaporpressuredata hâvebeencalculatedfromthe followingequation

logiopcd
~S ;c~ logioT ~~07

whenp is in mm.
In TableIII willbe foundthe theoreticalrates of evaporationusingthe

vaporpressuredata just mentioned,and theHerzequation..

'Z. Phymk,S, M, t88 (t~t); 7, t, (t92t); Z. phymk.Cbem., 102, M? (!9M).

~T~.?M).

TABUSiII

Theoretical Rate of Evaporation of Cadmium

Temperatute VaporpKSsm-eof Bvapora.tionrate
(durées C.) cadmiumin mm gpMnsper sq. cm per hour

MO 0.141 ra.S

3SO 0.276 24.6

37° o.Si? 45-3

390 0.933 8o.6

410_ 1.623 138.4
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It mustbe emphasizedthat thèse theoreticalratesofevaporationare for
a perfeotlyoleanevaporatingsurface, and for non-equilibnumconditions,
that is, whereall theatomsstriking the condensingsurface,condense.

t
DiscussionofResulta

Aitofthe aotualratesof evaporationhavebeencomparedwiththe theo-
retical rate,and thepercentagesoalculated.In distillationNo. 16the rate of

evaporationwasonly4.2%oftheory, whileindistillationNo.48it was40.0%
of theory;these arethe minimum and maximumvalues. Five distillations

yieldedrates ofevaporationfropi o to 5%of theory; twenty-threehad rates
from6 to 10%oftheory;eighthad ratesfromi to ï5%of theory;ten were
in the group16to 20%,ten in the group:t to ;:s%, onein the next group,
nonein the nextandone in the last group(36to 40%oftheory). It isap-
parent that the distributionfollowsthat of theory ofprobabilityas wellas
couldbeexpectedfora total of sixty experiments. LI

It sohappenedthat it washighly desirable(in the research)to keepthe
rate of evaporationlow,and yet have the températureas high as possible.
Severalinvestigators'had shown (formercury)that this couldbe accom-

pMshcdbyhavingtheevaporatingsurface"dirty." In allof the distillations
moreor lessoxideofcadmiumwas to be foundon the surfaceof the molten
cadmium. It seemstthnostcertain that this is the reasonfor the lowrates
of evaporationobtained. At present thereseemsto beonlyoneother pos-
siblereasonand that isthat only a fractionof the atomsthat struokthe cold [
condensingsurface,actuallycondensed. Bennewitz'bas investigatedthis [,
problemwhensoMcadmiumis evaporatedin a highvacuumandthe atoms
strikea glasssurfacecooledwith liquidair. For this case,Bennewitzshows
that fewif any atomerebound. Evidence,presentedabove,seemsto prove
that little re-evaporationoccurred. What little materialthat did not con-
denseonthe bottomofthe condenser,usuallyformedin theearlystagesofthe

evaporation,that is beforea layer ofatomsof cadmiumwereformedonthe
bottom of the condenser.It is wellknownthat condensationtakes place
morereadilyon themetallicsurface, otherfactors remainingthe same. (

It wouldbe interestingto determine the rate of evaporationwhenthe

evaporatingsurfacewas perfectly clean. Millikan3has devised and de-
scribedanapparatuswhichwillallowfreshsurfacesofthealkalimeta!sto be

producedin a highvacuum. It shouldnot be particularlydifficultto con-
struct an apparatuswhiohwould allowof renewingthe surfaceof molten
cadmiumduring the courseof an evaporation. Liquidair shouldbe used
as a coolingagent in the condenser. Unfortunatelytime did not permit
experimentsof thisnatureto be oarriedout and it seemsimprobablethat the

subjectwillbe againtaken up in the near future.

MttMtkenandHarMaB:J.Am.Chem.Soc.,44,37(1922);Knudsen:Ann.Phymk,47,
697(!9'5).

'Z. Phych,M,t69(t~a);Ann.Physik,(4)59,t93(~t~).
Phys.Rev.,(2)7,36~d9!6).
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It is a pteasureto expressmy thanksto ProfesserW. D. Harkins,of the

UniversityofChicago,for auggestingthisproblemandforbiskindlyinterest

andhelpfulBUggestionsthroughoutthisresearch.

Summary

Apparatusis describedwhichis suitablefor the distillationof molten

cadmiumin a highvacuum;both condensatoand residuemay be removed

witheMe,at theendofthe run.

Aotualaveragerates of evaporationhave been notedfor about sixty

runs;theseratesare comparedwith the theoreticalrates. The low results

obtainedareattributedmainlyto onecause,a dirty evaporatingsurface.



THE REVER8ALOFTRAUBE'SRULEOFADSORPTION

BY HABBY N. HOLMES AND J. B. MCKBt.VEY

The doseconnectionbetweenadsorptionand surface-tensionphenomena
givesBnportanceto Tnmbo's rule. As originallyannouncedby I: Traube'1

(andearliertouoheduponby E. Duo!aux'),
"Suchorganiosubstancesas a!ooho!s,fatty
acids,aldehydes,ketones,amines,and other
organionon-eleetrolytesor weakelectrolytes
lowersurface-tensionto a greaterdegreeas
the length of the carbonchainincreasesin
thehomologousseries."

H. FreundUoh~extendsthe rule to ad-
sorptionfromaqueoussolutions. "The ad-
sorptionoforganicsubstancesfromaqueous
solutionsincreasesstronglyand regularlyas
weascendthe homologousseries."

Freundlichbas pointedout repeatedly
that whilesurface-tensionloweringmay be
great in aqueoussolution,it shouldbevery
muchtess in organioliquids whiohthem-
selves have a very low surface-tension.

Consequentlyadsorptionshould a!BObe
slightin amount. YetPatrick and Jones~
observednotableadsorptionfrombensene,
toluene, nitrobenzeneand other organic
liquids.

Since Freundiich'sadsorption studies
dealt with carbon,a non-polarsolid, and

water,a polar liquid,it occurredto us that
the order of adsorptionin a homologous
seriesoffatty acidsmustbe reversedwhen
the acids are adsorbedon silica, a polar
solid,from toluene,a non-polarliquid.

Adsorption Isothermalsof Aqueoua Ubvtousty the highly polar -COOH end

Fatty Acid Solutions on Carbon. of a fatty acid molecule muet be oriented

~J~ toward the surface and thé non,po!.rTraube's s SUrface-TenSIonRule.)
a!kyt group towards thé toluene sotvent.

Fatty acids of higher molecular weight are less polar and hence must be
more strongly attracted by toluene and less strongly adeorbed on si!ica..

~)
515 Ann.,

1 Ann.Chim. Phye. (5) 1 76 (1878~."CoNoid and CaptilaryChemNtTy," 195(!9z6).
J. Phya. Chem.,29, (t~s).
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It may a!so be supposcd that silica wouldbe more readilywetted by
the morepolarlowermembersof the homologousseriesthan bythe higher
mombers.

The tolueneusedWMpurifieduntil it boiledat iio°-m", corresponding
wellwith the standard ti]: The fatty acidswereall of researchquality,
checkedbytitrationagainsta pure baseto valueswithin0.2% oftheoretical

acidity. Theseacids were all distilled from phosphoruspentoxide. The
silieagel, preparedby Hohnes'and his associâtes,was a white, chalky,
porouspowderpassingthrougha ico-tneshsieve. It had beenwashedfree

~–––––––.

Fta.aa
AdsorptionIsothermalsofSolutionsofFattyAcidainToluèneon SilieaGelshowing

théReversaiofTraube'sRule.
fromiron, sulfates,etc., by days of treatment with hot hydrochloricacid
followedby hot water.

Titrationsof the fatty acidswere made withN/zg and N/yg Ba(OH)!
usingphenotphthateinas indieator. Caprylicacid was titrated in alcohol
becauseofits verylowsolubilityin water.

The adsorptionwas camed out in gtasa-stopperedflasks with 5 g. of
silicageland50ce.ofsolutionineachcase. Thenasks wereshaken24 hours
to insureequilibrium. Aftersettling 10ce. of the ctear, supernatant liquid
wasremovedand titrated withthe base to determinethe equilibriumcon-
centration.Fromthisand the originalconcentrationsof fattyacidthe specific
adsorptionwasoalculated.

On Ftg. 2 the millimolsof fatty acid adsorbedper gram of sificagel are

plottedas Awhilethe C représentathe equilibriumconcentrationin grams.
It is clearlyseenthat Traube'srule of adsorption,previouslyappliedas in

Fig. t to adsorptionby carbonfrom water,is reversedwhen appliedto ad-

sorptionby silicafrom toluene. Beforepublicationwe learnedfrom F. E.
Bartellof the Universityof Michiganthat he had very recentlydiscovered
a similarreversaiof Traube's rulewhen detenniningthe adsorptionof fatty
acidsfromcarbontetrachlondcby silica.

06er!~Co!~e,
0&erM<t.Ohio.

Hohnes,SullivanandMetcalf:Ind.Eng.Chem.,t8,386(1926).



THE ADSORPTIONOF GASESBYGRAPHITICCARBON.II

X-rayInvestigationof the Adsorbenta

BT H. H. LOWRY AND R. M. BOZOBTH

The data reported by Lowryand Morgan'on the adsorptionof gasesby
graphitic carbon seemto disagreewith the resultsobtainedby Ruff and
coi!aboraton!~whichhaveled them to believethat graphiteoannotbemade
to adsorbconsiderablequantitiesof gas, i.e., that oarbonpossessesa note-
worthy adsorptivecapacityonly when in the "amorphous"form. In the
originalpaper whichcontainedthe adsorptiondata it waspointedout that
carbonpreparedfromgraphiticacid had beenshownby Burnsand Hulett'
to have the same densityas graphiteand wasacoordingtyctassiSedby them (
as a finelydividedgraphite. That this conolusionyas correctisindicatedby t
a considérationof the X-rayevidencepresentedin thiapaper;for, in the X-
ray photographstaken by us, diffractionbandsare observedand showthat
thecarbonpreparedbytheexplosionofgraphiticacidisgraphiticin structure,
and that the individualparticlesare flakesaveragingapproximately$oatom
diametersin breadth and 10atomlayers in thickness.

t

X-tayMeasaremeata t

For theX-ray measurements,samplesofgraphiteI, II, andIII, graphitic
acid, andnatural graphitewerepressed.intostickssufficientlycohérentto be
handled without breaking. They were mountedin the X-ray beam, sup-
ported only at the endsso that no extraneouamaterial,used to hold the
samplesin place, couldhave reSectedX-rayaonto the photographiefilm.
The Mo K radiation fromthe X-ray targetwasfilteredby zirconia80that
onlythe a doubletwaaeffective. The radialdistancefromthe sampleto the S

cylindricalfilm was 20.4cm. The X-ray photographswereall taken in the <
same cassetteto avoiderroradue to centering.

Thepositionsandapproximateintensitiesofthelinesonthesephotographs
are shownin Fig. ï they are in agreementwiththe structureofgraphiteas
determinedby HasselandMar!dandby Bernai'andshowthat noappreciable
orientation-effectwas producedby pressing. Photographaof the three
samplesofcarbonpreparedfromgraphiticacidshowedbands(a), (b) and (c)
whosepositions indicatethat they correspondrespectivetyto (002), (toc)

1J. Phys.Chem.,29,1105(t~g).
Z.anorg.Chem.,148,3r3;Z.angew.Chem.,aa.tt&t(t~s);KoHoid-Z.,38,ty~(<9a6). 3

Morerecentlytn a paperappearingin Z.anorg.Chem.,ï67,!8s(1927)considérationM 3giventothedatareportedinourpaperwhichWMsenttoRufFinmanuscriptformFeb.8,
1927.

J. Am.Chem.Soc.,4S,572(tga~).
1<0. HasselandH.Mark:Z.Phyaik,2S,317-37(toj~).

J. D.Bemat:PMc.Roy.Soc.,106A,749-73(!024). t
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and(i 10)' reSectionsfromnatural graphite. Theslightdisplacementofthese

bandafromthe normal(oo2),(ïoo) and(i 10)positionswillbediscussedlater.

Théhatf-mtensitywidthsof the bandson the photographofgraphiteIII are

approximately6 mm.,a.5 mm., and 3 mm., and are not very differentfor

photographaofgraphites1and II. Sincethe widthofthe tioeson thephoto-

graphsofnatural graphiteis about i mm.,andthe formandpositionofthe

samplesand the widthof the incidentbeamare the samein all cases,the

broadeningof the bandswhichcanbeascribedto the structureofgraphiteIII

is about5mm. (0.02radian) for (a) and i.g or 2 mm. (0.008or 0.01radian)

for (b) and (c).

UsingScherrer's~or Seijakow's*formulaforcalculatingcrystalsizefrom

linewidth, the lengthof the crystaledge is foundto be about 100A when

bands(b) or (o)are considered,but only30Aor lesswhenband (a) is con-

sidered. Sincethe inter-atomiespacingscalculatedfrombands (b) and (o)

correspondto the (100)and (i 10)spacingsin graphite, and these planesare

bothperpendicularto the basal plane(001)correspondingto the band (a),
wemayconcludethat the crystalsare about 100A in breadth(measuredin

thebasalplaneperpendicularto thehexagonalaxis)andabout30Ain thick-

ness'(parallelto the axis). It is recognizedthat these dimensionsreferto

someaveragesizeof unit and that flakesarepresent whichare both larger
andsmallerthan the average.

Forcrystalsof thisshape,the planesmostfavorablysituatedforreneotion

are thoseperpendicularto the basalplane. Of these the greatest spacings
arefor (t 10)and (100)and only theseare actuallyobservedto reflect. Other

planes,i.e., planesnot containingthe hexagonalaxis, wouldbe expectedto

reneotonly underparticularlyfavorablecircumstances.Ofsuchreflections

that from(002)shouldbe strongest,becauseit takes placeat a smallangle
andits structure factoris a maximum,–thisrefleotionis,in fact, by far the

strongestfrom naturalgraphite. Since,on the photographof graphiteIII,
thisreaeotionis faint,the absenceofothersneedsno specialexplanation.

Thedisplacementsof the ba-nds(a), (b) and (c) fromthe exactpositions
whichwouldbe expectedfor (002),(100)and (110)Unes,indicate that the

basalplanesare fartherapart and the atomsin these planesolosertogether
than in largercrystatsof graphite. There is a similardifferencein distances

Hexagonatindices.
P.ScherrerinR.Zsigmondy:"KoMoidchemie",3ed;pp.394,~03-5(!9ao).
N.Mjftkow:Z.Phymk,31,439-44(~5).
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betweenatomsin largegraphitecrystalsas comparedwithdiamondcrystals.
In diamondeaohcarbon atom is surroundedtetrahedrally by four other
carbon atoms 1.54A distant. In graphite, however,eaohoarbonatom is
surroundedbythreeatoms 1.45A distant in the samebasalplane,but the
distanceto thenearestatomin the nextbasâtplaneis3.39A;that is,a greater
distancebetweenatomsin onedireotionieaccMnpaniedby smaKordistances
betweenthemin directionsat right angles. Noacouratequantitativemeas-
urementsof thedisplacementsof thesebandsweremade,but it wasestimated
that the distancebetweenatomsin the samebasal planesis 1.42A and that
betweenbasalplanesis3.6A,as.comparedto the correspondingvalues1.45A
and 3.39Ain largegraphitecrystats.

Thé X-ray data, then, are in accord with the idea that carbon from
graphiticaoidismadeup ofsmatigraphitecakes,averagingaboutfiftyatom
diameters aerossandten atomlayersthick. Similarflakesoflargersizeare
observedwhengraphiteis treated with fumingnitric aeid accordingto the
methodof Lum.'

Apowderphotographof graphitioacidwaaalao takon. Thisshowedtwo
bandshaving the samepositionsand approximatelythe samewidthsas (b)
and (c) in F~. ï, but no band (a). This suggeststhat in graphiticaoidthe
earbonatoms in basalplanesare arrangedin the sameway as they are in
graphite, and the oxygenatomsplace thernselvesbetweenthe planes,dis-
turbingthe regularityof their spaoing.

Thepowderphotographofnaturalgraphiteshowedonepeculiaritywhich
shouldbe mentioned. The linesdueto renectionsfromthe basalplanes,i.e.,
(ooa),(004)and(006)renections,areespeciaUysharp. Theedgesof thé lines
causedby the ai and by the a: MoUnescanbediBerentiatedin thèsecases
but not in others. Thismay be explainedin two ways: (t) the crystaledge
measuredin thedirectionof the hexagonalaxisis longerthan that measured
inotherdirections,(2)~the crystalsaredistortedinsucha mannerthat thedis-
tance betweenbasal planes is constant, but latéral displacementof thèse
planesmay occurwithrespect to eaeh other. The ërst explanationseems
improbablein viewof the tendencyofgraphiteto formthin flakes. Thesee.
ondexplanationis a reasonableone,consideringthe short distancebetween
neighboringatomsin each basalplaneand the comparativelylargedistance
betweenthese planes. Suchahearmgof the crystalunit paraûelto the basal
planes,knownto beplanesofeasycleavage,wouldpresumablyrequiremuch
smallerforcesthanwouldbe requiredto compressor extendthe crystalalong
the hexagonalaxis. The weakbondingbetweenbasal planesthus bas two
oppositeenects. It permitscrystaldistortionofa kindwhiohbroadensthe
reflectionsfromplanesinclinedto the basalplanes,leavingbasalplanereflec-
tionsrelativelyeh<M-p.Onthe otherbandit déterminesthe shapeof the fine
crystalsinto whichthe largercrystalsare mechanicallyor ehemioallybroken,
sothat reflectionsfrombasalplanesarebroadenedmore than thosefromother
planes. In largecrystals,the nmt effect is the more important; in small
crystalsthe secondprédominâtes.

1 Luzi:Ber.,24,4085(~89!).
Weareindebtedto0.E.BueUeyofthèsehbor&tonesforthiasuggestion.
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Discussion

Sincethe abovedata indicate that the carbonpreparedfromgraphitic

aeidconsistaofsmaUgraphite orystals,wemayconcludethat graphitemay
besa preparedthat it willhave a considerableadsorptiveoapacity. Asatis-

factoryexplanationof the apparentcontradictionto the dataandconclusions

ofRuS maybefoundin the fact that suohgraphitesas havebeenstudiedin

this investigationnot only werevery finelydivided,but atso, due to the

breakingup of the crystal lattices during the preparation,must showcon-

sideraMeunsaturation. It iain thislatter respectparticu!ar!ythat theydiffer

fromthe mechanica!Iysubdividedgraphiteonwhichthe adsorptionmeasure.

mentsweremadeby Ruff and Hofmannl;andit isbelievedthat thisdifference

accountsfor the amati adsorptivecapaoitiesobservedby them with their

samplesof graphite. In other words,in orderthat a materialhave a con-

sideraMeadsorptivecapacity, it is necessaryboth that the extent of its sur-

facebegreatandthat the degreeofunsaturationofthesurfaceatomsbehigh.
Thefirstconditionis favored by a decreaseinpartiolesizeor increasein the

volumeofoaputariesfor a givenweightofmaterial,and the second,in addi-

tion, by the présenceof crystal fragmentsandby a decreasein crystalsize,

ao that the atomswhich are losssaturated by their neighbors,suohas the

corneratoms,forma greater percentageof the total.

TheX-raydataof Debyeand Scherrer~andAsahara"haveshownthat the

crystalstructuresofso-caUedamorphouscarbonsandgraphiteare essentiaMy
identical. Intact, Asaharabas suggestedthat the word"amorphous",when

appliedto carbons,be replacedby the phrase"extremelyminutelycrystal-
line". Hofmann',whosedata onadsorptionmayappearto supportthepoint
ofviewexpressedby Ruff, atsoquestionstheexistenceofanytrulyamorphous
carbononthebasiaof bis ownX-raydata. Sincethe "amorphous"carbone

investigatedhaveineluded adsorptivecarbonsand they havebeenshownto

begraphitic,it wouldseemespeciallydifficultto maintainthe pointof view

that graphitiocarbon cannot showany considerableadsorptivecapacity.
Thedata presentedin this paperand in the original whichcontainedthe ad-

sorptionmeasurementsindicateclearlythat graphiticcarboncan be mado

fromgraphitewhichshowsan adsorptivecapacity1/3 to 1/4that of the best

adsorptivecharcoat.

BeKTe~ptoM<Lo6ore<ot~<),
JVe<oyM*C~.

Bar.,SO,~433(1996).
Phyait.Z.,19,z~t(1917).
Japan.J.Chem.,1,35 (t9M).

<Ber.,SC,t443(t996).



THE ENTROPYOF VAPORIZATION0F UNABSOCIATEDLIQUID8

BY JOHN CHtPMAN

Numenoa!relationshipsbetweenthé boilingpointand heat of vaporiza-
tion of unassociatedliquidahaveprovenusefulin ptediotingheatsof vapor-
ization and vaporpressuresas we!las in distinguishing"normal" fromas-
sooiatedliquida. Sixempiricalequationshave beenproposedexpressingthé
heat of vaporisationasa funotionofthe boilingpointonly. Theseequations
usually take theirsimplestfonnwhenexpressedas entropyof vaporization.
In this formthoymaybewrittenas follows:

Trouton,' AS=;n (1)
Nemst,~ A 8 = 0.5logTb 0.007Tb (x)
Bingham,3 A S = 17+ o.on Tb (3)
Forcrand/ A 8 = 10.i logTb 1.5 0.009Tb+ o.ooooo~ôT~ (4)
Kistiakowsky,A S <=4.578Jog(82.07Ta) (g)
Mortimer~ A S = 4.23(-68/Tb + 4.8??+ 0.0005Tb) (6)

Curves representingthese equationsin the temperaturerange 300"to
5oo°Kare plottedin Fig. i; The points,representingobservedentropiesof
vaporizationof unaasocia.tedliquids,are taken chieflyfrom measurements
by~Ma.thew9~afeware quotedfromMortimer.It willbeobservedthat anyof
theequationsmaybeusedinthisrangewithoutseriouserrorbut that equations
i, s and6 appearto fit moreof the data than do theothers. For a more
completetest oftherelativeaccuracyof theequationsit isnecessaryto com-

Trouton:Phil.Mag.,(5)18,54(r884).
1 Nernst:Gëtt.Nachr.,1906.
Bingham:J.Am.Chem.Soc.,28,723(t9o6).
deForcrand:Compt.rend.,156,~M,t~, i8og(t~t~).

6 Kistiakowsky:J.RuM.Phya.Chem.Soc.,59,956(1921).
Morttnter:J.Am.Chem.Soc.,44,14:9(!93~).
Ma.thewe:J.Am.Chem.Soc.,48,562(ï9:6).
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parethemat lowerand at highertemperatures. Thiscomparisonismadein

Figures3 and 3. The pointsshownin thesefiguresare taken fromthe fot-
lowingsources:oxygen and nitrogen, Dana;*other low-boilingliquids,In-
ternationalCritio&lTaMes,"cadmiumandzinc,caloulatedfromfreeenergy
equationsof Maier; lead,tin and gold,InternationalCriticalTables;'other

high-boilingMquida,Jones, Langmuirand MacKa.y."
In the low-temperaturerangeEquation5agreeswiththe observedvalues,

exceptheliumand hydrogen,with surprisingaccuracy;in the hightempera-
ture rangeit is the onlyoneof the sixthat approachestheeatunatesofJones,
Langmuirand MacKay. For these reasonaand becauseof its simplicityit
is to beregardedas farsuperiorto the otherequations.12

Eistiakowshy'sEquation

Kistiakowaky'sderivationofEquation
5 is opento the criticismthat it involves
the canceuatiooof two quantitieswhich
arenotapparentlycanceUaMe.Theequa-
tion itself however containsno empiri-
cal constantsother than the gas con-

stant, B, and may be regarded as

belongingto the olass of semi-empirical
equationswhichhâve been so usefut in

approximatecatouiationsof entropy. In
its simplest form the equation is
written:

AS=RInV (7)
whereIn V is the natural logarithmof the molalvolumeof the vapor in
equilibriumwith the Uquid(expressedin e.c.).Ris ofcourseexpressedin the
sameunitsas A S. Asaummgthat the vaporis anideatgaswemaysubsti-
tute RTforVat the boilingpoint (sinceP = i); then:

AS -RInRTb (8)
or A H = RTbhi RTb (9)

The secondR must be expressedin o.o.-atmospheresand whenthis is done
Equation5 results.

Hildebrand's Rule
Hitdebrand"bas shownthat the entropy ofvapomationfor normalUquids
is the samewhen evaporated to the samevapor concentration. Choosing
arbitrarilytemperaturesat whichthe vaporconcentrationis 0.00507mob

Dana:Froc.Am.Acad.,00,~t (t~g).
"InternationalCriticalTaHes",1,tM.
MMef:J.Am.Chem.Soc.,48,3:6(t926).
Jones,LangmuirandMacKay:Phya.Rev.,(2),30,ao!(t9:7).

L" equationantedatesthatofMortimer,the latterhadno
knowlodgepfit. MortMner'BequationSts thedatafromMxontocoppe~MIyasweUaauoesiuattakowakys.

Hildebrand:J.Am.Chem.Soc.,9?,970(1915).
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per liter he foundan averagevalueof AS of about37.4oaloriesper degree.
Mctab gavea somewhatlowervalue,about 26.3. Equation7 Mevidently
anotherstatement of this principle. Accordingto this equationthe entropy
of vaporizationto a concentrationof 0.00507moIsper liter iB24.3oalories
per degree. The disorepanoyof two to three entropyunits makesit seem
worthwhileto reoaloulatosomeof HiMebrand'svatueaon the ba~aof more
acouratevapor prosauredata than were avai!ab!eat the time of hiapub-
Ucation. ~nt u !–––;t––––––)––––––t––––––t–––––-<

Fto.33
Most investigatorsexpressthe vaporpressureofa liquidby an equation

of the form, log P~n = A/T + B + CT. If the vapor concentrationis
0.00507mob per liter, then by the gas law, logPm. = -0.5 + logT. By
combmingthese equationswe may solvefor the temperatureTl at which
the concentrationof the vapor is 0.00507. Théentropyofvaporisation,ASi
at this temperature is then obtainedby dinerentiatingthe vapor pressure
equationwithrespectto temperatureand employingthe Clausius-CIapeyron
relationship. This is the analytioalequivalentof the graphicalmethodused

14Cath: Proc. Acad. Sci.Amsterdam, 21, 656 (!9t?).
"Henning: Z. Physik, 40, 775 (1937).
"Loomis and Wattera: J. Am. Chem. Soc., 48, aosi (t926).
"Mortimerand Murphy: Ind- Eng. Chem., 15, n~o (t<~3).

TABLE 1

Entropyof Vaporisationto a Concentrationof 0.00507Moisper Liter
Substance T,'K AS. Vaporpressuredata
Nitrogen 55.1z 26.6 Cath"(extrapobted)
Nitrogen 55.1 a6.8 Henning"
Oxygen 65.88 zy.za Cath'<
Ethane 143.55 26.0 LoomisandWaiters"
Naphthalene 427. 26.4 MortimerandMurphy~
Anthracene 544. 26.0 Mortimerand Murphy
Cadmium 062 25.2a Maiero
Zinc noy 25.3 Maier
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byHildebrand. Théresultaof the oatoutationsforseveralliquidsare given
inTable 1. Thevaluesare sughttylowerthan thoseobtainedbyHildebrand
butMgherthan thevalueprediotedbyEquation7. Kistiakowsky'sequation
isthereforetessre!iab!eat lowertemperaturesthan at the boiungpoint.

Entropyofa MonatomicLiquid
The entropy ofa monatomicgaaisgivenby the Saokuréquation

S-Rh(T~w<V)+C (t.)
By aubtraoting Equation7 an expressionis obtainedfor the entropyof a
monotomioliquid:

S==3/3R!n(Tw)+C (n)
Thisequation holdsfairlyweUfor the aqueSedraregases(excepthélium)at
theirboilingpoints;formercuryhoweverit is seriouslyin error. It may be
consideredat besta roughapproximationto be usedonly in the neighbor-
hoodof the boilingpoint.

summary

Equationsexpressingthe entropyofvaporizationof a normalliquidas a
funotionof its boilingpoint have beencomparedgraphieaUywithrécentex-
périmentâtdata. Theequationof Kistiakowskyis foundvalidovera wide
rangeof température.

Thisequation is in accordwith Hudebrand'srule. Recentdata lead to
valuesfor the entropyof vaporisationto a concentrationof 0.00507mo!s
perliter somewhathigherthan that predictedby the Kistiakowskyequation.

Anexpressionisobtainedby whichthe entropyof a monatomicliquidin
in theneighborhoodofits boilingpointmaybe roughlyestimated.

Dep<M<<!M!t<<~CAem<o<ry,
<<SfM<~T'M~to~,

~<!ot)<a,(?<t.

SeeLewisandRandaU:"ThermodyaMmcB",p.455(1923).



CATAPHORESISAND THE ELECTRICAL NEUTRALIZATION
0F COLLOIDALMATERIAL

BY SANTE MATTSON

1. Introduction

In a paper on the relationbetweenthe electrokineticbehaviorand the
exchangecapacityof colloidalsoilmaterials the author bas establisheda
quantitative relationshipbetweenthe charge of the particlesand certain
propertiesof the soil material. This work emphasizesthe importanceof
cataphoresisas applied to the study of eteotricatneutralisationand to a
determinationof the isoelectricpoint.

While the eleotricalneutralizationand mutual Boccutationof oppositely
ohargedcolloidallydispersedmaterialbas beenstudiedand muohdiscussed
in the literature,no attempts appearto have beenmade to studythis be-
havior~stematicaHyin its applicationto proMenMof practioalimportance.
Manysuch problemspresent themselves: The removalof colloidallysus-
pendedimpuritiesia a matter of seriousconcernin many industries. The
purificationof waterby the useof alumis an applicationof the aboveprin-
ciple;but, hèreagain, the differentfactors, qualitative and quantitative,
whichgovern the electrical behaviorof the suspendedparticleshave not
beeninvestigatedsystem&tica.Uy.Asa result ofthis the waterworksengineer
ofton6nds himselfconfrontedwithperplexingdi&cutties.

The useofalumand other electrolytesin the reclamationofalkalinesoils
suggestsgreat possibUities,and researchworkin this directionshould be
acoompaniedby a study of the electrokineticbehavior of the different
etectroiyte-soilsystems. The removalof colloidalmaterial fromraw sugar
and molassesis anotherproblemof économieimportancewhiohdeservesa
thoroughinvestigation.

In many processes,suchas thepreparationofemulsions,spraysand pre-
cipitatesto beusedin pigments,etc., a high degreeof dispersionis desirable
and a study of the electrokineticbehaviorof the dispersedmaterialunder
different conditions*would undoubtedlybe of fundamental importance.
Manyother applicationsof cataphoresiscouldbe suggestedandit is safe to
predictan important future for this method of dealingwith colloidal.be-
havior.

It is the objectof this paper to give a detaileddescriptionof the cata-
phoresiscellusedby the authorandto givea fewadditionalapplications.

2. Cataphoresis
The electricalmigrationof auspendedparticlesbas in moat casesbeen

measuredby observingthe movementof the boundary betweenthe sus-
pensionand the cieardispersingHquidwhenplacedin a U-tubeeitherof the
typeused by E. F. Burton,' or A. Coehn~

'Pm.Mag.,(6)n, 44(t~o6).
'Z. Etektrochemie,tS,653(tgo:)).



CATAPHOBEStS AND RMCTBtOAL NEUTKAUZATtON 1533

Thismethodis notaccurate,however. In the nrst placetheconduetivity
of the suspensionis greaterthan that of the disperaiagmediumevenif the
latter consistsof an ultrafiltrateof the former. The potentialgradientis
thereforenot uniform. The movementof the particlesat the boundaryis

proportionalto the drop of potentialat that point and thia is conetantîy
changingdue to ionicmigration. Then, sincethe ourrentmust flowfor a
considerabletime to producea measureaNedisplacement,the enects of

heating,eleotrolysisand po!anzationmay be considerable;changesin con-
centrationof the diSorentionsmuetaffectthe chargeof the particles. This

probablyaccountsfor the differentrates with whiohthe ascendingandde-

scendingboundariesoftenmove.

Fia.! 1

TheU-tubemethodis furtherlimitedto dispersedmaterialandcannotbe
usedafter flocculationtakesplace,norcanthe isoelectriopointbedetermined.

Someof these dimcultieshave been overcomeby the microand ultra-

microscopicmethods of Cotton and Mouton,' The Svedberg,~R. El!is,'
F. Powis/and others.

The most elaborate and accurateuttramicroscopicmeasurementshave
beenmadeby The Svedbergand HugoAnderson6whohavedeterminedand
pointed out the severalerrors connectedwith such measurements.They
workedwith a dosedparallelopipedchamberand photographedthe path of
the particlesin differentdepthsofthe chamber. Fromthe velocitiesobserved
they calculatedthe electrosmoticmovementof the liquid. Their results
werein goodagreementwith theory. They obtainedthe bestvalueswhen
an altematingcurrentwasused. Thismethodwouldprobablybe foundtoo
elaborateformost laboratorypractice.

In a previouspaper"the author,brieBydescribeda simplecataphoresis
cellwithwhichabout twentymeasurementscanbe madeinonehourwitha
fair degreeof accuracy. Anotherbut somewhatimprovedcellbas later
been constructed. Sincethis ceUbas never beenfullydescribedand in re-

sponseto severalrequests,a detaileddescriptionis givenbelow.
The cellis shownin Fig. i andconsistaofa thick-walledtubeof 2.35mm.

insidediameterand 22.3cm.long,terminatingin twolargertubesas shown.

"LesuttMmioMscopeaet lesobjetauttrMNMMScopiquea"(t9t6).NovaActaSoc.Se.UpsatieMie,(4)2,140(tgo?).
'Z. phymk.Chem.,M.3~ (!9n).
<Z.phymk.Chem.,89,9t (t9t4).
'KciioM-Z.,24.t56(t~o).

Mattaon:KcUoidchem.Beihefte,t4, My(t9~a).
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At0 the tubeisgrounddownto within0.2mm.of the innerwall. Théplane
surfaceis thenpolishedor a pièceof thineovergtassis pastedontherough
surfaceby meansof Canada babam. At right anglesto 0, on theside of
the tube wherethe light is to enter,anotherplanesurfaceis similarlymade.
Thisneednot bemadewiderthan the boreof the tube. Two!argeplatinum
electrodesare placedin the largertubes A and B as near the entranceto
the smalltube as possible. Thé apparatusis seatedona pieceofwoodand
Musis then firmlysorewedonto the microscopeplatform. The ceUis filled
throughtubeA,whichmuetbea littletaUerthanB, theair escapingthrough
stop-cockSi. It is emptiedthroughstop.cockSt. Washingisaccomplished
rapidlyin the sameway. The particlesare itluminatedon the principleof

tueultramicroscope,the sourceof lightbeingan etectricarc ora high-power
iNcandesceûtlamp. The optioalarrangement,whiehis similarto that of
theultramicroscopeof SiedentopfandZsigmondy,is shownin Ftg.2,where
Ais the arc lampprovidedwitha coUectinglens,Qis a troughcontaininga
saturatedsolutionof alumto adsorbthe heat, 8is an adjustableslit,L is a
lenswith a foeal lengthof 12 cm.,0 is a low-powerobjective(16mm.)so
placedthat the imageof the atitis focusedinsidethe tube T directtyunder
the microscope.T showsthe tube in two positions. The électrodesare
connectedto a 220volt directcurrentcircuit. A so-wattlampis placedin
séries. Bymeansof the commutatorC theourrentis reversed'.

The microscopeusedin thisworkwasa Bauschand Lombwithan8mm.
objectiveand eyepiece7.5givinga magniftcationof 1~0diameten).The
workingdistanceof this objective(NA0.50)is t.6 mm. The eyepiecewas
providedwitha scalewhichcovered0.4mm.ontheobjectivemicrometer.

TheP.D.at theelectrodesdeviatedsughttyfrom205volts. Thepotential
gradientwas therefore205/22.3 0.2voltsper cm. and the observedve-
locityViof a particleexpressedin ~/sec.ina gradientofonevoltpercm. =
400/0.28 whereSis the timeinsecondsa partiolerequiresto coverthescale.

The cataphoreticmovementis measuredin both directions,eachob-
servationcoveringonthe averageabout10to 20seconds,a stop-watchbeing
used.

Whenthe movementof the particlesof an electronegativesuspensionis
observedin a tubeof the abovedescription,it willbefoundthat, observing
successivelayersfromthe top to the bottomof the tube, partictesmoving
nextto the wallmovetowardthecathodeas iftheycarrieda positivecharge.
Thiscathodicmovementslowsup furtherdown,untila layeris reachedwhere

N~ abovedesonptMnHnowsappHedbyEimerandAmend,NewYork,andbytheArthurH.ThomaaCompany,PhMa(MpM&.
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thepartiolesareapparentlyatrest.Belowthislayertheapparentmovement?
reversed,beingnowanodioas if theparticlescarrieda negativecharge,their
speedincreasingdownto the centerof the tube. The samechangesin ap-
parent movementrepeat themselvesfrom the center to the bottom of
the tube.

The explanationis as follows:At the glass-waterboundaryis a double
electricallayer,the water being positiveand the glasssurfacenegatively
oharged. Thewaterwillthereforebeeleotrosmotioallytransportedalongthe
wallsof the tube towardthe cathode. Sincenowthe tube is filledand the
stop-cookclosed,asmuchwaterasNowsalongthewallsin onedirectionmust
retumthroughthecenterin the oppositedirection. Inan annularlayersome.
wherebetweentheaxisand the wallthe liquidmustbe at rest. The mov-
ing water carries the partioles along and the observedvelocityof the
particlesis V1= v V wherevis the velocityof the particlesrelative to
the liquid and V the velocityof the liquid. In the annular layer where
V = o,VI v.

Onthe basisofsometheoreticaldeductionsofM. v. Smotuchowski*the
followingexpressionfor the velocityof a liquidin the differentparts of a
closedcapittarytubesuchas hèredescribedbas beendeveloped.

V=c(r.-L±~)
wherer = distancefromaxisof tube,

a = radius,
c = a constantdeterminedbythe P.D. ofthedoublelayer,
z ==averysma!lconstantwhich,forso largetubesashereeonsidered,

canbeput =0.
Fromthisexpressionit willbefoundthat V = owhenr = o.yoya.
The apparent speedof migrationof the particlesin a suspensionof

powderedquartzwasmeasuredin differentparts of the tube. The second
columnin Table1givesthe observedV1in jtt/sec.i vott/cm.ofthe particles
for differentr values. The latter are expressedin terms of soaiedivisions
on the microscopemicrometerscrew. The diameterof the tube was 5:4
divisions(a = 262).'$

In a layer 185(= o.yoyX 262)soaledivisionsfromthe axisthe particles
movedwith a speedof –2.0 persec.towardtheanode. Thisis according
to theformulathe true speedof theparticlessincethe liquidisat rest in this
layer. Nearer the wall, at 217scaledivisionsfromthe axis,the particles
showedno apparentmovement. Herethe movementof the liquidmustbe
equal andoppositeto that of the partiélesor +2.9 ~t/sec. Byaddingthis
valueto the observedvelocitiesof theparticte8ViwegetV;thevelocityof
the liquidat differentdepthsof thetubeasshowninthe third column.

GtMtz:"HandbuchE!ektr.Magn. ?, 383(t~t).
InmeasmingthediameterofthetubeinmicroscopeamtedivisionsitMnecessarytousea low-powerobjectivewithaworkingdistanceequMatleaatto thedepthofthetube.

ty allowingasédimenttosettleonthebottomandafewgaabubblestocollectat thetopof thetubethesepomteareeasUyfound.
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Wecan alsofindVfrom the formula
V= c(~ &), ifweknowthe valueofc.

Putting the valueofV = +2.9 at r =

217 we get o = o.ooozaS. Usingthis
valuefor c we get the V values shown
in column4 whichoheokfairlywellwith
theV valuesofthe thirdcolumn.

Thèse two seriesof V values repre-
sentingthe movementof the liquid in
the differentannularlayersin the closed
tubeareexpressedbythe curvein Fig.3.
Thearrowsrepresentvelocityveetors.

By keepingthemicroscopefocusedon
a layer0.7 of the radiusfromthe axisof

the tube the true velocityofthe particlesisobtaineddirectty. Atthiapoint
the liquidmustbeat rest, independentlyofany changein the rate nf elec-
trosmose,providedof coursethat the stop-cocksare kept wellgreasedto
preventleaking. The cellmust howeveralwaysbe kept absolutelyclean.
Certainelectropositivematerialssuchas acidproteinsandbasicdyesadhere

tenaciouslyto the electronegativesurfaceof the glass. The latter might
therebyreeeivea differentchargein differentparts of the tube, cauaingan
irregulare!eetr(M)moticnowofthe liquid. Thecellshouldbegivena fréquent
cleaningwithacid and alkalinesolutionsandshouldbe left filledwitha sul-
phuricacidbichromatemixturewhennot inuse.

With the apparatus abovedeaoribedit is possibleto measurethe elec-
trical migrationnot onlyof the individualparticlesbut a!sothat of the flocs
after a suspensionis flocculatedand to etudythe offectof differentelectro-
lytesuponthechargeand,whatperhapsis the mostimportant,the isoelectric

EtectrosmotMmovementof water
in a closed capillary tube.

TABLE1

Observedvelooitieaofpat'tio!esand e&tcutatedvetocitiesofliquidin différent

depthsof the tube

Ve!oeityof Velooltyof VetocityofrvMuea partictesVt liquid iiqutdr vaiuea
obaerv.

VI
V =li a.g V o~(r~-a'/a)observ. V = Vt 9.9 V c(t'-o'/a)

362 +5.4~/8M. +8.3tt/8eo. +y.8~/sec.
237 +2.2 +S.Ï +S.O
ai? =bo.o +2.9 +2.9
185 -2.9 ±0.0 ~o.o
lôa -4.3 -ï.4 -I.8

i37 -6.a -3.3 -3.5
ii2 -7.9 -5.0 -4.9
87 -8.7 -5.8 -6.0
62 -9.7 -6.8 -6.8

37 -10.2 -7.3 -7-5
o -io.a -7.3 -7.8
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point of any systemcan be determinedrapidly. Theaccuracymaybe in-
creasedby takingthe averageof severalmeasurementsineachdirection.

The partiolesunderobservationare 11 cm. awayfromeitherélectrode
and eteetrotysiscannotaffectthe chargeof thosepartiolessincethe current
Howsonlya short time. The gréât distancebetweenthe électrodesallows
the use of a highpotential. This reducesthe polarizationpotentialto kss
than onepercentofthe électrodepotential.

In thefoUôwingtablesthemigrationveiocitiesoftheparticlesareexpressed
in~/seo.atapotentMgradientofivott/cm. Fromthe migrationvelocitythe
electrokineticpotential f is calculatedfromthe Helmholtz-Perrinformula:

v.~D
4w<tti

where v = velocityof the particles,
H potentialgradientin voit/cm.
D = dielectricconstantof the liquid,

=' visoosityof liquid,
hencethe P. D. of the douHelayer:

_4jr~_Y
''?D"

The viscosityofwaterat the temperatureof the laboratoryis takenfrom
the Smithsoniantablesand the dieleetricconstantD is put equalto that of
pure waterat the sametemperature.

When v = 2.9, = 2.9X !o-~cm.

4v X .01 X .00029X 300 X 300= .041
–––––––~80––––"

=

300 X 300is placed in the numeratorto convertH and f into absolute
units.

3. The EtecMcalIgeutralizationof CoUoidalClaybyAluminumSalta
In the followingexperimentsthe electrodialyzedlsupercentnfugefraction

ofthe Sharkeyc!aysoilwasused. :s ce.of thectaysuspensioncontainingto
mgms.ofclaywererapidlymixedwith25ce.ofthe saitsolutionandthemix-
ture placedin test tubesprovidedwithrubberstoppers. After24hoursthe
degreeof Socculation,whichin the tables is representedwith the letter x,
was observed. One x signifiesslight and four a;'scompleteflocculation.
The tubes werethen ahakenand the cataphoresismeasurementsmade.

Table II showsthe graduaineutrauzationof the negativechargeof the
particles.

It willbe seenthat the lowestconcentrationsof AICttcausea proportion-
ally muohgreater reductionof the chargethan the higherconcentrations,
whiohonly causea very graduâtfurther reductionof the negativecharge
until the mixtureis isoelectricat a concentrationof about 1.5miUiequiva-
lents per liter. This is due to the fact that it is the productsof hydrolysis

1Matteon:J. Agr.Rea.,39, s~(ï<~6).
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of the atuminumsalt rather than the trivalent AI ion which reduce the
chargemost powerfully.Sincethe hydrolysisis proportionallygreater in
the moredilutesolutions,the electricalneutralizingpoweris likewisepro-
portionallygreater.

That it is primarilythe productsof hydrolysisof the salts of aluminum i!
and ironwhichareresponsibleforthe electricalneutralizationand ftoccutation
of electronegativecolloidshas alreadybeenpointedouf but becauseof the
importanceof this fact for establishmentswherethesesubstancesare used t
for purificationand clarificationpurposesthe followingexperimentwill be <

givenhere. ·

In a seriesoftubestheclaysuspensionwasacidifiedand alkalinizedwith
increasingquantitiesofHCtand NaOHrespectivety.AtCt,was thenadded
at the rate of i.$ milliequivalentsper liter which,accordingto the previous
experiment,wasjust sumcientto render the untreatedsuspensiontsoetec-
trie. Table III givesthe quantitiesof acid and alkali added, the rate of
flocculationafter mixingas wellas the conditionafter 24 hours together
withthe chargeontheparticlesor flocsin the differentmixtures. t

Aswillbe notedtheadditionof the acidweakensthe electricalneutrati-
°

zingpowerof the AiC!:evidentlyas alreadypointedout by reversingthe
hydrolysis,whilea partialaïkaMnizationcausesactivation.In the proportion
of i.s miHiequiY.A!Ct,to 1.25NaOHthe partictesattained their maximum

electropositivechargemovingat the rate of 3.1 jttper second toward the
cathode. ThepH at thispointofhighestactivationwaafoundin a number
ofcasesto beabout5. A greaterproportionofalkalireducesthe positive
charge,passesthe isoeleetriepoint and, with an excessofalkali, thesystem
becomesstronglyelectronegativedue to the adsorptionof the OH ions.

It shouldbenoted that the clay waseleetrodialyzedand thereforead-

sorptivelyunsaturatedand stronglyacid. Someof the base was therefore
adsorbedby the clay. Thisaccountsfor the fact that the systemwasstill t

Mattson:Kolloidchem.Beihefte,14,M?(192~).

TABLEII

Thé etectricatneutratizationof electrodialyzedSharkeyclay byA!C!s,
.200gm.ctayin oneliter

AtC!, Ftoceutation p D
miMiequiv./Mterafter~boufa ~/Mc. miUiYo!t8

o 0 -3.20 -4S.o
0.1 XXX –Î.ÔO -22.5
0.2 XXXX –0.80 -11.3
0.4 xxxx -0.59 8.4
0.7 xxxx -0.45 6.3
i.o xxxx –o.iy 2.4
i.S xxxx 0 ± o.o
2.0 XXXX +O.Ï4 + 2.0
4.0 xxxx +0.49 + 7.o
8.o xxxx +0.65 +9.1
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TABLElII

TheeffectofHCI andNaOK uponthe e!eetnca!neutralizingpowerof AtC!,
inclaysuspenaion.1.5mi!!iequiv.AICt:perliterwasaddedto theacidified

and alkalinizedsuspensions

electropositivein the présenceof equalproportionsof AiC~and NaOH.
Theproportionof AICi~and NaOHwhichin the abovecasewasfoundmost
emoientis of courseof no importancesincethis proportionwillvary with
the reactionof the electronegativesuspension.

In his earlierworkreferred to abovethe author foundthat Cu80<be-
havesin the samewayas the salts of ironand aluminum. Withoutalkali
the CuSOtoausedonlythe usualreductionof the chargeon quartzparticles
producedby other divalentcations. If the sulphatewaspartly alkalinized
it chargedthe particlespositively,whilean excessof alkaligaverise to a
secondreversa!in thesign of charge.

Theaboveresultsare representedgraphicaHyin Fig.4. The sharpbend
inthe lowerpart ofthecurveshowsaverynarrowlimitofmaximumactivity.
This limit correspondsto the formationof the maximumquantity of the
eleotropositivecolloidaloxychloride. On the moreacid side the normal
AlClaprédominâtes,andwhilethe AIionssuppressthenegativechargecon-
siderablythey do notentirelyneutralizeit. On thealkalinesidethe pormat
AI(OH)9is formedandthis materialis,in the slightestexcessofalkali,itself
electronegative.Aluminais an electricalampholyteand its maximumac-
tivityas a positivesolappearsto coincidewitha pHofabout5.2.

In order to determinethe electricalneutralizingpowerof alkalinized
AlCt$in the proportionof 1.25miluequivatentsof NaOH to 1.5of AlCla
experimentswherecarriedout with the sameclaysuspensionby addingin-
creasingquantitiesofthe two electrolytesin this proportion;it was found
that slightlymore than 0.5 milliequivalentsof the alkalinizedA!Ct!was
sumcientto rendero.~gm.ofthe claymaterialisoelectrioas comparedto i .5

MiBiequtv. FIoccutattonafter ~/sec. P.D.
actdorbase mixing 2~hm. t voltcm. miUivotta

S.ooHCI slow xxxx -0.48 – 6.7
i.SO xxxx -0.40 -5.6
.50 xxxx -0.21 –2.9
–

rapid xxxx d:o dbo0
.ioNaOH veryrapîd xxxx +0.37 +5.2
.30 most rapid xxxx +0.98 +13.8
.50 slow xxxx +1.72 +24.3
-75 0 xxxx +2.15 +30.3

1.00 0 xxx +2.60 +36.3
1.25 0 xx +3.ïo +43.7
1.40 0 XXXX +2.20 +31.0
1.50 rapid xxxx +0.43 +6.o
2.00 0 o -3-ao –450
4-oo 0 o -3-50 -49.4
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milliequivalentsofnbnnalAICt..This Mequivalentto .0085gm.AlaO~in the
formerand .0955gm.A!:0,in the latter case. The isoeleetrioratio of A!:0:
to o!ayis thereforeunder the most favorablecondition.oo8$/.3 = .043
whiohmeansthat 43mgms.ofAI~O,aresuNoientfor theelectricalneutrati-
zationof onegrantof the olayhereused. It shouldbeaddedthat different
claysdiffervory much in this respect. Thered and yeUowv&netieswhich
have a high sesquioxidecontentare only weaklyelectronegativeand are
eaailyneutralised,whileclayswitha highsilicacontentarestrongly electro-
negativeand showa highisoeiectncratio.'

~a· 4
DiBphcementof theetectrokmetiepotentiatbyHCtandNaOHinanisoelectriomixture

of t.s miHiequivatentaAICJ,ando.s gramclayperliter(oomp.TableIM.).

Fromthe aboveexperimentsit followsthat, whereanaluminumsait is
to be used as a Soccutatmgagent of electronegativematerial,the highest
efficiencycan onlybe attainedby adjustingthe pH to a pointat which the
productsof hydrolysisof the aluminumsalt constitutean eleotropositive
solof maximumactivity. For the chlorideof aluminumthia pH is about
5.2. Whetheracidor alkaliis to be addedto the suspensiondepends of
courseupon the reactionof the latter. It is evident that the addition of
a saltofaluminumto an alkalinewaterwouldat Ërstresultin the formation
of electronegativeAI(OH),whichwouldhaveno effectuponthe stability
of the electronegativematerialin suspension. A gréât savingof alumina
wouldbe effectedby the additionof a certain quantityof acid and by a
determinationof the isoelectricratio.

In viewof theproposedtreatmentofalkalinesoilswithsaltsof aluminum
the importanceof investigationsalongthe above lines will be realized.
If insufflcientamountsof the salt wereapplied,the normalAl(OH)t would
beformedwhich,inexcessofalkali,is itselfelectronegativeandwould there-
forebe withouteffect. Anexcessof sait mightbe injuriousto plants and
would'notimprovethe soilstructureasmuchas the optimumamount, which
coutdbe determinedby theabovemethodofelectricalneutralization.

It shouldbe addedthat the flocproducedbythe partlyalkalinizedAICt,
wasfoundto be muchmorestablethan that formedby AlClaalone or with
HCL A fewdecantationscauseddispersionof the flocproducedby the last

1Mattaon:J. Am.Soc.Agron.,t8,458(t9t6).
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twomethods whilethe nrst-mentionedflooremainedstable after a great
numberofwashings.

A signincantfact is that the greatest activityof the aluminumoom-

poundas an electricalneutralizingagentliesina régionofgreat insotubiUty.

Verylittle aluminumis thereforeleft in the solutionif flocculationtakes

p!tK!eat théisoe!eotriopoint.

Experimentswithalumshowedthat whilethe nocoutatingpowerof this

salt is equal to that of the chloride,lits neutralizingeffecton the negative

chargeof the claypartiolesisweaker. Aconcentrationof alumof 1.$milli-

equivalentsper liter with respectto the AI ion reducedthe eteetrokinetio

potentialof the clayparticlesfrom –45.0 to –2.4millivolts(comp.Table

III). Even a concentrationof 8.0milliequivalentsperliter left the partideB

DisplaoementofthedectrokinettcpotentialbyHCIandNaOHina mixtureof t.s milli-

equivatentsatmn(~)
and0.2gm.d&yperliter.

s!ightlyelectronegative.A partialalkalinizationactivatedthe alumbut to a

lesserdegree than in the caseof AtCt,. Hydrochlorieacid and sodiumhy-
droxidewereaddedto the claysuspensionina seriesoftubesas in theexperi-
ment with AICt;and for comparisoni.s milliequivalentsper liter of re-

crystaHzedalumwereadded. Fig. g showsthe displacementof the electro-

kineticpotentialcausedby the acidand alkali. Thedifferencein behavior

of the two salts ofaluminumis due to the sulphateionswhich are present
in exoessin the alumsolution. It willbe shownlater that the anions,es-

peciallythe divalentand polyvalent,causea displacementof the chargeof

colloidalparticlesin the electronegativedirection.The additionof K:S04
to the AlCIt-claymixtureshoweda similardisplacement.

4. loNoenceofAnionsand Cationson the ElectroldneticPotenûal andthe

Electd<MlNeuttaUzingPowerofCtayParticles

In a previouspaper'the authorhasshownthat the quantitiesofmethy-
lèneblue requiredto rendera givenquantityof clayisoelectricis directly

proportionalto thebaseexchangecapacityof the claymaterialat thesame

pH. Thia wasexplainedon the assumptionthat themethylenebluecation

disptacesthe commoncationsforminga nondissooiatedadsorptioncompound
with the clay complex. In the presenceof otherelectrolytesthe quantity

Ftoccu!ationtakesplaceoverawidoMngeoneithersideoftheisoelectricpoint.
Mattaon:J. Am.Soc.Agron.,ï8,458(t~S).
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of the dye requiredto neutralizethe negativechargeon the clay partiales
maybe greatlyaffected,the eCeotbeingin generalsuchthat the moreactive
anions inoreasethe isoelectricratio of methyleneblue to clay whilethe
active cationsdecreasethis ratio. This ia illustratedin Fig. 6, wherethe
abseissasrepresentthe quantitiesof methyloneblue added to the suspen-
sionsand the ordinatesthe correspondingvelocitiesof electricalmigration
in jn/seo.for i volt/cm.

Fto.6 6
MueneeofanionsandcationsontheelectrokineticpotentMandtheelectrical

neatfahzingpowerofdayparticles.

The resultswereobtainedby mixing25co.of the suspensioncontaining
io muligramsof clay to whichthe electrolyteshadbeen added with25ce.
of the methylenebluesolutionandafter 24hoursmeasuringthe cataphoretic
movement. Thé concentrationof the electrolyteswasin each case 1.5milli-
equivalentsper liter.

It willbe seenthat anions,especiaUythosewitha highvalencetogether
withthe OHions,causea displacementofthe isoelectriopointin the direction
of greatermethyleneblue concentrations,whilethe di-and trivalent cations
cause an oppositediaptacement.While the moreactive anions eSecta
greatersteepnessof the curvesin the eleotronegativeregionand a Sattening
of the curves in the electropositiveregion, the activecations producean
oppositeeffect. Wherebothofthe ionsare activeas in Ca,(OH):the curve
becomesflatterinboth regions.

It will a!sobe noted that the eleotricalneutralizingpowerof the clayis
independentof the initial chargeof the particles. Theaddition ofCa(OH)~
reducedthe migrationvelocityfrom3.2 to t.o jM/sec.whilethe quantityof
methyleneblue requiredto neutralizethe negativechargeof the partioles
inoreasedfromabout 1.6to 5.0milligrams.The hydroxide,phosphate,and
ferrocyanideof sodiumall increasethe migrationvelocityto about 4 p/sec.
but the electricalneutralizingpowerof the claybas becomeproportionally
much greater.
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Thesetacts loadto the récognitionof twofactorsofeleotrokineticenergy

similartoallotherformaofenergy:an intensityfactoranda quantityfaotor.

The formeria representedby thé electrokineticpotentialand the latter ex-

pressesitself in the formof the electricalneutralizingpowerandrepresents

the total quantity of adsorbedions. Thé electrokineticpotentialis due to

the existenceof an electricaldoublelayerresultingfroman unequaladsorp-

tion of ionsof oppositesignof charge. But it appearsimprobablethat all

of the adsorbedionsexistin the formof a doublelayer. Calculationsmade

by the author~indicatethat only a smallfractionof the ionsadsorbed by

soitmaterialsexistin this condition. If thiswerenot so it wouldbe difficult

to explainthe aboveobservations. The adsorptionof one ionin excessof

the otherof a pair of ionsmustbe limitedbyelectrostatieattraction. The

valueofthislimitwilldependuponthe natureofthe ions,sizeandhydration

probablybeingthemostimportantfaotorsasaireadypointedoutby Wiegner.~
From the aboveexperimentit is evidentthat the associationtendency of

the Ca ionsis greaterthan that of the morehighlyhydratedNa ions or,
what amountsto the samething,the dissociationtendencyof the Na ions

is thé greater.
Thefact that muchmoremethylenebluewasrequiredto neutralizethe

negativechargeof the clay after Ca(OH)ihad been added,although this

additionresultedin a reductionof the initialcharge,is to beexplainedas

follows:The methylenebluecationswhiohare stronglyadsorbedneutralize

the freechargesof adsorbedanions. The Ça ions in the outer layer are

thereby releasedand diffuseinto the solutionwherethey are electrically
balancedby the anionsofthe dye. Asthe electrokineticpotentialisreduced

the Ça ionsin the inner layerare set freeand this displacementcontinues

until ail the negativechargesdue to adsorbedanionshavebeenneutralized

bythemethylenebluecations,whenthematerialisisoelectric.

WeSnda perfectanalogyin the pH andtitrationvalueofan acidsolu-

tion. Justas an acidmayhavea lowhydrogenionconcentrationbut a high

titration value, or viee-versa,colloidalparticlesmay have a weak charge
but a highelectricalneutralizingpoweror viceversa. The two processes
differhoweverinasmuchas the titration valueofan acid is a fixedquantity
whiletheelectricalneutralizationof colloidalmaterials,whichdependsupon
ionicequilibria,varieswith thenatureandconcentrationof the ions.

In flocculatinga suspensionof denaturedalbumen with Na-acetate-

acetioacidmixturesL.MichaelisandP.Rona'foundthat, forNocculationthe

most activehydrogenion concentrationwasdisplacedtowardthe acid side

by the activeanionswhilecationscauseda displacementtowardthe alkaline

side. Thisdisptacementof the pH at whichflocculationtookplace is in

realitya displacementof the isoelectricpoint. Theacidsidein theirexperi-
mentcorrespondsto the positivesidein the aboveexperiments.Themethyl-

M&ttson:J. Agr.Res.,33,sg.;(19:6).
Kottoid-Z.,36(ZeigmondyFestschnft)341(t9:s).
Biochem.Z.,M,225(t9t9).
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ene blue in the aboveoaseplaysthe same part as the H ionsm thé case
of albumenwhichis an amphotyte. We see therefore the same principle
(Mosed in both cases.

5. The EtectdcatBehaviorot the CoUoMalMatedal in Milk, Raw Sugar
andMolasses

The proteinsin milk oonsistchieflyof caseinand albumen. These are
true ampholytesand likegelatinare isoelectricat a hydrogenion concen-
trationof 2 X io~ or a pH of 4.7as determinedby L. Michaetis.' The pH
of fresh milk is usuaUy6.6 and the electricalmigrationof the proteins is
anodic.Theproteinsexistin theformof proteinatesandtheir ionsasanions,
hencetheelectronegativebehavior. On the acidside of the isoeleotricpoint
theproteinscombinewithacidsandbecomecathodic.

Whenmilksours,orwheoan acid is added,the casematesand albumin-
ates are decomposedand the anodiomovementsbecomesloweruntil at a
pHof 4.7thereisno migration. Afurther increasein the hydrogenion con-
centrationrésultain a reversaiin the directionof migration. The proteins
havebecomeelectropositive.

TableIVshowsthe effectofHCIupon the electricalbehaviorof the milk
proteins.

TABLEIV
Effectof HC1uponthe electricalmigrationof milkproteins.

o.a ce. freshpasteurizedmilkdilutedto 90co.
arn

The initial migrationvelocitywas -2.92 ~/sec. The calculatedP.D.
waa-41.2 whichagreeswellwiththevaluesobservedby J. Loeb*in a solu-
tionofNa-gelatinateat thesamepH.

At a concentrationof i.a oc.N/ioo HC1in 20cc. of the dilutedmitk the
proteinawereisoelectrioandcoagulatedcompletely.

Theactionof theHCt is, accordingto the nowgeneraUyacceptedview,
purelychemic&lin nature, the proteinsbeing tme ampholytes. The action
of a basicdye likemethyleneblueupon the milk.proteinsis different,and
probablybest accountedfor by assumingan adsorptionand electricalneu-

"MeWMsemtoNonenkonzentraUonen",54(t9t4).
"ProteiMandtheTheoryofCoMoitMBehavior",t~S(t9M).

HCt )t/aec. Ï*D
ce.oot N Hoccutatioa within mi!i;~ cHinMcc. 1/ahom- votts

o 0 –2.92 –4ï.2 6.7
OS 0 –9.24 –31.6 s-7
i.o 0 –I.4! –10.8 49
1.2 xxxx dbo ±o 4y
~4 0 +1.26 +17-7 4.6
1.6 0 +1.72 +34.3 4.55*
1.8 0 +2.30 +3~.4 –
~o 0 +a.47 +34.8 –
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trauzationof oppositelyohargedbodies,the negativeprotemsand the posi-
tive ionsof the dye.

Table V showsthe effectof methyleneblue on the eleotricalbehavior
ofmilkproteins.

It requiredabout4.1mgm.of the dyeto produceelectricalneutralization
of 0.2 ce. fresh milkwhen dilutedto 20 ce. with freshlydistilled water.
Coagulation,it wiUbeseen,extendsstightiyon either aideof the isoelectric
point.

EteetrictJneutralisationofmilk Electricalneutralisationofcolloidalma-
proteinsat vmyingpHvaluesby terialinrawaugarandmotameabymethyl-

methyleneblue. eneblue.

TABLE V

Eleotricalneutralizationof milkproteinsby methyleneblue.
o.a ce. freshpasteurizedmilkdiluted to 20ce.

Methvlene

SincesouringTenderathe milklesselectronegative,the samesampleof
milkwasplacedin the cooierandat 48 hour intervals the experimentwith
methyleneblue wasrepeated. After two days the pH of the diluted milk
was6.9, after four days it was5.1,and after six days it was4.?, and the

bluemgnM. Ftoccutatîon witMn hour P.D.
o 0 –2.92 –4i.a

1.0 0 –2.30 –32.4
~-0 0 –2.00 –28.3
3'o x –1.0$ –148
4-o xxxx –0.24 "3-4
4~ xxxx +0.33 + 46
4.5 xxx +0.78 +n.o
5.o x +1.08 +15.2
6-0 0 +2.11 +29.8
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coagulumwas isoelectric. The resultsof thèse and the abovoexperiment
withmethyleneblueareshownin Fig.7 in whiohthe absoissasgivethe con-
centrationofthé dyeandthe ordinatesthe oatou!atedP. D.'s.

It wiUbeseenthat, as the aoidityofthe milkinoreases,tessof the methyl-
ene blue isrequiredto reachthé isoelectricpoint. It thus appearathat thé
freshnessofmilkmaybedeterminedby its electricalneutratizingpower.

Fig. 8 showsthe eteotnoatbehaviorof the colloidalmaterialin rawcane
sugar and in moîassesfrom beets. Each tube oontainedïoo mgms.of the
sugar or molassesin 50 co. water.Theabscissaashowthé numberof mgms.
methyleneblueaddedto eaohtube.

It willbeseenthat the colloidalmaterial in thé molassesrequiredabout
threo timesas muohof thé dyofor electrioalneutraHzataonas did thé raw
sugar. Thémolasseswhiohwasverydark in colorcontainedofcoursemuch
morecolloidalmaterialthan the rawsugar. It wasnot determinedwhether
the contentofcolloidalmaterialvariedin the sameproportionas the amount
of methylenebluerequired. Sinoethé presenceof differentelectrolytesand
a différentein reactionmodifiesthe electnc&lneutralisingpowerof colloidal

material,as bas been shownabove,an exact proportionbetweenthe two
quantitiesshouldnot be expoeted.'

6. EtectfoMneticsofBatiumSutphate
A studyof thé electrokinetiobehaviorof précipitâteswillundoubtedly

beofgreatvaluewherea controlofcertainfactorssuchas thesiseofcrystals,
dispersionor aggregationare desired. As this subjectwill receivea more
detaileddiscussionlater onlyoneexamplewillbe givenhère.

TABLE VI

Theelectricalchargeof BaSO.whenformedwithan excessofK:SO<and of

BaCl2and the pH of the supernatant solution

After the completionof the ebove work, the methoda developed by the author have,
at MeaoggesMon,been applied by M. 8. BadoBetand H. 8. Paine, U. S. Bureau of Chem-
Mtry, to a quantttative atudy of the colloidalmateha)a in augar-houBeiiquom. Thèse in-
veattg~torsfoundthé baotcdye, mghtblue,moreeuitabte for their work than méthylèneblue.
The value of their wotk ia howeverdoubtM for although they make free use of a manu-

sotyt,
whiohthe author handed over to Mr. BadoUet, regafding description of methods

and appajataa they appear to hâve failed to gmap the pnncipleaof eïeotrosmoseand cata-
phoresM. In exptaimngthe adjustment of the apparatua they refer to a point "where thé
coHoidatpaîtietes do not show pfogtesatvemovement towatd either eteotmde" when no
current is ûowing. What kind of movement they were observing whon no current was
flowingand what aignineanceauoh a point could h&ve is dMBo!utto say. M. S. Badottet
and H. 8. PaiM: Int. Sugar J., 28,23-28, 97-M3,t~-t~o (:926).

t

o.c. o.i N jt/sec. P. D.
K,S04 BaCt, 1 volt cm. mUMvoKe pH

lo.o 5.0 -3.8 -S3.5 7.i
6.0 s.o –3.0 –3 6.9

5.2 5.0 -1.1 –'5-5 6.6

5.o s.o +0.4 +S-6 6.4

5-o s-s +1.6 +22.6 5.2

5.0 6.0 +2.8 +39.5 5-o

5.o M.o +4.3 +6o.s 4.8
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DifferentproportionsofaocuratelystandardizedN/io BaClsand K~SOta
solutionswererapidlymixedin a total volumeof50ce. The pH of the dis-
tilledwaterand the twosolutionswas6.4. TableVIgivesthe signofcharge
andtheelectricalmigrationof the BaSO<crystals. The!ast columngivesthe

pH ofthesupematantsolutioncolorimetricallydetermined.

It willbe seen that withan exeessof the sulphateions the precipitateis

electronegativebut withan exeessofBaionsit iselectropositive.This must
bedueto an adsorptionofthe respectiveions. Butthe associationtendency
or, to put it otherwise,thesolutiontensionof theBaand the SOt ionsmust
bedifferentbecause,in equivalentproportionsofthereagents,the precipitate
iselectropositiveindicatinga slightexcessof Bain thesurface layer. BaS04
is thereforenormally,in the absenceof surfaceactiveanions, electropositive
andmightbewritten thus:(BaSO<)Ba,,wheref;isverysmatl.

That the changeofthé signof chargeonthe cryotatsaetuaUyis dueto an
associationof one ion in excessof the otheris evidentfroma corresponding
dispjacementin the pH of thé solution. The displacementto the acid side
withan excessof BaC!:ismorepronouncedthan thedisplacementto the al-
kalineside with an excessof KtSO~. Why the adsorption of Ba ions
shouldincreasethe H ion concentrationin the solutionand why the ad-

sorptionof the 80. ionsshouldhave the oppositeeffectis easilyexplained.
TheadsorbedBa ionsattraotan equivalentnumberofanionswhichsurround
the crystalformingtheouterioniolayerwhich,inthiscase,is electronegative.
If the attracted anionsconsistedexclusivelyof the Cl ions of the BaCÎ!:the

pH of the outsidesolutionwouldbe unaffected. But thé Cl ions are dis-

placedbythe moreactiveOHionsof the water resultingin the formationof
a traceofHCt in the solution. Similarly,the adsorptionof the SÛ4ion at-
tractsan equivalentof cationsforming,in this case,an electropositiveouter
ioniclayer. Nowit is wellknownfromstudiesofbaseexchange that the H
ion bas a strong displacingpower. The H ionsof the water displacepar-
tiallythereforethe K ionsof the I~SO~with the resultthat a trace of KOH
is formedin the outsidesolution. This leads to the conclusionthat elec-

tronegativematerialsor acidoidsmust have a higherH ion concentration
in a layer near the surfacethan that of the outsidesolution. Conversely
electropositivematerialsor basoidsmust showa lowerH ion concentration
at the surface. That acidsoilsand peat showa greateracidity to litmus

paperthan their waterextractshasoften beenobserved.' By removingthe
liberatedbase by continuedleachingof BaSO~witha K~S04solutionand

by a subsequent treatment with a strong chloridesolution, an exchange
aciditysimilarto that ofsoilsshouldbe developed.

The abovepropertyofBaSO~maybeassumedto be general to a greater
or lesserdegreefor all précipitâtes. It is improbablethat the solutionten-
sionof the anionsand cationsin the crystal latticeisever exactly the same
but varieswith the hydration,the diffusibilityandother properties of the
ions. The fact that précipitâtesof the samematerialvary greatly in their

Methon:KotMdchem.Beihefte,M,227(t99~).
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bebavioris undoubtedlydue to slight différencesin composition. Such
differencesmightbeexpressedby the generalformulas(BA),B, or (BA),A,
dependingupon thcrnatureof the material and thé conditionsunderwhich
it is formed. The quantityz may be ohemicallyinsignificantbut very im-
portantas a faetorgoverningthé physioalcharaoterof the material.

7. The EtectroMnettcsof CertainSolubleElectrolytes
In the caseof certainsolubleeleotrolytesthe effeotof the unequalsolu-

tion tensionof the twoionsin the crystallattice showsitselfin a striking
manner. Satts of highlyhydrated cationsand complexpolyvalentanions
suchas the phosphateand ferrocyanideof sodiumform,whendissolved,a
transient turbidity. A crystal of the ferrocyanidewhenplacedin water
and viewedthroughthe microscopefairly appearsto explode. Little ohips
of crystalsbreak awayas if repelledby a considerableforceand pass only
verygraduallyin solution. Thesecrystalchipscarrya veryhighelectronega-
tive chargeas determinedcataphoretioaUy.Byshakinga fewcrystalsof the
ferrocyanidewith watera transient suspensionwas formedand, by working
rapidly, the cataphoreticmovement of the pàrticlescouldbe determined
beforesolutionwas completed. The partiolesmigratedtoward the anode
with the extraordinaryvelocityof 8.4 micronsper secondcorrespondingto
an electrokinetiopotentialof ny nMUivotts.

Thefact that the ferrocyanidecrystalsbreakup inwaterintosmallfrag-
mentsbeforedissolvingmustbe due to thisveryhighelectronegativecharge
whichis developedontheirsurface. This chargeis the resultofthe diverging
tendenciesof the two ions;thé Na+ ion to diffuseinto the waterand the
Fe(CN)t"" ion to remainattached to the crystaltatticeforminga miceUe

whichmightberepresentedbythe formu!a:[(Na<FeCy<))(FeCy,),––}4Na,+.
The surprisingstownesswith which the crystal fragmentsdissolved,con-
sideringthe high solubilityof the Balt,is probablydue to the layer of thé
ferrocyanideions impedingthe outward diffusion.

If the breakingup of the ferrocyanidecrystab in waterintosmaUfrag-
mentsis due to a greatersolutiontension of the Na ions,then this breaking
up oughtto be preventedby increasingthe osmoticpressureof the Na ions
by addinga sodiumsait of a weakly adsorbedanion. By addingNaCI to
the waterbeforethe additionof the ferrocyanideit wasfoundthat the latter
dissolved"normally"withoutthe formationof any turbidity,thusverifying
the aboveconclusions.The presenceof an excessof Na ionsreducedthe
diffusionof this ionfromthe surfaceof the ferrocyanideand,the Cl ionsnot
beingappreciablyadsorbed,the P.D. of the doublelayerdid not assume
the abovehigh magnitudebut remainedwithinthe limitaofstabilityof the
crystals.

This behaviorof a solubleelectrolyte to undergoa orystaldispersion
beforesolutiontakesplacewillbe met withonlywherethe solutiontension
of the twoions differsgreatlyas in the caseof compoundsin whichoneof
the ions bas a tendencyto become heavilyhydrated,i.e. to be strongly
adsorbedby thé water, whilethe other ion is stronglyattracted and ad-
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sorbedby the solidsurface. Foromostamongthe former ionsare the alkali
cationsof lowatomicweightand volumesuchas Na and Liwhich,because
of their smallaizeand the resultingstrongeleotriofield,attraotand adsorb
the watermoleculesmoatstronglyas pointedout by vonHevesy~and by
Wiegnerand Jenny.' Amongthé strongly adsorbedionsare the complex
and polyvalentions and notably the OH ions. The transient turbidity
formedwhonNaOHis dissolvedis probablydue to this tendencyof the OH
ionand is to be explainedaawas doneinthe caseof the ferrocyanide.The
ionswhichcausea dispersionof theirowncrystalsbeforethe latter dissolve
arethereforethe sameionswhieh,whenaddedto a suspensionofan insolu-
b!ematerial,causethe highestdegreeofdispersionprovidedofcoursethat
the auspendedmaterialbas the same signof charge as that of the moat

stronglyadsorbedion. Thus the eteetrcnega.tiveclay is mostreadily dis-

persedby the hydroxide,phosphateand ferrocyanideof sodiumwhile the

electropositiveferrie hydroxide is most eSîcientty Sooculatedby these

electrolytes.
8. Conclusion

In conclusionto the aboveworka briefdefinitionof theconditionswhich
leadto a potentialdifferenceat the interfaceof in-water-suspendedmaterials
willbe given. Two formsofelectrokineticpotential maybe recognizedas
follows:(i) dissociationpotentialand (a)adsorptionpotential. The former
resultsfroman unequaldiffusibilityor anunequal solutiontension of the
ionsin the materialitaelfwhilethe latter is formedthroughanunequal ad-

sorptionof ionsforeigntothe materialbutpresentin the solution.

Adissociationpotentialdifferenceis formedby dispersedmaterialswhen
oneof thé ions is diffusibleand whenthe other ion, becauseof its com-

plexityis nondiffusibleor when, becauseof its low solutiontension it re-
mainsassociatedwith the moleculesof the solidand becomesby virtue of
this associationa nondiffusibleion. The proteinsin combinationwith acids
and bases: [R.COO"]Na+and [R.NH+,101-and the oxychlorideof iron:

[(FetO~~FeiOt~zCh may be mentionedas examplesof this type of
materiaift.A dissociationpotential is aisoformedby electrolytesin which
bothionsare dinusiblebut possessa differentsolution tension. Examples
of this type are {(BaSO~Ba++]S04"'and[(NatFeCy,),FeCy.]4Na~.
Thesignof chargewillbe that of the ionwith the lowestsolutiontension.
If thedifferencein tensionof the twoionsissmallas in BaS04thechargemay
bereversedby addingan excessof the ionhavingthe highesttension.

Whilethe dissociationpotentialmay beof either signofcharge,the ad-

sorptionpotentialappearsto bealwayselectronegativeinaqueoussuspensions.
Thefact that the great numberof insolubleand chemicallyinertsubstances

chargethemselveselectronegativein water and in solutionsof ordinary
electrolytesmight be explainedby consideringthe chemicalnature of the
wateritself. Sincethe electrokineticpotentialdependsuponthe mostminute

KoUoid-Z.,21,t99(t9!7).
AbatractsPtoc.Kretïnt.CcagressSoilScience,SecondCommiseion,4o(t~a?).
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concentrationsofions,water must,for the subjecthèredealtwith,be looked
uponas an electrolyte. In the secondplace wateris an ampholyteof the
most ideal typesinee,by dissociation,an equalnumberofH and OH ions
are formed. Oneof these ions, the OH, bas beenshownto be one of the
moststronglyadsorbedions.' Now it is generaUyassumedthat tho water
molecules,or rather groups of assooiatedwater moleoules,arrange them-
selvesin an orientedposition at interfacesdue, probably,to an inequality
in the strengthof thé eteotrio&eldsat phaseboundaries. This meansthat
adsorbedwater is structurally differentfrom ordinarywater in which the
moleculesbavea randomdistribution. The questionarises:is thé adsorbed
water also ohemicallydifferent from ordinary freewater? If groupsof as-
sooiatedwatermoleculesare electricalbipolesand if thé polarorientationis
suchthat thé OHions(and anionsin general)are attracted toward the in-
terfacethon it followsthat adsorbedwater must be moreacidiethan water
in the free condition.The fixationof the OH ionsat the interfaceleadsto
the liberationofa proportionallygreaternumberofH ions,whioh,beoause
of electrostatioforces,are held in the form of an outer layersurrounding
the adsorbent. Thismay be representedby thé followingscheme:

r.HHH-~
adsorbent -Ô-O.Ô-O.h~H~

L~––––––– HHHHJ

.> g+

HHHH

Thiswouldaccountfor the signofchargeof thégreatbodyofverydiffer-
ent materials(acidoids)which in watercharge themselveselectronegative.
It wouldalaoaocountfor the oftenobservedfact that thèsematerialsshowa
higherH ionconcentrationat their surfacethan that ofthe surroundingsolu-
tion. Further, sincethe H ions may be displacedby other cations,the
sourceof the acidliberated by the neutral salt treatment isalsoaccounted
for. The adsorptionof water weakensita basic and strengthensits acid;c
propertiesandtheadsorbedwater exhibitsthereforethecharaoterofanacid.

Theadsorptionpotentialmust be lookedupon asbeingsuperimposedupon
thedissociationpotential.ThesignofohargeiBdeterminedbythealgebraicsum
ofboth.Thisconceptionofthe mechanismofthe twopotentialsexplainsseveral
observationswhichwouldotherwisebe difficultto accountfor:AUmaterials
whiohby dissociationcharge themselveselectropositivemay be charged
electronegativebyincreasingthe OHionconcentration.Asexamplesof such
materialsmaybementionedthe proteins,the colloidalbasicdyes,thémetattic
oxidesand bariumsulphate. AUof thèseare thereforeampholytoids. Ma-
terialswhichremainelectropositiveindependentof the pH (basoids)are un-
known. A greatnumberof materials are always electronegative(acidoids)
retainingthis chargeindependentof the pH. Not eventhe trivalentcations
appearto be abletochangethe signofchargeof thèsematerials. Thechange
in signof chargeof claybrought about by the additionof AlClabas been

Matteon:KoUddehem.Beihefte,t4t, My(t~a).
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shownto be dueto the produotsofhydrolysis,i.e. to the oxychloride,and
the resultingpositivecharge is evidentlydue to a dissociationof this com-

plex. Theadsorptionpotential appearsthereforoto bestrictly etectronega-
tiveas a consequenceof the attractionof the anions(OHand others)to the
interfaciatside of the adsorbedwater. The negativecharge of the noble
metabwhich,becauseof their lowsolutiontension,wouldbe expectedto be

e!ectropositive,aspointedout byFreunduoh,~isexplainedby this adsorption.
Theobservationmadeby Freundtichthat the electrokineticpotentialdoes
not alwaysparallelthe Nemst potential,has beenexplainedby him,and is
furthermademorecomprehensibleby the abovededuotions.

The aboveworkwas performedin the Bureauof Soils of the United
StatesDepartmentof Agriculture.

Summary

AnultramicroscopiccoHwhichpermitsa rapiddeterminationof the cata-

phoreticmovementofcolloidalpartMesbas beendescribed.
SeveralapplicationsofcataphoreBishave beengivenasfollows:

(i) Theelectricalneutralisationofclaysuspensionsbysaltsofaluminum.
Theexperimentshowedthat it is the produotsof hydrolysisof thesesalts
ratherthan the trivalentcationswhichare activeandthat an adjustmentof
thepHto a valueofabout 5.2is essentielfor the highestdegreeofefficiency.

(2) Theetectricatneutralizationofclay by the basicdye methyleneblue
in the presenceof differentanionsand cations showedthat the isoelectrio

ratio
––––––

waaincreasedby the formerand decreasedby the
Clay

latterions,the effectincreasingwiththevalence.

(3) Thequantitiesof methylenebluerequired toneutralizethe electro-

negativeproteinsin milkdecreasedwiththe acidity(i.e.increasedwith the
freshness)ofthe latter. Theeleotricatneutralisationofthecolloidalmaterials
in raw sugarandin motassesindicateda proportionalitybetweenthé neu-

tralizingpowerandthe quantitiesofcolloidalmaterialprésent.
(4) A studyof the electrokinetiobehavior of BaSO<showedthat this

materialis, by itselfand in the presenceof an excessof Ba, electropositive
whilein the presenceof an excessofS0<it is eleotronegative.Theelectro-
positiveconditioncausesa deoreaseandthe electronegativeconditioncauses
an increasein the pH of the solution. The formerphenomenonwas ex-
plainedonthe basisof a differencein solutiontensionof two ionsand the
latter by assumingan adsorptionof the OH and H ions of the water re-
speotivety.

(5) Thebehaviorof certainsolubleelectrolytes,auchas the ferrocyanide
ofsodium,of forminga turbid suspensionbcforedissolvingwas cataphoreti-
caUyinvestigated.The crystal chipswhich in waterbreak away fromthe
largercrystah werefound to carryan extraordinaryhigh electronegative

"KapiiJN'chentie",339(1922).
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charge. Thégreat solutiontensionof the highlyhydrated Na ionsand the
lowtensionofthe tetravatentanion(whichisa highlyadsorbedion)washeld
responsibleforthis behavior.

tIn conclusionit was pointedout that aUeleotrolytesmay give rise in
waterto a dissociationP.D.at the phaseboundaries,the signof chargebeing
determinedby the aohttiontensionand osmoticpressureof the respective
ions. But the cause of the electronegativechargeof the gréât numberof
inert materialsis to be soughtin the adsorbedlayeroforiented water mole-
ou!eswhiehapparentlyattraotthe anionsto the interfacialside of thia layer
givingnsoto anadsorptionpotential. Adsorbedwater is held to bo more
aoidicthanfreewater.

&~ NMMn~~M~M~,
~<c«««Mt~tpe~w«t<<S<<t<tMt,

sa
?? BntMM~t,N.y.
jraM.



THE PORESIZE OF COMPRESSEDCARBONANDSILICA

MEMBRANES'

DY F. E. BABTEM AND H. J. OBTEBHOF

For manypurposesthe déterminationofporesize in membranesofcol-
lodionandofcompressedsoMdsubstancesMessentiaL In particularfor the
caloulationof adhesiontensionsby the methodinvolvingthe measurement
of the displacementpressure,liquid againstliquid,it is necessaryto know

quiteaccuratelythe pore radiusof membranesformedby compressingthe
finepowdersused.

Ofthe methodsavailablefor the determinationof the radiusof capillary
tubes,therearethreewhichmaybe consideredauitablefor thispurpose.Thèse
are(i)decreaseinvaporpressureof a liquidwiththeincreasingourvaturoofits
menisousina capillarytube; (2)the heightofascensionor thepressureneces-

aaryto preventascensionof a liquid in a capiUary;and (3) the application
of the lawofPoiseuilleto the rate of flowofa liquidthroughthe capillary.
Thénrst twomethodscan beemployedfor themeasurementof the average
poreradiusof a membraneand in principleare the same as the methods
usedfor a singlecapillarytube. The third methodrequireseithera knowl-

edgeof thenumberof poresinunit cross-sectionofthe membrane,ortheuse
ofa suitableformulationin whichthis quantitydoesnot enter.

VaporpressMfemethod: This method is basedupon the fact that the

vaporpressureabovethe concavesurfaceofa liquidis less than that above
the planesurfaceof this liquid,and that thispressuredecreaseswith in-

creasingourvatureof the surface. For finecapillarieswhoseradius is es-

sentiaUyequalto the radiusofcurvature of thémeniscuathe radiusmaybe
catoulatedfromthe equation:

R=.–~–– d)R
dopjog po/pt

(I)

where

S = surfacetensionof the liquid

d[ = densityofsaturatedvapor

d. = densityof liquid in pores

p. = vaporpressureof liquiden masse

pt vaporpressurein equilibriumwith theliquidin the capillary.

The materialinoludedin thisarticleconstttuteeaportionofa dissertationpresentedtotheGraduateFaeultyoftheUniveraityofMichiganbyH. J. Oaterhof,inpartialful-
fillmentoftherequirementsforthedegreeofDoctorofPhilosophy.

Apaperbaseduponthereauttsofthe presentcontributionwaspresentedbeforethe
DtvMionofCoUoidChemistryandtheDivisionofPaintandVarnishChemistryat thé
74thmeetingoftheAmericanChemicalSociety,Detroit,Michigan,September5 to to
1927.
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This formulation was employed by Andersen'to measurethé pore
diameterof the openingsin a silicagel. Water,alcoholand benzenegave
consistentlycloseresults. The diameterof the capillaryporesrangedfrom
2.63m~tto 5.55m~Mand the numberof poresper unit cross-sectionof the
gelwaaapproximatelyto' DeterminationsaccordingtoAnderson'smethod
werealso carriedout withsilieagelbyPatrick.2

C'<tp!Ma~nM/otWM~a~oM.-Theradiusofa capillarysuffioientlysmallmay
becatcu!atedfromthé equation:

28 .S
it =–– '=––

(~)R
hdg Pg

in which

S = surface tensionof the liquid
h = height incm. to which liquidwillaacendin the tube
d =

densityof the liquid

g = gravitationalconstant

P = pressure in gramsper cm",necessarytopreventadvancoofthe liquid
inthecapillary tube.

Theliquids selectedshouldgive zeroanglesof contact withthe tubewalls.
This method was used by Bechhotd'in his workon ultrafiltration,and

wasextendedbyBigelowandBarteU/andbyBartellandCarpenter. Inthis
workthe membranesweresaturated and then coveredwithwater, andair
admittedbeneath the membranefroma pressuretank. The pressurewas
measuredat wMohwaterwasforcedoutoftheporesand airbubblesappeared
onthe surface of the membrane.

Methodo<Me~upon<tppKco<MMof PoMCM~Me'a!<!tc; The radiusof a single
capillarytube maybe determinedfromtherelation

t
<"8 1si
3

whereQ is the quantity of liquid of viscosityfi flowingin timet througha
tubeof length and radiusR undera pressureofPgramspercm.~Theaver-
agepore radius of a membrane containingn capillariespersq. cm. maybe
obtainedfrom this samerelation if the righthand memberof the equation
bemultipliedby n. This formulationhasbeenappliedto test thepermeabil-
ity of various membranes. Bigelow',workingwith coUodionmembranes,
BartetPwith porcelaindises and copperferrocyanidemembranes,Duclaux

'Z.physik.Chem.,M,t9t (t9!4).
'Inaug.DiM.Gôttingen(t9t4).
'Z. physik.Chem.,64,398(1908).
<J.Am.Chem.Soc.,3t, nt~ ('[909).
J.Phys.Chem.,2V,~52(t923).

'J. Am.Chem.Soc.,29,1675(~907).
'J. Phys.Chem.,13,659(t9tt); M,3:8(t9M).
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andErrera withmtroceMutoseand celluloseacetate membranes,have shown

that thé rate of nowof different liquidais proportionalto the pressureand

inverselyproportionalto the thicknessof the membraneand thé viscosity
ofthe liquid.

On the assumptionthat thèse membranesare composedof smallcapil-

lary pores whoselength is equal to the thicknessof the membrane,the

averagepore radius bas been determinedby Guerout,~Hitchcock,'and

Duc!auxand Errerai

Reviewof the~w<Aodsbasedon cNptMa~rise andonthe lawof Poiseuille:

Bothmethodshavebeen criticizedby differentwriterson the groundthat

the formulationsare not applicableto the casesin point. Hitchcockbas

questionedthe resultsobtained by Bartelland Carpenterwith the capillary

pressuremethod. Gurchot,*in a superficialcriticismhasstated that, insofar

as permeabilitymeasurementsare concerned,thé use of Fick's diffusion

equationwouldbepreferable to that of Poiseuilte'slaw. Becauseof thèse

déférencesin opinionit seemedadvisableto studythesetwomothodsrather

carefullyanddetenninetheir applicabilityfor themeasurementofmembrane

porediameters.

CoptKa~~e t)<e<~od.'The formulationfor capillaryrise, as stated by
LordRayleigh,8is

2a?=~
28

= h (1+~-0.1288~+0.131~). (4)
gd gh h' h*

In the caseof waterthe error involvedin disregardingall but the first term

in the right hand memberis about 2.2per cent whenr -= 0.1cm. and 0.02

percent whenr = 0.01cm. Forradii smallerthan 0.01cm. it is suSicientIy
accurateto employthe formula

a S cos 0 28 cos 8

dhg Pg

Similarto the capillaryrisemethodis the methodof Cantor' and Jaeger'
in whichis measuredthe pressure requiredto detacha bubbleof air from

the mouth of a capillarytube placedunder the surfaceof a liquid. This

methodis essentiaUythe same as that employedby Bartell and Carpenter
in their work with collodion membranes. Schrôdinger9proposesfor this

methodthe relation:

2~=rh(i-).
(6)

'KoMoid-Z.,M.S4(t926).
'Compt.rend.,M,!8o9(t873).
J.Gen.PhysioL,9, 755(t9a6).

<Ko!toid.Z.,38,S4('926)
J.Phys.Chem,M,83(t9z6).

'Proo.Roy.Soc,92A,184(~915).
Wied.Ann.,47,399(tS~).
'Z. anorg.aUgem.Chem.,101,t (t9t7).
'Ann.Physik,(3)<<4!3(t9!5).
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As in thepreviousequation,for radii smaUerthan 0.01cm.all tenns beyond
the firstmaybedisregardedand the twoequationsarethen the same.

In orderthatequation(5)mayproperly be employedforthe determination
I

of poreradiiofcollodionandcompressedsolidmembranes,it isnecessaryto
knowthreefactors:the valueof the contactangle,thepossibilityofvariation
in surfacetensionof the liquidas the poreradiusapproaohesmoleculardi-
mensions,and the effectof thé shapeof the poreson capillaryrise. The
determinationof the contact angle offersno particular difficulties. In
another articleweshalldetailthé methodemployedfor the measurementof
this anglebetweenliquidsandfinelypowderedsolide.

In regardto the variationin surfacetensionwithdecreaseinporeradius,
Freundlichlstatesthat thisvalue willvary whenthé radius fauawithinthe
order ofmagnitudeof the radiusof molecularattraction,but that the vari-
ation cannotbegreat sineethe fallingoffof molecularattractionwithdis-
tance is extremelyrapid. Patrick and Eberman'evaluatingtheir experi-
mental resultsby an extendedseriesof assumptionsand approximations
are led to the beliefthat the surfacetensionof a liquidis a functionof the
ourvature. BakJter,"fromtheoreticalconsidérationsconcludesthat the sur-
face tensionis completelyindependentofthe ourvatureof the surfacelayer.
In a seriesof artio!es/he arrivesat valuesfor the thicknessof the surface
layer (i.e.,thé layer whosepropertiesdifferfromthoseof the substancein
bulk) whichrangefrom one mp upward. The thicknessof this surface
layer increaseswith rise in temperatureuntil at the criticaltempératureit
becomesextremelylarge.

Edser<by meansof the inverseeighthpowerlawof molecularattraction
derivedby himcalculatedthat "of the energywhichrepresentsthe surface
tension ofa liquid,94per cent is locatedin the surfacelayeronemolecular
diameter in thickness." Experimentalworkby Rayleigh'and Langmuir'
and others bas givenvaluesfor the thicknessof the surfacelayer varying
from lessthan oneup to fouror fivem~n.If, inaccordwith thesevalues,the
thicknessof thésurfacelayeris consideredto be s mjn(i.e. fromfiveto ten
moleculardiameters)thentheminimumdiametcrofa capillarytube inwhich
the samebehaviorcanbeexpectedas fromthe liquidin bulkwiUbe between
:o and ts m~t. Consequently,thé surfacetensionof a liquidmay be con-
sidered as constant in capillarytubes whosediameteris greater than tbis
minimumvalue.

Terzaghi8basmadecalculationsonthe increaseinsurfacetensionofliquids
containedin mioropores.Hederivedtwoequationsforthis changein surface

"ColloidandCapillaryChemietty",p.46.
J. Phys.Chem.,29,Mo(t~s).
Z.phyeik.Chem.,104,29(1923).

<Z.phyaik.Chem.,M,129(~tg)andonwarde.
FotirthBrit.Amoc.AdvancementSci.ColloidReport,p.94(tQM)

'Phit.Mag.,(5)48,33t(.899).
J. Am.Chem.Soc.,39,t869(t?!?).

'CoMoidSymposiumMonograph,4, 58(t9:6).
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tension,the nrst being based on the assumptionthat decreasein specinc
volumeisoausedby loweringthé temperatureat constantpressure,andthe

secondonthe assumptionthat the increasein densityof thé liquidinmicro-

poresiadueto raisingthe pressureat constanttemperatureandthat surface

tensionisproportionalto the total internaipressure.

Basinghiscalculationsonthepressureofcompressionofwaterby charcoal

and its conséquentdecreasedspecifievolume,as reportedby Harkinsand

Ewing,'Terzaghiobtaineda surfacetensionvalueof 600dynesper cm.with

theSrstequationand 200dynesper cm.withthe second. Althoughnot in

closeagreementthese values wouldlead to the conclusionthat the surface

tensionof the water oontainedin very fineporesis verymuchgreaterthan

inits normalcondition. Thèseconclusions,however,arebasedentirelyupon
the interpretationwhich Harkinsand Ewingplaceupontheir expérimenta!
data onthevariation of apparentdensityofcharcoalin differentliquida,an

interpretationopen to very seriousoriticism. They concludedthat the

adhesionalpressurebetweencarbonand liquidsis morethan ao,oooatmos-

pheresinexcessof the internaipressuresof the liquids,and that in the case

ofwaterthe specincvolumeis approximatelyo.?s.

Thishypothosisof a very highadhesionalpressurewas apparentlysup-

portedbythe workof LambandCoolidge,2whoconcludedthat the netheats

ofadsorptionof liquidson charcoalaremerelytheheatsofcompressionunder

highpressureand that apparentlyliquidsare all attractedby charcoalwith

aubstantiallythé sameforce-the absolutevalueofthisattractiveforceboing
about 37,000atmospheres. Later, however,Coolidge,"decided that this

conceptionwaserroneous. Becauseof thé fact that the capacityof the ad-

sorbentisdecreasedwith rise in temperaturehe consideredthat in noneof

thecasesstudiedwasit necessaryto assumeanexcesspressureofcompression
ashighas500atmospheres. RecentlyHowardand Hutett,~determinedthe

apparentdenaitiesof varioussamplesof carbonbythe useofheliumgas,and

foundvalueshigher than those obtained by Harkinswith even the most

compressibleliquids. Thèse resultsmake it appearahnost certainthat the

variationsin the density of oharcoalobservedby the latter are due merely
to the differencein depth of pénétrationof the immersionliquids,and not

to the presenceof a highly compressedliquidfilmof greater than normal

density.

Finally,workby the authorson adhesiontensionssolid-liquidhas con-

vincedus that the adhesionalpressurebetweencarbonand water is at least

1000atmospheresless than the internatpressureof water,whileevenin the

caseof themost strongly adsorbedorganicliquids,the excessof adhesional

pressureabovethe internai pressureof the liquidsis not more than 5000

atmospheres.It thus seemsmostprobableto us that the valuesstatedby

Ptoc.Nat.Acad.Soi.,6,49(t~o);J.Am.Chem.Soc.,43,tySy(t~t).
1J.Am.Chem.Soc.,42,tt~ô(t~M).
J.Am.Chem.Soc.,48,1795(i9~6).
J.Phya.Chem.,28,to8: (1924).
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Harkinsfor the pressureof compressionandincreasein densityof an ad-
sorbedliquidareverymuchtoogreat. Consequently,the inoreasein surface
tensioncalculatedbyTerzaghiandbasedonHarHns*data iealsomuohtoo
large; the true valuesdifferprobablyvery little from the normalsurface
tension,and even this variationundoubtedlyoccurs within the molecular
timits previouslydiscussed.

Asto the effectof the shapeof the poresoncapillarynse, Sohultzelbas
comparedthe capillaryrise in tubes of oircutarcrosssectionwith that in
tubesofellipticaland irregularcrosssection. Hequitenaturattyfoundthat
fora givencrossseotionaiareathe risewasgreaterin the non-ciroutartubes.
In the case of collodionand similar membranesthé pores are probably
circutaroronly slightlyellipticalin crosssection. In oompressedsolidmem-
branes,if the partiolesweresphericalthe intersticeswouldquite probably
be tnangular;with irregularlyshapedparticles,the poreswillbe ofall con-
ceivableshapes. It willoccasionnoverygreaterror,however,to assumethat
the effectiveaverageofthousandsofsuchporessuperimposeduponeachother
wiUbea porewhoseorosa-sectionapproximatesan ellipseof comparativeiy
smalleccentricity.

Twomethodsare suitablefor the treatmentof such an ellipticalpore
and the determinationof its effectiveradius,if the major semi-axisis less
than0.01cm. Thefirstistheuseofthé wellknownequation:

P = S(t/Rt + i/R,),
for whiehan approximatesolutioncan be obtainedonly in certainspecial
cases'evenif the surfaceis oneof revolution. Valuescalculatedwith this
mayserve,however,asa firstapproximation.Thesecondmethodis thé use
of the equation:

r 2 A/1,
whereA is the oross~ectionatarea and 1thé circumferencoof the pore.~
Valuesof the effectiveradii as detenninedbythesemethodsare compared
in Table I, wherea and b are the major and minorsemi-axesof the ellipse

ande theeccentricity. R, equals
t/'LËL"

andis theradiusofa circlehaving

the sameareaas the ellipse.
Rbequalsthe radiusofa cirelegivingthesamecapillaryriseas caicuiated

fromP = S(x/Ri +!/Rt), whereRiandRaaretakenas a and b respectively,
and

R. equalsthe radiusofa circlegivingthesamecapillaryriseas calculated
fromr = 2A/1 =

a

4 a 2)rab
,x 21r&bsin~d~o Vi – e*sin' d~

the denominatorbeingevaluatedfromellipticalintégrâttables.

Kolloid-Z.,36,65;31,to (t~g).
FergUMn:Tr&M.FaradaySoc.,17,375(t~z).

'BouMM."C.piUM:M",p.163; Deaams:Ann.Chim.Phys.,(3)St, 385(t8s7);ïUchardaandCarver:J.Am.Chem.Soc.,43,827(t~i).
j~t
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It ia apparent fromthis table that for valuesof the eccentricitythat are

not too large, the calculatedeffectiveradii Rband R. are substantiallythe

sameand that also they do not diifermarkedly fromthe radiusof a pore

havingthe samecross-sectionalarea.

Methodbasedupon PoM~He'slaw:The averagepore radiusof a mem-

branecontaining n capillarypores normal to its cross-sectionis givenby

the relation:

R~ ty n~rgPt

Weahallnowexaminerathercarefullythe factorswhichmightbesourcesof

errorand invalidatethe useofa methodbasedonthis equationandattempt

to determinethe conditionsunderwhichthis methodshouldbe correct.

(a) Althoughn, the numberof pores, cannot be determineddirectly,

the equation(aswillbe seenlater) canbe sorevisedthat thisvaluedoesnot

enterin the oaloulations.

(b) The lengthof the poresin a collodionor nitrocellulosemembrane

is oustoma.ntytaken equal to the thicknessof the membrane. The mech-

anismof the preparationof these membranes,as describedby Bartelland

VanLoo,~is such, that this assumptionappears justified. In the caseof

membranesformedby compressinga powderedsolid, however,the length

of theporesmust begreaterthan the thicknessof the membrane. Working

with a bundle of asbestosSiamonts,Guérout calculatedfrom microscopie

observationsa porecrosssectionof0.0024sq.mm.whilerate of flowexperi-

mentsgave 0.0025sq.mm. Witha layerof compressedsandthe calculated

meancross-sectionof the capillaryporeswas0.0004sq. mm. whileexperi-

mentgave 0.0002sq. mm. Hitchcockaccountsfor this deviationby as-

sumingthat in the caseof sphericalgrainsthe lengthof thé capiUariesought

to begreater than the thicknessof the sandmembranein the ratioof ?rto 2.

In the case of carbonand silicamembraneswehave felt justifiedin multi-

plyingthe thicknessof thé membraneby the factor ir/s in orderto obtain

theaveragelengthofthe capillarypores.

(c) The possibilityof slippagebetweenliquid and pore walls is dis-

oussedby Bingham.1Summingup the largeamountof experimentalwork

J.Phys.Chem.,28,i6! (t~).
'"FiuidityendPlaetioity",p.~9-35(1922).

~UCUMVC AMtmt ut A-jâtt~MucM ~m~~n

b e Ra Rb ttc

I.2SR t.ooR .600 i.n8R i.mR T.ttoR

1.~0 i.oo '745 1.224 1.200 t.i88

2.00 i.oo .866 1.414 1-333 1.297

~.00 i.oo .968 2.00 i.6o 1.46

9.00 ï.oo .994 3-oo ~'So 1.54

too. 1.00 .9999 lo.oo 1.98 i.57o8

ra -&. ~£.1. i..l.l.. 11.i ~nl.~nn svFfHn.o.1"'N~n+_.i.j+.uf.ho,tA.ttA

TABLE1

EffectiveRadiiofElliptioa1Tubes
n- Rs.
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on this subjecthe concèdesthat, whetherthe liquidwetsthe soUdornot,there ? no measurablesnpping,at least so longas the flowis linear. Even
in the caseof mercuryand glasswherothe liquidwetsthe solidsoslightlythat the angleof contactis around140",Warburgtprovedthat dippingdid
not occur. w

Récentworkby TammannandHinnuber9appearsto provethat a con-
sideraMastippageoccursformercuryin caputanesofgtassandothermaterials.
Employingcarefullycleanedand amalgamtedoapillarytubesthoyfounda
valuethree tunesas !a~e as thévaluehithertodeterminedforoaptUarytubes
of variousmaterials.

(d) Unlessthe rate of flowisvery slowit is necessaryto applya cor-
rectionfor the tossin kinetioenergyof the liquid. Poiseuille'sformulathen
becomes:

_PR~gt mdQ
soi 1 'syn t

whered is thedensityofthe liquidandm a constant. Bymeansofa rigorous
theoreticaltreatment,Boussinesq'has found m = i.ïz whileKnibbs<cal-
culatingfromPoiseuille'sexperimentaldata founda meanvalueofm =
The correctedexpressionfor the radius(andassumingn the numberofpores
in the membrane)is:

tVat ~.ji-'sdQ' 111

R=[/
si.Q+–

F nwgPt t

Asimplecaloulationshowsthat fora membrane0.01cm.in thicknesswhioh
contauNonly 1000poresper squarecm. the negleotof thia correctionwill
involveno morethan 0.01per centerror, whenthe rate ofpassageofwater
isnotgreaterthan 0.001om.~per second. Althoughin-ogu!antiesinthebore
of theseporeswillhavea verygreatinfluencein alteringthe amountof this
correction,neverthelessin the experimentalworkin all casesthe numberof
poresinunit areabasbeensomuchgreaterandthe rate ofpassageof liquid
8omuchslowerthan in the Umitsstated above,that the correctionwillun-
doubtedlystillremainnegligible.

(e) Anyvariationfroma cireularcrosssectionwillalsoaffecttherateof
flow. We shaKconsider,as in the discussionof the oapillaryrise method,that no very great errorwillbe causedby the aasumptionthat the average
poreis approximatelyellipticalin cross-section.It can then be treatedbythe expressiongivenby Rucker"whereR~ is theradiusofa tube ofcircutar

4
2aaba

~<_
za%'

a" +

PogK.Ann.,140,367(t8yo).
Z.anorg.aa~tm.Chem.167,zgo(t~y).
Compt.rend.,H3,9,49(!99t).

<J.Proc.Roy.Soc.N.S.Wa!es,29,77(!895).
PMt.TrMB.,18SA,438(tS~).
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It !aevidentthat for elliptioalcross-sectionsof moderateeccentricitythe
agreementbetweenthe effectiveradiicaloulatedby thesedifferentmethodsis

quite close.

(f) It iaalsodésirableto knowthe minimumradiusandminimumlength
of a capillarytube for whiohPoiseuille'sformulationhoidswithoutappre-
ciaMecorrection. Althoughthe smaUesttube employedby Poiseuillehad
a radiusof0.0007cm. and a lengthof0.125cm.,this doesnotbyany means
representthe minimumvaluefor thèsedimensions. Therelationsexpressed
in the formulationahouldhold downto the lowestlimitsat wMcha liquid
still possessesits normalproperties;i.e.whereita viscosityisthesameas that
of the liquidinbulk. Previousconsiderationshaveshownthat thé minimum
diameterof a tubewhosecentralchannelwillcontainliquidsatisfyingthese
requirementsis probablynot greaterthan twelve to fifteenmp. It may
indeed be tessthan this, if no morethan two or three molecularlayersare
firmlyheldby thesoM, sincethemovementof the liquidis tangentialto the
surfaceof the pores. This wouldgivea lowerlimit to the radiusof the capil-
lary ofbetween0.5to i.o X 10'' cm. In contradictionto thisview,however,
Terzaghiderivedfor the viscosityofwater innarrowopeningsthe empirical
formula:

~=,(.+~~)to,~+~~),
fi '11

rs '11
r-9

whereis the normalviscosityand the viscosityin a stit ofwidth2 r cm.
Accordingto this, Poiseuille'sformulationwouldbe va!iddownto a pore
radiusof 10-~cm.;with deoreaseinporeradiusthe apparentviscositywould
increaserapidlyuntilat a radiusof1.0X 10-~cm.its valuewouldliebetween
10~and io*times the normalvalue. Apparentlywe may considera radius
of io-< cm. as a safe lower limit; without further experimentaldata the
employmentof this method for the determinationofsmallerradiiremams
a debatablequestion. Thus thé valuesfor the pore radiiofcollodionmem-
branes as determinedby Hitchcock,~whiohrangefrom2.2downto 0.27X
10"' cm. (the latter beingonlysixmoleculardiameters)are of questionaMe
signifioance.

1J. Gen.Phymo!0,759(t926).

cross-seotionwhiohwouldgivethé samerate of flowasan eUiptioattube for
whioha and b are the major andminorseïm-&xes.TableII comparesthis
valuewith the meaneffeotiveradii determined by oapillaryrise forniula-
tions.

TABLEII

Rate ofFlowin TubesofEllipticalvs. CiroularCross-SectionTI.a b R« Bb R. R<t
i.zsR i.ooR i.nSR i.ïïtR i.noR i.u~R
I.SO 1.00 t.234 1.200 I.l88 1.201
2.00 ï.oo 1.414 1.33~ t.297 1.337
4.oo ï.oo 2.00 ï.6o 1.46 t.6$
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The minimumlength for correctdeterminationawitha oapillarytube is

dépendentuponthe radius. In PoiseuiHe'sexperimen<sthe ratioR/i varied
between22 X io'~and 1046X 10-6withoutappreoiablyatfectingthe values
detenninedfor the viscosity. We may consider,then, that conditionswill
be satisfaotoryif the length of the pore is morethan onehundredtimes
its radius. In all reported workon membraneporesizeand in ourown ex-

périmentalworkthis conditionbasbeensatisfactorilymet.

(g) Asregardsthe actionof a curvedinsteadofa straightcapiUarypore
Edser'states that the innersurfaceof the tubewillbesubjectedto tangential
forcesparallelto the directionof flow,and that these forceswillhave no

tendenoyto set thé tube in motionlaterally (i.e.to exerta pressureperpen-
dioularto the wallsof the tube).

W. R. Dean,2in an article:Note on The Motionof Fhud in a Curved

Pipe, contributesto the theory of the steadymotionof a liquid througha
tube ofcireularcross-sectionwhichis coiledin a oircle. His theoreticalre-
suttsagreewellwith experimentsonthis typeofmotionbyEustico,'but are
stillofaucha qualitativenatureas to preventthoirusein the oatcu!ationof
thé neeessarycorrections. He states: "It isknownthat to causea givenrate
offlowa largerpressuregradientis requiredin acurvedpipethaninastraight
one,the differencebeing considerableevenwhenthé curvatureis small.-
Thereisnot a constantpressuregradientasthereisin thecaseofflowthrough
a straightpipe."

(h) Finally, there is the possibilityof eddyor turbulentflow,due to

highvelocity,changein poresizewithinthe lengthof the poreor changein
directionof the pore. For a regularcapillarytube, ReynoMs*foundthat
the maximummean velocity in centimetersper secondfor whichtinear
flowcouldatillexistis givenby therelation:

V
dR

Fora pore 10"' cm. in radius this maximumvelocityforwaterwouldbe ap-
proximately108centimetersper second. Abrupt changesin pore aize or

directionwouldtend to promoteturbulentflow,but by keepingthe rate of

flowlowthis possibilitywouldbeobviated.

Threeof the factors discussedabove,whichbearon the applicabilityof

themethodsfor poresizedeterminationsbaseduponcapillaryriseandupon
Poiseuille'sformulation,do not admit of very accuratetreatment. These
threefactors are pore length, poreourvatureand poreshape. Theyhave,
in fact,a moreor lessdirectbearinguponseveralof theotherfactors. The

term?r/z (usedin b) is unquestionablysomewhatlargerthan is necessaryin

the calculationof effectivepore length. This term wii!,however,serve

"GénérâtPhymca",p.417(t~M).
'PhN.Mag.,(7)4,M8,(1927).

Proe.Roy.Soc.,85A,tt<),(t~tt).
<Phil.Trma.,174,935('883).
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e4nlo 4n nnmnnnon~n lnr. 4orm1il;n.u. wnlwn ~un. 9-- tt.
approximatelyto compensatefor two différencesin valuearisingfromtho
fact that the nowis throughourviJinearorsinuousporesratherthan through
straighttubes. Thesecorrectionswhichare moreor lessmutuallyinclusive

maybe stated as: (t) The inoreasedlengthof the streamlinesof a liquid
flowingthrougha curvedpore,and (2) the largerpressuregradientrequired
to causea givenrate of flowm a curvedpore than in a straightone. Ïn-
accuraciesdue to poreshape,differentfrom thosediscussed,are probably
withinthe limit-sof experimentalerror. It is felt, therefore,that the useof
the term?r/z isjustifiedand that this termwilltend to takecareofallthree
factorsmentionedwithoutinvolvingerrorsof appréciablemagnitude.

Experimental

Bearingin mind the conditionsabovomentionedwe determinedthe

poresizesof compressedcarbonand silicamembranesby the twomethods
in orderto institutea comparisonbetweenthem, and also to obtainvalues
in whiohwe mighthavesomedegreeofconfidence.

C'ap~MetfyRtseMe< In employingthis methodfor the determination
of pore size of collodionmembranesBartell and Carpentermeasuredthe

pressurenecessaryto forceliquidout ofthe previouslywettedmembraneand
causethé formationofair bubbleson its surface. In the caseofmembranes
formedby the compressionof finelypowderedsotidsa somewhatdifferent

applicationof the methodwasfoundsuitable. Powderedmaterialofquite
uniformpartialesizewascompressedby a hydraulicpressin brassdispjace-
ment cells in a mannersimilarto that employedfor the determinationof

displacementpressuresofoneliquidby another.

In effect, that whichwasto be measuredwasthe displacementof airby
liquidsinsteadofone liquidby another.

Oneend of thedisplacementcellwasconnectedthrougha pressuregauge
witha compressedair container;thé compressedsolidin theotherendofthe
cellwaswettedwiththe liquid,this liquidextendingoutfromtheceUintoan
indicatorcapillary. Whenthé cellhad beenconnectedthe liquidcommenced
to advance inwardthrough the fine capillaryinterstices. The opposing
air pressure wasbuilt up by successivesmall incrementsuntil finallyan

equilibriumpointwasreachedwherethe liquid,asshownbyindicatorgauges
on both ends of the cellno longeradvancedbut remainedstationaryin the

pores. This pressurewasconsideredas the pressurenecessaryto prevent
movementof the liquidin the tube andwouldbe identicalwiththe pressure
whichwouldbeexertedif the liquidhad risento its equilibriumheightin a
tube of the samedimensions.

With the carbonmembranesbenzene,chloroformand toluenewereem-

ployedsince theseliquidsgivezerocontactangleswith thesoM.Withthe
silicamembraneswe employedwater and benzenefor the same reason.
Sincethe contactangleiszerothe evaluationof the radiusthenfollowsfrom
the equation:
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R
= g~- = p~,

where8representsthe surfacetensionsof theseliquidaat

25"C,P is the equilibriumpressurem gramsper cm.*and is takenas 981
dynesper gm. The valuesfor the radiusas calculatedfrom thia equation
aregivenin Table111.

TABLEIII

Determinationof PoreRadius

Methodbasedon CapillaryFormulations

MethodbasedonPcM6MtMe'a/onM<«!<t<t<w:Asbasbeenseen,the meanradius
of a collectionof capillarytubes wheren is definitelyknown,is givenby
the equation-

R=t7Â5Q
~nwgPt

Sincein these membranes,however,n cannotbe direottyevaluated,it is

necessaryto revisethisequationin such a mannerthat nneed not be de-
termined.

l~emp.2,5#C.
R aS 28

Temp. 25'C. E3g
°

]~
Surface Gram Radius

SoM Liquid teamon pteso. R X !0'
S P

Carbon Benzene a8.ag 6200 9.39
(25oolb.) 6920 9.z6

6200 9.99

6zoo 9'~9

6200 9'~9 9-~9~vB.

Carbon CMoroform 26.63 ~8oo 9-36

SSoo 0.36 9.36

Carbon Toluene 27.70 61oo 9-~6
6100 9-s6 9.26

Silica Water ya.oS 699 aïo.za

(3000tb.) 697 :io.8

697 aïo.8 aio.6

Silica Benzene 28.955 9~i ata.~g

277 :o8.o

~76 208.7 210
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The quantity ofliquid,Q, whichpassesthrougb the entirecross-section
ofthe membraneintime,t, is givenby:

Q=n~~=P~~)
° '« q ° '0 t

The total porevolumeforthé entiremembraneisequalto n?rR~!o,or:

pR'gt v
8! -i.'

r

whereVequalsthe total porevolumeof the membrane. Theexpressionfor

the radiusthenbeoomea:

R=)7~E
~PVgt

We have further consideredthat for a compressedsolid membranethe ef-
fectiveporelengthisequivalentto w/a timesthe thicknessofthe membrane.
With this finalcorrectionthe relationwhichwillbe employedfor thé oal-

culationofporeradiiis:

R =.~tt7Y~
~PV~t2 V g

where
R= theaverageeffectiveradiusof the porein cm.
1= the thicknessof the membraneor, in this case,the interiorlength

of thedisplacementcellin cm.

~= a constantindynesecondspercm.

Q= thevolumeofliquidforcedthroughceUin cm*.

P= the pressurein gms/cm'.
V = the total porevolumeor thé interiorvolumeof thé displacement

ceUminusthe volumeof compressedsolid containedin it
in cm'.

g= gravitationalconstant indynes/gm.
t==the timeinsecondsfor passageofquantity, Q.

The experimentalprocedurewasas follows:the specificgravityof the

carbonwasdeterminedin benzène,that of thesilicain water. Weighedquan-
tities of thé powderedsolidwerethoroughlyexhaustedby meansofamercury
diffusionvacuumpumpand then whilesti]!under the vacuumwerecom-

pletelywettedwithanexcessofwater. Thisweighedamountof powderwas

packedby the hydrauliepress in the brassdisplacementcellsas in the pre-
viousdetermination,and connectedwith a water reservoirundera constant

pressureheadofmercuryor water. Thequantityofliquid,Q,forcedthrough
the cell by pressureP was measuredfromtime to time over a periodof

several hours. The experimentaldata and calculated radii are given in

TablesIV-VI. In thesetablesLis thedistancein centimetersbetweenmarks

on the externalportionof the two perforatedbrass plungerswhichformed

the end of the displacementcell. This distanceis measuredwhenthe cell
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is filled, packed,and in operation. The aotuallength of the two brass
plungersbetweonthesemarks is i2.6ocm. Subtraotingthis valuefromL
gives1,whichis the interiorlengthof the ceUorinotherwordsthe thickness
of the compressedmembrane. Theinteriorvolumeofthe displacementcell,
Vo,is equalto (1/4)~rD'l, the diameterofthecet!beingr.92 cm. Thevolume
actuaUyoccupiedby the compressedpowderedsolid,f, is calculatedfrom
the specMogravityof the powderand the weightusedto fill the oe!i. The
differencebetweenthesetwoquantities,Veandf, isVthe total porevolume
of the membrane.

C<MKpansoMofthetwo)Ke<Ao<&:In the determinationof the poreradiiby
PoiseuiHe'smethodit is at onceobservedthat theapparent radiusdecreases
with lapseof timefromthe commencementof theexperiment.Thisfactbas
beencommenteduponby otherswhohaveusedthismethodfordetermining
membranepermeabilityandvariousreasonshavebeenassignedforit. What
seemsthe mostreasonableexplanationhasbeengivenby Bartell,lwhooon-
siders that the decreasein permeabilitywith timeand, consequentty,the
decreasein the calculatedradius is causedby a Tnechanicalcloggingof the
poresby very finesolidpartioles. This is borneout more particularlyby
our observationsonsilicamembranes. Thefirstportionof the liquidforced
throughwasratherturbid in appearance;thisturbiditydecreasedwithtime
until finallythe liquidwasentirelyclear. Part of this finelydispersedsus-

TABLElV

DeterminationofPoreRadius

MethodbasedonPoiseuille'sFormulation

C. B. under i~ooibs. pressure Weight C. B. = n.oogm

Temp. = 23.o"C P ==60cm. Hg.

L t Vo v V min. Q RXto'

18.90 6.30 18.24 6.yi n.ss 90 .960 n.8p

90 .958 n.8?

90 .950 H.8:

t8.9o 6.30 18.24 6.7l H.53 9° .950 n.8!:

go .950 ii.8:

90 .945 ii.8o

go .940 11.76

t8.6o 6.00 17.37 6.7! io.66 90 .930 ïi.59

90 .930 ii.59

90 .9~8 n.56

9° .930 n.59

J. Phys. Chem., 15, 665(t9n).



PORENZBOfCABBOtfANDStMOAMEMBRANES tg6y

pensionundoubtedlyremainedwithin the pores,cloggingthem and t.hus

givinga smallermeanpore radius. Evenin spiteoftbissourceoferror the

agreementbetweenthe valuesdeterminedby the twomethodsis remarkably
close.

Carbon Btaokunder 2500 Ib. pressure WeightC.B. = 13.00gm.

Temp. = 23.o°C P = 100cm. Hg.
t

L t V. v V min. Q RXto'

18.97 6.37 i8.44 7.93 10.51 90 .800 8.00
90 .750 8.62

i8.9S 6.35 18.38 7.93 io.45 90 .780 8.79
Mo .940 8.35

ï8.8o 6.20 17-95 7.93 10.02 Mo 1.050 8.80
Mo .930 8.29

18.96 6.36 18.42 7.93 10.49 Mo 1.055 8.85
MO .940 8.35

TABLE V

Determinationof PoreRadius

MethodbasedonPoiseuille'sFormulation

120 .820 7~ï
Mo .785 7.64
Mo .750 7 .'46
120 .750 7.46

Mo .830 7.85
Mo .760 75~
Mo .756 7-49
MO .755 7-49

MO .870 8.01
MO .800 7.68
Mo .799 7.68
Mo .785 7.61
Mo .765 7-5i
MO .760 7.49

Mo .880 8.08
MO .858 7.98
Mo .830 7.85
MO .785 7.63
Mo .775 7.58
Mo .770 7.56
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TABMVI

Detennin&tionof Pore Radius

Methodbasedon Poiseuille's Formulation

In Table IV the values listed are those obtainedafter several hours,
whenthe permeabilityhaabecomepracticatlyconstant. TablesV and VI,
however,give the rate of flowfromthé momentthe experimentwas started
and showthe decreaseofeffectiveradiuswith time. If it iscorrectto assume
that the decreasein permeabilityis causedby a partialcloggingof the pores,
it is entirely justifiableto plot thé apparent radii against time and extra-
polate this ourveto zero time. In this way it shouldbe possibleto obtain
the valuefor poreradiusbeforeany cloggingofporesbas occurred,and thèse
values should be comparablewith those obtained by the capillary rise

method,sincein the latter methodliquidia allowedto comein contact with

Silica under 3000 lbs. pressure Weight N!ioa20.00 gm.
Temp. 23.o"C P = 10.3cm. H~O
L = r8.6o cm. V. iy.3~om.'V = 9.38cm.'

== 6.00cm. y =! 7.99 cm.*

Experiment1 ExperimentII ExperimentIII
PMiod T~RXM*' 't~Kxi~ '~––~––Hxto* 6Period t Q RXlo' t Q -,Tx-loe t ~XtohM. hrs. hra.

istcc la 1.240 isy.4 la 1.400 z67 la 1.640 i8t
andcc .865 131.7 .988 141 i.oao 143
3''dco .750 iM.6 .646 iï4 .654 us
4thcc .678 116.6 .sic 101 .480 98. t

Sthcc .630 m.4 .4ïo 90.6 .348 83.5
6th cc .571 107.0 .323 80.5 .282 75

7thcc .566 io6.s5 .z66 73-0 .234 68.5
Sthco .520 T02.I .230 67.9 .207 64.4
9thoc .475 97-6 .210 64.9 .190 61.7

lothco .462 96.z .200 63.3 .178 S97
"thcc .iy~ ~.i
izthcc .jya s8.7

~st i .461 96.! 1 i .ï()8 63.0 i .iya 58.7
2nd a .820 90.6 2 .400 63.0 2 .355 59 6

3rd 3 .970 80.5 3 .6oo 63.0 3 .527 593
4th 5 1.785 84.6 5 .995 63.0 5 .865 58.9
5th x .352 84.0 i .i8o 60.0 7 1.220 59-~
6th 2.5 .8ïo 80.6 a .350 6o.o

7th 3 .960 8o.ï1 3 -535 6o.o
8th 5 1.760 84.0 5 .900 6o.o

9th 7 a.065 76.9 7 1.250 6o.o
ioth 10 2.9ïo 76.4

a. VolumeQ calculatedfora onehourinterval.
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a fresh and unalteredpore surface. A comparisonbetweenthe observod
valuesfor the oapillaryrisemethodandtheobservedand extrapolatedvalues
forPoiseuille'smothodisgivenin TableVII.

TABLEVII

ComparisonofPoreRadiusdeterminedby TwoIndependentMethods

It seemshardlynecessaryto remarkthat thisagreementis astonishing!y
close;forcarbonblackpackedunder2500poundspressure,a radiusof 9.30X
lo"" centimetersby the one methodas comparedwith 9.23X 10""centi-
metersby the other, and for sUioa.packedunder3000pounds pressure,
z.to X io'~ centimeters,a~comparedwith2.0$X to'~centimeters.Wefeel
convincedthat both thèse methodsare fundamentallycorrectand that if
the conditionsdescribedin the firstportionof thisarticleareobserved,both
méthodeshouldgivestrictlycomparableandeloselycheckingresultsforboth
collodionmembranesand membranescomposedof compressedpowdered
solid. In fact, it shouldbe lessdifficultto obtainclosecheckswith col-
lodionand aimilarmembranessincein themtheporeswouldtend to be more
uniformin shapeandin size. Webelieve,moreover,that thisworkmay well
serveas an answerto the criticismswhichGurchotdirectedagainstthe use

Pressure PoreRadiusX to'
SoM paokinf: Liquid CapUtary FoMeuiUe'smethod$olid

inpounds Method ObservedËxtr~pot~ted
Carbon 2500 Benzene 9.29

CMotofonn 9.36
Toluene 9.26
Water 8.<)o 9.20

8.79 9~2
8.8o 9.30

8.8s 9.32

Average 9.30 8.83 9.23
Carbon isoo 11.89

n.8z

"-59

Average n.yy
Si02 3000 Water 210.6

Benzene 210
Water 157.4 193

167 203
l8l MO

Average 210.3 i68 205
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ofPoiseuiHe'Bformulationforpermeabilitymeasurements,and wMohHitch-
cockexpressedinregardto the useby BartellandCarpenterof Jurin's law
forporeradiusmeasurements.

'1'Some few additionalmisceUtmeousobservationson the propertiesof
r

thesemembranesmightbe of interest. The followingbrief table givesthe
numberof porespersquare cm. of membranesurfacecalculatedfrom the
permeabilitydata of Bartell and Carpeoter,' the number for the largest
and smallestporesof membranesreported by Hitchcock~in his original
paper,and the numberfor the oarbonblack andsilicamembranesemployed
by us and calculatedfromthe valuesfor the permeabilityand pore radius.

TABLEVIII

ComparisonbetweenPore RadiusandNumberof Pores s

t4

It is noticeabiein the caseof the carbon black,and more markedlyso
n

in that of the silicamembranesthat as the meaneffectivepore radius de-
creasesthe numberofporesin unit cross-sectionincreases. On thé assump- i.tion that a mechanica!cloggingof the larger poresoccurs the increased

1

numbermay be explainedin two ways. One largeporemay formseveral
smallerones,or the measureableeffectof smaUerporeswhich wereprésent
fromthe start maybecomemorenoticeable. In the auicamembraneswe
bavean extremecasein whichthe apparent numberofpores bas increased
tenfold.

From a knowledgeof the numberof pores in the cross-sectionof the
membraneandthe rateof flowof liquidthroughit wecancalculatethe mean
velocityin centimetersper secondof the liquid ina givenpore. This bas
the valueof o.n X 10-~cm. per secondfor Carpenter'sleast permeable
membrane;forcarbonpackedunder ~500tbs. pressurethe value is 4.08 X

BarteMandCarpenter:J. PhyB.Chem.,27.952(t9~3).
1

Hitchcock:J.Gen.PhyNot.,9,759(1926).

Obeerver

1 ~rV

Numberof poresOb~r T~pe.f Membre Rx.o.to°

Bartell and Carpenter Collodion 84.0 13.4X10~

46.7 18.3 X ïo*

35-o ï5.6 X K~

Hitchcock Collodion a. 08 y x to'"

.~7 syo X io'°

Bartell and Osterhof Carbon B!ack n .89 ç X io'

1500lbs. pressure 8.90 t4.6Xio'
2500 lbs. pressure 7.46 zo.SXio*

Silica tgi.o 3.26X10"

3000 !bs. pressure 58.7p 300 Xio*
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io'~cm.parsecond. Accordingto Reynolds'formulaforthé criticalvelocity

at whichturbulent flowcommences,V== the criticalvelocityin the
et K

firatcasewouldbe morethan 10' cm. per second,and in tho latter case

around10'cm. per second. The différencebetweenthe actual velocityand

the calculatedoriticalvelocityis so great that irregularitiesin thedirection

orshapeofthe poreswouldscarcelyboexpcctedto causeturbulentSow.

Hitchcock,(loc. cit.) by the applicationof Poiseuille'slaw,calculated

that the poreradiusof his collodionmembranesvaried from 3 X 10-1to

20X 10*'cm. Aswasstated,the lowervaluesare of doubtfulsignificance
sincetheycovera rangeofonlyfiveto ten moleculardiametersandit is far

fromcertainthat the apparentviscosityof the liquidin suchnarrowporesis

thesameasit wouldbeenmasse. In attemptsto applythémethodofBartell

andCarpenterto the membranesused,he reported!ackofsuccessevenwith

theuseof muchgreaterpressures(theirpressuresrangedfrom t.~6to 4.2.;

kg.porsq. cm.) It isquite possible,however,that he did not employpres-
suressufficientlygreat sinceforhismembrane,B 15,witha radiusof2.08X

!o'' thé necessarypressureia70.65kg.persq.cm.whileforB 20witharadius

ofo.ooX 10"*the pressureis 148.5kg.persq.cm. Naturally incasessuch

asthis it wouldbe moreadvantageousto employa method basedon Poi-

seuiUe'slaw.

Summary

The applicabilityof methodsbasedon PoiseuiUe'slawand onthecapil-

laryrise formulationfor the determinationofmembranepore radiibasbeen

discussed.Varioussourcesof errorwhichmightinvalidate theirusehave

beenconsideredand the conditionshave beenstated under whichthese

methodsshouldgiveaccurateresults. Experimentalworkwith membranes

formedby compressionof finelypowderedoarbonand sihcabas shownthat

if these conditionsare satisëedboth methodsgivecomparableandcbsely

checkingresults. Asidefromquestionsof experimentalconveniencein cer-

tainspecinccases,thereis,sofaraswecansee,noreasontopreferonemethod

overthe other.
In the determinationof adhesiontensionof solidagainst liquidby the

pressuredisplacementmethod,in whichdisplacementcellsare employed,
it is necessaryto knowthe pore radius existingbetween the compressed

partiolesofsolid. Themostconvenientmethodforthis determinationis the

capillaryrise(i.e.pressure)method. Thedatapresentedinthis paperappears

to~besuIBoientto justifytheuseofthat method.

C~e)M(cft<L<~ont<or~,
Uniuersityo/Michigan,
AnnArbor,Michigan.
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SOMEEXPERIMENTSONIRON

BYLAWRENCEGANEKNOWLTON

Introduction

Asthe title indicates,this investigationbas to do with variousexperi-
ments involvingiron.. The first three partsof thé work deal with new
methodsfor the determinationofcarbonin iron. The study of the tin-iron
alloyswastakenup with the objectof determiningthe formofcarbonwhen
dissolvedin iron. The nextdivisionis concemedwith thé effectof aniline
on the rate ofsolutionof iron in aoid withthe result that it canbe ctassed
with a groupof compoundswhichact simiMy. Next, someworkon the
reductionof nitrobenzenewhichwas undertakenoriginally,to determine
the differencein amountof corrosionof ironin sodiumsulfateand sodium
chloridesolutions,but whicheventuaUyledto other results. Lastly, some

experimentsonpassivitywhichwerecarriedoutwith tin, but couldbe dupli-
catedwithironinappropriateconcentrationofnitricacid.

AnEtectfo~c MethodforTotalCarbon

Whenirondissolvesin hydrocMoricorsu!furicacids, muchof the com-
binedcarbon,in thé formofironcarbide,reaetswiththe acidforminghydro-
carbonsand leavesa smattamount of carbonbehind. This is due to the
presenceof nascenthydrogenat the pointwherethe iron carbideis reacting.
Undertheseconditionsthe carbonreadilycombineswith thé hydrogen. A

possiblereactionwouldbe as follows:

2FeaC+ MHC!= 6FeCt,+ CJï, + gH,
A smallamountof the carbonof the ironcarbidedoes not unitewith the

hydrogenof the acid whichaccountsfor thecarbon remaining. That the
combinedcarbonis not reducedto hydrocarbonsby nascenthydrogen,was

provedbymakinga pieceofiron,highin carbide,cathodeina sodiumsulfate
solution. Notraceofhydrocarbonswasfoundin the hydrogenevolved.

If ironis dissolvedin nitric acid, sp. gr.i.z,the concentrationused in
the determinationof graphiticcarbon, mostof the combinedcarbon is
oxidizedto solublecompoundswhichcolorthesolutionbrown;a littlecarbon
dioxideand a trace of hydrocarbonsare formed. Only graphitic carbon
remainsbehindafter the irondissolves.

If it isdesiredto dissolvethe ironsampleandhave aUthe carbonremain,
as in thedeterminationoftotalcarbon,thepotassiumcopperchloridemethod

maybe used. Thesampleisdissoivedin a sotutioncontainingthepotassium
copperchlorideand somehydrocMoricacid. The concentrationof the acid
is not highenoughto reaetwiththe ironcarbide.The reactionsinvolvedare
as follows:

Fe + :CuCI:= FeCi~+ 2CuCI

FeaC+ 6CuC!,= 6CuC!+ ~FeC~+ C
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Ironmadeanodein a solutionof certainolectrolytesshoulddissolveand

leaveall its carbonbehindas the hydrogenis givenoff at the cathodeand

thusbasnoopportunityto reactwith thé carbonof thé ironcarbide,as it is

brokendown. Thismethodiasimilarto thépotassiumcopperchloridemethod

exceptthat a differentmethodof solutionof the iron is used. The electro-

chemicalequationsinvolvedareas follows:

Fe sF = Fe-H-

FeaC 6F 3Fe+++ C

Justum'employedthismethodfor determiningtotal carbon. He made

a steelrodanodein a dilutehydrochtorioacid solution, sp.gr. ï.i, usinga

platinumcathode. ThecurrentwasaHowedto runovernight,10or t ggrams

of steelbeingdissolved. Thecarboncouldthen be filteredoff and deter-

minedby combustionin théusualmanner. No figuresaregivenas to the

aocuracyof his results. It wouldseem,however,that the iron wouldnot

dissolveuniformlythusgivingcausefor error.

The methodused in thèseexperimentswas to place the ironturnings in

a platinumdishand makethisanode. A strip of copperservedas cathode.

The currentfrom two storagebatterieswasusedwhich gives3.6 volts and

.65 ampèresat the start. The amperagechangesconsiderablyduring the

run. Aselectrolyte,a 10%solutionof sodiumchloridewasfirstemployed.

It wasfoundthat chlorinewasevolvedwhichof course wouldnot be ex-

pectedas the potentialrequiredto make iron dissolve,is lessthan that to

dischargechlorine. Tofindout the causeof this,somecurrent-voltageread-

ingsweretaken. It wasfoundthat after thé ourrent starts, the amount

flowingthroughthe circuitgraduallydecreases. This is explainedas due

to thé increasedrésistancecausedby the ironhydroxideformed. This would

formaroundthe iron and increasethe resistancebetweentheplatinumdish

and the iron. If acid is added,or the solutionis stirred, the current goes

up again. Whenthe ironhydroxideformsaroundthe iron it beoomeseasier

to dischargethe chlorinethanto forcethe iron to dissolve.

A ïo% solutionofsodiumsulfatewassubstitutedfor the sodiumchloride

and whilesomeoxygenwasevolvedit doesnot oxidizethe carbon as can

be seenfromthe results.

About t.s grams of ironturnings wereweighedout and placed in the

platinumdish. The sodiumsulfate solutionwas then pouredin, and the

ourrentstarted. As mentionedbefore,as the electrolysisproceeds,ironhy-

droxideappearsand settlesdownon the turnings tending to prevent the

dissolvingof the iron. Acidcouldbe added but there is dangerof adding

enoughto attaok the iron. Instead, the solutioncontainingthe iron hy-

droxideis pouredoffleavingthe undissolvedironbehind in the dish. More

sodiumsulfatesolutionwaaadded and the electrolysiscontinued. This

proeessbasto be repeatedseveraltimes. A halfday or moreis requiredfor

all the iron to dissolve. Thecontentsof the platinum dishis then added
.––––––––– ')

'Chem.News,41,17(!88o).
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to that alreadypouredoffand the mixturewarmedwith15or20 oc.of con-
centratedhydrooMorioaoidto dissolvethe iron hydroxide. The carbonis
then filteredoffon a Gooohcrucibleand determinedby combustionin the
usualway.

The resultsoheckveryctosetywiththose foundby the ordinarymethod
of combustionof the ironsample.Awhiteiron samplewasnrst tried, which
containsall thé carbonin the combinedform, so that if anyof the carbon
wereremovedin the formof a gas, it would be noticeabloin thé results.
The othertwoare gray iron,numberthree beingoneana!yzedby thé U. S.
BureauofStandards.

i 1 a 3
OrdinaryCombustion 2.13% 3.oo% 2.10%
E!ectrolyticMethod 2.18% 3.oo% 2.27%

Differentdeterminationson the samesample checkedclosely.In the case
ofNo. i, 2.15,2.r8and2.2: werethe resultsobtained.

This methodis acourateand wouldbe satisfactorywhererapid deter-
minationsare not required.

AnEtectrotyticMethodforGraphiticCarbonin Iron
Haber' states that an iron cathodecorrodesin an ammoniacalsolution

of ammoniumnitrate. Hère,as the ironcarbide dissolves,it wouldcomein
contactwithnascenthydrogenfromthe electrolysisandformhydrocarbons.
Thustherewouldbeonlygraphitiocarbonleft after the sotutionof the iron.

Apieceofsheetironwasmadecathodein a strongsolutionofammoniacal
ammoniumnitrate andthe current densitykept lowas recommendedin the
abovearticle. Theirondidcorrodeveryslowlybut it wasfoundthat a piece
of iron in a similarsolutioncorrodedaboutaa mach withoutthe use of cur-
rent. Heatingthe so!utionor inoreasingthe current, doesnot increasethe
rate of corrosionappreciably. No déterminationsof the amountof carbon
remainingweremadeas it would take an extremelylongtimefor all the
ironto dissolve.The currentbas nothingto do with thé corrosionprocess.
A spot of iron or iron carbide dissolvesas anode in a localcell and at
anotherpoint,the cathode,hydrogenis set free. Undertheaeconditionsthe
ironcarbidedoesnot comein contactwithnascent hydrogenas it ia broken
down,so no hydrocarbonswillbe formed.Then, if the irondissolvedcom-
pletely,mostor perhapsall of the oarbonshould be left behind.Whenthé
irondissolvesin eitherhydrohlorie or suifuricacids, as mentionedbefore,
the carbondoescomein contactwith the naacent hydrogenand formathe
hydrocarbonswhichare evolved.

If the ironshoulddissolveas cathode,the hydrogengivenoffat the same
time shouldreact with the combinedcarbon and only graphitic carbon
shouldremainbehind. There is, however,the possibilityof the hydrogen

Z.EMtttochemM,?, 73}(tgot).
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reduoingthe nitrate radicalrather than reactingwith the combinedoarbon,
andifthiswerethecase,morethan thegraphitiocarbonshouldromainbehind.

Effectof DepoîatiziogAgentson the Amountof Carbon remainingwhen

Irondissolvesin Acid

Asstatedbefore,whenirondissolvesin hydrochlorieor sulfuricacids,the

iron carbidereactswith theacid forminghydrocarbonswhiehpass off as a

gas. If a depolarizerwerepresentthe hydrogenfrom thé abovoreaction

mightbeoxidizedand thusnot haveanopportunityto react with thé carbon

of thé ironcarbide. Thiswouldleavemorethan theusual amountof carbon

behind. Thereisalsoa possibilitythat the depolarizermay beable to oxidize

the carbonformed,eithergraphitioorcarbide. Theeffect of the depolarizer

maybe testedby theamountofcarbonremainingafter the ironbasdissolved.

The ideafor this workcamefromthe fact that the iron-tin alloymen-

tioned later, left morecarbonbehindwhendissolvedin aqua regia,than in

nitricacidof the concentrationusedfordetermininggraphitic carbon. This

effectwiUbe takenup later.
Potassiumpermanganatewas chosenas the depolarizer for these ex-

periments. Astandardsolution,ratherconcentrated,from .05to .06grams

per ce., wasused. This wasboiledto removeorganicmatter and filtered

throughan asbestosfilterwhichremovesmanganesedioxide. Samplesof

the iron tumings,alwayswithin .or gramsof 1.55grams, wereplaced in a

beakerand a definitevolumeof the standard permanganatesolutionadded

froma burette. The total volumewasmade upto 50 ce. by addingwater.

Four oc.ofconcentratedsutfuricacidwerethenaddedand the actionusually
allowedto proceedwithoutheating. After the firstvigorous reaction,the

beakeris heatedand moresulfuricacidadded to be sure that all the iron

carbidebas dissolved. Ironcarbidedissolveslessreadilythan iron. Mellor

states that N/ïo hydrochlorieacts on it at 80°,and the N acid gradually
dissolvesit at ordinarytempératures.

A seriesof runs was made usingtwo differentiron samples. No. 1 is

white iron with a total carboncontentof 2.13%and no graphiticcarbon.

No. II isa grayiron,totalcarbon3.31%,and graphiticcarbon 2.54%. The

resultsobtainedare as follows:

1 II
Gr.KMnO, ec.acid %CMbon Gr.KMaO, %Carbon

i-none 4 .75 i.3 3-o~
a–none 8 .55 i.s 3°S

3–1.5 4 i9 1.7 3.i6

4–1.88 4 2.12 2. 3iï

5–2.1 4 2.14 3-"3

6–2.3 4 ~-13 ~4 302

7–a.7 4 1.64 2.5 2.98

8–2.95 4 1.~5

9–2.3 (in 75ce.) g ~-04

to–2.3 7 ~-9
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The first runs were madewith white iron and, as oan be noted, with
the correctconcentrationofpermanganatethe total carboncanbe obtained,
whichwouldsuggestusingthisas a methodfor total carbon. The runswere
then madewith the gray ironwith tesssatisfaotoryresults. The maximum
percentageofcarbonisabout.15%lessthan the totaloarbon. Thiswasfound
to be due to the oxidationof the graphitiocarbonby thopermanganate,as
willbeexplainedlater.

It willbe seenfromtheresults, that there is a maximumin the amount
of carbonremainingwhiohfallsoff on either aide. This is explainedas fol-
lows. Witha smaUeramountof permanganateprésent,it doosnot oxidize
the hydrogenrapidlyenoughto prevent someof the hydrogenreactingwith
thé carbonof the iron carbide. This carbon then escapesin the form of
hydrocarbons.Withtoo muchpermanganatepresent,it oxidizesthe carbon.

Increasingthe amountof acid (9) wouldbe expectedto deoreasethe
amountof carbonas the ironwould dissolvemorerapidly, thus givingthe
permanganatelessopportunityfor its actionon the hydrogen. Makingthe
solutionmoredilute(8)wouldleaveIesspermanganatein contactwith the iron
to aot. Thiscouldbeovercomeby stirring.

As mentioned,the maximumamount of carbon that was left, was the
sameas the total carbonin the case of the whiteironbut somewhattesswith
gray iron. Anothergray irongave similarresultswhosetotal carbonwas
2.to% and graphiticcarbon1.82%.

III
Gr.KMnO< Carbon

1.8 t.yg
2.1 a.00

Onewouldexpectthe whiteiron to give thé lowerresultsbecauseof the
largeramountof combinedcarbon which bas an opportunityto go off as
hydrocarbons. It was thoughtthat by changingthé conditionsduring tho
dissolvingof the gray iron,the earbon remainingcouldbebroughtup to the
total carboncontent. The acidcontent was then reducedto a oc. of con-
centratedsulfurioacid. Undertheseconditionssomeiron saitispreoipitated.
Thisdoesnot dissotvereadilyevenwhenmoresu!funcacidisadded. Hydro-
chlorieacid,however,willdissolveit. The amountof carbonremainingwas
not raisedby this change. Other runs weremade, stirring until the per-
manganatewasusedup. Thisdidnot changethe resultsappreciably. Bette)-
resultswereobtainedif the permanganatewasadded graduaUyand stirred
during the addition. Gradualaddition would tend to prevent the per-
manganatebecomingconcentratedenough to oxidizethe carbonwhilestir-
ringwouldkeepthe permanganatein contactwith the iron,as it dissolved.

Théexplanationof the lowresults in the caseof the grayironwaafinally
found to be due to the oxidationof the graphitiocarbon. To determine
whetherthe permanganateoxidizesthe graphiticcarbon,the followingex-
perimentwascarriedout. Grayiron, II, wasdissolvedin nitricacid, sp. gr.
1.2,whichleavesonlygraphiticcarbon undissolved.This carbonwasfiltered
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t~ ~t~ t.)-– _L ~f <offona Gooohorucible,thenplacedina beakerwith Sooo.ofa solutioncon-
taining4 co. of concentratedauMuricacidand .2$ grams of permanganate.
Thesolutionwasheatedfor iminutes at a temperatureof 60" 6s°C. The
graphitiooarboncontenthadthen droppedfrom2.54%to 2.38%.

Asmentionedbeforewheniron dissolves,iron carbide goesinto solution
after the iron. In the caseof the gray iron, with little combinedcarbon,
thegraphitewillcomeoutat the firstpartoftheaction andthus isexposedto
the oxidizingaotionof the permanganatefor a considerablelengthof time,
whilethé concentrationof the permanganateis atill Mgh. Withwhite iron
thé carbondoesnot comeout until the lastof the action and is in contact
witha moredilutepermanganatefor a shorterlength of time. Thus there
is littleopportunityfor itsoxidation.

It wouldthen be logicalto concludethat the permanganatecouldbe
addedsometimeafter the aoidhad begunto act on the iron and be more
effectivethan ifadded beforethe actionstarts. This conclusionwas borne
out byexpérimenta.Theacidwaaallowedto act for a certainlengthoftime,
five to sevenminutes,and then the permanganatewas droppedin rapidly,
aboutas fast as it waspsedup. The additionof the permanganatewas con-
tinued until thé action of the acid on the iron was practicaUycomplete.
With ironII, this methodgavea valueof3.24%, .07% less than the total
carbonvalue.WithironIII, it gave2.17%,.os%lessthan the totaloarbonand
almostwithinthé limit of experimentalerror. Here are two causesof the
lowerresut<Bin the caseof iron II. First; it bas a higher total carboncon-
tent thus thereismore likehhoodofthe carbonbeingoxidized. Second;the

turningsare not uniformas is the casewithironIII. Someof the smaller

partielesof iron would dissolvecomptetetybefore thé permanganateis

added,thus losingthe combinedcarbonashydrooarbons.
Fromthe above,it is evidentthat the methodgiven wouldbe pracjctd

for the determinationof total carbon in white iron, as it is accurateand
asrapidasanymethodinvolvingthé solutionof iron previousto combustion.
It wouldnot be reliablein thé caseof the gray iron, due to thé difliculties
mentioned.

Asmentionedbefore,if ironis dissolvedinaqua regiait leavesmorethan
thegraphitiocarbon. Runsweremadeusingthe sameironsamplesas before.
The results foUow:

No.of No.of No.of Ironsample e/ r'cc.HNQ, co.HCt cc.H,0 used ~~°°''

8 ai is White 1 .89
o 25 zs White 1 .32
8 24 o Gray II 2.87
8 o 24 Gray II 2.6

Theseresultsshowthat morecarbonremainswhen aquaregiais usedto
dissolvethe iron than if eitheracid wereused alone. This would be ex-

plainedas follows. Whenthere is a mixtureof the two acidspresent,the
nitrieooidor the chlorineproducedwouldoxidizethe hydrogenpreventing
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the formationofhydrooarbons. Ofcoursenitrie acidalonewouldbe oapabto
ofoxidizingthis hydrogen. There is an addedeSeot,however;someof the
nitrie acidMusedup in oxidizingthe hydrochlorieaoidthus preventingit
fromactingonthe carbon. This wouldcausemorecarbonto beleft behind.

Somerunswerealsomade to determinethe oxidizingaffeotof hot aqua
regiaandchlorineonthe oarbonfromthe whiteironandthe graphiticcarbon
fromthe grayiron. The carbonfromthe whiteironwasproducedby treat-
ment with permanganateand acid. The graphitiooarbonwas produced
in the uaua!manner. The results follow:

#v

When chlorinewas bubbled into heated water containingthe carbon ni
fromthe whiteiron, the carbon contentwent downto 1.98%. Usingthé
graphitiooarbonfrom iron III, after simUartreatment with chlonne for
an hour anda half,there was no toasin oarbon. Àquaregiaand ~Morine
aresimilarinthat theyoxidzethe carbideoarbonbut notthegraphitiocarbon.

It wouldfollow,then, that if chlorinewerebubbledinto an acidsolution
in whiohironwasdisaolving,it shouldraisethe amountofcarbonas wasthe
casewith permanganate.Of coursethe experimentshouldbe so regulated
asto preventtheoxidationof the carbidecarbonasmuchaspossiMe.

Runs weremadewithboth whiteand gray iron. The iron tumingswere
placedin theaoidand heatedto 60° 8o°. Chlorinewaabubbledin froma
cylinderaslongas therewasany action.

The résultado not reach the valuefor total oarbonin either case due
eitherto thé escapeofhydrocarbonsor to the oxidationof someof the car-
bide carbon. It wouldprobably be possible,by regulatingconditions,to
bringthesevaluesup to some extent. However,it wouldbe moredifficult
to regulatethe concentrationof the chlorinethan that ofthe permanganate.
Therate of solutionof the iron couldbe readily controlledby the concen-
tration of the acidand the temperature.

Effectof Tin onCarbonin Iron
In Percy'sMetaUurgy,'Eyferth bas experimentedon the action of tin

oncastiron. Hethoughtthat if 25%tin wasaddedtoandstirredwithmolten
graycaat iron,the wholeof the graphiticcarbonwouldseparateout and this
wouldbe leftbehindin the cruciblewhenthe alloy is pouredout. If this
weretrue it oughtto have an interestingbearinguponthe fonn of oarbon

"Meta~utgy:IronandSteet",t63(!66~).

Mjruuwt <ta tuugas taere was any action.

ce. of HCt ce. of water Iron mmple Carbon

40 II 2.<)~
30 20 I t.oo

cc.of cc.of cc.of Sourceof
MterHCt HNO, water CM~n Before Afte)'

8 ig Whiteiron 1 2.13% i.3t6%
~4 8 1$ Gmyiron in 1.8% i.8%
~4 8 0 Gmyiron 111 i.8% 1.8%
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in the melt. If there is a reversibleequilibriumbetweencombinedandun-
combinedcarboninthe melt, then tinshoulddisplaceaUthecarbonfromthe
mdt or if weassumewith JeffriesandArcherthat thoreisnocombinedcar-
bonin the melt,it shouldalsodisplaceall the oarbon.

The iron-tinsystemwasfirst workedout by iBaacandTammann.~Iron
andtin arenotmisciblein aUproportionsin the melt:between50%and89%,
twolayersare formedin equilibriumat ii4o°C. Belowthis temperature
mixedcrystalsof19%tin contentdepositfromthé ironrichlayer leavingthe
maltcontaining89%tin. At 8o3"Ca reactionoccursbetweenthe ironrich
mixedcrystatsandthe tin richmeltwiththeformationofa oompoundwhose
formulais not given. The systemwasfurther investigatedby Weverand
Reinecken.1Thédiagramof the Systemwaachangedsomewhatand the
compositionoftheiron-tincompoundsseparatingout wasdetermined.

Anarticleonthe iron-tio-carbonsystemby Goerensand EHingen,~has
beenpublished.Thediagramis notworkedout but theconstituentsof the
systemare determinedby coolingcurvesand microscopioexamination.The
miscibiMtygapbetweenironand tinin the melt ismoreasedby the presence
of carbon. Thesotidphasesseparatingout from the ironlayer are saidto
befirst,austenitecontainingtin, thencementite,the iron-tincompoundand
lastlya ternaryeutectio. Analysisofthe iron layer ismadefortin, totaland
graphitiocarbon.Nomentionismadeofwhethercarbonisthrownout ornot.

ToverifyEyferth'sexperiments,variousaUoysof ironandtin weremade
up by meltinggrayiron in the inductionfurnace and addingtin. There-
sultingmelt waspouredinto sand. Graphitic carbonwas thrown out but
bynomeansthewholeamount,asshownby the followingtable:

Tin T. C. G. C.
Iron for Alloy1 s.99 2.95
Alloy 1 12.8 2.K) .3
Iron for AUoys2-6 3.3!x 2.54
Alloy 2. is5 2.tx .06

Alloy 2 aDnealed 155 z.t1

A~oy33 15 2.3 .22

Alloy 4 7.5 3.00 1.75
Alloy 5 13 2.6 .34
Alloy 6 16 s.: .26

T. C. onbasis G. C.on basis Lossof
of iron ofiron carbon

Alloy 1 2.5: .35g 5
Alloy 2 2.48 .07 .8

Aolly anneated 2.48 .34 .8

Alloy 3 2.77 .266 .66

Alloy 4 3-2 1.9 ix

Alloy 5 3.00 .39 .33
Alloy 6 2.64 .31x .77

Z. MMtf!.Chem.,M, a8t (t90t).
'&anort:. Çhm).,t5t, ~9 (t9a6).
Metallurgie,7, (!9!0).
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Fromtheaboveresuttsit willboseen that .8%is themost carbonthrown
out whichamountsto onlyabouta third of thé graphiticoarboncontainedin
the originaliron. The amountofcarbonthrownout of the alloyasgraphite,
inoreasesas the tin contentof the alloy is inoreased;aUoy4 with 7.5%tin
lostverytitttewhilealloysaround15%tin tost.6-.8%. Thégraphitiocarbon
contentof thealloy alsodecreaseswith increasein amountof tin as a com-
parisonofaUoy4with the othersshows. The tin contentof the ironcanonty
be inoreasedto a certain point, t6%,after whiohtwolayersappear, the tin-
rich layercontainingabout90%tin. This tin.rich layercontainsnocarbon.
The amountof carbon in the ironlayer cannot be loweredbeyonda certain
amount whenthe iron layeris saturated with tin. The amount of carbon
thrownout, however,increaseswithinoreasingamountsof tin as moreiron
wouldenterthe tin layerandthis ironwouldtoseatl its carbon. Thiswould
alsoeffecttheacouracyofthe résultaon the basisof the ironpresent(columns
3and 4). It wouldmakethe amountof carbonthrownout asgraphitegreater
than it apparentlyis whenevera tin rich layeris formed.

As an analogyto thiseffectof tin in displacingcarbonfrom iron, canbe
taken the et'fectofalcoholona solutionof sodiumchloride. Sodiumchloride
is only slightlysolublein alcoholand if alcoholis added to a sait solution,
the sait précipitâtesout, if enoughalcoholis addedall the salt shouldcrystal-
lizeout. ïn likemanneroarbonisnotsolublein tin and whentin isaddedto
a solutionof carbon in iron carboncomesout. If enoughtin werepresent
to dissolveaUthe iron, all the carbonshouldbe thrownout.

It willbewellto considerherewhat conclusionscan be drawn,fromthis
workand that of others, as to the form of carbonin the melt. Thereare
threepossibilities,two ofwhichhavealreadybeenmentioned. Theyare

i. It maybe presentas dissolvedcarbide.
z. It maybepresentasdissolvedcarbon.
3. Theremay be a reversibleequilibriumbetweenthe two represented

as followsFe,C±53Fe + C.
At first thought it wouldseempossibleto determinethis from the form

in whichcarbonseparates fromsolution. This line of attack is not con-
clusive,due to the fact that the formin whicha substanceseparatesfrom
solutionis not necessarilythe one in whieh it exists in solution. Anyelec-
trolyte dissolvedin watergivesnumerousindicationsthat it is presentin the
form of ions. However,whenthé solution is cooled,the substanceitself,
not its ions,comesout. Thus whethergraphitealone, cementitealone,or
sometimesoneor the otherseparates,givesnoevidenceof the formofcarbon
in themelt.

Someauthorsbase theiropinionasto this pointon suchevidence.Desch,l
does.notcommithimse!fbut indicatesthat heconsidersthe reversibleequilib-
riumin so!utionpossibleto explainthe separationof graphiteand cementite.

Hatnetd' bas carried out a numberof experimentswith differentiron

samplesincludingthose containingsilicon,in which graphite is generally

'"MettUogntphy"368(t9ts).
'Proc.Roy.Soc.,85A,t (!9n).
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consideredto bethe formthat separatesfromsolution. Microscopicevidence

showstbat, in thé casesstudied,carbidemust separate out from solution

beforecarboncanappearandonlythis struoturallyfreecarbidecandissoeiate.

Annealingcarbonis formedby the decompositionof the free carbidefrom

whichit isproduced.That is,theremust bean intermediateformationof ce-

mentitebeforefree carboncanbe produced.It wouldbe interestingto see if

the sameresultscouldbe obtainedwith a highersiliconiron than the ones

usedor alsowitha highcarboncontent alone.Here it is more likelythat

carbonseparatesfrom solution. Hatneld doesnot mention in this article

whetherhebelievesbis experimentsprovethepresenceof ironcarbideinsolid

solutionbut thisis indicatedinhisdiscussionofanarticle by E.D.Campbett.'
This,as bas beenshown,wouldnot be necessaryas the iron carbideeould

formas it separatedout.

Sauveur*states that manyevidencespoint to carbonbeingdissolvedin

moltenironascarbide. At thispoint nostatementis madeas to whatthèse

évidencesare. However,'a diagram is givenfor the solubilityof earbon

inmoltenironwhichbassomebearingonthesubject. At i82g°Cand6.67%
carbonthereisa stightbreak in the ourveandthe melt is said to beliquid
FotC. Againat 2220°Cand 9.6%carbonliquidFeaCMsaid to bepresent.
At thistempératurethere is another breakandabovethis the Fe~Cdecom-

posesintoironand graphiteas the solubilitybecomestess. The latter then

separatesfromsolution. Thereis no evidencetoshowthat thesecompounds
are not decomposedin the melt, even if they shouldseparate as the iron

cooled.Also,there is considerabledisagreementas to this part of the iron-

carbondiagram. Tammann*refersto anotherdiagramwhichbas nobreaks

at thé pointsmentionedandshowsno decreasein solubilityof carbonabove

2200*0.

Sauveur*alsostates that if carbonaloneisdissolvedin solidironit should
collectinparticleslargeenoughto be visibleunderthe microscope.This is

notnecessary,solutésneversegregatein a definiteportionofa liquidsolution.

Theseparationof"kish",graphiteon thesurfaceofmolteniron,alsogives
noproofoftheformof carboninsolution. It mighteither formby séparation
fromthe meltdirectly,or by rapid decompositionof the iron carbideafter
thishadcomeout.

Hoyt'givesa summaryofsomeworkbyE. D. Campbell. Thisbasto do

withtheformofcarboninsolidsteel. Aseriesofironcarbidesof thegeneral
formulaCnFe).is thought to existin steel. Theirpresenceis indicatedby
the differenthydrocarbonsevolvedwhen the steel is treated with hydro-

J.IronandSteetÏMt.,2, t2(t9t4).
"ThéMetallographyandHe&tTreatmentofIronandSteet",~s (t926).
Sauveur:"Metallography",360.

'Tammann:"MetftMogmphy",Ïa35(!925).
Sauveur:"Metattopaphy",?4.
Hoyt:"Meta)!ogMphy",Part11,~3 (t92t).
Sauveur:"MetaUography",430.
Hoyt:"Metattop-aphy",t86.
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chlodoacid and alsofrom the colorof the nitro derivativesformedwhen
steel is dissolvedin nitrio aoid. As the temperatureinoreasesthé carbides
in solidsolutiondissooiateinto othersof lowermolecularweight. The car- ribidesalsoundergowhat is termed ionoiddissociationintocarbonand iron,with rising temperature. The hardnessand other propertiesof stee!sare
explainedas due to thé amountand conditionof the differentcarbidespres-ent. The suggestionis made that austeniteia a solid solutionin whiohthe
carbideshave undergoneahnostcompletedissociation.Thisis basedonthe
softnessand electricalrésistanceof the austenitioiron. Campbell'8work
is thoroughand he meets possibleobjectionsto his theoryin a satisfaotory
way. Hois dealingwith carbonin solidsolution,but if thecarbidesarecom-
pletelydtssoct&tedin austenitethey probablywouldbe in the melt.

Jeffriesand Archer'believethat onlydissolvedcarbonispresentin solu-
tion becausethe ironcarbidemoleculeswouldbetoo largetodiffuse."When
an mtermetaHiccompoundforms and dissolvesin one of the componentmetab it is eoBomontyconsideredto gointo solutionas suoh. For examplecarbonis generallyheldto be in solutionin gammaironas cementiterather
than as elernentarycarbon."

"t'rom evidenceavailableand partieu!ar!yfrom a considérationof the
phenomenaof diffusion,the authors have reachedthe conclusionthat this >isnot the case,but that the carboninausteniteispresentasindividualatoms
of carbon. These atomsare undoubtedlyheldstronglyto the neighboring Eiron atoms, but the union is not permanent. Diffusionmust consistin a
migrationof carbonatoms,andnot ofgroupsor moleculescontainingseveral
ironatoms. Suchgroupscouldnot, on accountof their size diffuse throughthe solidiron."

"Accordingto thisview,cementitebasnoexistenceexceptas a orystaUine
substancewhiehnot merelyprecipitatesbut is formedonthe decompositionof austenite."

Goingback to non-metalliosolutionsthere are numerousexamplesof .1compoundshaving large moleculeswhichare soluble and diffusereadily.
Sugarand many othercompoundscan be broughtforwardto disprovethe
viewof Jeffriesand Archer.

Theeffectof tin inthrowingout oarbonfrommoltengraycastironremains
as evidenceas to the form ofcarbonin solution. It is evidentthat, at the
temperatureat wMohthé alloysare formed,oniya certainamountof the tin
willdissolvein thé iron,afterwhichtwolayersare formed. Thisisshownby
thé fact that increasingthe tin content beyonda certain amountdoes not
increasethe amount of carbonthrown out of the iron layer. The oarbon
comingout of the molten iron indicatesthe presenceof somefree carbon.
It mightbeassumedthat the tin couldreactwiththe ironoarbideformingan
iron-tincompoundandsettingfree carbon. Thisis not possiblebecausethe
tin wouldreact morereadilywith the free ironand evenif thereactiondid
occurthe iron wouldreactwith the carbonagain. r

'"ThéScienceofMetah",407(~4).
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Theaction ofthe tin, then, etiminatesthe possibilityof thé carbonbeing
presentas iron carbidealone. However,the rcsults canbe equallywellex-
plainedfromeitherofthe other pointsofview. If thereisa reversibleequilib-
rium,Fe~Ci?3Fe+ C the tin oan displaceany amountof carbonas long
as the concentrationof the tin in the iron can be increased,becausethe
equiUbnumshifts to the right as the carbonis thrownout ofsolution. The
fact that all the carbonis displacedfromthé iron in thé tin layer,can also
beexplainedby the shiftingof the equilibriumto the right.

Thus there isno definiteevidenceto provewhetherthe carbonis present
in the melt as auch,or whether there is a reversibleequilibriumbetweenit
and iron carbide.

To retum to someproperties of the alloy. From the carbonanalyses
given,it is evident that the alloysproducedhave a muchhighercombined
carboncontent than the iron whiohis used to make the alloy. This is not
due to rate of coolingas an iron samplemelted and cooledunderthe same
conditionsas the alloyundergoes no change in the amountof combined
carbon.This combinedcarbon of the alloysis quite stable,as alloya when
heatedovernight at about 9co''C showedan increaseofonlyabout.25%in
graphiticcarbon. The aUoysmado by Goerensand Ellingenhavea high
combinedcarbon contentas thé followingtable, taken fromthe article,
shows:

Snadded Snfound T. C. G.C

7 4.89 3.32 .24
9 6.64 3" t.ii

9.09 3.3~ .5~
15 8. 3.2 .72
i5 8.9~ 3-17
~6 6.78 3.55 .48
t9 9.~4 z.7i .49
22 10.5 2.8 .o8
30 n.i 1 2.73 .7~

The tin then bas the ability to raise the combinedcarboncontent.
It wouldseem logicalto believe that the tin bas someeffectonthe silicon
in the iron. A whiteiron can readilybe cast if the siliconcontentis low,
but whenthe siliconcontent rises to i%-2%, a gray ironwillgenerallybe
produced. The gray iron used had a siliconcontent of 2.21%,enoughto
makeit evident that the tin had someeffecton the siliconin the ironof the

alloy.
Thisactionofsiliconisbelievedto bedue to its effecton the ironcarbide,

promotingits dissociationinto iron and carbon. Accordingto Hoyt', "The
modeofoccurrenceofsiliconin the siliconoast ironsis stilla matterof con-
jecturebut it seemsreasonableto assumethat thé silicondistributesitself
betweenausteniteandcementite,and that the siliconin the cementitemakes

"Met&Hography",:9&.
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that constituent break downmore eaaily at high temperatmes Hoytrefers to SteadandHatfieldfor thisstatement.
Stead' states that a carbositicidecrystaUizeswith iron oarbide. What

the compositionof this oarbosilioideis is not mentionedbut it probablycon-
sists of mixedcrystalsof ironsilioideandironcarbide,as mentionedby Gon-
termann in a referencegivenlater. The diffusionof the silicide!eadsto the
décompositionof the ironcarbide. Suicideof iron whenheatedwith pure
siliconfreewhiteiron, décomposesthe carbidein the whiteiron.

Hat6e!d~bas analyzedandfoundsi)iconto be presentwithironcarbide.
When manganeseand sulfur,elementswhichpromotethe stabilityof ce-
mentite, are presentlesssilcionis foundwiththe carbide.

Gontennann' bas investigatedthe iron-oarbon.sHiconsystem. Froman
iron whose carbonand siliconcontentcorrespondsto the ironusedfor the
above experimente,saturated siliconmartensite separatesout as primary
crystals and solidificationis concludedby a secondarycrystallizationofa
mixture ofsaturatedmartensiteand siticoncementite. Heisevidentlyusing
the term martensite for austenite. The siliodncementiteoonsistsof mixed
crystals of FeSiand Fe~C.

It is evident, then, that siliconis present with cementitein the iron.
None of the aboveauthorsmakean attempt to explainhowthepresenceof
ilicon makes the cementitebreakdowninto iron and graphite. In the case s
hat Stead mentionedof thedecompositionofsiliconfreewhiteironby heat- ;1ng with iron silicide,the siliconwouldhave to diffuseintothe cementitein
order to make it décompose. That is, siliconis solublein cementite. If
the presenceof siliconmakescarbontesssolublein iron, the actionof thé
silicon couldbe explainedby sayingthat it dissolvesin the iron,throwing
out carbon. Thenwhenironcontainingsiliconis cooledrapidly,thesilicon t
simply crystaUizeswith thecementite,butifallowedto coolslowlyorreheated t
to around. iooo"Cthe silicondiSusesinto the cementitecausinggraphite
to separate out and givinga gray colorto the iron. Silicondoesdeorease
the solubility of carbon in iron, for when50% ferro-siliconis dissolvedin
molten iron a considerablequantity ofgraphite is thrownout/ It is also

1

possiMethat the siliconthat is in solidsolution,austenite,wouldlowerthe
solubilityof the carbon,andgraphitewouldseparatedirecttyfromthiswithout
undergoingthe intermediateformationofcementite.

When the actionof siliconis explainedas above,it wouldseemthat tin
should act the sameway, as it makescarbonlesssolublein the liquidstate.
However, tin is not solublein cementite,6and cementitein itselfis quite
stable.' "Nearlypure iron-carbonalloysdonotgraphitizereadily."

Engineering,M,508(t~M). c
1Proc.Roy.Soc.,MA,t (tou).

Z. anorg.Chem.,5C,373(t~oS).
HagueandTumer:J. IronandSteetInst.,2, too(tpM).
Deech:"MetaMotp-ttphy",382.
JeffriesandArcher:"TheScienceofMetals",3~.
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Tamarulbas investigatedthé tin-siliconsystem.The two metalsaremis-
ciblein allproportions in the melt and siliconseparateswhenthe melt M
cooled. No compoundsor solidsolutionsarefonned.

Withthia in mind it wasthought that the tin ofthé alloywasdissolving
thé silicon,thus preventingits action on thé cementite. To prove this, an

alloywasmadeupto whiehenoughtin wasaddedto insuretheformationof a
tin layer. This tin layer containedno siliconbut the iron layershoweda !oss
of about .3%silicon. The siliconhad probablybeenthrownout as the alloy
cooled. Thiswasverifiedwhensiliconwasfoundto be presentmixedwith
the graphitethrownout. Eyferthalso mentionsthat siliconwasthrownout
fromhisalloys. Onewouldexpectthe silicon,as it wassolubleinmoltentin,
to crystatlizein the tin layeras it cooled. Whatbas happenedis that the
siliconseparatesfrom the liquidsolutionbecauseof the differencein density
and the-probaMelowviscosityofthe moltentin. Thisis similarto the sépa-
rationof"kish",graphiteonthesurfaceofthemo!tenmetai,whenabighcarbon
ironiscooled. Alsoas noeutectiemixtureoftinandsiliconisformed,the tin

layerremainsliquiduntil itssolidificationtemperatureisreached,thusmaking
it easierforthe siliconto separate. In the ironlayerthe ironwill solidify
first sothat the siliconwhenit crystatlizescannotseparateoutofthe bodyof
the aUoy.

The tin of the iron layer, as it solidifieslast, wouldhold the siliconin
solutionuntilafterthe cementitehadcrystaUized.Thepurecementitewould
then decomposeless readily. This gives riseto a high combinedcarbon
content.

Thealloyproducedis hard andbrittle. Thebrittlenesswasevidentwhen
it wasfoundthat the alloycouldbe readilypoundedup to a powder. The

alloycouldnot be turned in a lathe even usingstelliteas a tool. However,
it isnotsohardas this wouldindicate. It willnotscratchgtassunlessheated
and quenched. Its effectin the lathe is probablydueto a hardconstitutent
in the alloy,possiblythe iron-tincompound,whichruinsthe cuttingedgeof
thé tool. Similarcasesareknownin whichit isimpossibleto tum soft metals
whichcontainsome hard constituent. In the spheroidizingprocess,steel
whichbas beencooledrapidly,sothat the cementitecomesout in the form
of spinesor network,is annealed. During theprocessthe cementitechanges
to globulesorspheroidswhichmakesthe steelmucheasierto machine.

EffectofAnilineontheRate ofSolutionofIroninAcid

It bas beenstated that in the picklingofironand steel,acidcontaining
anilineremovesthe mill scateand does not attack the iron to such a large
extentas acidalone. Othersubstanceshavebeenfoundwhichact similarly.
A numberof these substancesarementionedand theireffectstudiedby A.
Sievertsand P. Lueg.~

Z.anorg.Chem.,61,4o(tgog).
Z.anorg.Chem.,126,t~ (1923).
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To test thé actionofanilinea strip of sheetiron, ooveredwitha coating
of mill8cale,wasplacedin a 10%solutionof sulfurioaoidcontaininganiline.
The aeidwaspracticaUysaturatedwithanilineand waskept at a temperature c
ofso'6o". Themill soale is removedandmuchtesshydrogenis evolvedthan
if aoidaloneisused. Anotherexperimentof a moreexact nature wasthe
following:Apieceof ironwasplacedin a beakerof 10%sulfurioaoidheated
to 5o'6o". The hydrogenevolvedwascottectedwhichamountedto 40ce.
Anotherpieceof the sameiron of the samedimensionswasptacedin tso ce.
of the 10%acid containing10cc.-is oc.of aniline. Thiswasheatedat the
sametemperatureand for the samelengthof timeas thé other. Onlyabout
5 ce. wereevolvedin thiscase.

The actionof anilineand othersubstancesin cuttingdownthe hydrogen
evolutionmaybe due to:

r. The formationof a filmon the metal whichwouldinoteasethe re-
sistance in the local cellson the iron. This wouldslowup the solutionof
the iron, as it is an eteotro)ytioprocess.

Il
2. Throughthe presenceof this filmor by someother phenomena,the

overvoltageofthe hydrogenbecomeshigherthan in acidatone. This makes
it morediSouitfor the iron to gointosolution.

Someworkhas beendone on the determinationof 6hn résistanceby
jmeansof an osoillograph.l <

A rise inovervoltagecouldbedeterminedby meansof the usualcurrent- t
voltagereadings. The decompositionvoltagewouldhâvea highervalueif
the overvoltageof hydrogenon ironwasraised.

A simplepotentiometerout6t was set up usinga voltmeter to register
voltage and a milliammeterfor current. Whenetectrotyzed,a sulfuricacid
solutionof anilinegivesanilineblackat the anodesothat thé currentbegins
to Qowalmostimmediately. To prevent this, the anodewasplacedinsidea
porouscup. If acid is usedaroundthe anode,whichisplatinum,it increases
the tendeneyfor the ironto dissolvesoa solutionof sodiumhydroxidewas
substituted. :N sulfurioacid is used aroundthe cathode. The iron used
wasnot attaokedappreciablyat thisconcentration. Théourrent.voltagerun

1

was firstmadewithaoidalonearoundthe cathode,thenwith acid containing
aniline, practicallysaturated.

1

Bur. StMKhu-dsSe!. Paper No. 504 (t9z$).

volte
Acid A!one

MMUampe. Volts
Acid and Aniline

MiNiamps.
o 1 0 1
ï-25 .11 1.2$ i
'-3 1 t.3 .11

i.35(Decomp.voÏtage) .5 i.~S 1
~-4q, -9g !.4 (Decomp. voltage) .44
i-5 1.88 1.45 .7

i.55 t.oo
In_ n. 1 1..
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Itwillbe seenthat thédecompositionvoltageisabout .0$of a volthigher
whenthe amiineispresent,due to thérisein thé hydrogenovervoltageat the
cathode.

Current-voltageruna were next madeat the cathodeusinga calomel
eleotrode.

Acid alone Acid and Aniline
Volts Milliamps. Volts MiHian)ps.

.48 ..s

-5 .7
.~5 i .58 t

.58 a .625 z

.61$ 3 .66 3

.6zs 4 .68 4

.64S 5 .70 5

.66 6 .~2 6

.675 7 .~S 7

Whenaniline is présent,the voltage,for the sameamountof ourrentbas
risenconsiderably. Thisamounts to about .0~volt in eachcase,the same
as therise in the decompositionvoltage,whichgivesconclusiveevidence
thattherise in overvoltagehas occurredat the cathode.

ReductionofNitrobenzene

Wheniron is placedin sodiumchloridesolutionwhichwouldordinarily
containdissolvedoxygenfromthe air,it corrodesmorereadilythan it would
inwatercontainingthésameamountofdissolvedoxygen. Thisis dueto the
typeof film fonned on the iron. In water alone,iron reacts producing
hydmtediron oxideat the spot whereit dissolves,whichtends to cut down
the rate of corrosion. In sodium chloridesolutioniron reacts producing
first ferrouschloridewhichthen diffusesandformshydratedironoxideat the

pointwhereit meetsthe sodium hydroxidecomingfromthe cathodicarea.
Thmleavesno protectivefilmover theanodicportionas is the caseinwater.
Metalsare known to corrodemore readilyin sodiumchloridesolutionthan
in thatof other salts. Twopapers' maybefoundon the corrosionofmetal
anodesin differentsolutions. In the first is a Ustof salt-sarrangedin "Thé

decreasingorder of their metal dissolution."The halidesare placedfirst
thensulfates, etc. Iron should followthis tendencyand corrodeless in
sodiumsulfate solutionthan in sodiumchloride.

Wheniron dissolvesin water or salt solution,monatomichydrogenis
producedat the cathodicarea. If this monatomichydrogenaccumulates,
it setsup a back E.M.F. which tends to preventthe solutionof the iron.

Ordinarilythe dissolvedoxygen servesas a depolarizerfor this hydrogen;
othersubstancesmightbe used instead. In theseexperimentsnitrobenzene

&P.SohochandC.P.Randolph:J. Phys.Chem.,H, 7:9(t9to);G.R.White:15,
706(t9n).
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servesas a depolarizer. If iron corrodesmorereadilyin a sodiumchloride
than in sodiumsulfatesolution,morenitrobenzeneshouldboreducedin the
formerthan in the latter.

A mixtureof 35gramsof powderedgray iron and 175ce. of a solution
containing21 gramsof sodiumchloridewasplacedin a roundbottomflask
and boiledunder a refluxfor 9.5 hours. ThesameprocedurewasfoUowed
for the sodiumsulfateusing the samenumberof equivalentsof this salt.
Arun with no dissolvedsalt gave onlytracesof aniline. This is due to thé
natureof thé filmon the iron.

To determinethe amountof reductionproductsthe methoddevisedby
AUen'was used with somemodifications.The reductionproductsand un-
changednitrobenzenewereextraotodwithbenzeneand filteredoff fromthe
ironand ironoxideona Buchnerfunnel,andthé extraotmadeup to a definite
volume. To determineaniline, 10 ce.of the benzèneextraotwereshaken
with 150cc. of dilutesulfuricacid, 5 to 150,in three portions. The acid
solutionwasmadeupto a definitevolumeandten ce.portionstitrated using
the fouowingstandardmethod. A standardsolutionof potassiumbromate
wasadded to the solutionof anilinecontainingpotassiumbromide. In the
presenceof acid the bromatesolutionliberatesbromineand tribromaniline
isformed. Afterthé anilineis usedup,the brominecolorappears.Potassium
iodideisaddedandthe iodineliberatedbytheexcessbromineis titrated witha
standardsolutionof sodiumthiosulfate.

To determinethe total amountofunchangednitrobenzeneand reduction
produets,a ce. portionsof the benzeneextraotwereallowedto evaporateat
roomtemperature. The evaporatingdishwasweighedat regulartime in-
tervals.At the point wherethe benzènedisappeared,there wasa consider-
ablechangein evaporationrate. Allenplottedthese resultsin the formof a
curveand fromthe breakin the curvetheamountof residuewasdetermined.
However,there wasa sharpenoughchangeinthe rate ofevaporationso that
a definiteweightcouldbe determinedwithoutplotting the curvewhichwas
sufficientlyaccurate.

The unchangednitrobenzenewas determinedby evaporating2 ce. por-
tions, as above. The residuewas shakenwith a large excess,fiveor six
timesas much as required,of atkatineferroushydroxide. The shakingwas
continuedfor halfan hour. Thisprocesschangesthe nitrobenzeneto aniline
but doesnot changethe other reductionproducts. The mixturewasshaken
withbenzenpandthe ferroushydroxidefilteredoffand washedwith bonzene
on a Buchner funnel. The benzeneextractis shaken with dilute 8ulfuric
acid,as mentionedaboveand the anilinetitrated. Enowingthe amountof
anilinein the residuetheamountcomingfromthe reductionof nitrobenzene
canbecaloulated. Subtractingthe sumoftheweightsof the anilineand the
nitrobenzenefrom the weightof the residue,gives the weightof the other
reductionproducts. Usinga knownsampleof nitrobenzene,it was not
possibleto recoverit as anilinewithoutlosings to 10%. Thiswouldmake

J. Phya.Chem.,16,!)t (t~ta).
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tho valuesfor nitrobenzenelowertban they shouldbeand the valuesfor the

other réductionproductslargerthan they actuaUyare.
The resultsfor the abovementionedrunsfollow:

The sodiumchlorideis moreeffectivein producingreduction. However

the dinerencebetweenthe twois not large. Iron, then corrodesto onlya

sUghttylessextentin sodiumsulfatesolutionthan insodiumchloride.
Snowdon~basdoneconsiderableworkon reductionof nitrobenzenein a

manner similarto the one usedin the aboveexperiments. He reducedby
stirring a mixtureof nitrobenzeneand different salt solutionsin contact
with sheet iron. The mixturewaskept at a temperatureof about 100°by a

bath of boilingwater.

For most of bis workhe usedferrouschloridesolutionsbut someruns

were made withferroussulfateand sodiumchloridewhichare of interest

here. Ferrouschloridewasfoundto be considerablymoreeffectivethan an

equivalentamountof ferroussulfateand in sodiumchloridesolutionthere

was scarcelyany reduction. Thisdoesnot seemto agree with the results

obtainedabove,so it wasthoughtadvisableto try reductionin the presence
offerrouschlorideandferroussulfateina mannersimilarto the oneusedwith

the sodiumchlorideandsodiumsulfatesolutions. Snowdonused30gramsof

nitrobenzeneinsteadof35 grams,otherwisethe amountsof materialare the

same. The resultsare tabulatedtogetherwith those of Snowdon,in the
table betow:

––– T

It canbe seenthat the resultsdonot agreewith thoseof Snowdon,as in

ferrous chlorideand ferroussuK&tesolutionpraoticallythe sameamountof

reduction was producedand the sodium chlorideis more effectivethan

either of these.

J. Phys.Chem.,15,797(t9n).

~AML.i!it 1

Snowdon Snowdon Snowdon

Ironin 10 10.6 M 10.6 CI as CI as

Solution in FeCt!: in FeCt,

Sait FeCt~ FeC~ FeSO~ FeSOt NaCI NaCl

Tôt. wt.

recovered 97.55 31 sS

Aniline n.i 1 18.55 n.s 5 4.7y 15.55 .99

Nitrobenzene 5.7 ï ~3.2 15.6 7 27.4
Other reduction

products to.77 6.55 5.55

Time-hours 9.5 6.5 9.5 7 9-5 7-4

Sfttt Ka,SO< NaCI

Wt.of aniline 12.33 is.s5
Wt. of nitrobenzene 12.55 y
Wt. of other reduction produots 5.4q. s 5
Total wt. recovered 30 a8
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TABLEII

FeCb FeSO, NaCt
Tôt. wt. recovered 27 26 an
Aniline ~.s M.6 19
Nitrobenzeno

3
Other products 5
Tirne-hours p g 9.5

Snowdonadvancedthe theorythat thé effectof theferrouschloridewas
to keepthe ironactiveas the amountof thissalt in solutionremainspracti-
cally unchanged. The ferrouschlorideis a reduoingagentand asreducing
agentsare knownto keepmeta!sactive,ils effectherewouldbedueto that
reason.

However,fromthe resultsaboveit seoptsas if all that is necessaryisan
electrolytewhichserves,as mentionedbefore,to changethe natureof the
film on the iron.

After runningthe aboveexperimentsit occurredto the authorthat the
30 gramsofironwasnot sufficientforthe reductionof the35gramsofnitro-
benzene. Very little iron remainsafter reduction in ferrouschlorideand
ferroussulfatesolution. A largeramountis left whensodiumchtorideand
sodiumsulfateis used. This wouldseemlogicalif, in the presenceof either
of the ferroussolutions,the ironcorrodesonlyto the ferrouscondition.Both
of these solutionsbeingreducingagentsthey shouldtend to keepthe iron
in the ferrouscondition. This wouldrequiremore ironfora givenamount
of reduction. In thecaseof the sodiumchlorideand sodiumsulfatethe iron
wouldcorrodeto the ferrieconditionthus requiringlessironforreduction.
The oxideproducedbas a differentappearancein thé twocases. Fromthe
ferroussalt solutionsa blackoxideis producedwhilefromthe sodiumsalt
solutionsit isbrown,morethe colorof ordinaryferriehydroxide.

Three runswerethen made using50 gramsof iron powder. Otherwise
conditionswerethé sameas in the other runs. Appréciableamountsof iron
remainedat the endofthe run evenwhenferrouschlorideandferroussulfate
were used.Amuchlargeramountwasleft whensodiumchloridewasused.

The orderof the amountof reductionwiththé differentsaltsagreeswith
that of Snowdon. Usingferrous chlorideand ferroussulfate there was
practicallycompletereductionas 24.8gramsof anilineis equivalentto 32.8
grams ofnitrobenzene.Theamountofreductionusingsodiumchloride,has
alsoincreasedbut not ina correspondingamount. Hereit isnota questionof
asuScient amountof iron but the reductionprocessis speededup,due to
the increasedsurfaceofthe iron.

The results still differwidelyfrom those obtained by Snowdon. It
wasthought that the kindofironusedmighthavesomeeffectontheamount
of reductionproduced. The gray powderediron used in thé precedingex-
penments wouldcontainmost of its carbonin the graphiticformand, as
mentionedbefore,this iron dissolvesmorereadilythan ironwhiohcontains
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__J__ _t. ~L*_t.t-t –t.~t-t–
iron carbide. Snowdonused sheet iron whichwouldprobablycontaincon-

siderableironcarbide. Stripaof ~teet iron wereusedin the followingruns

whichcontainsall itaoarbonin thecombinedform.

Herethe results agrecfairly wellwith thoseofSnowdon. The most re-

ductionoccurswith ferrouschloride,somewhatlesswithferroussulfate,while

sodiumchlorideandsodiumsulfatebringvery littlereduction.Theironstrips
fromthe ferroussolutionscorneout cteanwhilefromtheother twothey corne

out coveredwith a depositof adherent rust. Thisis an indicationof the

tendencyof the formersolutionsto keep the ironactive whilethe rust on

the ironfromthe latterwouldtend to eut downtheaction.

The iron toss in the reductionusing ferrouschloridesolutionwas 29

gramswhichprovesthe point mentionedabove,that 30gramsofiron is not

sufficientfor reducingthé 35 gramsof nitrobenzene.

Whenironstrips areusedthe total surfaceexposedwouldbeoonsideraMy
lessthan if the sameamountwerepresent as ironpowder. To determine

the effectofsurfaceexposed,someof the ironstripsweremadeinto turnings
and run IVmadewiththese. Thisdoesnot increasetheamountof reduction

to a verygreat extent. The greater reductionwiththe gray iron powder,

then, ia not due to its greatersurfacebut to the natureof thé iron. This is

borneout in actual practice,lwheregray iron filingsare used. It is stated

that particlesof steelwhichhavebecomemixedwiththe ironarefoundun-

changedat the endof the action.

TABLEIV

i II III
Iron 30 30

Tot. wt. recovered 29 28 33

Aniline 17.7p 15.55 6.33

Nitrobenzene 3.8 ? ïo.8

Other products 7.55 5-55 6

Time–hours 16 9.55 9

TABUBIII

i il III IV v VI

AoMuatofiron 40 42 38 30 36 45

Salt FeC~ FeSO~ NaCl NaCl N&Ct N~SO.

Tot. wt. recovered 20 30 31 34 33

Aniline t6.9 10.8 2.e :.f) 2.6 i.6

Nitrobenzene none 10.7 19.$ 22.4 26.2

Other products 3 8.5 8.6 8.9 s 2

Time-hours 9 8 p.s5 9.s5 155 9.55

P. R. Grof~ine: "Anilineand ita Derivatives".
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Somerunsweremadeto Béeif thé irondideventuallygopassiveinsodiumchloridesolution. If it goespassive,inoreasingthe timeof heatingshouldnet increase the amountof reduction;tdsothe iron left afteronereductionshouldnot be capableof furtheraction ifusedagain.
Gray iron powderwasusedfor theseexperiments.
It willbe seenfromthe resultsthat thereis someincreasein theamountofanilineproducedby boilingfor about sevenhours longer. The actionisslowedup becausethe ironbeoomescoatedwithoxide. Thefreeoxidethat

acoumulateswouldalso tend to settle downon thé iton thus retardingitsaction. In run III thé iron left after a run with 50gramsof iron wasused
again. Therewassomereductionwhichindioatesthat theironbasnot gone
passivebut is not aseffectiveas it waswhenfirstused.

Tworuns weremadewith stripsof the sheet ironandsodiumchloridewhtchalsohavea bearingonthe above. Inonecaseglassbeadswereplacedin the flaskwith the ironstrips. Theserubbingagainsttheiron.shoutdtendtokeepit active. In thé otherrun the ironstripsworetakenout threetimes
duringthe courseof the action, cleanedand rubbed withsandpaper. In
neithercase is there any appréciableiacreasein the amountof anilinepro-duced. This indicatesthat the ironremainsactive,for thistreatmentshould
activateit if it hadbecomepassivethus increasingthe anilineyield.

Snowdona!soperformedanotherexperimentwhichis not in accordancewiththoseof the author. He states that if stripsof ironareplacedina flaskand a mixture of boilingferrouschloridesolution,hydrochlorioacid and
nitrobenzeneis kept in contact with it for sometimethat no appreciablereductionof the nitrobenzeneoccurs. He explainsthis as dueto the insuf-
haent contact of the nitrobenzenewith iron.Better contactis obtainedin
hisother runs by stirring. In the runswithironstripsmadeby thé author,the conditionswereexactlythe sameexceptforthe presenceofhydrocMoricaoid. Horereductiontakesplaceas canbeseenftomtheresultsin TableIII.
Theexplanationof Snowdon'sresultsmaybefoundto bedueto the positionof the iron atrips in the nask. If they werenot smaUenoughto fit in the
bottomof the flaskwherethe nitrobenzenelayer is, therewouldbe little
contactbetweenthe two,thereforelittle reduction.

PassivityofTin in NiMcAcid
Considérableworkbas been doneon thé passivityofmetals A good

summaryof thisworkisgivenby Dunstanand Hil].' Thedifferentthéories
of passivityare mentionedwith the conclusionthat the oxidetheory is thc
mostgenerallyaccepted. Their ownworkfavors the oxidetheory. Thé
passivityofother metatswasalsostudied. Bancroftfavorstheoxidetheorybutbelievesit to bea higheroxide,not staNein itself,wMchisadsorbedbythemetal.

In an article,' Schonstates that tin becomespassiveinnitricacid,sp.gr.
r .42,whenin contactwithplatinum,but withoutplatinumenergeticdecom-

J.Chem.Soc.,99,t~sg(tgu).
'Z. anal.Chem.,10,agi (tS~t).
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positiontakeaplace. Cadmiumbehavessimilarly,onlya moreconcentrated
acid,sp. gr. 1.47,mustbe usedbeforeit willbecomepassiveevenwithplati.
num. The functionof theplatinumwouldbeto actascathodethusliberating
hydrogenat its surfacerather than at thesurfaceof the tin whereit would
tendto reducethe oxidefilmto whichthe passivityis due. Hydrogenbasa
lowerovervoltageonplatinumwhichwouldmakeit a lesspowerfulreduoing
agenteven if it didcomein contactwith theoxideoftin.

Faraday'bas doncsimilarworkwith ironand findsthat it willgopassive
innitricacidwhenincontactwithplatinumandatsoif theplatinumissimply
connectedwith the iron.

It waa thoughtthat the passivefilmonthe tin mightbestannionitrate
asthis is producedasan insolublesubstancewhentin isactedonby coneen-
tratednitric acid.' Twoexpérimentashowthat thisis not thecase. Stannic
nitrateis solubleinwaterso if this is the passivefilm,it shouldbe removed
whenthe tin is placedin water. A rod oftin wasmadepassiveby actionof
nitricacid and thenshakenin warmwaterfor a fewminutes,driedandput
backin nitric acidofsuchstrength that it wouldbeattackedif not passive.
It still remainspassive,showingthat the filmis notsolublestannienitrate.
Thereis, however,a possibilityof the stannicnitratebeingadsorbedbythé
tin so that it wouldnot dissolvein the water. To disprovethis, tin was
madepassive by makingit anode in sodiumhydroxidesolution. It was
washedand dried,then placedin a concentrationof nitricacidin whichit
wouldordinarilybe attacked. The tin remainspassivewhichindicatesthe
passivefilmis notstannicnitrate.

Themethodusedin the followingexperimentsonpassivetin isas follows:
Nitrioaeid, of thé desiredspecifiegravity,ismadeupbydilùtingthe fuming
acid. The strengthof the dilutedsampleswas determinedby titrating a
definiteweight of the acid with standard sodiumhydroxidesolution. To
insurethat the tin wasactiveeachtimeit wasdippedinthénitrieaoid,itwas
allowedto stand in hot hydrochloricacidandthenwashedanddriedbefore
beingplacedin the nitricacid.

Tin, at ordinarytemperatures,willgopassiveevenwhennot in contact
with platinum, in nitric acid, sp. gr. 1.46. At a concentrationof sp. gr.
1.456it is stowtyattacked. Whena spiralofplatinumwireiswoundaround
thé tin rod it willgopassiveinan acidas diluteassp.gr. 1.426but beginsto
beattackeds!ow!yat sp. gr. 1.423.

Platinumshoutdhavethesameeffectinmakingtin passiveif it werecon-
nectedwith a platinumelectrode. The platinumelectrodeis connectedto
the tin rod and bothare immersedin the nitricacidabouta or3 cm.apart.
Someexperimentsweretried usingnitrioacidof thé samestrengthas used
withthe platinumwirebut paasivityis notproduced. A higherconcentra-
tion,sp.gr. 1.442,willproducepassivity. Theincreasedconcentrationneces-
saryto producepassivityis due to the resistanceof thesolution. It follows

"ExpérimentaReseN-ehee",2,240.
MeUor:"AComprehensiveTreatheonInorganieandThewetieatChemistry",7, Mo

U9~7).
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that if the distancebetweenthé tin and the platinumis inoreased,the tin
wouldhavemoreof a tendencyto remainactive. The sameeffectcouldbe
producedby puttinga résistancein thé externalcircuit. Aslidewireresist-
ancewastheo placedin the circuit. Uftingabout3 ohmsresistancethe tin )
stillbecomespassiveat sp. gr. 1.443. If the resistanceis increasedto 6 ohms
thé tin remainsactive.

Tinmayalsobemadepassivebymakingit anodein a nitrioacidsolution.
Acathodeof platinumwasusedandkepta or3cm.fromthé anode. Storage
batteriesservedasthesourceofcurrent,9.6voltsbeingthe E.M.F.employed.
Whenthé ourrentwasfirst applieda largeammeterreadingwas registered
for an instant. This dropsquicklybackto a verysmallvalue,around .005
ampere,due to thé formationof the passivefilm. Usingthis sourceofcur- E
rent tin wentpassivein an aoidas diluteas sp.gr. t.344. At sp. gr. 1.34it J
remainedactive. Using5.5.voltsit willnot gopassivein ordinaryconcen- <
tratednitricaoid,sp.gr. 1.407. Thesameis trueusing3.6volts.

It isevidentthen,that a ratherhighE.M.F..mustbeappliedto makeatin
anodepassive. Thefunetionofthe currentwouldbeto overcomethe solution
resistancemakingit casierto dischargehydrogenat the cathode. Also,as
the E.M.F. appliedis raisedit becomeseasier to dischargeoxygenat thé
anodewhichwouldaidin the formationofthe passiveoxidefilm. This would
explainwhythe smallerE. M.F. doesnotproducepassivity.

Krassa'dealswitha somewhatsimilarcase,the formationofpassiveiron
by makingit anodein atkali. In boilingalkaliesthe passivestate is quickly
attainedwith strongcurrentsand no visiblealterationof the surfaceis pro-
duced. Withweakcurrents,however,a visiblefilmofoxideis Ërstproduced
whichattains considerablethicknessbeforepaasivityis arrivedat. Heex-
plainsthiaas due to the formationof a completethin filmof oxideby the
strongcurrent. With weak eurrents the filmis moreirregular,so greater
thicknessis requiredbeforeit becomescomplete.

Thesame idea can be appliedto the tin anodein nitric acid. A thin
completefilmformswitha strongourrentwhilewith weakcurrents the film
neverbecomescompleteenoughto producepassivity. Of coursethe better
filmwiththestrongercurrentisundoubtedlydueto theactionof theincreased
amountof nascentoxygenproduced.

Summary
Theresultaobtainedin this investigationmay besummarizedas follows:

(ï) Total carbonmay be determinedby an electrolyticmethod,making
thé ironanodeinsodiumsulfatesolution.

(2) Graphitiocarbon cannot be determinedby making iron cathode
in an ammoniacalammoniumnitrate solution. The current doesnot cause
thé corrosionand it is thereforeslowand leavestotal carbon (not graphitic
carbon).

Z.Etektrochemie,15,490(t90$).
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(3) Depolarizersadded to iron dissolvingin acid raise the amountof
carbonremaining. Usingpotassiumpermanganatewithwhitoiron thiscan
bebroughtupto thé total carboncontent,whileit is somewhatiesswithgray
irondue to theoxidationof the graphiticcarbonbythe permanganate.Chlo-
rineand aquaregiaalsoraisothe amountofearbonremaining.

(4) 25%tin added to molten graycast iron throwscarbonout of the
ironbut notthé total graphiticcarboncontentas claimedby Eyferth. The
formationoftwo layers with increasingamountsof tin makesthe addition
ofmore tin, beyonda certain amount,have littleeffect. Carbonis present
inmoltenironeitheras dissolvedcarbonaloneor there is an equilibriumex-

istingbetweenit and iron carbide. Thehighcombinedcarbonof the alloy
isexplainedasdue to the dissolvingofthe silioonbythe tin.

(g) AmBneadded to BuUuricacidcutadownthe hydrogenevolvedby
ironto a largeextent. This doesnot preventthe acidfromremovingmill
scale. Thepresenceof the aniMneraiaesthehydrogenovervoltageontheiron.

(6) Grayiron will reducenitrobenzeneto about the sameextentwhen
boiledwitheithersodiumchlorideorsodiumsuKatesolutions.Thisindicates
that both areeffectivein keepingironactive. The resultsfoundwerenot in
accordancewiththose obtainedby Snowdon.This wasfoundto bedueto
the kind of ironused. Iron doesnot gopassivein sodiumchloridesolution

duringthe courseof the action.

(7) Tingoespassivein nitrio aoidwhenwrappedwitha platinumwire.
This is causedby the liberationof the hydrogenfromthe platinum. Con-
nected to a platinumelectrodeit goespassive,but in a moreconcentrated

aoid,becauseof the increasedsolutionresistance. It atsogoespassivewhen
madeanodein an aoidmore dilute than that usedwith the platioumwire.

Passivityin this caseis broughtabout by the dischargeof hydrogenat the
cathodeandthe effectof the nascentoxygenat the anode.

Achnowtedgment
This investigationwas carried out under the supervisionof Professor

W.D. Bancroft. The writer wishesto take this occasionto expresshisap-
preciationof the suggestionsand constructivecriticismsoffered. He feels
tbat it is a rare privilegeto have had the opportunityof associatingwith
ProfessorBancroftduring this work.

Ccnt<NMMM~y.
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ScMComdMoMaadPtantGMwth..SyJMwt~J.a~N. f~~t<M. ~X~cw;
pp. M<t+ ~M. New rort and J~K<<M.-Z~n~moM,Gr~M and Co., M87. Price: ~0
The preceding edition was reviewedabout six years ego (26, soa). In thé preface thé
author says. p.v:"PerhapsthemostsMkingadvaneessince t9:t havebeeninthechemMtryof the Mit. Once more the generalrule in ecientifioprogress bas been exemplified. The
study ofthe oeilwas for longsupposedto beentirely a matter for chemists. Then came the
brmiant investigations of the baeteriologistswhich brought soil microbMogy very much
to the fore; soit physics also cameinto great prominence and soit chemistry feUinto the
background. This was not the result ofcapriceon the part oÏ investigators; soit chemistry
had gone as far as ita methodsaUowed,and it was brought to a standstiB by the sticky
eoUoidaof the soit. But with thé developmentof méthodefor atudying coUoidain labora-
tories devoted to pure science,further poMtbUitiesof advance in aoit chemistry have been
openedup, and these have beeneagerlyseisedby entbusiastic workers in Europe,America,
and elsewhere. Onceagain it haabeenshownthat progressin applied scienceis limited by
the atate of knowledgeof purescience,and that the surest way of solving technicalproblems
is to inveatigate the underlyingprinciples and causes.

"AUbranches of the subjecthave advanced, however,and it has been neoassary to re-
write aUexcept thé hiatoricatportions of the book."

It is quite extraordinary to see how good a guess PaUaaymade in t563. "You will
admit that when you bring dunginto the fieldit is to retum to the aoii somethingthat haa
been taken away. Whena plant ia bumed it ia redueed to a satty ash called alealy
by apothecaries and phitosopheM. Every sort of plant without exceptioncontains
somekind of eatt. Have you not Beencertain labourerawhen sowmga fieldwith wheat for
the secondyear in succession,bum the unuaedwheat strawwhich had been taken from the
field? In the Mheswill be foundthe Battthat the straw took out of the Mit;if this ie put
back thesoMMimproved. Beingburnt on the groundit eerves asmanurebecauMitretums
to the soilthose substances that had been taken away," p. t.

"Liebig'a famous report to the British Aasociationon the state of organic chemistry
came like a thunderbolt upon the world of science. With pollshed invective and a fine
sarcasmhe holdsup to scom theplant phystobgists ofbisday for their continuedadhésion,
in apite of the accumulated evidence,to the view that plants derive their carbonfrom the
soil and not from the earbonicacidof the air. "AUexplanations of ehemiatemuât romain
without fruit, and useless, becauseeven to the great leaders in physiology, earbonic acid,
ammonia,aoids, and bases,are soundswithout meaning,words without sense,terma of an
unknown language, which awake no thoughts and no association." The experiments
quoted by the physiotogistsin supportoftheir vieware aU"valueless for the décisionof any
questions." "These experimentsare conaideredby them as convincing proofs,whilat they
are fitted only to awake pity." Liebig'sridicule did what neither de Saussure's nor Bous.
eingautt's logic had done; it BBattykilled the humus theory. Only the boldestwould have
ventured after this to assert that plants derive their carbon from any source other than
carbon dioxide,although it mustbe admitted that wehave no proof that plants really do
obtain au their carbon in this way," p. ts.

"The failure of the patent manure was not entirely the fault of the theory, but only
affords further proofof the numerouspitfaUsofthe subject. The manure wassound in that
it contained potassium compoundsand phosphates (it ought of course to have contained
nitrogen compounds), but it wasunfortunately rendered insoluble by fusion with Mmeand
calcium phosphate so that it shouldnot too readily washout in the drainage water. Not
till Way had shownin 1850that wt! pr~pttotM solublesalts of ammonium,potassium, and
pAMpA~Mwas the futitity of the fusionprocessdiscovered,and Liebigsaw the error he had
made," p. t8.
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"The general conclusionthat bacteria are thé real makers of plant food in the soit, and

are, therefore,essential to the growthof aUplants, was developedby Wollnyand Berthelot.

It was suppoeedto be proved by Laurent's experimenta in t886. He grew buckwheat on

humus obtained from weH-rotteddung, and found that plants grew weti on the untreated

humus,but only badly on the humussteriliaedby heat. When,however,soii bacteria were

added to the sterilised humus (by adding an aqueous extraot of unsterilised soit) good

growth took place. The experiment looks convinaingbut iBreally unsound. When a rich

Mit is heated, some substance is formed toxie to plants. The failure of thé plants on the

steritised humus was, therefore, not due to absence of bactena, but to the presence of a

toxin. No one bas yet suoeeededin carrying out this fundamental experiment of growing

plants in twosoi!sdifferingonlyin that one containsbacteria whilethe other doeanot," p. 27.

"Some interesting resutts are obtained in glass house practice. Tomato growera have

teamed to regulate water supply and temperature in auoh a way as to produce compact

bushy p!anta,whieh they knowby expériencegivemore fruit than the softer, larger ptants,

obtainaMe under other conditions. Until thé Mossomis fertilised or bas set, therefore,

vigorousgrowth is not encouraged,and, in many cases, while thé atmosphère is artinciaMy

damped,water ia aotuaUywithheldfrom the roots until, in thé pieturesquelanguage of the

grower,"the plants cry for it." After "setting", water is !ibera)iysuppHedand top dremings

of manure are given. Anatysisof theae eneots has been begun. R. A. Fisher and his co!-

teagoeshave studied by statisticat methods the eneet of rainfaUand hours of eunshine on

the yields of wheat and barley at Rothamsted and F. G. Gregory has used growth rates

suecessfuilyin atudying the influenceof olimate on the growth of barley. Gregory brings

out the important point that the dinerent physiologicalprocMBesmaking up plant growth

are differentlyaCeoted by changesin external conditions and thus tend to compensate one

another sothat the total changeingrowth isless than might beexpected. ThtMassimilation

per unit area of leaf (net assimilation rate, p. 48) inoreases or is positively corretated with

inereasingtempérature and radiation up to a point, while rate of growth of leaf area is

negativetyeorretated with it. In fine weather the assimilation isgood, but the leaf growth

is poor; in poor weather the assimilation is less,but the leaf growth is better; variations in

season,therefore, make less différencethan might be expected," p. 58.

"It is wellknown among farmemand gardenerethat soit aeration is essential to fertility,

but exact measurements are difficultto obtain. The phenomenaare more complex than

appeareat 6rst sight, involvingtwo wholly distinct factors:–

Thé necessity of a supplyof oxygen to the plant root.

2. The toxie effect of the carbon dioxide which invariably accumulates in a non-

aerated soitor other medimn.

"Ptants vary considerably in their sensitiveness to thèse faetors. They do not aUstand

in equal need of oxygen for their roots. E. E. Free grew buckwheat in water cultures,

blowingair through one set, andnitrogen, oxygen,and carbon dioxidereapectively through

others. The plants supplied with nitrogen were indistinguishaMefrom those supplied with

air or oxygen:they atl grew normally to maturity. Buckwheat roots, therefore, apparently

need but little gaseous oxygen. When, however, oarbon dioxide was given the plants

aiekenedand wilted within a fewhours and died in a few days. Barley, on the other hand,

is moresensitive to deficient oxygensupply," p. 63.

"The nutrition of plants is complicated by the fact that plants synthesise their own

food from varions substances taken out of the air and the soit. It is common in farmers'

lectures to speak of these as the actual foode,but the student muet be perfectly clear in his

ownmind that they are onty the raw materials out of which the food is made. It is con-

venient to make a distinction betweenthe elements necessary in large quantities and those

of whiehmère traces sumce: thé effect of thé former can readily be demonstrated in water

and sand cultures; the latter aremore difficu1tto atudy as traces are always present in the

seed,and often a)so in the nutritive medium, or the vessel in which the plant is grown.

"The substances needed in quantity are carbon dioxide, water, oxygen, and suitable

compoundsof nitrogen, phosphorus, sutphur, potassium, calcium, magnésium, and iron.

Ofthesenitrogen, phosphorus, andpotassium compounds are requiredin suohlarge amounts
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u.that they usuaUybave to beadded toMitaMartifioialfertilisersinorder to obtain maximum
yielà in agricutturat practice. The other nutrient éléments are generally present in air.
in soi!eof in rain, in euSMeat amountsto exert their full effect,though cases are recorded
wherecrops have respondedto additionalsuppliesofsulphates and magnésium. The func-
tion of these nutriente is to build up the plant substances.
"A second group of substances Mneeded in smaUamounts only. These have been

studied at the institut Paateur, notably by GabrielleBertrand and by Maze: atso by Dr.
BreneMeyat Rothamsted. The clementsprovedto be essential are iron, manganèse, and,
for certain orops,boron. Others probably atwayapresent in the plant are fluorine, iodine,
chlorine, copper, aluminium, zinc, eobatt, and nioket;it ia not known whether they eerve
someusefut purpote or have simplybeen absorbedalong with the nutrients proper. The
eseeatM elements of this group apparently servetwo purpoees:–

t. Catalytic, the promotionof oxidationor the eMentM réactions;
2. StimuJative, the setting in train of dMferentiationaor other procesMss vitally im-

portant to the plant.
"The catalytic elementeprobably indude iron, whieh MCMentMto the formation of

ohlorophyll;manganese,apparently needed for the activation of oxydasesor otherwise for
oxidationein the plant; silicon,whichsomehowincreMOBthe effeetiveneMof phosphate and (
possiblyalso of potassium. Thé atimtdativeetementeprobably include boron, needed to
etimulatethe formationofthe branchsystemofcireulatoryvesselsthat links up the nodutes )
on the roots of leguminousplants with the main aystem," p. 70.

"Phosphate etarvation affectemarkedly the compositionof crops,lowering their nutri-
tive value to animaisand their speoiaiquality valuesto meo. Overlarge areas of the world,
soHsare very deficient in phosphate. Those oceurringin parts of South Afrioa carry a
natural herbage whiehcausesdeficiencydiseasein oattte; the affectedaninmts devour bones

ewith gréât eaeemess, evenputrefyingboneswhenthedeficiencyispronoanced, so that they
becomeliable to a particular ptomainepoisoning. Theobvious remedyN to feed the cattle
with bone meal. Similar diseeses occur in Australia, where also the arable land shows
astonishing beneCts fromsmall dremingsof superphosphate. In the Romney Marsh the
the beat fatting paaturesare richerin phosphatethan the poorerones; this is generally true
ofEngland and Franee. Paturel has shownthat the best winescontain most P,0, (about
0.3 gnn. per litre), the secondand lowerquatities containing mccesaivetylésa. Further,
whenthe vintages fordmerent years werearranged in order of their P~ content a tist was
obtainedahaost identicalwith the orderassignedby the wine merehants. Davis bas em-
phaaisedthe importance of phosphate supply for the indigocrop," p. 8t.

"The conception of the ctay "molecule"that is proviaionatiyput forward as a working
hypothesis, and in the full expectation that it will be seriously modified, if not entirely
overturned, by subséquentwork, is somewhataa foUows:–

"The particles are perforated like épongesso that their surfaceis much greater than
womdbeexpeotedfromtheirdiameters. Whensuspeadedin water theybecome aurrounded
by a double electric layer; the outer oneeonaistaof the positively charged cations (moatly
Ca", but with some Mg" and smaller quantities of K', Na', H', etc.), the innerwith nega-
tivelycharged anions, a complexatumino-sUicieacidof unknownconstitution, but obeying
the usual stoteMometricattaws. Some of the cations spUt off by diasooia.tion,leaving a
balance of negative charge. Changesin the cations are accompanied by changes in the
physMatproperties of the eiay. Wiegnersupposeathat a cation linkedup with many mole-
culesof water, such aa sodium,coatd not approach the complexanion aa eiosety as cations
whichare leu hydrated, like catcium; the effectivedistancebetweenthe two etectriciayers
Mincreasedand the potential ofthe innerlayer ittereaMS.This increasedpotential increases
the power to romain euspendedin water and the chemicalinstabitity. This view accords
with GedMiz'aresutts that cations are absorbedin thé orderof their valencies, and within
the va!encygroupa of their atomie weighte. Thuaaluminiumis of aucations the onemost
readilyabsorbed, givingthe most compactdepoeitin water:calciumis less readily absorbed
givinga more bulky deposit, but sodiumand lithium are ieaat easilyabsorbed; they give
the bulkiest and most hydrophNousdeposit, having alsothe finestpartietea (see p. Ht).
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tfMtt hv hv~N~VMtt Thm awntaina wh<f a<M~~M tt~ w~M~Mt~~t~and theoations aremost easilylost by hydrotyms. Thise):ptainawhyamong thé repiteeabte
basesof normal soils,calciumoeours in larger quantity than magnésium, which, in turn, ta
m larger quantity than potassium, while sodium ia teast common and may be absent: !t

exphmNalso why sodium is the predominatingion m Ma water," p. !g2.
"Peat shows thé phenomenonof swellingin a markeddegroe; indeed, after heavyrain-

fall inadequate!y-drftinedpeat bogs may sweit se muoh as to overSow into vaHeyswith
disastmua resutte. After drainage, however,drying and shrinksge set in, followedby a
slowbut ateady érosionas air pénétrâtes into the newly-formedspacesand starts theoxida-
tion processes. When WMttiesey Mère was drained in t8st a pittar was driven through
thé peat into the underlyinggault, and thé top of the pillarWMmadeflush with the surface
of thé eoit. So gréât haa been the subsequentenrinttagethat over ten feet of the pittar )B
nowoutof the groundand the processhaanot yet reaehedita timit, fora perceptibte further

shrinkage took placeduring the dry seasonof <9!t," p. !6o.

Theauthor aceuBeaLangmuir, p. !98,of aayiagthat surface acttona"are shownto obey
thé ordinary etoichiometrietaws and they can be thought of as simplechemical changes."
What Langmuirdidaay waathat thé forcesacting in absorption are ohemical; but henever

said, Mfar as the reviewer knows, that the relations are etoichiometrie.

"The values fordrawbar pull promise to have considerablevalue in soit science. They
afforda measure oftilth; they are ofobviousimportanceto the itnpiement maker; and they
give the best measure we have at present of the résistanceof the soii to the movementof

plant roots. They constitute an intégration value for the clay properties; thus they are

ctose!yrelated to the rate ofeffluxof water fromthe drains laid two or three faet belowthe
surfaceof the «oit," p. 225.

"The mode of entry of the organism into the plant was etudied, first by Prai!tnowsky
for thé pea, afterwards by Nobbe and Hiltner, Marshall Ward, and Miss Dawsen, who

deseribedthe morphotogieatchanges; there is also muchlater work. The Crst stop is that
the organismattaches itsolfto a root hair near the tip and multiplies rapidly, softeningthe
cellwatb (ahownbythe curlingover of the endof the hair)and therebyfacilitating theentry
of the organisms. But the bacteria cannot wander at wiUthrough the plant; they are con-
finedby some mechanism not yet knownto a dimy Namentwhich growsdown the interior
of the root hair, penetrating the ceUwatlsby someunknownmeans, till they reach the inner

layer ofthe cortex of thé root. The adjacent ceUsat firatmultiply to fonn a tnass ofsmaU
ceMswhichconstitute the nodule;but these smaUcéUs,oncethey are entered by the bacteria,
cease to divide and instead they enlarge considerably. Only at the distal end do the eeUs
remain uninfected,and thèse continue divisionso that thé nodule etongates.

"The organismeare not yet, however,in connectionwith the circulating syatemof the

plant, and until they are the symbiosisis not effective. Connectionis estaNished by vas-
cutar etrands whichgrow out from the stete and surround the swollenceU tissue. Along
these new veaselapaaa sugars and other nutrients and sources of energy from the plant to
the organism, and the synthesised nitrogen compoundsfrom thé organism to the plant,"

p.a8t.
"So far as the writer can discover, the only record of soit or dust absolutely freefrom

living otganisms is the dust from a newlyopened t8th dynasty Egyptian tomb whiehhad
been teft dry and undiaturbed for over three thousandyears," p. 206.

"The entire stock of nitrate in the soitat any time appears to ocourin the soit solution,
and it is liable to bewashed out completelyby heavy rain; in any caselittle if any survives
the winter. In favourable conditions fresh supplies are soon produced, but after a wet

winter, when the oeil is cotd and poorly aerated, nitrification may be slow. Crops then
showa marked response to dressingsof sulphate of ammonia, nitrate of soda or nitrate of
lime. Very little ammoniaappears in neutral oeil,it beingreadily absorbed by thé cotloids
and aesimUatedor oxidisedby micro-organisms,"p. 370.

"On certain soursoils in Yorkshirefanners tend to confinethemsetves to oats, potatoes,
and rye,and do notattempt barley or red elover. NearLeeds,whereeven the rain water ia

acid, rhubarb ie grown extensivety," p. 38:.
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"SeriouaMitexhaustiondidnotarieeunderthe oldagriouttur&tconditionwherethe
peoplepraetica.Uylivedonthelandandnogréât amountofmaterialhad to besoldaway
fromthéfarm. Phosphateexhaustionwasthé moatseriousocourremcebeeausetherewas
M wayofmeetingit,andeathe originalsupplieswerenotMa rulevery gréât,it musthave
becomeacuteby the endof theeighteenthcenturyin Engtand,for remarkableimprove-
mentswere,andstNate, etteotedattoverthe countrybyaddingphosphates.Thenbegan
a process,whichbasgoneon to an increasingextenteversince,of ransaokingthe whole
worldforphosphates;at 6Mtthesearchwu forbonea,eventhe oldbatHe.6ddanotbeing
epared,if wemaybelieveseméofthe accountsthat havecomedown; lateron (int&ta)
HendowdMeeveredlargedepoeitaofmineralphosphates,towhichmoreandmoreattention
bas beenpaid. PhosphateMppUeamay yet becomethe factorthat wMtdetenninethe
courseofhistory,"p.<m.

WilderD.Bancroft

GenetatChettlehy. By~Mf&tAT*.JMn~mand GorgeB. BoM<-a.MX fCcm;pp.
f+CSJ. Netoy~Pfe!t«ce-FaN,rMe.,MM. PWee: la the préfacethe authors
say,p. m; "Thisbookb ofleredby the authoMas a textbookforstudentsm a firstyear
collegecoursein chemistry.It Mwrittenalongthe UnMofa mothodbaseduponthé ar-
rangementof the etementsin theetectMchemieatseries,whichthey haveusedin their
classesduringthe taatfewyears."

In apiteof thismethodtheotderof theforty-tbreeehaptemis practicaMythesameas
that foundin manyof the oldertexte. Mostof the theoriesareintroducedin connection
withthe atudyof thenon-metals;whilethéstudyof themetahcovereonlyfivechapters.
CoMoidaconstitutechapterfoorteen."Therehas beenineludeda much moreextensive
diecosmonof organioohemmt~ythania usuatin textbookafora first year cott~ecourse.
In this Mgiventhe chemietryof thoaeeubstanceawhiehconstituteour food,elothing,
and ahelter,and whiehcontributeeomuchto our pteasureB.This knowledge,of vital
interestto everyone,ia dueto thélargenumberofatudentswhodo not atudyQbemistry
formorethanoneyear,"p. iv.

Thebookmakesan impressionofbeingup-to-dateandmanyof these modernapplica-
tionsare ithatrated. The indexMquite complete,coveringtwenty-eightpages. The
mathematicataideof the subjectis stressedverylightlywhilethe deacriptivesideisem-

phasixed,
Thistext willnotbe satMaotoryto that groupof ohemistryteaoherswhoinsiston

teachingas theyweretaught~ It willnot lenditsetfte useforrécitationpurposesunless
amplifiedby lectures. Thisistrucinspiteofthe faotsthatthébookis wellandconcisety
writtenand is characterMedby theinclusionof somementionof most of thé important
mbjecteinchemMtry.Thiseomprehenstvenessis at oncethébooks atrength andweak-
ness,dependingon theteaoherandthecharacterof thé courseheis giving. It iaa weak-
nesain that nonormalfiretyearstudentcouldbeexpectedto graspand retainthémulti-
tudeoffaetaand theoriesassemb!ed.The teachermuetresorttorepeatedomissionsor a
generalcursorytreatmentand eitherexpedientis weakpedagogicaUy.Thebookwill
probablyservebestsea référencetextor asa text in coureeswhereampletimeis aUotted
for suohan extensivestudy.

Thissameeomprehensivenesswillbe a merit in thé eyesof thoae teaeherswhoare
workingout culturalcoursesinehemistry.Theaverageetudentofthis textmayconemde
hisatudywitha muchlessthoroughgroundingin fundamentalchemicalthéoriesandcon-
oeptathan was former!ythoughtneceseary,but he shouldcertainlyknowaboutmany
morefacteand applicationsthanusedto becoveredin théfiretcourse. Thetext seems
to approachsomewhattowardtheidealof a culturalcoursein ohemiatryas oatHnedre-
centlybyProf.Bancroftunderthetitle,PandemicCAemMir~.It may markthebeginning
ofa newera in the teachingofchemistryforit is certainedifferentfrom itepredecessors.

Her&<~L. DafM



BY ROBERT B. BUBK'

Asindicatedby ChemicatAbstracts,the volumeofresearohin t~y upon
the theoryof contactcatalysisbasnot beenenormous,manyof theworkers

havingbeenledinto investigationsofcloselyrelatedfields,suchasthegeneral

theoryof reactionvelooity,adsorption,etc. At the sametime, important,

newly-developedoatalytioprocessesin industry,suoh as the synthesisof

petroteum'and of methanol,'progressin the studyof enzymes/etc.,have

renderedstillmoreurgentthé searchingoutofthe mechaaismofcatalysis.

The présentreport, in additionto coveringimportantnewdevelopments

of the year in oatalysis,summanzesthe principalpointsof the fiveprevious

reports.' An attempt is a]somade to summarizerelevant workin other

fields,whichbas cometo our notice,with the hope that the contributing
factorsto oatalytiophenomenawillbo throwninto somewhatsharperrelief.

ThèsepurposesarenecessarilyinoompletelyfuMUed.

Two booksof interest to catalytie investigatorsshould be mentioned.

A new editionof Ridealand Taylor's"Catalysisin Theory andPraetice"

contains extensionsand improvementeand ia well worth reading. The

generalplanof the bookis good,andsomeof théchapters,for inetancethat

on "promoters,"containvaluableinformationnot readilyfoundelsewhere.

The theoreticattreatmentdidnot leavethe writerwitha feelingofverygréât

satisfaction.

Thé secondbookia a Germantranslationofthe secondFrencheditionof

Sabatier's"Catatysisin OrganicChemistry,"byB. Finkelstein. Thetrans-

lation properis probablynot so valuableto Engtish-speakingreadersas is

thé traas!ation by ProfesserReid; for the latter contains a ohapteron

theoriesof oatalysis,many footnotes,and is arrangedin botter form. The

new Germanvolume,however,containsa summaryby H. Hauberof cata<-

lytio literaturebetweenthe years1020and ioa6.

'NationalBesem'chFeNow.
1ReportoftheCommitteeonContactCatalysisoftheDivieionofChenuattyandChemi-

ad TectmotMyof théNationalBMeatehCoumca.WnttenbyR.E.BurkwiththeaMia-
tanceofthe5mermembersofthéeommittee:MesseM.H.A.AdMns.E.F.Anmtmng.O.W.
Brown,0. G.Fink,J.C.W.FnMer,J. N.PeaKe,E.E.Reid,H. S.Taylor,andW.D.
Banotoft,Chairman.

'KiHetfer:Ind.Eng.Chem.,19,toy?(1927).
Jaeger:Abhandi.Kenntnis.Kohte.,7,s' ('9~6);Chem.Abe.,21,353!(t~y).

<Wilbtatter:"PfoNemsandMethodeofEnzymeResearoh,"ComeNUnivetNty(1927).
'ThèsenwptecediMreporta aM–Ei~ReportofthéCommitteeonContMtCatatysiB:

Ind.EugChem.,M,326.3!,~44-7,54~8,&~ (tOM):Nat.Re9..Coume)tRep~No.30,
(t9M). SecondReportof~eCommitteeon ContactCatatyfM:J. Phya.Chem.,27,
Sot~t! (toza);Nat.Res.CooncHReprintNo.50(tM3).ThirdReportoftheCommittee
onContactCatabreia;J.Phya.Chem.,M,897-94~<'9~4):Nat.Res.CoanolRmnntNo.
59(tOM).R~)'th ReportoftheConmntteeonContactCatatyaM;J. Phya.Chem..30,
t45-7t(t9a6):NatRee.CouneuReprintNo.66,

(t926).
FifthReportof thé Commtttee

onContactCatatysiB:J. Phya.Chem.,91,!Mt-49(t9:7):Nat.Res.CouncilRepeintNo.
78(1927).

SIXTH REPORT0F THE COMMITTEEONCONTACTCATALY8IS'
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Summary of Pfevioas Reports

Fromthe fivepreviousreports of the Committeoon ContactCatalysis,the followingpointaromainunchaUenged,so far as 1 know,and representtheprincipalfeaturesofgeneralexperienceincontact oatalysis.
t. Contactoatalysisdoesnot take placeqnless oneor moreof thé reac-

tantsis adsorbedonthesurfaceof the catalysa
a. Thecomp!exthusformedon the surfacemay correspondto a definite

orthodoxchemioatcompoundas in the caseofthe decompositionofhydrogen
peroxideat a mereurysurface,~or it maynotcorrespondtosucha compound;forinstance,noknownoxideof carbonbastheehemioa!proportiesofoxygen
adsorbedoncharcoat.'

3. TheamountofgasadsorbedontheoatalystandthéextentofcatalysisdonotshowquantitativecorrBspondence.~
4. Anysubstancestronglyadsorbedonthecatalyst will preventreactants

fromreachingit, andwillthus "poison" thecatatyst,' providedthe catalytic a
activityofthé poisonitaelf is small. Thépoisonmay be oneof the reactants
in caseit is necessaryfor more than onereactant to be adsorbedupon the 1
surface,as in thé caseofthepoisoningofa platinumwirebycarbonmonoxide
forthe catalysisof thecombinationof thisgaswith oxygen."It may be one
ofthe productsof réaction,e.g., hydrogenpoisonsa platinumwirefor thé
cataiyticdecompositionofammoniabythiametal.7

Lastly,the poisonmay be a foreignsubstanceof whiohthere are many l'familiarexamplessuchas the effect ofsulphuroompounds,stopcockgrease,
etc.,uponthe catalyticactionof platinum. t

5. In somecasesthe amountof poisonnecessaryto completelystop the (
activityofa catalystis lessthan that necessaryto coverit witha monomole-
ouarlayer.'

6. Somecatalystshavebeenshownto havevaryingsaturationoapacities
forvarioussubstances,'andthe ratio of thesaturationcapacitiesforadaorbed
gasesona givensubstancebasbeen foundtovaryfor differentpreparations,andfora givensamplebeforeand after heattMatmeot.

7. Poisonsdo not alwayshave a proportionateeffectuponadsorption c
andoatalytioactivityof the catalyst. t

8. Theresults5,6,y,andothers, forcetheconclusionthat somecatatystsarenotuniformlyactive."

BMKMft:HmtReportoftheCommitteeonContactCatalysie.
Ch~ S~t~h~ M.58t(ï9o6);vonAntropoff:J. prakt.Chem.,(z 7T,z~g(tgo8)

'BMmroft-Nmt]~)rtoftheCommitteeonContactCataiyeis.
?~~3~ CommitteeonContactCatalysis.

6Di8cussedinal1of thereporteoftbiscommittee.
'~nm,M-:Tmm.FamdwSoc.,17,653(t9M).
'BmahehModMd.Bmt:J.Chem.800.,K7,nos (to~g).

iArmstrongmdïBIditeh:TMM.FaradaySoc.669<~939).68s'~9~)~ Chem. and ~~= Chem.Soc.,125,685,Ó94(t9a4, 0"~ed.J.Cham. Soo.,KV,73(t~s); Pease:J.Am.Chem.Soc-,45,2M6(ta~Taylor- Fourth of the CommitteeonContactCatalyaiN.0~9~,
'~Taytor:FourthReportoftheCommitteeonContactCatatyma.
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9. Thepowerofcatalyststo aotivatemolculesis oftenveryspeciBo.~A

partioularlyinterestingcaseof thé specifioityof catalystsMthe ability of

differentcatalyststo acoeleratethé décompositionof a givenmolecule,e.g.,
formioaoid' in diSerentways.

10. It is sometimesfound that the catalytio activityof a mixture of

catalystsexceedsthe additiveeneotof the two. This iscalled promoter
action.'

i x. Continuedreactionaltersthéactivityofsomecatalysts,for instance,

quartz in the décompositionof ammoniacand causesvisiblerougheningin

other cases,for instance, platinumin the catalytio oxidationof sulphur
dioxide.'6

ïa. Certain substancescalled "negativecatatysts" or inhibitors are

foundto decreasethe ratesofsupposediyhomogeneousréactions.*

ïg. Reactionsinvolvinga solidreaetantand a solidproductare often

foundto occurat the interfacebetweenthe two solidphases.'

i<t. Processessuchas heat treatment,whichmight weUdisturb spécial
configurationsof surfaceatoms are oftenfound to deofeasemarkedly the

activityof oatatysts.*
Theoriesof catalysismustbe consistentwith these pointe.

ContactCatalysïsandReactionVelocityin Genend

It maybe thoughtthat sincecatalytiophenomenahave todowith altered

reactionvelocities,asolutionoftheproblemmustawait a satisfactorysolution

of homogeneousreactionvelocity. In anawerto this, it maybe said, Srst,
that thé main paths areblazedin the theoryof reaction velocity;secondly,
as emphasizedaUalongby Bancroft,'that a great part ofthe problemof

contactcatatysis mustconsistin ananalysisof the effectofadsorptionupon
the adsorbedmolecule.Neverthetess,sincethe subject ofcontact catalysis
dealswithchangesin reactionvetocity,andsincesolidprogresshas beenmade

in the study of the latter subject,it is thoughtdesirableforthe purposesof

this reportto summarizebrieSythémainpointsin the theoryofhomogeneous
reactionvelocity. Muohof the workuponthis subject basappeared sinoe

the 6rst reportof this committeewaswritten.

This importantpointisdiaeuMedinalltheprevicusreportsoftheCommitteeonCon-
tactCatatysM.

'AdMnaandKrauM:J.Am.Chem.Soc.,44,385(ï~z); AdMnsandNisson:45,809
(MM);46,MO,AdidnaandLMier:M9!(tQ~);BischoBandAdHm:47, 807(t?:~);
HhNhetwood,HM-HeyandTopléy:Ptoc.Roy.Soc., MOA.sys(t9*s);TingeyandHmahet-
woodJ.Chem.Soc.,tZt,t668(toaa);HinahetwoodandToptey:tM,to! Hinshelwood
andHM-t!ey:t333(19~3)-

aPromoteractionisahodiactMMdina)Iof thepreviousreportaoftheCommitteeon
ContactCatalyBM.

4 HinshelwoodandBurk:J.Chem.Soc.,KV,nos (toag).
SeethephotographsinRidealandTaytor'a"CatatysiainTheorymdPractice,"p.t77.
SeeBeid:MthReportoftheCommitteeonContactCatalysis.
Langmuir:J.Am.Chem.Soc.,38,M69(!9!6).
DiscaaaedinmoatofthepreviousreportsoftheCommitteeonContactCatalysis.
HtstReportoftheCommitteeonContactCatalysis,andehewhae.



~04 ROBERTE. BUBK

Attentionwasdirectedin thelast report' to threesummanzingpaperson
this subjeot." In addition to thèse, two reeont booksshouldbe noticed.
"Kineticsof Chemica!ChangeinGaseous Systems"by C. N. Hinshelwood
(1926),althoughnot exhaustive,isa stimulating reviewof the subjeot. It is
writtenin sucha clearfashionthat the theory iswithinthe reachofeveryone.
There are two chapters on heterogeneousreactions. The secondbook,
"StatisticalMechanioswith AppHcatioosto Physiosand Chemistry,"R. C.
Tohnan(1027)is more mathematicatthan the book by Hinshelwood. If
oneisnot frightenedoffby someof the topies in the earlier chapterssuchas
"generalizedapace,"onefindsmuchvaluable materialfarther onin the book,
especiallywith regardto photoehemicatreactionsand certain physicalques-
tionswhichenter intoworkuponreaction velocity. Heterogeneousreactions
arenotdisoussedextensively.

The modem theory of reaotionvelocity is founded on the very solid
groundof the molecularkinetictheory of matter. To explainthe reactions
whosetemperaturecoeScientsexceedthe rate at whichthe total numberof
collisionsincreaseswithtemperature,Arrhenius' po6tu!atedthat onlycertain
"active"moteoutesenter intoreaction,and that thenumberof theseinoreases
sumeienttyrapidly with temperatureto account for the observedreaction
rates. It is nowthought that thèsemoleculesaremerely thosewitha suSi-
oientlyhighenergycontent (anidea which aceountsquantitativeiy for the
experimentaltacts), rather than chemicalisomersof the inactivemolécules.
Thusit wouldbe dimoultto imaginesuitable isomersofhydrogenand iodine
inaccountingfor the temperaturecoefficientof thé combinationof thèsetwo
elements.

Onthe assumptionthat activemoleculesare merelythose of sufficiently
highenergycontent, and that everycollisionbetweenactive moleculesled
to reaction,W. C. McC. Lewis*wasable to ca!cu!atetheoreticaUythe rates
aotuallyobservedby Bodenstein'forthe homogeneousformationand decom-
positionofhydrogeniodide.

Observedréactionrates at differenttempératuresare found to conform
to theempincatéquation'd ln k/dT = A/RT*. "k" is the velocityconstant,
R the gas constant,T the absolutetemperature, andAthe heat ofactivation.
Ai8constantwhenit is taken to be the excessenergy~the activemolecules
musthave,overthe averageenergyof ail the molecules,in order forreaction
to occur. Fromthe expérimentâtdata and this equation (a straight line is
obtainedwith atope -A/R on plotting hi k against ï/T) an "observed"
valueof A is obtained. From the above assumptionsthe numberof active

1Reid:FifthReportoftheCommitteeonContactCatatyms.
'Tolman:à~ ~&~ Lewisand Smith: 15o8~).-Hinshelwood:Chem.Itev.,3,227(1926).
'An-henius:Z.phyoik.Chem.,4,M6(t88~).<J.Chem.Soc.,H3,47!(ï~tS).
Z.phyaik.Chem.,29,aM(t899).

*ArrhMius:Z<ec.ct<.
'Tohnan:"StatieticatMechamcs",be.eK.
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moléculesof hydrogenis, accordingto the Maxwelldistribution law, equal

to thé totalnumberX e"RT (approx.),and the numberof activemole-

culesof iodine is equal to the total number X e' The numberof

collisionsbetwoonthe activemolecules,accordingto the formulagivenby

kinetiotheory, is,therefore,the total numberofcollisionsbetweenhydrogen
and iodinemoléculesX e *Aa.'A,~RT= the total number of collisionsbe-

tweenmoleculesofhydrogenand iodineX e' and by the assumptions
of the.theory shouldbe equal to the observedrate of disappearanoeof re-

aotants. Thisgivasa theorotioalvalueof A. Forhydrogeniodideformation,

the observedvalueof A is 40,000caloriesper a grammolecules,and the cal-

culatedvalue is 40,300calories,a doser agreementthan couldbe expeoted,

grantingthe correotnesaof thé interpretation. Theindividualvaluesof As.

and AI,,representingthe extents to whichhydrogenand iodinemust be

separatelyactivated,are not known. Indeed,it may be possiblethat it is

immaterialhow the energyof aotivationis distributed beforecollision,it

merelybeingnecessarythat thoir joint transférableenergy exceedthe value

A, the energybeingpooledon collision. This possiblitywassuggestedby

Hinshelwood,whobas carriedout calculationssimilar to the above for

variousreactions,whiohheandhisstudentshaveinvestigatedexperimentally'.
It is to be stronglyemphasizedthat every knownuncatalyzodbimolecular

reactionis interpretablequantitativelyon the abovelines.

The last columngives the temperatureat whichthe variouareactions

attain the samespeed. Hinshelwood*in speakingof the parallelismbetween

the figuresof the lastcolumnandthe valuesofAsays:"This is the strongest

and, at the presenttime, the principalevidenceforthe reaJity of the energy
ofaotivation."

Accordingto Hinshetwood~diSculties in accurately determiningthe

heat ofactivation,inaccurateknowledgeof the diameter of molecules,and

the approximatenatureof thedistributionlawusedprevent onefromdeciding

whethervibrationaland electronicenergiesatsocontribute to the heat of

activationin the abovecases (only translationalenergy was consideredin

caryingout the catcu!ations).Thereis someévidence''that the transference

of theseformaof energydépendsupon the speciBcnature of the colliding
molecules.

HhmhetwoodandBm-k:Prcc.Roy.Soc.,M6A,a&t(t9~4).
See,e.g.,HinshelwoodandHughes:J.Chem.Soc.,KS,t89t (x924).

Hinshelwood-"KiMtiosofChemicalChangeinGaseouaSystenM,"p.93.
<Chem.Rev.,3,M7(t9a6).
StoN-t:Z.Physik,32,a6a(toas).

Réaction, Afrom Afrom Abs.T
thermal ooNiaion temperature forequa!

deeompoMtion oaloulation cordent. rate

aNiO 55,000 s8,soo 956

2 HI 43,900 44,000 ?6o

2 ChO 22,000 21,000 384
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Ofcourse,ifuponintroduoingthé reactants,subsidiaryquicHy-estaMished
equilibriaare set up, sothat the concentrationof a givenreactantwill bea
differentfractionofthataddedfordifferenttempératures,théheatof réaction
forUnssubsidiaryréactionwillbeinoludedin thémeasuredheatofaotivation1

DeyandDhar' proposethe rule that thetemperaturecoeffioientis greaterfor smallerréactionorders. Tins oannotbe an absolute rule for different
reactions,for the temperaturecoeScien<Bof the thermaldecompositionof
nitrogenpentoxide(monomoleoular),and of nitrous oxide(bimolecular)oontradMtit.

Tenno!ecu!arreactionsofTerno partieu!aradditionaldaculties. Their
generaloharaotensticaare simply interpretablein termsof the molecular
kinetiotheoryof matter.

Unimolecularreactions,on the other hand,continue toonergroundsfor
contrevent The questioncannot be taken up in detaithère. However,Tohnan s catcutation'thatcollisioncannotaotivatethé moleculesfastenoughto accountforthe ratesofknownunimolecularreactionsisthoughtby Lewis
andS!mth,<by Hinshetwood,'and by FowlerandRideat"to offerno obstacle
in casethé moleculesof reactanthave suScientdegreesoffreedom. How.
ever, Tolman,Yost, and Dickinson' think that there are still diaouMes
withactivationby coHMoaforthis type ofreaotion,and favorau elaborated
radiationtheoryas mostsatisfactoryforunimolecularMaotions.It has not
beenmadeclearwhybothcollisionsand radiationcannot playa part simul-
taneouslyinsuchreaotioDs."Theconfusionseemsto ariseoveruncertainties
regarding(t) the amountof radiation whiehthe reactants can absorb, (2)the lawsgoverningthe transferof internal energyat the momentofcoUision

In recentexperimentsofLewisand Mayer,'a stream ofpinenevaporwas
passedthrougha furnaceundersuch conditionsthat therewereno collisions,
yet sumctentradiationforcompleteracemization. They foundno racemi-
zation,and considerthis to ruleout radiationas the activatingmechanism
for thismonomolecularreaction.

In the caseof unimolecularreactions,the possibilitywasemphasizedbyLmdemann"'thatmoleculesactiveon the energyscoremayhaveto await a
suitableinternaiphaserelationshipbeforereactionis possible,and thus mayhavepercentagereactionrates independentof pressureovercertainrangeseventhoughthe activationis brought aboutby collision.

~'S~y Chem.
sZ.Elektrocbemie,32,586(1926).
J.Am.Chem.Soc.,47, (t9~5).

j J.Am.Chem.Soc.,47,t;o8(t~s).
'Proc.Roy.Soc.,1MA,330(t~).
P)-oc.Roy.Soc.,113A,570(t~y).
PMC.Nat.Acad.Soi.,M,!88(t~?).

`Forfurtherrecentworkonmonom!>'ec~routions,seeRsmah~ J. Am.Chem.8oc.,49gta tqg5(tga7);Proc.Nat.Acad.8la (1927);Christúmsen:Ÿro°Cam-bridge.t'lûl.
8oc,,23,438(tga6);Hibbon.Proc.Nat.Acad.Soi.,136a6(rga7);Hinahel-tvoadandAekey.Prée.Roy.Soc.,USA,215(¡927);U6A,163(tgs7~.J.'Proc.N.t.Acad.9d., M, (~7); J. Am.Chem.Soc.,49,3~' (i9~)"Tram.FaradaySoc.,17,~8 (ïoaa).



SIXTH REPORT 0F THE COMMtTTBE ON CONTACT CATAMT8t8 1601

Thomson~nowsuggestsa new type of internat phase relationship. He

dovetopsthe viewmathematicattythat if the intramoleoularforces are

intermittent, a Maxwettiandistributionof energy amongst the molecules

may be producedwithoutthe aid of collisions,or of the absorptionand

émissionof radiation. Hesays,"Thé moleculeswith highenergywill,how-

ever,nothave acquiredthiaenergyby cottisionwith othermoleculesbut by

drawingonthé energyofthefieldsofforceofthe molecules. "Therateof

decompositionofnitrogenpentoxidedépends(on this basis)on the number

whiohattain the critioalenergyin unit time,rather than uponthé number

wMchhave thisenergywhenthingsare steady."
Fromthe pointofviewof catalysis,the important pointswhiehemerge

fromthe workon homogeneouaréactionvelocityare that the vetooitiesof

reactionsaregoverned(t)by theratesat whichtheenergyofactivationcanbe

suppliedto the reaotants,i.e.,by thé numberof aotivatedmoleoulesperunit

time (a) by a faotorcorrespondingto the probabilityof reactionafter acti-

vation. (2)mayresultfromthenecessityofasuitable internatphaserelation-

ship.' The secondfaetor,in the case of bi- andmultimoleoularreactions

may dependupon a possiblenecessarysuitableorientation as the active

reaotantscomeintothe sphèreof collision.Thiseffectwillnot changewith

thé temperaturebeoauseaninoreasein thenumberof revolutionsof the mole-

ou!eperunit timewillnot,ordinanty,changethe chancethat a givenorien-

tationwilloccur.

Aooordingto Hinshelwoodl(a) in no caseoandepend upontemperature.
At least thé variationwith temperaturecannot be very great-otherwise
réactionswouldnot followthe Arrheniusequation. In his workuponhomo-

geneousreactions,Hinshetwood*also ptacespreponderantweightupon the

nrst faotorfor reactionsotherthan bimotecutar.This viewisbasedlargely

uponthe approximateconstancyof A/RT for reactionsof a giventype at

temperaturesof equalreactionvelocity. Whitothis is evidentenoughfor

the simplebimolecularréactions,in viewofthe above calculationand others

likeit, it is a little surpriangto find this relationtrue for unimolecularré-

actionssincein theircasesomuchweightbasbeenplacedononlya fewofthe

aotivatedmoleoulesreacting.4
In anyevent,the factor(2),above,wouldseemto havemoreimportance

in catalysisthan in uncata!yzedreactionsforsay its wholerangeof innuence

couldleadbut to a factoroften in the reactionvelocity. If a catalystcould

changeits valuefromoneto ten, this wouldbeofgreat importanceforsimul-

taneousreactions,andin othercases,but it might not be detectedfor the

homogeneousreactions.

Accordingto Peacook,'substitutionsin certain organicmoleculesaffect

theirreactionvelocitiesmuchmorethan thecorrespondingheatsofactivation

t Phil.Mag-,3.~t (1927).
ChemicatReviews,3,aay(19~6).
ChemictdReviewa,M7(19~6).
Undemann:Loc.cg.

aJ. Phya.Chem.,31,535('~7)-
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for these reactions. In some cases,the réaction withthe higher heat of
activationhad the lowerrate. Thiswouldindicateconsiderableimportance
for faotorsother than the heat of activation. However,the heats of aeti-
vationwhichPeacockquotesare dose togetherand aocuratemeasurement
of themis diScutt.

Althoughone cannotbe sure that thèse two factorscontain the whole
storyof homogeneousreactionveiooity,yet they seemto aocount,at least
inoutline,for the observedphenomena,andgiveverydefinitefactorsfor the
catatyticinvestigatorto keep in mindin trying to ascertainhow catalysts
effectthe acce!orationofreactions. Thus,if a oatatytieagent can facititate
theenergytransferto orawayfromthe seat of reaction,if it can reducethe
amountof energynecessaryfor reaotion,or if it oanincroasethe probabilityofreactionafter activation,then théphenomenonof catalysiswill ensue.

Asfar as the writeriaaware, little isknownaboutthe tast factor. The
possibilitythat the surfacecan causethé reactants to comeinto suitable
juxtaposition'morefrequentlycornesunderthis head. Orientedadsorption
mayaid or hinder the transfer of energyto a givenpart of the adsorbed
molecule,or mayrendera given part of the adaorbedmoleculemore,or less
susceptibleto collisionfromthe gasphase.

PaeBitationofEnergyTransfer
(t) ~<aM<aK<win theDinipationoftheHeatof 2!M<~MM

Accordingto Pohnyi and HerzfeM'and to Bornand France certain
exothennioréactionsof thetype A + B = C cannot takeplaceuniessthere
isa third moieoulepresentto carry oStheheat of réaction,the systembeing
unableto radiateit. Thisisone wayin whicha catalystmightasaiatcertain
reactions.

The reaotionof driedammoniawith dried hydrocMoricadd is visiblyh~tmVMMMM~~Q~T~n~~t~t~t~M-< 'tit
-1!> v w vaacu pppipV~

ancein the dissipationofthé heat of reaction. Thismechanismmightalso
explainthe effect of metab in catalyzingthe recombinationof hydrogen
atom," whichhaabeenappliedby Langmuu*in an ingeniousfashionto the
weldingofmetals.

FaeBitaHonofEMrgyTïaa~et the ReactineMotecMtea
The Lewis-Pemn theory of catatyaia~ would corne under this head.

Although this theory offers no hope of explaining catalysis in general, no
grounds exist for ruHng it out completely. Cataîysis by photosensitized
meroury atotns, which is being actively investigated at the present time,8 ie

'LaMp)HMr:TMna.
Faraday Soc., t?, 6t8 (t~t).

*Z.Phyath,a, tgs(t~M).
(1925).'Ann. RhyNk, ?C,~5 (t~s).

4Burk: I&settatMn, (Motd (t~6).
'Wood: Proc. Roy. Soc., t02A. t (t9M).

lad. Eng. Chem., M,6 (!

Pe~yt~Perrin: Trane. Faraday f3oo.,1'1,566 (1922).
'Taytor and B~tea (Mmmaramgpaper): Ptoc. Nat. Acad. Bci.,12,7~ (t~jC).
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c!ose!yrelatedto themeohanismproposedby Lewisand Perrinfor the action

of surfaces.
The homogeneousthermal decompositionof nitrous oxide1requires a

heat of aotivationof about 58,000caloriesper two gram molecules,and is

bimoleoular.The heat of aotivationof the heterogeneousdecompositionon

gold'isaboutthesamepermolecule,butthe reactionisunimolecular,collision

betweenactivemoleculesbeingunneoessary.Hèrethé increasein rate results

fromthe kineticsimplification.

Hinshetwood'présentsthe followingpicturewhiohis a possiblefactor in

catalysisand cornesunder this head. "Wemay supposea moleculeto bo

composedof twoparts, A and B, the separationof which constitutes the

chemicaldecompositionof the molecule. Let B reçoivean impact from

anothermolecule,whiohimparts to it momentumdirectedaway from A.

The smallinertiaof A enablesit to followB without the developmentof

muchstrambetweenthem. If, however,Awerefirmly enoughheld to a sur-

face,its inertiamightbesogréât that theaoceleratingforceinsteadofdrawing
AafterB wouldcausethe disruptionofthe bondbetweenthem."

Lowerlngof the Heatof Activation

Thegréâtimportanceof the energyofactivationinhomogeneousreaction

velooitybasaireadybeen emphasized.It is reasonableto expect the energy
of aotivationto play a correspondinglyimportant rôle in heterogeneous

reactions,sincethe twotypes cannotbefundamentallydifferent.

In someheterogeneousreactions,e.g., the oatalytic thermal decompo-
sitionofammoniaupona tungstensurface*théotherfactorsseemto dropout.

At 100mms.pressure,the reactionisexperimentaUyofzeroorder,and there-

forecannotdependuponcollisionsfromthé gasphase. Other experiments
showthat the reactionis reallymonomolecularand,therefore,cannot depend

upon a suitaNe orientationof collidingmoleculesof ammonia upon the

surface. The photoohemicaldecompositionof ammoniarequiresultraviolet

light,and it is mostunlikelythat the tungstencangiverise to the necessary
inoreasein densityof this radiationunderthe conditionsof thermal decom-

position. For sucha simplemolecule,judgingfrom the behaviorof other

simplemoleculesin the bimotecularreactionsaiready disoussed,the pro-

babilityof reactionafteraotivationmustbehigh. Theréactionis unretarded

by produots,and sincethé réactionis zeroorder (i.e., the active surfaceis

practica!lycomplete1ycoveredwith ammonia),the observedheat of acti-

vation, 38,700caloriesper gram molecule,is the true heat of activation.

The heat of activationfor thé homogeneousbi-molecularchangemust be

greater than 80,000caloriesper grammolecule,since this reaction is not

perceptibleat 1000degreescentigrade. The homogeneousunimolecularre-

HinshelwoodandBufk:Pmc.Roy.Soc-,M6A,a&t(t~~).
HimhetwoodandMchMd:Froc.Roy.Soc.,10SA,:t ï (ï~s).
"KinetieaofChemieatChangeinGaseouaSystema,"p. t97.
<HinahdwoodandBurk:J.Chem.Soc.,MV,nos (!92g).
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action wouldprobably havea higherheat of aotivationstill, and it is this
reactionwithwMohthe unimolecularheterogeneousréactionshouldbe corn.
pared. Thereseemsto be littledoubt that in this reaotionthe catalystbas
effecteda largereduction in theheatof activation. Thereisa!solittledoubt
that catalystsoften do this.

Eulerand Olanderlfindthatthe temperaturecoefficientfor the enzymatic
inversionof cane sugar is smatîerthan withoutthe enzyme. Manyother
oxamplescouldbe quoted.

How can the catalyst lowerthe beat of aotivationof the reaotantsby
adsorbingthem? That it must "distort," "distocate,""strain," or "pro-
foundlymodify"the adsorbedmoleculein somewayseemsto be an opinion
widelyhe!d.' But these temmare too indefiniteto serveas a guidein pre-
scribingcatalystsfor givenpurposes.

Two rather definite wayshave been suggestedin whichbondsin the
adsorbedmoleculescan be loosened,or openedup, and the energyof acti-
vationthus loweredfor thebreakingofthat bond.
r. Atomic(<M~<«Mt<~ory.

The olderpioture~is, quotingLangmuir:"In viewof thestructureofatoms
frompositiveand negativeparticles,it is clearthat the atomsshouldhave
the propertiesofa dieleotric. Thus,if wehada chainofatomsheldtogether
byduplets–as, forexample,in thehydrocarbonchainofanorganiccompound
-and we bringa positivetyohargedbodynear one end of the chain, the
electronswillbeattracted andthe nucleirepelled,so that a certaindisplace-
ment of thesepartides with respectto one anotherwillresult. Thiseffect
is then transmitted with graduailydecreasingintensityfromatom to atom
throughoutthe length of thechain. The chemica!evidenceindicatesclearly
that effectsofthiskind aretransmittedrelativelygréâtdistances. Incases
whereatoms are not joined togetherby duplets,we shouldnever expect
the transmissionof electricforceto extend throughmorethan about one
atom." On page616 of the samepaper wefind,"whengasmoleculescon-
denseon a solidsurface in sueh a waythat they are heldon the surfaceby
primaryvalenceforces involvinga rearrangementof their electrons,their
chemical properties become completelymodified. It is not surprising,
therefore,that insomecasessuchadaorbedfilmsshouldbeextremelyteaotive,
whilein othercasesthey maybevery inert to outsideinfluences."

Presumably,some such ideais behindthe spéculationsof F!umcheim/
whopostu!ates,if the writer understandshim, that, if differentatomsare
attached to a foundationatom,the greater the strengthof attachmentof
one atom the anaUer is the remainingavailabletotal valenceforceof the
foundationatom,for other atoms.

S. Chem.,1M,143(t~6).'BëMeken:JR~c.Trav.dum.,29,85(t9!o);30,38t(t~tt);39,6M(tmo);46,«S
(M26),R~Z. Mgew.Chem~M, B~eMtein: Âm~~~(,9~;~Ber- 2755(t9~); Hinahetwocd:~K&SiMofChemiedChangeint!M
$Yeteme,"p. 188.
(M~~°*~ Roy.Soc.,16, Lanpnmr:TraM.FaradaySoc.,17,6M

<Chem.andInd.,3,~6 (t~s) (eumnMTMmgpaper).
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Possiblysomesuchideaasthat sketohedaboveisback ofthesuggestion
ofTaytor~that the actionofoxidesin acceleratingboth the dohydrationand

dehydrogenationof formicacid,thoughrnetabaccelerate"only"thedehydro-

genation,2is due to thé presenceof both postiveand negativeions in the
oxide. In this connection,it is not obviouswhy the electronsin the metal

cannotinducedehydrationas wellas the negativeionsof the oxide,if the

chargeis the important thing. On the basisof Taylor's idea,a streamof

électrons,however slow,shouldbe able to dehydrate formicaoid, and

shouldhave generalcatalytioaction. No experimentswereavilableto the

writeron thispoint.
In connectionwith this atomicdistortiontheory of surfaceaction,it is

to beremarkedthat if theeleotricalforcesof theoatatystactuallydoseriousiy
distort thé electronicorbits in the atom or atomsadjacent to the catalyst,
insomecasesit seemspossiblethat this wouldhavenoeffectuponthésucceed-

ing bond; in other casesit might strengthen the succeedingbond,and in

stillother casesweakenit. Thèsepossibilitiescorrespondto thé three cases

oitedby Franck,' in whichbondscan be weakened,strengthened,or un-

affectedbyelectronicexcitationin the constituentatoms.
Fromthé workof Birgeand Sponer/ and Birge,6it seemsthat,according

to thé quantuminterprétationof band spectra, theenergynecessaryfor the
dissociationof an excitedmoleculeis sometimesabout thé sameas that for
the unexcitedmolecules.

Further evidencethat possibleelectronicdisturbancedoesnot greatly
affectcertainbonds is the persistenceof the positionsof certaininfra-red

speotra, and the charactensticsof certain ultra-violet spectrawhichare

traeeaNeto certainbonds,forinstance,C H, C – C, 0 – H,andN H,
in various.compounds'in whiohdifferent substituentsare attaohedto the

atomsconstitutingthé bondinquestion.
On the other hand, Ephraimand B!oek' found that in the reflection

spectraof theseriesof ammonatesof PrCla,therewereshiftsinthepositions

"ColtoidSympoftiumMonogMphB,"4,!9(t9a6).
'TtusdoesnotexaottyMmeaenttheaccumtefacts. Thereis somedehydrationon

mlver.forexampb,at ïSs'. (HinshelwoodandTingey:J. Chem.Soc.,121,t668(t9M)).
At3ss",tinnedirongivesmoetlycarbondioxideendhydrogen;butat 255°,thesame
caMyetgivesalsooarbonmonoxtde.(Tropseb:Abh<md!.KenntnMKohle,7, (t92s));
Chém.Aba.,21,3530(!9~7).ThetemMkabteinstanceisgivenby Sabatier("Catatyaiain
Oq~anioChemistty".p. 76)whetennetydividedchMmiumoxidedecompoMsethytatoohot
givmga gascontainmg91%ethylene(dehydration).Theerystattizedoxideianotso
aetive,andat highertemp~atureacausesdehydroMnationatmosteMMvety.AsPro-
fesaorTaylorhasremindedme,Shnaofoxidemaybringthèseresuttaoneitverandtin
into!)ae;butOmsmayabojeepardiMthéconctustonsonthepuremetab.

DiscussionoftheFaradaySocietyonPhotcohemiatty,536(ï9~5).
<Phys.Rev-,(2)28,259(t9a6).

"MotectuarSpeotrainGases,"Nat.Rea.CounoitBull.,No.57(!9a6).
'CoMent!InvestigationsofMn~-RedSpeotra,Camef~eInat.Pub.(M05-!9o8);Le

Compte:Compt.rend.,178,tMO,1698,~073(t92<t.),Ma)'ton:Z. phyaik.Chem.,11797
(t995);EUis:J.Optica!Soc.America8 t (t924);Phya.Rev.(2)23,48(t934);27,298
(t9St6);28,<5(t9~6);Proo.Nat.Acad.Sci.,13,202(t927);BeU:J. Am.Chem.Soo.,97,
2M9,3039(toash48,8t3(t9~8);Bonino:Chem.Abs.,20,709,7!0,a9$o(1926);Henri:
"StnMtuKaes Moteeutea"(!9:s);MortonandRiding:Proc.Roy.SoCt,tMA,7:7(1926).

Ber.,59,a~ (t9:t6).
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of thé speotra towardthe ultra-violet,wMohtheyattribute tocompressionof
the electron sheUs. However,accordingto Biitz/ the moleoularvolumeof
ammoniain ammonatesis very oloseto thé valuein thé gas phase.

In this same conneotion,accordingto Sohaeferand Schubert*the inner
vibrationfrequenciesof ions (e.g., nitrate, sutphate, and carbonateions),
areindependentofthenatureof the metalionandthereforeof largedifférences
in eleotriofield strength, (arisingfromdifférencesin screeniogconstantsof
the postive ionsin the caseof ionsof the sameapparentcharge). Acoordingto Taylorand Rideal,3the oharaeteristiofrequenoiesof vibrationof sulphur
areahnost the samein all thé phases.

Bowen<bas pointedout the constancyofheatsof linkageinvariouscom-
pounds.

Thewriter*basrecentlycarriedoutthe thermaldecompositionofammonia
uponfineelectricallyheated wires,in the presenceof eleotriofieldstrengths
as highas t4o,ooovolts per cm. This fieldis asstrongas thoseused in in.
vestigationsof the Stark effectandthereforeptoduceasomedistortionof the
electronicorbits. Noeffectwasobserveduponthé rate of decompositionof
théammonia. Theexperiments,however,are notconsideredtobeconolusive
againstthe atomiedistortionmeohanismfor loweringthe energyofactivation.

The rate of decompositionof nitrogenpentoxideia about the samein a
solutionofchloroformas in the gasphase,"yet cMoroformbasaveryconsider-
ableeteotnc moment.~ This is strongevidencethat the eleotriofieldsof
ohloroformdo not aSeet the bondsof nitrogenpentoxide. Simituly,Smith*
bas found that the rate of the unimolecularraeemi~tion of pinene in
solution in petroleum, acetophenone,and alpha methyl naphthalene is
nearlythe stuneas that in the pure liquid,and in thé gasphases.

Onthe theoretica!side,Kenabb'baspointedoutthat oneofthe oharaoter-
isticsof the-quantum behaviorof atoms, is the way in whichelectronsin
orbiteignore forceswhioh,on thé basisof e!asaioatmechanics,wouldcause
a profoundchange in their path. He points out that the eleotronioorbits
mustbe essentiallypreservedupon collision,etc., if this is not too violent,
and a!sopoints out the similarityof situation of atoms in eoMiaionand in
compounds. Thus it may turn out that the quantum lawswill,ruleout the
atomicdistortion mechanismfor the loweringof the energyof activation
bycatalysts,at leastinsomecases. It is to be rememberedin thisconnection
that cataJysts have to deal with molecules,in whiohlooselyattached, or
tra.nsferableelectronshave had the opportunity of taking up positionsof
relativelygreater stabilitythan in the caseof the freeatoms.

Z.anorg.aUgem.Chem.,15$,96(!9:6).
'A)m.Physik,(4)SO,383(t~tC);53,577(i~s).
Ptoc.Roy.Soc.,USA,$98(t~y).
DiseuMtonoftheFaradaySocietyonPhotoahemietry,~4 (t~g).

'Froc.Nat.Acad.Se: 19, (ï~7).
'Lueek:J. Am.Chem.8oc.,44,757(toa~).
~Henri:"StructuredesMol&iutes,"tee.e«.
J. Am.Chem.Soc.,4$,43(t~).
'Kemble:In "MolecularSpectrainGMM,"Nat.Res.CouneilBuN.,No.57.(!936).
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However,the workofBom*and othersseemsto giveconsiderableimpor-
tance to the deformationof ions and atoms,in accountingforchemicalbonds.

One wouldexpectthé atomic distortion,or electronicorbit distortion

effeot,to influenceallthechemicalbondswithinthérangeofits action.'TMsis

notverywellin linewiththe extremespeoinoityofsomeoatalysts. Oneof the

thingscatalytiochemistsmust explainsomeday is the abilityofenzymesto

accelerateexclusivelyone reaction with a large délicateorganiomolecule

capableof many reactions. Atomicdistortion,carriedthroughthé chain,
doesnot seemto thewriter to bea verypromisingapproachto thisproblem

With regard to thé ohemicalevidencefor sucheffects,it is not obvious

that the results oforganiochemistry, suchas the effectuponthe strength
of an,aoidof substituantsin the chain,shouldpointunequivocaUyto atomio

distortions. SuchsubstitutionscouldaSectthe degreeof associationof the

orgaaiemolecules,couldaffect the spatialpositionofthe atomsin the mole-

culewith respecttoeachother,' etc., withoutaffectingthé individualbonds.

Fmally,with regardto the atomicdistortion,orelectronioorbitdistortion

theoryfor the loweringof the energyof activationbyoatalysts,wemaycon-

olude that it bas not been shown dennitelyto beimpossiblein any case,

althoughin someinstancesthere is oonsiderableevidencethat it is inopera-
tive. Althoughthe theory is old enough,it bas neverenabledone to pre-
soribea catalyst fora given purpose-whioh is notwhat one wouldexpect
ofa correcttheoryofphenomenain whichsuch wideinterestbasbeenshown

as in catalysis. Nevertheless,the workof Born andothers compelsone to

givethe theory seriousconsidération.

Oneknowsthat insomereactionsthere is a completetransferenceof one

or moreelectrons. Presumably,however,suchprocessestake placein accor-

dancewith quantumlaws. The ail-importantpointthen is: If an externat

forceis not sufficientto effecta completequantumchange,doesit, neverthe-

lesa,distort the arrangementof the eleotronicorbiteseriouslyor not? If it

doesdistort them seriously,what part doesthis distortionplay in catalysis?

MolecularDistortionTheory

There is anotherwayin whichadsorptiveforcesoanlowerthe energyof

activation, namelyby aotuatly partially separatingthe atomsformingthé

bondwhiohie to bebroken. A considerationof theextremelyshortrangeof

chemicalforces ledLangmuir*to the extremelyfruitful,and nowgenerally

accepted, theory of monomolecularadsorbedgasnims on solids. A con-

sidérationof the samething, namelythé short rangeof chemicalforces,led

1Z.EtektMohemie,30,382(t9~4)(aummMMingpaper).Seethediscuttsionof"bonds"
laterimthisreport.FeJMMandJooa:Z. Phya!k,23,ï (t<)~).

Acoordingto Langmuir(loc.ctt.)the eSectoanbeeamedrelativelylongdistances
thrmtgha chMnofatoma.

Byaneffectwhiéhcouldbe picturedasbeingaimitartotheopeningordosingofa
hingebyforces(duetothesubstituentin thecaseof theorganicmoteettlea).

<J. Am.Chem.Soe.,38,Mga(t9!6);Trana.FamdaySoc.,17,6to(tQ22).



~4 ROBERTB.BUBK

thownter' to thé theory that theforcesofadsorption(apartfromthe atomic
distortioneffeotdisoussedabove)oan separate the atomsforminga bond
only if the moleculeia multiplyadsorbedon the surface,i.e., adsorbedat
morethan onepoint by morethan oneatomof the oatalyst. The oatalytio
effeotofthesurfaceclearlywouldthendependuponthéspaoingof the adsorb-
ingpointsin the surface,whichspacingwouldhave an optimumvalue fora
givenreaotant. The catalytiooffeetivenesaof the surfacewouldalsodepend
uponthe speoifioattractionoftheadsorbingatomsofthesurfacefortheatotns
of the adsorbedmoleculeby whichit is, in the m&in,attachedto the surface.

That a gascouldbe attachedto a surfacebymorethanone point seemed
the béat explanationfor observationsof Hinshelwoodand Bur!~that added
hydrogensometimesfaitedto poisona quartzsurfaceforthe thermaldeoom-
positionofammonia. A aimitarsituationexistain the caseof the poisoning
actionof carbonmonoxidefor its oxidationat a quartzsurface.'

Arather stnkmgresultof TropsohandvonPhilippovich4shouldbe men-
tioned in thisconnection. Theyfoundthat the catalytioaotivityof nickel
indeoompctdngcarbonmonoxidewasahnostcompletelydestroyedbyalloying
the nickelwithËftypercenttin. ThepossibiHtyat oncesuggestsitselfthat
isolatednickelatoms, and tin-nickelpairs oannoteffeotthe decomposition,
and that suitablenickel-nickelspacingsinthe alloyedcatalystareinfrequent.

Thé multipleadsorption theoryis mechanioaMypossible,and catalytio
actionmust followfromit necessarily.If conditions(spaoing,etc.)are right,it
must exist,independentofthe existenceof the atomiodistortionmechanism.
It is thereforea mechanismwhichshouldbe kept in mindwhenconsidering
any caseofcatalysis. In thecaseofsymmetrioalmoleculessuchasH:, N:,0:,
etc.,whyshouldoneatombeattachedto thesurfaceinpreferenceto theother?
Similarly,whyshouldnot straightchainhydrocarbons,dibasioacids,and a
great many othersubstanceslie flat uponthé surface? Accordingto good
evidenceof Palmerand ConstaMo''for the caseofalcoholsadsorbedoncopper,
the moleculesare attached to the copperby the alcoholgroup. The entire
CH:OH groupcannotpossiblylie overa singlecopperatom,and if it does
not, then the!oco!M~forcesoftheothercopperatomsoannotavoidatretching
the alcoholgroupin the waysketchedabove.

None of thé points mentionedat the beginningof this report is in con-
tradiction to this theory. Promoteraction,and the specmcityof catalysis,
even to thé extremefound in enzymeaction, becomepartioularlyclear on
this basis.

1J. Phys.Chem.,30,tt~ (t9a6).
J.Chom.Soc.,t27,ttog (t<)2s).

Ph~M~8~). C~); BentonandWilliams:J.
Phys.Chem,30,1487(le6).

Abhandi.KenntniaK.Me,?, 44(t9as);Chem.Abs.,21,3530(t9:7).6Ptoo.Roy.Soc.,10M,35$('9a5).
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The Natureof ChemicalBonds

If weare to cometo a sounddécisionregardingthe effectof thé catalyat
uponchemioalbonds,it seemsnecessaryto disoussthe questionof the nature
of auohbonds. A short summarywill thereforebe givenof recent efforts
towardthé solutionof that problem.11

Startingwiththe universally aoceptedpremisethat matter is composed
ofpositiveandnegativechargesof electricity,that thèseare in motion,and
that they havemass,it wouldseemthat gravitational,magnetio,andelectro-
statio forcesshouldbe taken into considérationin an examinationof the

questionofthenatureof ohemioa!bonds. Thereisnoneedto assumea spécial
"chemical"forceuntilthe threeordinarytypesofphysioalforcecanbeshown
to be inoompetentofexplainingohemicalcombination.Thisproblempresents,
perhapsthe mosturgent immediateneed for oo-operationbetweenchemiats
and physicists.

Accordingto Herzfeld' one can inunediato!ynegteotgravitationaland

magnetioforces.Hesays "concerningthe natureofthe fields(aroundatoms)
oniy eleotrostatieactions need be considered. AUother forces (electro-

magneticor gravitational)are too weak: there are no groundsfor assuming
an unknownforce."

Kemblesays: "Caloulationsby Mensingseemto indicatethat magnetic
forcesbetweenmagneticatoms are not atrongenoughto playan important
part in molecularformation."

SuchBtatemeniBcome as somethingof a shockto chemistswhohavebeen
under the influenceof the Lewis-Langmuirtheoryof valence. Lewis says:
the pairingofelectrons, which1haveregardedasthemoatfundamental

phenomenonmaUchemistry msomesortof conjugationof twomagnetonsof
such a characteras to eliminate their magnetiomoment." He also says,p.
ï4y, "In previousehapters it basoecasionaUybeenhintedthat in placeofthe

electricit is themagneticpropertiesofthe atomandthe moleculewhichdeter-
mine their essentialstructure. In the present chapter,we shail givefree
rein to this idea."

1Sincecompletingthemanuscriptofthiareport,acopyofN.V.Sidgwick'snewbook,
"TheEtectronMTheoryofVatency~'(!997),hascomeintothewriter'ahands.Heatrikes
anadmirablenoteinthepreface,whereneeays,"Indevetopingthetheoryofvalencythere
aretwocoursesopento the chemist.Hemayusesymbobwithnodenniteconnot(tt!on

orhemayadoptthe oonoeptaofatomiophysica–eteotroM,nudei,and orbite–
andtrytoexpbinthechemicattactsintermsofthèse.ButifhetakesthelattercoaNe,M
isdoneinthtebook,hemuetacceptthephyatcalconclusionsinfull,andmustnotamignto
theaeentitiesptopertiMwhichthephyMeiatbasfoundthemnottopossess.Hemuetnot
ueethetenninoh)~ofphyaicswntessheispreparedtorecognMeite!awa."

However,a finherMperSoiatexaminationof thebook(intheshorttimeavailable)
doeanotshowthatSid~wickhaeemphaaizedthe pointaaboutvalencewhieh,fromthé
pointofviewofcatatyBN,muetbebroughtbut. Onemuetknowsomethingoftheactual
natureofthebindingforces,thelawacoordingtowhichtheyvarywithdistance,andunder
whatconditions,andtowhatextenttheycanbeaffectedbyotherforces.

GeigerandSeheet'a"HandbuchderPhysik",22,99~(t9z6).
In"MolecularSpectraimGases,"Nat.Res.CouneilBull.No.57(tQ~6).
"Va!enceandtheStructureofAtomeandMo!eou)es,"p. 148(t9~).
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Williams,'Shafferand Taylor,"and Taylor,' findmoleouleswithan odd
numberof etectronsto be paramagnetioand those with an even number
diamagnetio,whichtheysuggestto be evidenceformagnetiovalenceforces.
Shafferand Taylor findthat complexion formationwith paramagnetioions
reducesthesusceptibilityofthèseionsand say: "Wemust conoludefromthis
that ohemicaibondsate parttyor whollymagnetioin charaoter,or that they
are formedbythé sameelectronswhiohgiveriseto the magnetiopTopertios."
Althoughthe latter conetusMnis preferableto-the former, neither seems
inevitable.

It seemsthat gravitationalforcesare more insigniooantthan magnetic
forces,ascomparedto theeiectrostatioforcesavailablearoundatome.

If then, gravitationaland magnetic forcesare reatty unimportant, it
throwsthe wholeburdenof chemioalvalenceuponeteotrostatioforces. The
use ofpurelyeleetrostatioforcesin holdingthe simpleextremelypolarmole-
cules(likesodiumchloride)togetherneedsno défensefromthe pointof view
ofeitherthé ehemistor thephysioist;but suohbondsare the leastinteresting
fromthe pointof viewofcatalysis.

WMe non-po!arbondshave not been workedout to one's complete
satisfaction,their gênera!featuresseemto be in Hnewith the possibilitiesof
the purelyeleotrostatiotheory. The stnMngcharaotensticsof suoha bond
are: (ï) constituentatomsare themselvesoleotncauyneutrat,(2) the non-
polar forcesare extremelyspecifie,(3) they fall offnot in accordancewith
the inversesquare of the distance,but with a powerusuallymuchhigher
than the seconde

If the chargesin anatomarenotsymmetrioallydistributed(thenegative
chargesaroundthe nuoleus,)the eîeetricaUyneutralatom willhavea resul-
tant electricatmoment;it willbe a dipole. If the centerof gravityof the
positivechargeain the atomcoinoideswith the centerof gravityofthe nega-
tive charges,there canstiBexista poleof higherorder (in caseaUpointsin
a sphencatsheuaroundthenucleusarenot at thesamepotential, whichaeoms
to be the casein atoms). Nowdipolesand the potesof higherorderattract
one anothér. The followingtable' gives the inversepowerof thé distance
accordingto which the potential energy betweentwo potesof the order
indicatedvarieswith distance.

Phya. Rev., (2) M, ï6? (1996).

J. Am.Chem.Soc.,<a,843(!9:6).
J. Am.Chem.Soc.,48,B~ (1926).

<Langnnuir:J. Am.Chem.Soc.,39,tSsz (t~ty).
Herzfdd:Ge!gM-andSched's"H&ndbuchderFhyaik,"22,440(t9:6).
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Thevaluesgivenin the tablecoverthe rangeestimatedfromexperimenta
withaotualatoma and iistedaboveas oneof the oharaoteristicsofnon-polar
valenceforces. The poleordersMeaUpossibleopeson the basisofthe Bohr
theoryofthe atom. If the eleotriochargesare in motion, the poleorders
aresaidto be inoreased*somewhat.

The possibilityexistathat there must be a synchronisationof electronic
periodeinthe two relevantatomsfor 6nn binding.~

Thèseconsiderationswould lead one to expect forces with physioal
charactenstiossimilar to the ones cominginto play in non-polarunions
aroundaUatoms whosestructureis accordingto the Bohr theory. Foratoms
of greatestsymmetry (the rare gases)the po!oorder wouldbe highest,the
cohesiveforcewouldfalloffwitha very highpowerof the distance,and the
energy necessary to overcomethe cohesiveforces f(r)dr wouldbe
small. f(r) is the force;r is the nuctearséparation;rois the equilibriumvalue
ofr withoutexternal forces. Sofar sogood.

But tbingaare not sosimpleas this. Thecarbonatombashighsymmetry,
but the energy necessaryto separatetwo carbonatoms is great. On the
other hand, the energynecessaryto separate two helium atomsis smaH,
whereasthe pole ordercannotboverygreat (if the nucleusis consideredasa
pointcharge).

A considérationof the preoedingtable givesa fair generalpictureof the
way non-polarforcesoan be specinc. If the synchronizationfactor,men-
tionedabove, is real, it wouldof courseinvolvespeoifioityof the highest
degree.

Debye'bas sought to accountfor van der Waalsforcesthroughmutuat
inducedpolarizationof the atoms. (Thefieldsdue to the permanentpoles
wouldcancelout at largedistancesfor rotatingmoleouIeB).

Bom~bas calculatedthe magnitudeof inducedpolarizationin thecaseof
the ionsof sodium chlorideand other molecules,and considerstheeffectof
greatimportanceinchemistry.Hesays,"Theprincipalresultofthe investiga-
tions is that, energeticallyat least,thereis noplacefor directedvalences,in
the ordiDMysensé of theword,in the casesconsidered." It wouldseemthat
inducedpolarisationwouldbe of greatestimportancewhenan ion is in the
immediateneighborhoodofan easilydeformedatomor ion;but that thevery
strongbondsbetweencarbonatoms,forinstance,shouldbeduetoanymarked
extent to the mutual déformationof the respectiveatoms seemsratherun-
likely.

Pahner*bas continuedbisworkon the criticalvoltagesnecessaryto make
a currentftowthrougha coherer,whendifferentgasesarepresent. Heappears
to considerbis resultsto be a verificationof the dipoletheoryof adsorption.
Whateveroan be said for the theory, the expérimenta!"test" of it led to

'HeNfeM:Loc.ct<.
'Kembb:J~oc.ct<.
*PhyBik.Z.,21,ï78(t9M).
<Z.Elektrwohemie,30,385(ï9~) (aummMMnt:paper).
'Ptoe.Roy.Soc.,110A,IM('926).
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results in contradictionto those obtainedin other ways; for instance,the
béat of adsorptionof hydrogenon tungstenwas found to be greater than
that of hydrogenonplatinum,and bothmuchgreater than the other results
wouldlead oneto expect.

The possibilityofan electronexecutingan orbit belongingto two nuctei
is thé next to beconsidered. Thiscorrespondsto thé conceptof the sharingof electrons,whiehbasbeenfoundto beconvonientin workingout"octets",
etc. It is desirabletomakethis ideaas definiteaspossible,forinsofaras the
nuoleusof one atomexerts some attractiveforceupon all of the électrons
of an adjacent atom,aU of the electronsare shared.' The idea of shared
electrons,or binuclearorbits, doesnot seemto be in such gréâtfavorwith
thosewho have triedto workout the dynamiomodelsin the simplecases.'

Kemblemakesthe followingstatement. "Anyexplanation ofthe attrac-
tive force betweenthe atoms in a non-polarmoleculeconsistentwith the C
possibilityofan adiabaticdissociationintonormalatoms mustdependupon
the electric fielddueto the polarizationofthé atome,whetherthat polariza-
tion be of thé simpledipoletype or of the quadrupoletype." (Suchdisso- f
ciation is apparentlyindicated by certainwork on band spectra). This
doesnot leavemuchroomfor sharedelectrons,if the statementis right.

On the otherhand, accordingto MuDiken,*the multiplicityof the e!ec-
tronic levelsrevealedin the band spectraofcertainmoléculesis of the same
type as for the linespectra schemesfor atomswith the samenumberof
externalelectmnB;forinstance, CN is comparedwith sodium. Thiswould
indicatea rather aggravatedcaseof the sharingof electrons. It wouldseem
difficultto extendthe idea, e.g., to canesugar.

It bas
beenpmpoasdthat in eeriaininstances,groupseontaininganumberof

electronsdifferentfromeight are stable. Thus,Stoner'proposesten insome
instances. Grimmand SommerfoH'suggestfour in some cases; Niven"
allowssix, etoJ

Becausesomemoleculeshavebeenfoundto possessa considerableelectrie
moment, there bas beena tendency to considerthe links as ionic,in dis-
regard of chemicalevidence. Thus, Hund"has consideredthe ammonia
moleculeto containtheion N -andthreeH+ions.VanArkelanddeBoer*
considerméthane to contain the ion C+~+ and four H- ions. If these
structures representthefacts, the chemistwouldlikean explanationoftheir
chemicalbehavior.

Sidj~ick("TheElectronicTheoryofVatenoy")d)8C)tme8suchorbite.
*SeeKetnNe:Z~e.<:a.
'Phys.Rev.,(2)26,s6t(t~s), andebewhete.
<PhU.Mag.,3,336(!997).
'Z.Phy8ik,3C,36(t9a6).
'Pha.Mag.,3, t3t4(!~7).

Sid~wick,"NectMmcTheoryofVa!ency,"p.6:.
'Z.Phyaik,32,t(t~s).
Z.Phyaik,41,27(t~y).
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It is of great importancewhethera linkisionioor not, and ifonlyparti-
atty 80, to what extent it is ionic. Thus Grimmand Sommerfetd'present
evidencethat the ionsin boronnitrideare B"andN+andnot B+++andN"
as one mightexpeotif the electronstransferredin suoha wayas to complete
their octets. If oatatysts act, in part, throughdisturbanceof electronsby
electricalforces,boronnitridemightbeexpectcdto bea sensationalcatalyst,
on the basisof B-m-N– but notas B-N+.

Franck, Kuhn, and RoMson,' and Franck and Kuhn" seemto have
developeda reliablemethod for distinguishingbetweenionic and non-ionic
links, if their interprétation is correct. Accordingto them, a purelypolar
dia-tomiomoleculecan be dissociatedphotochemicattyin oneelementaryact
into either normalatoms, or a normaland an exoitedatom, whereasnon-

polar or semi-polarmolecules,on dissociationin a similarway, cannotgive
two normalatoms.

Apparently,rules governingthe formationof ionscannot be laid down
from the ionizationpotential data. NoyesandBeckman~say, "In general,
energiesof removalof the successiveelectronsseemto play a secondary
part in determiningthe valenciesthat exist." However,Rollaand Picardi'
trace certain relations,not altogethernew,betweenchemicalpropertiesand
ionization potentia!s. Ions like A1+++wouldseem very unlikelyon the
grounds of the energy neeessaryto removethe electrons,yet the chemical
evidencefor theirexistenceis hard to get around. Onewouldliketo know
why Coulomb'slawshould be bril!iant!yconfirmedin Bohr'a theoryof the
hydrogenatom, and disregardedin favorofcertain allegedstablearrange-
ments of electronswhen it cornesto the matterof the formationof ioaa.~

Chemiste apparently now recognizepolar, non-polar,hemi-polar1and
coordinatedlinks.- Sidgwiokshowsthat the electronpair interpretationof
the coordinatelinkrésulta in anelectricmomentandis thereforeinclinedto
identify the coordinateand hemi-polarlinks. There are, however,casesof
moleculeswithout coordinate or polar links which have marked electric
moments (ammonia),in whichcaseperhapstheideaofa hemi-polarlinkmay
apply.

Investigationsof band speetraare yieldingsomeof the mostdirectand
definite informationregardingthe natureof bonds,and may offerthe best

I~c.c«.
*Z.Physih,43,tSS(t927).

Z.Phyeik,43,t&t(!92?).
Proc.Nat.Acad.Sei.,December(!927).

6Chimieet ï~dostne,16,ggt(~6).
NoattemptwillbemadeinthisreporttodiacuMvalenceoranyoftheproMemBcon-neotedwithcatalysisin temaaofthenewquantummechanics.tt is toodifficulttoget

phyaioatconceptsfromthe newmechfmicB,andthereianoindicationthatthéproblemof
vatenoewillrMeiveanearlyaatisfaetoryaolutionfromthisquarter.See,however,Heitler
andLondon:Z.Physik,44,455;Sugi~a:45,484(!Qï7).7Forrecentworkm Perrin:Compt.rend.,

185,557
(1927);NOYCI8:CohenFestscbrift,Pen-in: Compt. fend., IM.ssy(t~); Noyés:CohenFestachtift,Z.Phystk.Chem.,MO,3~3(!927);Lux:Z.phyoik.Œiem-,121,456(t9a6).

"SidgwMc:Chom.&ndInd.,46,799(to~); "NeotMnicTheoryofVa!ency,"(t927);
Lesahem,Meyer,andSamuet:Z.anorg.at~em.Chem.,MS,253(1927).
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wayof fmdingout to what extenta bondis ohangedby outsideinfluences,
suohas the fieldsofothermolécules,or ions,substituent, etc. Someof this
workbasbeenpreviouatydisoassed.

Meoke~bas attempted to correlateband spectraof variousdiatomio
moleculesandthe periodicsystemofthéelements.Heoatcu!atedthebinding
forcesin thevariouscompoundsusingthe potentiallawP = [ct/r" o~/r"},
Ct/r~taHng into accounttheattractive forceandca/r"the repulsiveforce'
ANthe constantsare spectroaoopicauyaccessible. Of the compoundsex-
amined,he concludedthat the hydridescouldbe consideredas polarsince
p i (Coulombslaw). The remainingcompoundaheexaminedappeared
notto bepolarsincep wasfoundto be threeor four,andqsixto ten.

In additionto the workpreviouslyreferredto regardingthe influence
uponbondsof substitution,etc., the followingresuttshâvebeenobtained.

Bovis'basfoundthat the absorptionspectraofbromineinwater,carbon
tetrachloride,oMorofonn,ethylalcohol,and carbondisutphideoonsistin aU
casesoftwoabsorptionmaxima,oneofwhichliesinthe violetat approximate
wave-length0.410 and the other in the ultra-violetat approximatewave.
length0.260/t. Thewidthsof the bandswereunchangedfromonesolution
to another.

Scheibe,Felger,and Roaster*ahowthat the shiftsin the wave-lengthof
ultra-violetlightabsorptionand chants in thé amountoflightof this wave-
lengthabsorbedwhenthe same substanceis dissolvedin varioussolvents
aretwo quitedifferentphenomena. Theyattributethe 6rst to solvationat
theactivebond,andsupportthisby cryoscopicmeasurements.Theauthors
reaHzethat in the spectralshiftsonebas a tool forgettingat the molecular
defonnationnecessaryto explaincatalyais,althoughthey didnot détermine
justwhat the deformationswerein the casesstudied.

It isunfortunatethat noneof the workwhichthe writerbasbeenableto
finduponbandspectraenablesone to decidewhethersubstitution,solvent
forces,etc.,definitelyalterbondsor not. In someofthe papersthe position
of a band attributedto a givenlinkseemsto persistpraoticallyunchanged
fromcompoundto compound,and fromsolventto solvent. In othercases,
thereseemsto be an appreciable,thoughusuallyamaU,shift,but it bas not
beentraced definitelyto a changein the bindingforce. The positionand
charaoteristicsof a band,dueto vibrations( ±rotations)ofa givenlinkwill,
accordingto the quantuminterprétation,dependnot onlyuponthe binding
forceand the lawaccordingto whichit varieswithdistance,but uponthe
massof the vibratingatoms. Fromthe pointof viewof catalysis,whatone
wouldliketo see broughtout is the effectof substitution,etc., upon the
strengthofbinding,distinctfromanyeffectdueto changein mass.

'Z.Phyaik,42,39o(!9a7).
'Compt.rend.,1M,57(t~).
'Baf.,<M,ï4o6(t~7).
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Conditionof AdsorbedGases

It is thinkablethat adsorbedgasescan be essentiattyunchanged,canbe

stretched,can be resolvedinto atoms,can have thoirelectronioorbits dis-

torted,can be ionized,etc. Someof thèsepossibilitieshavealreadybeendis-
cussed.

KeM~~OMinto~<<WM.–H.S. Taylor1proposesresolutionintoatomsaa
themechanismof activationfor diatomiogases,e.g.,hydrogen. It seems,
however,to the writerthat atomiohydrogenwouldprobablybc lessactive

uponthe surfacethanstretohedmotecutes,beoausethebondoatatyst-hydro-
genatomwouldbestrongerthan the catalyst H – H bondandwouldit-

selfrequireactivationin orderthat the atomiohydrogenbecomereactive.

Accordingto thisview,therewouldbean optimumdegreeof stretchingwhich
wouldgivemoreactivehydrogenthan resolutionintoatoms.

Kistiakowsky2bascontinuedthe Princetonworkon the investigationof

theconditionofadsorbedgasesonmetalsurfacesbythemethodofetectronio

impact. He folt confidentthat there is atomionitrogenon the surfaces,
but was not certain-withregard to the hydrogen. If bis conclusionsare

correct,it does not follow,however,that ail the nitrogenon the surfaceis

atome, nor that theatomicnitrogenis thémostreactive.

7<MMonthe~M~ace.–Théviewis heldin somequartera~that thé function
of the catalyst is to ionisethe adsorbedgases. Thewriter doesnot follow

the argumentthat adsorptionshouldnecessarilyleadto ionization,and can
seeno need for théassumptionof ionsas a preliminarystate for chemioal
reactionsin general.

Dhar4thinks reactionsare hastenedby the presenceof ions. He con-

sidératheaeto combinewiththe reactantsforminga morereactivecomplex.
Heproposesthat heterogeneouscatalysisis duetodissociationofthéadsorbed

gasinto ions and electronswhichthenaotivateothermoleculesofadsorbed

gaaandinducethe desiredréaction. Thisis not impossible,as faras onecan

see,but neither doesit seemlikelyas a generalexpianationof catalysis,for

manycatalytioreactionstakeplaceunderconditionswhereionizationwould
seemmostunlikely.

In this connection,Hutchisonand Hinsholwood'find that the relative

dimoultyof deoomposingammoniaandnitrousoxideby molecularcoltision
ismaintained(rougbly)whenthe collisioniswith ions.

Pisarzhevskii*thinks that in the catalytic decompositionof potassium
chlorateby metalsand oxides,the electronsof the catalyst ionizethé ad-
sorbedgasesby theirimpacts.On leavingthe catalyst,he thinksthe gaseous

Proc.Roy.Soc.,113A,77(t9:7).
J.Phya.Ctmm.,3t, tM6(!926).

Bone:Proc.Roy.Soc.,112A,477(t9:6);Brewer:Phy&Rev.(a)26,633(!9:s);
PMC.N&t.Acad.Sci.,M,560(t9:6).

<Z.motg.allgem.Chem.,159,103(t<):s6).
Pt-oc.Roy.Soc.,U?A,t3t (!9a7).

'Chem.Abs.,21,~tg (t~?).
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ionsact onthe moleculesof the chlorateaad bringabouta sériesofelectronic
transferencesresultingmthe decompositionof thé chloratemoleoule.

Gray' suggeststbat oloudsof eleotronsin the immediatevicinityof thé
surfaceare the activeinfluencein promotingvigorousreactionsat surfaces.

Bone~examinedthe influenceof dryingupon the oatalytiocombustion
of carbonmonoxideoveroxidesand metals. The immediateeffeotof dryingwasalwaysto increasethe apparentcatalytiopowerofthe surface,and thé
ultimate effect to diminishor completolystop the oatalytiocombustion.
It isdifficultto sechowhecono!udesthat theseresultswouldbebestexplainedif the primefunctionof the catatystsurfaceis to ionizethe reactinggases.

These authors havenot been very definiteas to how they considered
ionizationof the reactants to explaincatalysis. A!so,their experiments,so far as the writer eansee, havenot demandedthé ionizationexplanation.
Nevertheiess,there isconsiderableevidenceforelectricaleffectsaccompany-
ingadsorptionin somecases.

Finehand Stimson'have examinedthe chargingofgoldand silversur-
faceswhenheatedin thepresenceofvariousgases,andin vacuo. Theycon-
elude,(i) that the chargeon hot goldor silversurfacesin contactwithgases
is dueto an activationof the gas wherebyits moleculesbecomeelectrically
oharged,(2) that the activationof a compoundmo!ecuiesuchas water-vaporor carbondioxideinvolvesat least its dissociation.

Theseconclusionscan be true if the dennitionofactivatedmoleculesis
differentfromthat usedforpurposesofreactionvelocity,and there is nothingin the experimentsto showthat all moleculeschemicaUyactivehavebeen
activated in sucha wayas to involveeieotrioatohargingor complètedisso.
ciation.

Brewe~ bas foundthat the heterogeneousoxidationof xylene,toluène,
benzène,ethyl alcohol,etc., producedcurrentsof i X 10-" amperesper
square centimeterof réactionsurfaceat temperaturesof 5800 750°Abs.
He foundno current withthe gasesseparately. He postulatesneverthe!ess
that the adsorbedgasesare ionizedby the "combinedimageand contact
forces." Acurrentof i X 10- ampèrespersquarecentimeterisanextremelyminuteone.

Becker~bas demonstratedthe existenceofboth caesiumatomeand ions
uponthesurfaceofa tungstenfilamentin thepresenceofvaporofthat metal,and is able to estimate the proportionof each. He foundthat the wire
attained a maximumin electronémissionwhencoveredwith a monomolec-
ular layer of caesiumatom. Belowa certaincriticaltemperature,a second
adsorptionlayer started to buildup.

Kunaman' finds that the active Fo-AI,0,-A!ita!ine oxide catalysts
(forammonia)are excellentemittersofpositive(alkali)ions.Thesecatalysts

'Chem.mdlnd.,46,at8(t927).J!<OC.cit.
~PMc.Roy.Soe.,tMA,379(i9~).Loc.e«.
~S.~Y-. (2)M,341(r926).J. FranklinInst.,2M,635(tt~).
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give largeand oomparativelysteadyémissions. When At~Oiis absentthe

emissionis largerbut tesasteady. Hesays,"It woutdseemquitereasonaMe,

therefore,that oneshouldlookfor a partial explanation,at least,of the in-

oroasedcatatyticaotivityofanFe-AItOt-AHtaHneoxidemixtureto thépres-

enoeof thé alkalionthesurface,eitherintermsofan interfacephonomenon,a

reductionoftheelectronworkfunotionofthe surface,the émissionofpostive

ionswith a potentialor neutral vaporwithouta potential." However,the

presenceof alkalideoreasesthe activityof ironalone. He suggeststhat the

alkali diffusingto the surfacemightact by keepingthe surfaceina state of

constant eruption. If so, this effectwouldbe presentfor iron alone. The

effectof the alkaliisvery specinc.
It is altogetherpossiblethat the presenceof an ion wouldaffectthé

reactivityof somemoleculeseither by atomicdistortion(alreadydisoussed),

orby separatingtheatomsincasetheydifferineteotricatpolarity. Thewide-

spreadcatalytioeffectof hydrogenionsmayweUbe dueto thiscause.

Many of the foregoingexperimentswereconductedat elevatedtempéra-

tures, wherethe thermalémissionofelectronsandions is wellenoughestab-

lished.Thesephenomenadisappearat roomtemperature,exceptwhenenor-

mous fieldsare appliedto thé surface. The experiments,therefore,cannot

heused to demonstratethe existenceof ionsonthe surfaceat roomtempera-

ture. Furthermore,it is quitepossible,in someof the experiments,that the

substancesdonotexistuponthe surfacesas ions,but that theionsarecreated

bythe verycollisionwbichejectsthemfromthe surface. Théwriter'sfeeling

is that to assumethat substancesare aiwaysadsorbedas ions,orthat the

preliminaryformationof ions,is a prerequisitein catalytieprocessesis, to

say thé least,a veryextremeview. At roomtemperatureonemightexpect

a moleculeto remainunionizeduponbeingadsorbed,at least in manycases,

yet catalytieeffectsat'roomtemperatureare numerous.

DMfereatMHeatsof Adsorption

Some very interestingresults have been obtainedduring the year by

measuringthe heatof adsorptionforsuccessivesmallportionsofaddedgas.

Beebel foundthat these "differential"heats of adsorptionfor carbon

monoxideon copperweredietinctiyhigherfor the initialportionsthan for

later portions. Afteraccidentaipoisoning,resultingin decreasedadsorptive

capacity,the integralheat ofadsorptionwasgreaterthan onthe unpoisoned

catalyst. Beebeconoludedthat the most activepointson the catalystare

not thé mostunsaturatedones.

Magnus andKa!berer'foundthat the heat ofadsorptionofcarbondiox-

ide on woodcharcoatwas about 7450caloriesat pressuresgreater than

5mms., but roaeto 12,460caloriesat 0.076mms.pressure. Theyinterpreted

this as beingdue to points of highadsorptionpotential.Withcarbondiox-

ide on silica,the heat of adsorptiondecreasedfinearly with increasein

equilibriumpressure,whichthey attributedto the Joute-Thomsoneffect.

J. Phyt).Chem.,30,1538(t9~6).
Z.anorg.aUgem.Chem.,164,345(t?~).
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Gamer~haa found a maximumin the dinerentiatheat of adsorptioncurveforoxygenon charcoal.
f~u

.°~ Kistiakowsky,'andKistiakowsky,Flosdorfand Taytor,<havefoundthat the differentialheatof adsorptionof hydrogenon active copper and nickel
portionsof gasadsorbed. It risessharplyto a maximumand then settles to a steady in-termediatevalueasmoregasisadded. Heat treatmentshiftedthe maximumtoward smalleramcunt. of added and madeit less pronounced,and

finallyeliminatedthe maximumaltogether.
When the catalyst wastreated withoxygen,the initialvalue ofthe heatof adsoytionw~ lugh, and there waano maximum.They intégrât theresults"as indicatingin the activepreparationsa greaterfractionof thesur-

face capableofactivatingthe adsorbedspecies,the activatingprooessbeing
endothermio,andpossiblya dissociation.into atome. The heat treatment
destroystheseactiveareasonthe surfacepreferentially."ThisseemaprobaNeenough. However,they goon to say, "A dimcuttyof theoretical importancem connectionwith thèse resultson the heat of
adsorptionon active cataîystsmay now be stated in the hope that some
suggestionsmay beforthcommgas to its solution. It basbeenpointedoutto usby ProfessorHerzfeldof JohnsHopkinsUniversitythat, with theactive
preparations,theprocessfiretocouningisoneinwhiehthedeoreaseininternai
energyis very muchtessthan that ocoumngsubsequentlyat the maximum
point and beyond. Thereianoevidencethat theentropychangesinvolvedwouldcause the freeenergydecreaseat lowadsorptionsto be greaterthan
thoseobtainedat themaximum. Theproblemthereforearisesas to whythe
processwith a smallerfreeenergydecreaseshouldoccurpreferentiallytothat in whichthe largefreeenergydecreasecantakeplace."

The writer doesnot see the thermodynamicdimculty,and feelsthat
multipleadsorptionmightaccount,at leastin outline,forthe results. Thereis a certain kmetMcomplexityinvolvedin desorbingthe multiplyadsorbed
molecule,whichmust be taken into accountas wellas the energyfactor
This is not an unknownfactor in thermodynamicsfor, accordingto the
kineticnature of the process,the terms involvingthe sumof the chemical
constant canoutweighthe terminvolvingtheheatofréactionin calculations
ofequilibrium.

Let us considerthe moleculesattached to the surfaceby two atoms.
Judgingfromthe distributionofthe velocitiesof thermallyemittedelectrons,one can concludethat there is a Maxwelliandistributionof energyamongstthe surfaceatoms. Thereare twoadsorptionbondsto be brokenbeforethe
adsorbedmoleculecanleavethesurface. Thisoanbodonein twoways.

First,oneatomcanreceivea thrusthardenoughtoendowit withsuf5cient
energyto break bothbonds. However,if E is the energynecessarytobreak

1GarnerandMcKie:J. Chaa.Soe.,MO,245'(!9:7).
'Ptoc.Nat.Acad.Soi-,M,t (t~).
Z.phymk.Chem.,MS,34!(t~a?).

<J.Am.Chem.Soc.,49,aMo(1927).
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each bond,the energywith whiehone atom muâtbe endowedin order to
breakbothbondsmay be considerablygreaterthan aE, for energywill be
usedup in stretchingthe adsorbedmoleoule.

Thedoublyadsorbedmoleculecan aisoleavethe surfaceif eaohadsorbed
atomreceivesa thrust endowingit withenergyat leastequalto E. However,
in this case,un!essbothatoms receivethis energywithina veryshort time,
the firstatomwillbe adsorbedagain. It Ma littledifficultto oatoutatethe
exactmagnitudeof this effect. However,if the timeintervalwithinwhich
bothatomsmust receiveE is shortenough,it is otearthat the moleculewill
be deaorbedtessoftenthan a singlyadsorbedmoleculewhoseenergyofde-

sorptionis zE.

AmoaatofAdaoïptionand CatalyticActM~

SabatscMcaand Mosestverify the point set forthat thebeginningof thiB

report that there is no quantitative correspondencebetweenamount of
total adsorptionandcatalyticactivity.

ExperimentsofGriffin'also supportthia point.
However,Taylor and Kistiakowsky' find that two active methanol

catalysts showquite extraordinaryadsorptivepropertiesfor hydrogenand
carbonmonoxide.

latenaediate Compounds

Sabatier,'whosepersonalexpériencem catalysisis verygreat, appears
to think that the formationof intermediatecompoundsisa satisfactoryex-

planationof catalysis. However,bis point of view doesnot remain un-

ohanenged'and onecannot restrain a désireto knowwhatcompoundsare
formedin specifieinstances(particularlywhenit seemsunlikelythat any
orthodoxcompoundsshouldbe formed),and whattbereisabout themwhich
makes them so reactive. Perhaps a pursuit of such questionswill lead to
the fusionofthe adsorptionandintermediatecompoundpointsofview. There
are caseswherethe hypothetioalintermediatecompoundscannotexistexcept
on the surfaces. In thèsecases,perhaps,thé postulateis unfruitful.

Zhukow'bas obtainedsomeinterestingresuitsalongthisline. He heated
a numberof metalsin nitrogen. Magnésiumbeganto absorbnitrogenat

700",Mg)N:beingformed;calciumreactedat thesametemperatureto form

Ca<N:jlithiumformedLi~. These three compoundsshowno measurable
dissociationpressurebelow1250~.Withmanganèseandchmmium,iso&erms
wereobtainedrepresentingequilibriawithsolidphasesofcontinuouslyvarying

composition(910"–1200"). Aluminumbegan to form AIN at between

850°and 8ys"' Impure titanium behaves likemanganeseand chromium.

'Ber.,60B,786(1927).
J.Am.Chem.Soc.,4C,3!36(ï927).

aJ.Am.Chem.Soc.,49,~68(~927).
<Ind.Eng.Chem.,18,toog(1936).
BoeMken:Lec.e<t.

'Amt.Inat.mat.physik.Chem.,3,14(t9a6).
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Molybdenumabsorbedonly 2o oo.
of pitrogenper five gramaof metâl,anduranium21ce. of nitrogenper four gramsof metal at 1000".No reaction

below1200"wasobservedwith tungsten,zinc,copper,andiron. The elec-
tncatconductionof azotizedohromium,manganese,and titaniumwas of the
sameorderas that of the puremetals;that of AIN,Ca,N,,and Mg,N, waslessthan s X 10- Thereseemsto be a distinct differencebetween the
nitridesandthe azotizedmetals.

Sabatier and Fernandezlhave foundthat variousdi&cuMyreduoible
oxidesare ableto effectthehydrogenationand dehydrationoforganic corn-
pounds. Intermediatecompoundsseemrather a uselessconceptionhere.

Accordingto Ba!are~ alcoholsmerelyadd to phosphoruspentoxidebelow130 formingnormalphosphatesand acid phosphates. No catalytic
decompositiontakesplace. At ~.iso", the additionstilltakes place, butthé acid phosphatethus formeddécomposesinto ethyleneand a volatile
esterof phosphorioacid. At from160~60~,onlypart ofthealcoholis com.
bmedwithphosphoruspentoxideandcatalysistakesplacepartlybyformationof intermediatecompoundaand partly by adsorptionand resultingthermal
decomposition.At 390~,the alcoholis only adsorbedby the phosphorus
pentoxideandthe catalysisis accomplishednot throughthe formation of
intermediatecompoundsbut by thermaldissociationof the adsorbed mole.
cule. At this temperatureno volatileester of phosphorioacid is found in
the reachon products. He considersthat no sharp dividingline can be
drawnbetweenthe twomechanisms.

ActiveCentersand the StructttfeofSurfaces
At the beginningofthis report,it wasset forth as an establishedfaot that

all catalyticsurfacesarenotuniformlyactive. Ta.y!or,'in theFourth Reportof the CommitteeonContactCata!ysis,developedthe viewthat the most
aohvecentersare peaksof"extralattioe" atomsofhighdegreeofunsaturation
and that the edgesandsurfacesof crystab are lessactiveaccordingto their
degreeofunaaturation. Thisisa theoryofcatalyticsurfaces,not of catalytio
action,and Taylordidnot claimotherwisefor it. It doesnot qualify as a
theoryof oatatysisbecausecatalyticactionat the peakswouldbe no more
luctd than ona catalystof uniformactivity.

In the writer'sopinion,the workonactivecentera(muchofwhich is due
to TaylorandhiscoBaborators)bynomeansforcesthé conclusionthat active
centersare alwaysnecessary,nor even that whenthey existthey are peaksof "extra lattice" atoms,etc.< The interfacesbetweenminutecrystals in a
catalyst whichwithoutassumptionmust exist, wouldservejust as wellas
activecenters. In othercases,the resultsapparentlyindicatingactive con-
terscanbeexpiainedonplanesurfaces.6In stillother cases,'thereis evidence

1Compt.rend.,185,~t (t~?).
'Z.MOtg.aUgem.Chem.,tSa,M5(i936).
J.Phya.Chem.,30,i~g(t~C)..

<J.Phya.Chem.,30,n~ (1926).
TitisviewMaboheldbyConstable:Proe.CambridgePhil.Soc.,29,832(t<My)MM8Wright:Proe.CambridgePhil.Soc-,23,187(1927).
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that the activecentersconsistof pairsofdifferentatoms(predictableon the

basis of multiple adsorption nevertheless,it bas not been shown that

Taylor's"extralattice peaks,"etc.,neverexist.

Constable'bas deoomposedcoppersaltsof monobasicorganicaoidsand

investigatedthe catalyticaction of the newly formedcopper, measuring
the rate of reaction by the rate of evolutionof hydrogen. He concluded

tbat thé catalyticactivitywas independentof the nature of the compound
fromwhichthé copperwas derived.8 He considersthèse resultsto agree
with the hypothesisthat the centersof activityof the surfaceare "frozen

groupaofatomswith strongspecifieexternalfields." Thisideaofan active

centeris not up to the standardof Constable'sexperimentalwork. If Con-

stableobjectsto pursuingthé questiona littlefurtherandsayingthat onthe

groundsof the short rangeof surfaceforces,etc.,multipleadsorptionis a

likelyinterprétationof the speciËcity,etc.,ofsomeactivecenters,he bas not

stated what his objectionsare. On the basisof the multipleadsorption
meohanism,one wouldhave someidea of howto set about creatingmore
activecenters.

In an investigationof the nature of the sinteringof copper catalysts,
Constable'concludedthat the coarsestructurescollapseeven moreeasily
than thefineones,whichhesaysshowsthat the energypresentin the centers

of activity is not very greatly in excessof that possessedby the regular
arrangementof the surfaceatoms.

MissWright' considersherdata ontheauto-oxidationofcertaincharcoals
toshowthat the oxidatonproceedsalongchainsofcarbonatoms. Thereaction

Mzeroorder, andonly0.38%isauto-oxidizableaocordingto hermeasurements.

Ridealand Wright,' in an investigationof the oxidationofoxalicacidby
charcoal,considerthat bloodcharcoalcontainstwotypes of activecenters,
whichtheythink areFe C, and C C complexes,andthat sugarcharcoat*
containsthree types of active centers, attributed to Fe C, C C, and
Fe C N complexes.Theyestimatethe Fe – C complexto be 57times
as active as the C C complex(on blood charcoal). The more active
area on this charcoalwasestimated, by the methodof selectivepoisoning
withKCN;tooccupyt.2% of the total surfacearea (estimatedby Paneth's

method,basedupon the assumptionthat a surfaceis completelycovered,
onemoléculedeep,withméthylèneblue,whenin the presenceof that dye).

Therearemanypointsto be watchedin the methodofselectivepoisoning,
e.g., stenc effectsnot dependentupon the activecenters;the quantity of

poisonmustnot besufficientto coverthecatalystonemoleculedeeponemust
besure that the poisonitselfdoesnot have somecatalytioao~vity.

Ptoo.CambridgePhil.Soc.,23,432(1926).
ComparetheworkofAdMns:SecondReportoftheCommitteeonContactCatalysis.

J.Chem.Soc.,130,tS78(!927).
<~oe.et<.
J.Chem.Soc.,129,3182(t936).
J.Chem.Soc.,127,t~y (1925);129,t8t3(t9~6).
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RidealandHoover1concludethatdifferentpatohesuponthoria areactivein the dehydrogenationand dehydrationof ethylalcohol.
Accordingto Constable'reducedcopper bas an aotivity 8,000tunes

greaterthanthatofeteotrolytiooopper.
BredigandAlb~ oonoludefromX-ray studiesthat, except forpartie~h~ no<Me~ betweenthe fmely-divided,higbly-activeplatinum,palladium,andnickelcaMy~ andinactiveoa~ysts of these metals.
Madenwald,Hcnhe,and Brown<find that differentpreparationsof lead,after use, assumethe sameaotivityfor the hydrogenationof nitrobeumne.

TTusmaybepuna~onof thesurface,chemicalchange,or structuralchange
AccordingtoAdam' it isunneeessaryto supposethat liquefaotionoccursat a surfaceuponpo!iBhiBg*e
VonWeimarnand HagtWMa~cMmthat aUnpd substancesare crystal-~LS ~~J~ metalliecatalystsare i~ casesimpossibleit wouldbe wellworth jknowing.'

PromoterAction
This is thé name givento thephenomenon,sometimesobserved,thatthe activity of a mixtureof catalystaexceedsthe additiveeSects of both.

Promoteraction, whileofthegreatestimportanceto catalysisin general,maybe convenientlydiscussedin conneotionwith the problemof the natureofactivecente1'8.
Constable'bas found that in the dehydrationof alcohol over thoria,water aotsas a promoterin smallconcentrationsbut becomesa poisonat

~T\ wouldbe explainedif the reaction
îf.

underlyingcatalyst,a
po~tywhichm~pleadsotptionsuggests. Waterwouldthenbecomea
poisonas the filmbecomescompletein case the water itself bas but smaU
catalyticpowerforthis reaction. ConstaMemaynotacoeptthis exptanationKunsman"man investigationofthe thermaldecompositionofammoniaon promotedironcatalystsfoundthe heats of activation(using the timeof
Mf-Meas a measureof the reaotionrate) to be between38,000and 4.oocaloriesforaUthe catalystsexamined,but that the catalyticactivityvariedaarnuchaseighteen-fold.Heconcludesthat the primaryactionofpromotersis toincreasethenumberofatomsuponwhichdecompositiontakes placeandthat heat treatment decreasedthis number; and that the quality of thecentersupon whichreactiontakesplaoeis not alteredsufficientlyto cause

1J.Am.Chem.800.,49,K~(i~)
'NataK.lM,349(1~).

Z.phyaik.Chem.,Ko,4; (i~).
J.Phye.Chem.,31,862(r927).

'Nature,tt9, !&t(t<My).
Beaby:"Agtp-~tttionandFlowofSetids,"(toat)

'IMImdehem.Beihefte,23,4<X)(.927).
'See,however,Langmuir:J.Am.Chem.Soc.,2252(~tC).'PMc.CambridgePhil.Soc.,M,593(~y).
"'Science,M,528(!997).
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an appreoiablechangein the heat ofactivation. Heoonsidersthat the heat
ofactivationmaybeafunctiononlyofthereaotinggasand notofthe catalyst.

The variationin the heat of aotivationwhiehherecordsis sufficientto
accountfor an e!even-foMchangein rate, and it dependsentirelyuponthe
oircumstancesof thé action (unpublished)whetherthe measuredheat of
activationcan be taken as a measureof the true heat ofaotivationor not.
Hislastconclusionwouldseemmost unlikelyif the differentcatalystslower
theheatofactivationofanunonia,andthere isextremelygoodévidence~that

theydo. In promoteractionas ordinarilydefined,the qualityof the active
centersis ohanged,forthe strikingfeatureaboutpromoteractionis that the
reactionvelocitywiththe mixture is not that wMehwouldbe expectedby
addingthe velooitiesfor the separateingrédients,norby producingonenew
activecenter,ofa kindeffectiveon oneof the separateingredients,foreach
newparticleof thenewingredient.

The thermal decompositionof ammoniauponplatinum, at 100mms.

pressure,is retardedbyhydrogen,but not by nitrogen. That ontungsten,is
not retarded by hydrogène The decompositionupon molybdenum'is re-
tardedby nitrogenandnot by hydrogen. It wouldbe a goodguess,there.

fore,that tungstenadsorbsthe nitrogenatom ofammoniamorestronglythan
the hydrogenatomsand vice-versaonplatinum(thereis considerableother
evidencein supportof this). Onthebasisofmultipleadsorption,therefore,
the decompositionofammoniaupona mottledsurfaceof tungstenandplati.
numshouldbe morerapid than uponeither alone. The writer*bas récent-

ly evaporated platinumfrom a spiralon to a tungstenniament in high
vacuum,and foundthat the rate of decompositiononthe mixedsurfacewas

unmistakablygreaterthan on the underlyingtungsten;and whentungsten
wasevaporatedonto platinum,the aotivityof the mixedsurfacereacheda
valueunmistakablygreaterthanuponthe underlyingplatinum. It is doubtful

thatthesurfaceaftertheevaporationcouldaccommodatemanymoremolecules
ofammoniathan before. Althoughtheexperimentshavenotbeencompleted,
thisseemsa clearcaseof promoteractionwhichwaspredictedtheoretically.
Themagnitudeofthepromoteractionwasnot asgreatas is oftenfound(the
rateson the mixedsurfaceswereabouttwiceasgreatas uponthe unalloyed
surfaces).

AImquist,"also,thinks that the mainfunctionofpromotersis to increase
the numberof catft!ytica!lyactive atoms. Again,he must definepromoter
actiondifferentlyfromthe writer.

Quartaroli"bas found that Mg(OH)i!,Cd(OH), and Ni(OH)2greatly
diminishthe rate ofdecompositionofatka-Bnehydrogenperoxideandgreatly
diminishthe powerof Pb(OHh to acceleratethe decompositionof the sub-

Dheussedunder"LoweringoftheHeatActivation."
1HinshelwoodandBurk:J.Chem.Soc.,127,nos (t~zs).
aBurk:Proe.Nat.Acad.Soi.,13,67(t<~).
Ej~terimentssoontobepublished.
J.Am.Chem.Soe.,48,28:o.(19:6).
GMz.,S7,934(t~7).
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stance. But thesesameoompoundsgreatly increasethe acceleratingaction
ofAg~Oonthe decompositionofhydrogenperoxide. QuartaroH'sexplanation? that the addedsubstancesproteotor destroythe real oatalyst (notnamed)Yant and Hawklhave investigatedthé catalytio oxidationof methane
by metalsand oxidesand mixturesof these. Promoter actionwas not the
ru!ehere, althoughmixturesof Co,0, and nickelwere ahnost as efficientas
Co~O,alone,nickelalonebeingquite inemoi~t.

TaylorandKiotiakowsky~say,"The modeof action of promotersoan be
traced to the followingcauses,(ï) protectionof the catalyst fromsintering,and in this waythe adsorbingsurface,especiaHythe numberof unsaturated
atoms;(2)thoplaceofcontactbetweendiffetentohemioatsubstancesmay be
the seatof spécialactionsuponthe adoorbedmoleculesand therebygive rise
toselectiveeffects;(3)thepossibilityisnot exoludedthat the addedsubstance
bas chemicalaction,e.g.,in breakingup the intermediatecompoundformed
with the oatatyst." In point (i) these authorsare consideringphenomena
differentfrom true promoteraction, as deSnedabove for one particular
phenomenon,e.g.,the effectof "supports"maybe in part that givenin (i).It seemsto the writer that the most likelyinterpretation of point (2) is
multipleadsorption.' Surelythe promotereffectwould not be attributed
to the forceat a mathematioatdividinglinebetweentwoatoms.The individ-
ualforcesofthe twoatomswillbe themoreintensethe neareroneapproachesthe respectiveatoms. The effeotivespeoinoforcewouldthen becomea pairofforceswithdefinitestrengthandspacingdependentuponthe nature of the
individualatoms. Promoteractionis a mostnaturalconsequenceofmultiple
adsorption.' It iaa little dimoultto say whattheprofitableattitude~toward
point (3) ahouldbe. Whenthere is more thanone moleculereaoting, the
promotermayaot simplyby placingthe secondmoleculeis a suitablejuxta-
positionmorefrequently.e

SupportedCatalysts
Tropsch~has foundthat at 355"the dissociationof formicacid (water-

free) to carbondioxideand hydrogenoccursmostreadily over tinned iron.
Thereis a possibilityregardingsupportedoatalystswbichdoesnot seem

to havebeenrecogmzed.Thepossibilityis that inaddition to the preventionofsintering,inthe caseof thin films,as in the foregoinginstanoe,thesupportcanenforceits spacinguponthe catalyst nha,whiohmay be moresuitable
than the nûrmaJspaoingof the catalyst. Momsand Reyerson"have found

J.Am.Chem.Soc.,49,ï~M('W).
'Z. physik.Chem.,341,125(!9ay).

See~expérimentauponthethennatdeeompoaitmnofammoniadeseribedabove.'Bork:J. Phys.Chem.,30,ttg~(t~6).
SeethediMoaeionofintermediatecompoundsin thiareport.

'RidealandTaylor:~P Theory'andPrMtice,"p. at (Mtç). Langmuir
~?P~ ~'omS'wooa.mneumot~nMMCMUnangemGaaeotjBSystatmn ta~ (t<M6)

'AbhMdt.K.natnNKohle,7,t (.925);Chem.Ab!21,3530(!<~7).J. Phys.Chem.,31,MM(1927);32, (t~g).
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that thin6!n)9ofmetabuponsUicagelhâvemarkedoatalyticactivity;where-

as, thé experimentsof Gaugerlwillboreoalledwhofoundthin 61msof nickel

or platinumon Pyrexto be inactive(thereis no apparent roasonfor "extra

lattice" atomsto beprecludedontbePyrex-meta!films.)

FumsoaCatalysts

Theratherdishearteningpointariaesthat the real catalystsmay not be

wbat wethink they are. The writerbas observedthat if a tungsten wire,
whiehis in a perfectlyateadystateofaotivityfordecomposingammonia,be

heated,at the sametemperatureusedfor decomposition,in a highvacuum,
its activityfallaoffmarkedly,but is regainedupon decomposingmore am-

monia. Thesteadinosswhichthe wireattains–which ia easilyreproduced
-would makean actual changein structurewith decompositionunlikely

(thoughnot impossible)in this case. The probableexplanationis that the

tungsten becomeacoveredwith a filmof nitrogen,possiblyatomic. This

conclusionis supportedby the workof Kenty and Tumer' whofind that

active nitrogenproduceaa filmontungsten,whenthis metal is maintained

at duu redheat. The writerbasalsofoundevidencefor the existenceof a

similarfilmuponmotybdenum'whenusedfor the thermal decompositionof

ammonia.

Boneand Forshaw~findthat the oatalytioaction of fireclayupon the

combustionof carbon monoxideand hydrogenis stnnutated by previous

exposureto the combustiblegases.

Spitaiaky'found that electrochemicalprotreatment of platinum with

oxygen deoreasedits activity in decomposinghydrogen peroxide, while

oathodiopolarizationinoreasedit. Thusa filmofhydrogenon platinumbas

a beneficialeffectwhenusedforthisreaction,and a detrimentaleffectwhen

usedfor the décompositionofammonia.

Thereismuchevidenceto showthat manycatalystsbehavequite differ-

ently whenthé61msof moistureareremovedfromthem.'

Langmuirbas shownhowtenaoiousiyfilmsof oxygenare attached to

tungsten.'
Clark and Top!ey"encounterthé filmquestionin expérimentaon the

oatalyticdecompositionofformicacid.

Thepointbasbeensubjectedtospécialinvestigationfor the caseof water

synthesisovernickelby HughesandBevan.'

J.Amer.Chem.Soc.,47;2278(!9:5).
Nature,t20,33:(t937).
FMo.Nat.Acad.Soi.,t3,67(t9:7).Portionsofthisp&perhâvebeencattedinto

question,andtheresearchhaanetbeentutlyrepeated.
<PMo.Roy.Soc.,n4A,tëo(t997).
Ber.,SO,9900(19~).

'Bone:FMo.Roy.Soc.,iMA,477(!oa6).
TrMN.FaradaySoc.,17,6t8(t9aï).
J.Phys.Chem.,32,Mt (t~S).
PMe.Roy.Soe.,Ï17A,tôt (t9t7).
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It is thereforewellto considerwhethora givencatalystis ordinarilybare
(exceptfor bosetyadsorbodsubstances),or whethertheréactionis probably
takingplaceon a stablefilm,whichmayvary in natureaooordingto the ré-
actioncata!yzed.

Pois<!M

ConstaMe~has investigatedthe eSootof inert diluentson the rate of
décompositionof alcoholovercopper;he found their behaviorto fit bis pre-
viousiydeducedformula.' If théheat ofadsorptionofthereaotant is greater
than that of the diluent,the temperaturecoeSioientof the reaction is less
than the trueone, andviceversa. He saye, "this is a hithertounauspeoted
causeof errorin temperaturecoeSoientmeasurement." The point is weU
taken, but isnot new.'

Selectivepoisoningbas beendiscussedunder "activecenters." Thereis
nothingverymysteriousabout the actionof poisons.

DustParticles

Accordingto Rice<many reactionswould take on a digèrent aspect if
extremeprecautionsweretakento removedustparticleswhichaotas catatysts.
Riceand Kilpatrick*findthe décompositionofhydrogenperoxideto be sucha
reaction. Riceand Getz"find that the thermal decompositionof nitrogen
pentoxideis unaffeotedby oarefullyremovingthe dustpartides.

Thé reactionswhichhave beenfoundto be homogeneousand kineticaHy
accountablewouldnot be expectedto depend upon thé présence of dust
particles. It wouldnotseemthat dustparticlesoner averygreatmenaceto
the soundinvestigationof reaotionvelocity;surely dustpartMeacannot be
universallyeffectiveas catalysts,and their eneotivenesswouldnot oftenbe
expectedto compareinmagnitudewiththat of the waUs,whiehare probably
similarlyconsëtuted,and of largerarea, and with that of added specino
catalysts.

MoistOte
The catalytieeffectof watervaporstandain a similar,though probably

moreimportantposition.
GamerandJohnson~findthat the presenceof moisturegreatly depresses

thé emissionof infra-redradiationfromexplodingcarbonmonoxide-oxygen
mixtures. Theirinterpretationis that the water increasesthe rate at which
thermal equilibriumis reached, energybeing oonservedwhich otherwise
wouldbe radiatedaway. Theycall this "energo-thenmc"catalysis. If the
energyis usedmerelyto raise the temperatureof the system,it is question-
able whetherit shouldbe conidered a speeialtype ofcatalysis, anymore

Proc. CambridgePhN.Soc.,23,593(t~y).
Froc.CambridgePhil.Soc.,M,t~ (t~ô).

Hinahetwcod:"KinetiMofChemicatChangemGaseouaSystemB,"ty8(~926).
SeeFifthReportoftheCommitteeonContactCatatyma.
J. PhyB.Chem.,31,t~o?(toay).
J.Phya.Chem.,3t, 1572(tozy).

PMLMag.,3,07(tOi!7).
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than MghtyreSeotingwallsshouldbe. Theauthors did not state whether

or not they consideredwatermoleculesto be neceœaryin the sphere of

reaotion.

Annstrong*deniesthat waterin this réactionreacts directly with the

carbonmonoxide. Hisobjectionis disoussedlater.

Newexperimentsof Smits'indicatethat the densityof dried ammonium

ohlorideis greater, andthe vaporpressuresmaller than for the moist sub-

stancebelow3oo°C. He considérathat hisexpérimentashowthat intensive

dryingcausesa shift inan innerequilibrium.

Now the amount of moisturewhiohwillcause ammoniumchlorideto

behavenormattyia !essthan onepart in a million,as the writer knowsfrom

personalexpériencewiththisproblem.Thisamountofmoisturecannotcause

decidedshift in an equilibriumby reactingwith oneof the species. If the

changein theequilibriumis causedin someotherway,it would seem that a

negligiblefree energyof reaotionwouldhave to be assumed, or that an

enormousamount ofenergywouldbe involvedin removingthe last traces

ofwater. Theexplanationin generaldoesnotstrike oneas plausible. In an

earlierpaper,in disoussingthepossibilityofthedisplacementofan equilibrium
Smits'says,"It is tacitty assumodthat a traceof moisturecan displacethé

innerequilibriumto a very considerableextent, the thermodynamiosignin-

canceof whiohis, that a very targeamountof workis necessaryto with-

draswthe last trace ofwaterfromthe substance,and thisis not improbable."
Hedoesnot say whyit isnot improbable,and it certainlyseemsimprobable
onthe faceof it.

Smits*has also foundthat intensivedryingincreasesthe vapor pressure
ofnitrogentetroxideby as muchas 3.5oms.,the changebeingaccompanied

by a deepeningof the browncolor. He foundintensivedrying to decrease

the vapor pressureof hexane,benzene,carbon tetrach1oride,and carbon

disulphide. Againhesuggestsshiftsin the innerequilibrium.

Smith' alsofoundthat intensivedryingincreasesthe vapor pressureof

nitrogentetroxideandagréeswithSmitsasto interpretation.

BatareS*foundthat after standingin contactwithphosphoruspentoxide
for three and one-halfyears,methylalcohol,ethyl alcohol,benzene,hexane,

and ether had addedphosphoruspentoxideformingphosphates,whiohre-

mainedas a residueafterevaporatingthe liquid. Hethinks thèse addition

eompounds,or phosphates,mayaccount for the resultson the changeof

vapor pressureof Hquidswith intensivedrying. However,Baker' says his

experimentsdonot admitthispossibility.

'Nature,120,6s9('9~7).
'Rec.TiRtv.chim.,46,445(t9:7).
J.Chem.Soc.,t2<,to69(1924).

4J. Chem.Soc.,1M,965$(t9a6).
J. Chem.Soc.,MO,867(t9:7).
J. prakt.Chem.,1M,57(t9~).
J. Chem.Soc.,130,a~oa(<927).
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Brinertbas performedexperimentswhiohmake him doubtthat water
p!ay8an essentialpart in the oxidationof nitricoxide,? resuit pMvious!y
reportedwith not too gréâtcertaintyby BakeA This is not the &rsttime
Baker'sresultshave beencaUedinto question,~and he bas madegoodbis
o!aimsontheotheroccasions.~Neverthe!ess,the oxidationofnitrieoxideie
a homogeneousreactionsatisfaotorHyaccountedforkinetioaHy,"andthere is,
therefore,no reasonfor expectingit to dependuponthe presenceofwater-
vapor. Brinerpoints out that the ve!ooityof thishomogeneousreactionis
greatestat liquidair températures,wherethe concentrationofwater-vaporis
extremelysmall.

Accordingto experimentsof Cohen and Heymer,"the combinationof
hydrogenand oMorineis nota walleffect,and the inhibitionobservedupon
drying,therefore,cannotdependuponremovingthe water fromthewaHa.

NégativeCatalystsor Iahibitors

Backstrôm~has camed out some interestingexperimentson negative
catalysisin the oxidationofaldéhydesand of sodiumsulphite. Hefound
negativecatalysisboth for the lightand darkreactions,andfoundquantum
emoienoiesfor the light reactionsofthe orderof 10,000-50,000moleculeaper
quantum. His results led him to come out for Chnstiansen'stheory of
negativecataïyaia.

Christiansen'stheory' b an extensionofhia "hotmoleouie"mechanism,'
whichhe used to account for reactionswith othorwiseneeesaatyhighrates
of activation. The idea basbeenshowntheoretica!lyby Tohnan"tobe of
doubtfulvalueforsometypesofréactions,andbasbeenshownexperimentally
by Hm&belwoodand Hughes"to bemost improbablein the favorablecaseof
the thermaldecompositionof oMorinemonoxide(whicheasilybecomesex-
plosive).

Christiansenbelievesthat becausethe moleculesof reactionproducts,
whenfirst formed,possesshighenergycontent,theycan activatenewmole-
culesofreactantat thefirsteneounter,the processbeingrepeated,thusgiving
riseto longreactionchains. He thon proposesthat negativecatatystsact
bybreakingup these chains,eitherby taMngup the energyfromthe "hot"
moleculesof reactionproducts,or by reactingwith them in somewayor
other.

J. CMm.phys.,M,848(t~).
J. Chem.Soc.,<S,6!3(t894).

'GuttMtm:Atm.,2M,a6y(1898).
<Ba)ter:J. Chem.Soc.,73,4M(t898).aBodenstein:Z.phyaik.Chma.,MO,68(t9a2).
*Ber.,MB,iy94(t<M6).
7J.Am.Chem.Soc.,49,t46o(toa?).
J. Fhya.Chem.,28,t4S(to~).

'ChrMMMenandKramers:Z.physik.Chem.,104,4St(t923).
"J. Am.Chem.Soc.,47,1524(to~s).
"J. Chem.8oc.,t2S,t84t(!Q~t).SeeatsoHinohetwood:Chem.Rev.,3, (toa6).
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Thewriterfeelsthat therearecertainobjectionsto suoha mechanismfor

negativecatalysis,in additionto thosereferredto above,andothers*for the

généralschemeof "hot" moleculechains in slowthermal reactions,which

shouldbe disposedof beforeaeoeptingthe chainmechanismin any specifie
case. First, the amountsof negativeoatatystneoessaryareoftenminute,
whichin thé ordinarycasewouldseemto ruleout reactionwiththe "hot"

molecules,becausethe supplyof negativecatalystwouldsoonbe used up.'

Secondly,thereareprésent,afterthe reactionbas procoedoda smattdistance,
moleouJesof productsin enormoustygreaternumbers than those of the

negativecatalyst. Thesewouldalsorobthenewlyformedmoleculesof prod-
uetsoftheirenergy,and whileit may be argaedthat they wouldthen be as

effectiveas the original"bot" moleculesof productsin activatingnew re-

aotant molecules,nevertheless,if the energypassesfrom productmolecule

to productmoleculein this waybeforeboingtransferredto a reactant mole-

cule,the chanceofbreakingupthe chainthroughdistributionof the energy
wouldbeverygreat.Thetransferin this wayfromproductmoleculeto prod-
uct moleculeoannotberuiedoutonthe groundsofspecincityinthe transferof

energyoncollision,ainoetheyaremoléculesof the samekind.Thirdly,if thé

moléculesof negativecatalystreallydo robthe "hot" produotmoteoulesof

theirenergy,theywould,as faraathe writercansee,beon precisetythe same

basisasmoleoulesof products,uniessadditionalassumptionsare made, and

couldconununioatethe "stolon"energy to reaotantsas weUas the "hot"

moleculeswhoseenergythey have just takenup.' It is not true in general
that the moleculesof inhibitorare morecomplicatedthan thé moleculesof

produet,whichmightotherwisecast doubt uponthis possibility. In other

words,if the "cold"productsdonot themsetYesact asnegativecatalysts,why
shouldthe negativecatalystsactas such?

The oldand simpleidea that a negativecatalystacte by destroyingthe

activityof a positivecatalystisdimcuttto dispose~of, and its incompetence
mustbeshownineachindividualcase,whennegativecatatysisis restrioted
to thé caseof a givenréactionaotually beingatowedup (not replacedby
faster sideréactions,etc.).

F. Perrin'considersthe actionof antioxygenato consistin the selective

deactivationof theactivemolecules.

Mujamoto'haa found that the velocitiesof oxidationof mixtures of

stannous chlorideand sodiumsulphite in sodiumhydroxidesolution are

E.g.,witha KftotionofthétypeA=A' R',+ A° A'+ R,A'andR'areprobaMy
md)stin({MJahaNeforthepurposmofreactionvetocitysothatthéwhotetheorytosespoint
in thiecaee.

(Noteaddedtotheproof.)Prof.H. 8.Taylorinfonnsmethatsincethecompletion
ofthiamanosotipt,a gréâtmanyK8u!tahâvebeenchtained!nhialabotatorywhichcanbest
beinterptatedin tenmofthéchainmechanism.Theinhibitor,ornegativeeatatyat,in
aomeoftheseexpérimentawasiteeKdestroyedbyoxHatIon,butat anextremetya!owrate.
(OnemoleculeforeomenftythousandmotecotesofsatpMtenormaUyoxidiifed).Thévery
atowendothermiodestructionoftheinhiMtorwouldaboaccountfora pointraisedat the
endofthisparagraph.

2.See,however,footnote2.
SeethesectiononmoiatureinthisReport.

'Compt.rend-.tM,t!9t (1997).
'BuM.Chem.Soc.,Japan,2, tôt(tozy).
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lessthan those of eitheralone, exceptwhenthe concentrationof stannous
chlorideis low.

Casesof negativecatalysisfound by TropschandvonPhilippovichtand
byQuartaro!i*havebeendisoussedunder "promoteraction."

HomogeneousCatalysts
Sincecontactcatatymsis the subjectof thisreport, homogeneouscatalysis

willnot beelaboratelyconsidered. Nevertheless,an accountof the statuaof
contact catalysa wouldsuffer if homogeneouscatalysiswere completely
negtooted.

Dawson.and hisco-workerahave carriedout an extenaiveeeneaof in-
vestigationsoncatalysisinsolution. Someoftheir conclusionsarethe follow-
ing. The "protion"theory of chemicalreaetivity is inconsistentwith the
facts. Catalytioeffectsmustbe attributed to the hydrogenion,the undisso-
ciatedacid, the acid ion, and the hydroxylion. Catalyticaotivity is pro-
portionalto the volumeconcentrationofmo1ecularor ionicoatalyst,and has
noapparentconnectionwith the thermodynamioaotivity.

Skrabal,' also, takes into considérationthe cai~tytioaotivity of water
molecules,ofhydrogenions,and ofhydroxylions. Hefindsthat the catalytic
effectofhydrogenionsis relativelyconstant(forthe saponificationofdifferent
esters)but that the catatyticeffectof the hydroxylionsvariesoverextremely
widelimits. It is interestingin this conneotion,that an associationrelated
to multipleadsorptionis possiblefor the hydroxylionbutnot for the hydro-
genion.

Bronstedand Guggenheim*do not asoribethé catalyticactivity of acids
andbasesto thé hydrogenand hydroxylions,but to theacidandbasemote-
cules. The catalyticeCicienciesof adds and bases werefoundto be pro-
portionalto their strengths(for the mutarorationofglucose).

BergsteinandKilpatric!~and Bergstein'nnd that theoatatytiominimum
point (thepoint of minimumvelocity), for the reactionbetweeniodineand
acétone,was not displacedby neutral salts,nor by temperatureswithin the
limitsa5"-45". Theyfind the reaction to be complex,and wereunable to
identifyaUthe catalystswithcertainty.

Accordingto Baudischand Davidson,"the ferrate and ferrite ions have
identicatcatalyticactivityfor the oxidationof certainorganiccompounds.

Kissand Zombory*think that the reaction,8:0,– + 21- = aSO, + le,
catalyzedby ironions,takesplace in accordancewith themechanism:

'Z~e.et<.
D~~y~ Sei-Seot-.Ï. M8('9~6):D.wsonMdi~°.J' ~?~' "(~6); D~waonandCarter:M9,M8a()[~6);Da~on:UO,~s8,ïa~o(!9a7);J. Phye.Chem.,31,t4oo(!9a7).

Z.EMttMchemie,33,3M(t~y).
<J.Am.Chem.Soc.,49, as~(t~?).
J.Phys.Chem.,30,1616(!9a6).
J.Phys.Chem.,3Ï, ~8 (t9a7).
J.BM.Chem.,71,50:(t~y).
Née.Trav.chim.,46,::$ (t~y).
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aFe~++!:I-=ïFe+++I,
a Fe-H-+ StOa– :S04– + a Fe-~+

Âkerlof and othershave attemptedto correlate reactionvelocitiesin

solutionwith the aotivities of the catalysts. For the decompositionof

diacetenealoohol,Âkerlôffinde that the réaction velooityis proportional
to the aotivityof the catalyst whenthe latter is potassiumhydroxide,or

sodiumhydroxide. Whenlithium hydroxideis the catalyst,however,the

velooityis accuratelyproportionalto thé concentrationand not to the

aotivity..He wasunableto obtaina definiterelationshipbetweenaotivity
and reaotionvelooityfor the hydrolysisofethyl acetateand of oyanamide.
A greatmanystraight linesare shownin the paper withonlytwo pointson

them.

Thermodynamicsis not concernedwith the rates at which aystems

approachequilibrium. If aotivitieaarethe numerioalcoeffioientswhichone

must substitutefor concentrationsforthermodynamicalpurposes,it would

eeemthat theyahoutdbe irrelevantto the subjeot of reaotionvelocity,and

that the volumeconcentration,c pnon, ehouldbe the important thing,for

it is thevolumeconcentrationwhichcornesinto the expressionfor thenum-

berofcollisions.If the non-idéalbehaviorofonespeciesdissolvedinanother

is dueentirelyto the realconcentrationnotbeingwhatwethink it ia,andif

the activitycoemcientis a measureofthis divergenceand of nothingelse,

then oneshoulduseactivitiesin expressionsfor réactionveiooity–otherwise,
not. If a singlemoleculecan exhibitdifferentaotivitiesin differentthermo-

dynamicenvironments,as presumablyit oan, then the activity coefficients

oannotbe an indexto the true concentrationof the dissolvedspeoiesandto

nothinge!sesinoethis value (whichis realin contradistinctionto the tem-

peratureof a singlemolecule),is constant,or zéro,in the various thermo-

dynamicenvironments.'

Heat of Réactionand CatalyticMethanisms

Thereis anotherpoint of confusionin the use of thermodynanucsin re-

actionvelocitywork,namely,onefindsstatementsthat certainreactionsare

probableor impossibleonthe basisof thevalue of the correspondingheatof

reaction. Thequestionis, ofthe tworéactions,

(i) AR='ARt+R~&nd

(2) AR=AR,+R4,
can weprediotfrom a knowledgeof thermodynamioquantities whiohwill

take placeinpreferenceto the other? That (x) willtake placein preference
to (2)simplymeansthat under the giwnconditions,the rate of (i) is large

comparedto that of (2). The very existenceof endothermioréactionsis

proofenoughthat the valueof thé heatofreactionisnotan indexto reaction

velocity.Theveryexistence,forinstance,ofhydrogen-oxygengasmixturesat

roomtemperatureiaproofenoughthat thefree energyof reactionisnot the

determiningfactorin reactionrate.

J.Am.Chem.Soc.,49,~956(t~y).
CompareDwMonandDean:Loc.c«.
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It can easilybe shownthat in aocordanoewith thé theory of reaction
velocityas givenin this report,the heat of reactionis equal to the diBerence
in the heatsofactivationof thedirectand reversereactions. Therefore,the
only conditionunder whiohthe heat of reactionbasany signiScancefor re.
actionvelocityiswhen the heatofactivationof thedirector reverseréaction
Mknown. Thus,if it canbeshownthat thé heatofactivationinonedirection
ts zero(asmaybepossible,e.g.,in the combinationofsomeatoms),then the
heat of réactionoan be substituteddireottyfor the heatof activationin the
velocityexpressionfor the reverseréaction. The heat of réactionmuet,
however,be at least as smallas the largestheat ofactivationwhichcan be
allowedin the caseof a givenendothermicréactionproceedingat a givenrate
at a giventemperature.

Therefore,without specialknowledge,the valueof the heat of reaction
is no argumentthat a givenmechanismis probable.

Nor can such an argumentbe used against any mechanism. Thus,
Annstrong'sayathemechamismCO+ OHt=' COs+ Hg,originaHyadvanced
by Dixonto explainthe rôleofwater in aoceteratingthe combustionof car-
bon monoxide,"is prechidedby the faot that thé heat of combustionof
hydrogento liquidwater iagreaterthan that of cMbomooxide."

Kapanna' has found that in the conversionof NH<CNSto SC(NH;),,
the directand reverseréactionsareof the firstorder,andare unoatatyzedby
g!as8woolandplatinumstrips. Hefoundthe differenoeinheatsofactivation
to be equal to the heat of reaction.

SimoMmeousReactions

Thesereactionsare ofgréâttheoreticaland practioalintereat. It isoften
found that, of two possiblemodesof decompositionof a molecule,some
cataJystsaecelerateone almostexotusively,differentonesacceleratetheother
ahnostexclusively,and stillothersaccelerateboth.'a

ClarkandTop!ey<hâve decomposedformicacidonseveralnewcatalysts.
Thévariousresearcheswith thissubstancehavenot enabledthe investigators
to correlatethe volocityof its modesof decompositionon differentcatalysts
with the respectiveheats of activation. Differencesin adsorptionrelations
can,however,accountfor the discrepancies."g

Senderens'basfound that thedecompositionof formicacid in the wetway
by sulphuricacid, potassium sulphate,and ortho-phoaphoricacid is purely
catalytic;that is,the action isnotmerelythé takingupof the waterformed.
The sole products are carbon monoxideand water. In thé dry way,
Senderenssaysaluminagivescarbonmonoxideand waterat 2oo°-25o~but
thoria givescarbondioxideand formaldehyde. Partioularattention should

Nature, t20,659(*927).
Quar.J. IndianChem.Soc.,4,a!?(t~y).
Seethei-efereneein the introductiontothisreport.
J. Phys.Chem.,32,t~i (r928).

$Hinshelwood:"KineticsofChemicalChangein QaseoaaSystemB."t8t (tM6)
6 Compt.rend.,184,856(19:7).
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i~~ ~-it~Jt ~t.~ ~t~ t~~h ~t~~ !o4~~n* nnto!~Mrt'a nMt ~irtnnittTt~a ~f
bocaUedto the fact that bothof the latter catalystsare compoundsof the

sametype, namely,diScuitty reduciMooxides.

Acoordingto Tropsch~the decompositionof anhydrousformicacid to

earbondioxideand hydrogen,at 355°,occurredmost readilyoveriron,and

tinnediron. At 255°with tinned iron, formioacid deeomposedto carbon

monoxideptus hydrogen and small quantitiesof méthane. Gbss wool,

asbestos,and pumice,at 355",formed both carbonmonoxideand dioxide,

as did calciumcarbonateat 400",and lithiumcarbonateat assoie", and

ThOijat 355°. Aluminaat 305"and 435"formedahnostexclusivelycarbon

monoxideand water, whetherthe formioacidwasdry, or containedwater.

vapor. In particular,the resultawith tinnedironshouldbe noticed.

Accordingto MûUerand Hentsche! the decompositionofformioacidby

uttra-viotetlightin the presenceof highlydispersedplatinumfallsoffgreatly

whenthe latter becomesaggregated. Ïn boilingaqueoussolutions,the

reaotionyidds carbon dioxideand hydrogen,and also water and oarbon

monoxide.

Aecordingto Tropsch and Roehlen,athe catalytic decompositionof

formaldehydewa8very rapid at 3oo°-5oo°oversodiumcarbonate,calcium

carbonate,bariumcarbonate,zinc oxide,alumina,thoria, chromiumoxide,

uraniumoxide,a!kalyzediron,and lead, but not over quartzor antimony.

Leadwaathe best catalyst. Considérablemethylalcoholwasformedover

thoria,alumina,uranium oxide, sodium carbonateand aotivatedcarbon.

Formationof methane ocourredespeciallywith chromiumoxideand with

activatedcarbon,whilethe formationofunsaturatedhydrocarbonsoccurred

withalumina. Afivepercentyieldof forme acidwasobtainedwithuranium

oxide. Zincoxidegave fewréaction productsof high molecularweight;it

deeomposeddry formaldehydeamoothlyto carbonmonoxideandhydrogen,

andmoistformaldehydesmoothlyto carbondioxideand (hydrogen?).The

latterMa verystriHngresuit.

Tinnediron,whosepropertiesin the decompositionofformioacidwereso

Mmarkabie,had but slight eSeoton the decompositionof methyla!cohot/

The décompositionproducts with this catalyst, and with iron, tin, and

aluminumat 53o°containedconsiderablequantitiesof carbondioxide,carbon

monoxide,hydrogen,and methane.

Accordingto Sabatier,' thoria, alumina,and the blue oxideof tungsten,

activein thé catalytic decompositionof methanol,accelerateahnost ex-

clusiveiythe reaction

2CH,OH= 0~4 + ~0,

whileMnOgivesdehydrogenation,like thé metals. Otheroxidesproduce

botheffectssimultaneous!y. The actionof zincoxideuponethylalcoholis

1Abhandl.KenntnisKohle,7,t (t9~5);Chern.Abs.,21,3530(t?~).
'*Ber.,SC,!854(i9a6).
8 AbhandLKenntnisKohle,7,15(1925);Chem.Abs.,21,3530('9~7).

<TtopMhandSeheU~berg:Abh&ndt.KenntniBKohle,?, t3 (t9~S);chsn."'M..2Ï'
3530('9~7).

'Compt-tend.,18S,17(!9a7).
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prtnoipauydehydrogenation,while that of ohromiumoxideMprinoipally
dehydration. Bothreactionsare almostequalwith zirconiaandgluoina.

Aooordingto Kurtenackerand Wemer,'in thedecompositionofhydroxyl-
amine,the ratio of the tworeactions

(i) 3NH,OH = NH, + N, + 3H:0, and
(a) 4NH.OH=aNH,+N,0+3H,0,waseontroïledby the alkalinity. Platinumblaokfavors (s), whileplatinum

sponge,or p!atmumgauzodoes notaffectthe proportionsofthe endproducts.
Mutiple adsorption seems particutarly apt in explainingthe effectof

catalystsm setectivelycatalyzingoneof two ormorepossiblereactionsof a
compound,ainceon this mechanisma particutar bond ean be separatelystretched.It is not so obviousthat the atoniiodistortiontheoryoanaecount
fortheresults,especiaMywhenveryspooincanddifferenteffectsareproduced
by compoundsMnioaMyof the samekind.

The ThermalDecompositionofAmmottia
Certainreactions,for one reason or another,hâve receiveda partiouîar

amountofattention. Oneof these ia the thermaldecompositionofammonia
Reasonshave already beengiven that the loweringof the heat ofactivation
Mthéonly effeotof tungsten in oatatyzingthis reaotion,and that thé real
catalystin this caseia a nhn of nitrogenupon the tungsten. Theresultsof
Kunsmanhave been describedunder "promotoraction," as havesomeun.
publiehedrésulta of the writer. The writer! bas found that the thermal
decompositionofammoniaupon molybdenumissomewhatretardedbynitro-
gen,but not by hydrogen. It developedin this investigationthat the cases
of a poisonblookingcertain active centers completely,and leavingothers
free, and of a poisoncovering the entire catalyst, but itselfhavingsome
oatalyticactivity, lead to equationsof the sameformexpressingthe reaction
vemcity.

Schwah*hae decomposedammoniaupon heatedstrips of platinumand
tungsten,and comparedthe behavior with that foundby Hinshelwoodand
Bork.<Schwab'swork wasat pressuresof the orderof 0.01mm.whilethe
latter wasat pressuressome 10,000times as gréât. At lowpressures,thé
decompositionon both platinum and tungstenwasfound to be monomole-
cutar;at the higherpressure,the decompositionon tungsten is zeroorder.
Nitrogenwas foundto retard both reactionsat thelowpressure;at théhigher
pressureit retards neither the reaction on platinum,nor that on tungsten.
Hydrogenwas foundto retard both reactionsat the lowpressures,but at thé
higherpressure, retards only the reactionon platinum. The temperature
coeSoientsdid not agreem the two researches. This is probablyto be ex-
plainedby the differentpoisoningphenomena.

Z.anorg.aUgem.Chem.,160,333(t~ay).
Pme.Nat.A~d.Sci.,M,6y(t~y).

'Z. phy9&.Chem.,12S)!6t (t~ay).
J.Chem.Soc.,127,tïos (t~s).
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Theseresults are not surprisingwhenone takes into considérationthe
knowledgeof caMysts,ofvariablesurfacefilm, etc. Thua the nitrogenfilm
on tungstenmay be completelyformedat 100mms.but not at 0.01mms.
Thefilmat the lowpressuresmaybeofa differentstructure,and havedifférent
propertieafrom that at the higherpressures. Thegasesmay poisoncertain
conteraat the lowpressuresin proportionto their pressure. At the higher
pressures,theseconteramay beMookedout ahnostftomthe start, andpoison.
inguponothers maynot yet haveset in. Sohwabconsiderssimilarexplana-
tions,but also considersmultimoleoularlayerapossible. He appearsto con-
aiderthé reactionto take place by collisionfromthe gas phase. This could
not be the mechaniam,or the réactionon tungstencould not becomezero
orderat thehigherpressure,as it does.

The Decompositionof HydrogenPeroxHe

Kiss and Lederer~find that motala of invariable valence-calcium,
cadmium,magnésium,strontium, and zinc-were without actionupon the
decompositionof hydrogenperoxide. However,the actionof cobalt,manga.
nese,andnickel,atso,wasso smaUthat it wasattributedto impurities(copper
or iron). The actionof copperand ironwas verymarked. Theysuggesta
mechaniaminvolvingthe rather strangeassumptionthat moleoularaddition
istheslowreaction. Theirmeohanisminvolveschangein valenceforboth the
copperand iron. The change in valenceof the copperwas thought to be
shownby the colorchangeof the solution.

Accordingto Spitalskyand Funok,'the behaviorofsodiummolybdateas
a catalystfor the decompositionofhydrogenperoxidedépendsuponwhether
it is in a stable stateor not. Thiscompoundis thought to goover to the
oatalyticallystablestate by a preliminaryreactionwithhydrogenperoxide,
andis renderedunstableagain aftora definitetime,whichis conditionedby
the slowformation,and very slowdecomposition,of an intermediatecom-
pound.

Accordingto Pisarzheviskiiand Réitère the decompositionof hydrogen
peroxidein solutionis a unimoleoularprocess. Theyconsiderthe nature of
the mechanianto be the same whethorplatinum, or manganèsedioxideis
nsedas a oatalyet.

Spitabky and Koboseff*think it necessaryto assumemore than one
intermediateoompoundin order to explain ail the known results for the

catalytiodécompositionof hydrogenperoxideby chromioacid.
Elderand Rideal'decomposedpure hydrogenperoxidevaporon quartz,

platinum,and mercury. On quartzat 85* the reactionwas foundto be zero
order,inhibitedbyoxygen. This reactionstopped80%short ofcompletion.
On platinumwire, the apparent orderof the décompositionwas the nrst,

Rec.Trav.ohim.,46,453(tQay).
'Z. physik.Chem.,t26,t (t~y).

Se!.Mag.Chem.Cath.KatennMtav,93(t~6);Chem.Aba,21,24!~(t9~).
Z.physik.Chem.,tM,t~ (t9~7).
TtMa.FaradaySoc.,23,S45(t9:7).
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whiehtheyeonaiderto bedeterminedprobablybythe rateofdiffusionthrough
an adsorbedor dissolvedlayerofoxygen. The réactionon a merourysurface
was thoughtto consistofa preliminarydirect oxidationto Hg.0, foUowedby
a coupledoxidationto HgO.

Accorda to Bobertson,'the oatalyticdecompositionofhydrogenperox.
ide by K~CrtO?takesplaoemthe followingsteps:

(i) K,Cr~ + H,0t = aKCrOt+ H~O
(a) a KCr04+ H,O, ==K,Cr,Oï+ H,0 + 0,.

HVO,is thoughtto act asa negativecatalyst becausethe rapidreaction(:)
is supersededby

HVO, + BM)<= HVO, + H),0+ 0,,
HVO, beingproducedby oxidationofHVO!by H,0t; it ianot obar whya
rapid reactionshouldbe supersededbya slowone.

The oatalyNsofthis reaotionby KiCr~ iapromotedby MnCt, Robert-
son conaidersthe shapeof the ourvesfor the promotedreactionto showthe
presenceof two superimposedfirat order reactions,onerelated to the con-
centrationof intermediatecompounddue to the promoter. (Thenature of
this intermediatecompouadcouldnot be determinedbyabsorptionspectral
meaauremente).The other monomoleoularreactionhe conadersrelatedto
the velocityconstantof the promotedreaction.

For other resultson hydrogenperoxide,see the discussionsof "promoter
action," and "dustpartioies."

WaterSynthesis

Benton and E~în*ha~ foundthat m the synthesisof waterovergold,
the rate of reactionvaried as the squareof thé hydrogenptessm-e,as the
nrst powerofthe oxygenpressure,and inversetyaathe watervaporpressure.
Independentadsorptionmeasurementsshowedhydrogennot to be adsorbed
appreoiably,whileoxygenia strongtyadsorbed. Thoysay: "A meohsmsm
basedon the interactionofadsorbedoxygenwithtwo hydrogensadsorbedon
adjacent spaceaon the catatyst surfacewill not account for the observed
kinetics,sinceit may readilybe shownthat with the relativeadsorptions
found for the two gases, this aasumptionrequiresthe velooityto be pro-
portionalto thesquareof thehydrogenpressureandto the inversefirstpower
of the oxygenpressure." Onemust be very carefulin drawingsuoh con-
chtaionsfromindependentmeasurementsof adsorp~on.*4

In a previouswork, these authors"consideredthe same reactionover
silverto involvecollisionsofgaseoushydrogenwith adsorbedoxygenon the
fractionof the surfacenot coveredby water. They couldhavesettled this
point definitelyhadthey useda seteetivotyheated oatalyst,and varied the
bulb temperature. In casethe reactiondoesnot take placebycollisionfrom

1Prao.N&t.AcadSei.,M,t~ (t~y).
J.Am.Chem.Soc.,40,1630(t~y).
J.Am.Chem.Soc.,40,9496(t9~7).<CompMeHinshelwoodandMehMd:J.Chem.Soc.,127,806(1925).6J.Am.Chem.Soc.,48,3027(t?:?).
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thegas phase,thisvariation in bulb temperaturewould,ordinarily,bewith-

outgreat eSeetuponthe réactionvelooity.

Remy' basinvestigatedthis reactionextensively,usingmetatsof group

eightM catalysts. He assumes,with Hoffmann,'that both hydrogenand

oxygen,in the water synthesis,are activatedby the catalyst. He thought
it might be possibleto conneotcatalytio activitiesand the quantitativety
moasuraMechenneatafBnitiesbetweeen the catalyst and hydrogenand

oxygen. Attemptsto oorrelateoatalyticactivityandthe abilityof the metal

to dissolvehydrogendid not matenatMeexpetHneatatty.Hefound,however,
withoutexception,that if a metalhas a greateraSSnityfor oxygenthanfor

hydrogen,that its catalytic activity was increasedby pretreatmentwith

hydrogenand vioe-veratt.' He gives a sériesof elementsarrangedin the

order of hydrogenaffinitiesand oxygen affinities.The oxygenserieswas

basedontheheatofformationof the simplestoxidewhilethe hydrogenseries

wasbasedonthe amount of hydrogenadsorbedby the metal. With attoys

containingoneraremetal, and oneiron groupmetal,the catalyticefficiency,
afterpretreatment,was that predictablefromthe foregoingprinciple,with

theexceptionof ruthenium-iron.Patladium-ptatinumwasalso an exception
to the rute. Fromthe point of viewof the moreimportantquestionof the

absoluteenectivenessof the catalyst, Remydistinguishedthe further factor

oftherelativeeaseof stable oxideformationascomparedto the oombination

with hydrogen,thosecatalysts favoringthe reactionto stable oxidebeing

relativelyineffioient.He makesthe wrongassumptionthat this is neces-

sarilyproportionalto the heat offormationof the oxide.

Spedat Points

Accordingto Saba.tier/nicM cannot be usedfor the hydrogenationof

the oxidesof carbonto alcoholebeoause it ia too gooda hydrogenation

catalyst, takingthesubstancesonthroughto méthane.

BogandyandPolanyi~findthat hydrogenatomsare emittedwhena jet
of sodiumvaporis directed againsta. ~tmof sniphorioacid, tept at liquid
air temperatureina high vacuum. Onlyhydrogenmoleculescomeoffwhen

a filmof ieeissubstitutedfor thesulphuricacid. Theythinkthe explanation
sumoientthat theheat of reactionianegativein the lattercase, and positive
in the formerone.

Accordingto Ctark,'radiationof the platinumcatalyst,(usedfor theoxi-

dationof sulphurdioxide)with X-rays,producederratiechangesin its acti-

vity.
BelenskFhas found that for the catalyticdecompositionof potassium

chlorate,the poorestcatalysts arethose whichare easilyoxidized.

Z.Mon;.aURem.Chem.,157,329(t<~6).Forexperimentalmethodeee,Remyand
GOnnutgen:Z.More.a!!gom.Chem.,t49,983(!9!'5).

'BM'4~369(t9t6)<
CompMethediacumionof"Shnaoncatalysts."

f Compt.rend.,t8S,!y (1997).
Ntttm'wNMMcMten,M, nos (t9:6).
Brit.J.R<tdioto:y,23,t ïa (t9:7).

7Chem.Abe.,21, ~tg(~27).
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Jabosynsldand Rytet'hâvefounda noveltypeofauto-oatatysis. HAO,
decomposedmonomoleoularlyandreversibly with the formationofmonatomic
sulphur. After the reaotionhad proceededa certaindistance,aggreKatesof
~!phur started to form,stoppingthe reverseration, witha net inoreaseinreactionvolooity.

Accordingto Schlesingerand MaHdna-Okun,'the halogenaoidsshift the
equilibrium,in the formationand saponificationof ethylacétate,inproportionto theirconcentration,andsimultaoeoustycatalyzethe réaction. The Bhiftin equilibriumMallowable;but is not oonneotedwith the oatalyticaction.

~penments ofRichardaandLoomis'seemto indicatethat high-fKqueMvsoundwavescatalyzethe iodine"olock"reaction,and others. Theirmethodof investigationwaslittle unorthodox.
Thoren<found a stepwiseinoreasein the activity of nicke!as the tem-

peraturewasraised. Théreaotionsinvestigatedwere:C~ = C,H.: CJL.
+~=~0.+H.=H,0. The actual percent~ increaae in
activityat the vanonsaération temperatureswaanot reproducible.

Adsorbedsubstancescanmovearoundonthesurface,"aswellasevaporatewithouthavingmoved. Constable,'aecordmgty,points out that collisionsbetweenmoreor lessfreelymovingmoleculesin the nhn can take place. He
a1sopointsoutthat thiseffectisprobablyofnogréât importancein oatalyaia.H. A. Taylor and Piokett'find, in decompoeinghydrogensulphideon
platinumby a streamingmethod,that there is a regionwhere the rate of
deoompositionis independentofthe rate of flow. The temperaturecoemdentat thisstagewas 11,750calones. Theyconohdethat this representsthe heatof evaporationof sulphurfromthe surface. Thisdoesnot seema necessaïyconcluston.

MisceManeousResatts

~ce and Ot~ decomposedvarious estera upon pumice-supportednickel. Addedhydrogenwasfoundnot to changethe reactionproducts.
Ot~nsoose~has founda zinc oxidecatalyateffectivefor the oxidationof alcoholsto aldehydesorketones.
Uchida,"has studiedthecatalyticdecompositionof nitriooxidoonpM-numandon Fe~O,,andsaysthat this reactionaSeotsthe yieldin the oxida-

tion ofammoniaby thèsecatatysts.
ZounskiandBalaudinustudiedthé dehydrogenationofdecahydronaphtha.leneovervariouscatalysts,andfoundthe orderof activity to beplatinum.

asbestos,platinum-oharcoal,paHadium-asbestos,nicket.asbestos.

'Chem~Aba.,21 ~s (t~y).
'B~.<!<U479~7).J. Am~É2~ L%49,3086(1927).J.Am.ChNm.8M~49,3086(t~).&M~.atiagm.C~m.,tM,367~~7); ÏM,~t (t~).Bêche)-:Phya.Nev..(:)28,34~~6).Ftoe.CambridgePhil.~M.,M,~ (~7)'J. Phya.ChM-,M,MM(~7).J.Phya.Chenu.,31,102(1927).J.Phy9.Chem.,3t,tM(,~
Bml.,41334(t927)."J. &c.ChMa.Ind.,(Japm),30,tyi (Ma7)."Z.phyaik.Chem.,ï26,~67(~7).
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MadenwaM,Henke,and Brown' studied the rate of hydrogenationof

nitrobenzeneonleadcatalysts. The formationofazobenzeneMa sidereaction,
the extent of whichdependsupon, (t) t!te metal constitutingthe catalyst,
(2) the activity of theparticu!arcatalyst, (3) the temperature.

Lang?6nds silverto catalyze the changeof manganio to manganous

chloride,and the evolutionof cMorinefromdilute hydrocMonosolutionby
ceriumnitrate.

Wa!ker*haseonduetedanextensiveinvestigationofthe reactionsofethylene
overvarious oatalysts. Variousproductsof decompositionwereidentuied.
A polymerizedou wasa!sofound. He waa unable to identify the active
constituentof Jenaglassby trying themout Beparate!y.He conoludedthat,
"Theactivationoftheethyleneby thewauaof theréactionchamberisthought
to be due to a oombinationof two or moreof the oxideconstituents,which
comeinto playat the elevatedtemperature." Silioagel,silioagelandborax,
siUoageland calciumhydroxide,calciumhydroxide,borax, calciumsilicate,
zincoxide,~eniooxide,theoxidesof lead,sodium,nickel,cobalt,iron,alkalized

iron, chromiumoxide-iron,and punuoe-ironwere investigatedat various

temperatures.
Acoordingto Pahner,*the rate of réductionof eopper oxideon c!ayby

carbonmonoxideis notgovemedby therate of diffusionthroughthealready
reducedeopperfilm,andthe reductionis not hinderedby the carbondioxide
formed. When hydrogenwas the reducingagent, after a rapid initial re-

duction,the reactioncameahnost to a standstill. Water apparentlypoisons
thé reaction.

Onlysuch resultshavebeen placedm this sectionas do not fitverywell

undertheprevioueheads.Noattempt hasbeeenmadeto exhaustthe literature

of the year (forinstance,that oforganiochemistry)withrespectto miseellan-

eousrésulta,desirableas that may havebeen forsomepurposes. Thespirit
of this report basbeenratherto systematizethe results,and to try toenumer-
ate and evaluate,as faras possible,thé various factors whieh couldbe ex-

pectedto operatein catalysis,whioh,afterall, cannotbea newtrickofnature

entirelyunrelatedto therest.

It isnot umversaHyrealizedthat noneof the workon catalysishasbeen,
in a strict sensé,quantitative. In no casebas the numberof reactingmole-

ouïesuponthe surfaceat a giventime beenknown. In no casebasthe num-
berofactivecatalystatoms,or eentersofa giventype beenaccurate1yknown.

Wehavenot beensureof the identity of the actual catalyst in manycases,
norof the reactantsonthe oatalyst.

Someof theseunknownsare starting-pointsfor investigationsof homo-

geneousreaction veloeity.It is no wonder,then, that catalytic resultsare

so oftenambiguousanddifficult to interpret.

J<KKM<~jfaM

1J.Phys.Chem.,31,869(t~y).
*Ber.,60,t389(!9ey).
'J.PhyB.Chem.,31,<)6!(t9a7).
< Tmm.Am.Eteetroehem.Soc.,51,4.(1927).
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Investigationsoarriedon in the manyvariedphasesof ooHoidohemistryhave, in general,givenrise to the idea that coUoidsystemsare subject toionie influenceswhiohcannotbe ascribedalone to the valenceofthe ions.
It has beenshownrepeatedlythat thestabilityofa ooHoidsystemischanged
L~ equivalentquantitiesof ionsof equalvalenceare
added to the system Whencomparativeeffectsof neutral saltsare de-
termineduponsuchpropertiesas therate ofinversionofcanesugarandother
Maetionvelocities,uponthé opticalrotation o! proteinsin solution',uponthe solubilityof non-electrolytesand peptizationof couoidsin water<,and
uponthe surfacetensionofaqueousSystems,thèseareshownto beinfluenced
by the seriesofionsin muchthé sameorderofsequenceas is thé stabilityof
a couoidsystem.

That sucha lyotropicseriesof ions existshas been deniedby workers
fromtime to time. Loeb',fromhisworkon the membranepotentialsand
their relationto viscosity,osmotiopressure,and other physica!propertiesof
proteinsolutions,concludedthat theonly différencesdemonstraMebetween
saltsof variousionscouldbe entirelyexplainedby dMerenoesm thevalence
ofthe ionsbeingstudiedor by the changes,oausedby the addedsait,in the
hydrogenionconcentrationof theSystems,{'-potentiatmeasurementsshoutdbe
moreapt to showthesevariationsinthe eSectsof ionsonthé electricalequi-libriumin an interfacethanshouidthee-potential(thermodynamiopotential)whichLoebmeasuredandcaUedmembranepotentials. Thisfollowsfromthe
conceptionofFreunduchof thé f-potentiatas existingacrossa movableand
a fixedlayerofthe liquidphasein theimmédiateenvironmentoftheinterface
rather than acrossthe actual interface. It would, therefore,showmore
readilychangesin the liquidin this regionwhichmightnot be pronounced
enoughto affecte.

Pappadà' wasprobablythe 6rst topoint out that the coagulatingpowerofmonovalentionsis in thé sameorderas theirmobilities. The mobilityof
an ion isprobablyas importantan indicationofthe reactionof that ionto its
environmentas is its valence,or its solubility. That the ionsshouldshow
otherpropertieswhichvaryin intenaityin thesameorderas theirmobilities,

*Contributiontrom~MM~terieeoftheDivisionofAgnoutttN~BiochemiatrvUni-~y.~M'~o~. PnNMMdwiththemp~at of tSTtirM~ Mt~N~' 7~Jouma!Series,MmneMtaAeficnttm~ExpetSeMStation.
°° 7~'

"Nation~ReMaKhCouneilFeNowmtheBiologicalSoiNMes.
Kn*yt:KoBoid-Z.,22,8t (t9tS).
FfeundUohandEttisch:Z.physik.Chem.,U6,40;(tOM)

'CM-penter:J. Phya.Chem.,31,)[872(t~).<Gortner,Hoffman,andSmchur:KoNoid-Z.,44,~y(tme)Loeb:"FMtNMandthéTheoryofCottoida!Beha~iot"(~4).
Pappadà:KotMd-Z.,4,56(t~oa).

THE ~-POTENTIALANDTHELYOTROPICSERIES*



THE {-POTENTÎAÏ. ANDTHE LYOTROPIC SERIES 1647

might be expected. Mukherjee~deriveda mathematicaiexpressiondefining
the electricalconditionsin an interfaceat equilibrium. He equatedthe rate

of evaporationof ionswhiohare presentin the interfacephase to the rate of

re-adsorptioninto this phase. Hisequationstates that the numberof ions

forced into the interface in a giventime is dependent(other things being

equal)uponthespeedof travel oftheionsin an electricfield,i.e.,themobility
of the ion. He failedto consider,however,that the numberof ionsmoving
out of the interfacein the sametimewilla!sodependuponthe apeedof travel

of the ions,i.e., the diffusionmobilityof the ions, and that this is equal to

their electricalmobility. Sinceionsmovewith speedsproportionalto their

mobilitiesregardiessof the natureofthe forcewhichis actinguponthem, it

seetnaunlikelythat ionicmobility,assuch,shouldplayany part indetennin-

ing the pointat whiohequilibriumisattained betweenthe interaotingforces.

This point willbe definedby thoseforcesalone; mobility of the ion wiU

governonlythe speedwith whichequilibriummay be attained.

Whenan ionis subjectedto anelectricfield,it tendsto movewitha uni-

formlyaooeleratedmotion. Actually,however,the ion movesat a constant

speedat equilibriasueh that the friotionalforcesof the mediumareequal to

the electricalforcestendingto movethe ion. Assumingthat all ionsof.equal
valencecarryexact!yequal electriccharges,the speedwith whichthey move

willbe a measureoftheMotionofferedto their motionbythe medium,which

in turn is a measureof the attractionwMchthe ionbasfor the moleculesof

the solvent,and whioh,in the caseofa water medium,is knownas the hy-
drationcapacityof the ion. Themobilityof the ion,then, is a measureof the

attraction whichthat ion has for the moleculesof the surroundingliquid.
This attractionisnota goveminginfluencein determiningthe solubilityofan

ion (or its saît) in a medium,as mightbeexpected. Thisis shownin Table 1

(data fromLandolt-Bomstein:"Physikalisch-chemischeTabeUen"):

TABMil1

Ion Mobilities SotabHttieaofCMondes Ratio
ato"C.

Li 33.4 63.7 .5~
Na 43-5 35-7 ï.M
NH. 64.0 ~9.4 2.i8
K 64.6 28.5 z.i:7
Cs 68.0 i6i.4 .42
H gt~.o 8a.s(io''C.) 3.84

However,that mobilityis a measureofa ra~ attractionbetweenthe ions

and the mediumoannotbe doubted. Themobilityofan ionmaychangeto a

large degreewith a changeof medium,but the orderof the mobilitiesof a

seriesof ionsremainsabout the same,sinceit seemsto bea functionofatomic

weight (forsimpleéquivalentions). It may vary markedly,however,in the

Mukherjee:"DiscaNiononColloide,FaradaySoc.,p. !<M,Ootober(t9~o).
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Thémobilityofthe cations,1~, Na+,andK~ forinstance,in NH, is stillin thé sameorder as in H.O, but Li+carriesrelativelymoreourrentin NH,
The Ag+and ions havea °" lowerrelativemobility!°~' than in probablyto theformationofa oomplex,heavyionbytheattractionof NHamoleculesto theseionsina mannersimilarto hvdra.tion of This tendencyof anionto attrad moleculesof itaBoiventcughtbe c<dïed,for hek ofa name,ita lyophility,~.e.,its ability to

attract mediumof dispersion.The lyophilityofonephasetowardanother
Nan evidenceofthe tendenoytowardthe formationofa quast~hemica!oom-
poundbetweenthem,in whiohnot the primarybut the secondaryvalencies"of bothphasesplaythe importantpart.

The intennolecularforceswhiehdeterminethe lyophilitythat one sub-stancemUexhibittowardanothersubstanceareforceswhichhelpdetermine
the adsorbabilityofonesubstanceuponthe surfaceofanother. Thèseforce,whetherdenotedas chemicalor physical,areeleotrostatioin natureand willbe explainedultimatelyin termsof the electrontheoryofatomiostructure.

SuïulMiUesmmoleoularcompositionandstructureoftwooompoundsare
knownto indicatetheir mutual solubility. Moleculesof the solute,in this
case,dissolvein the solventwiththe least possibledistortionofthe electro-
statc conditionspresent therein. Thé limitof solubilityis attained when
the solutionpressureis equaHzedby the osmotiepressureof the dissolved
substanceand the freeenergyof the systemisat a minimum.

Thé lyophintythat a substancemay showtowardthemediumin whichitisdMpersedwillnotbe soctoselyrelatedto similaritiesinmolecularstructure
(whiohpietureprimaryva!encies)as to the compamentarypropertiesof their
respectiveelectrostaticsphèresof influenceor partialvalenoies. With our
presentmcompleteknowledgeoftheseforceswhiohdéterminethe propertiesof the atom, it is not possibleto foretelldefinitelythe lyophilityof one ma-
tonal for another. The limitof lyophilitywillbeattainedwhenthe kinetio
motionof thé moteculesofthe lyophilent(t. dispersionmédium)is just able
toovercomethe forceof fixationororientationat thé surfaceofthé disperse
phase.

FtaaUinandCady:J. Am.Chem.Soc.,ZC,499(!~).
~t& in the"<~ Werner,and~y b. ~y d~r~ti. ,n.1Iuenceororientationtendenoy.

relativevalues. Table II showsthe ioaiomobilitiesof variousmonovalentanionsand cationsin HIOand in NHa solutions,Mgivenby Franklin and
Cadye:

TABMEÏI
Ion InNH. InH~) NH./H~) Ion tnNH. I.H~ NH,/H,0

33.3 3.36 BrO,- 148 4~.6
A~

"6 s4.o N0,- 61.8

43-4
3~ I- i7i 66.6 ..SNH~ 131 64.7 ..03 Br- 67.7 ..S

~-S ~<" Ci- ~9 6.5 ..73
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The adsorbabilityof a substanceon the surfaceof anothersubstanceM

probablydue to a tendenoyof the latter to act asa lyophilontfor théformer.
If a substancefonnsa perfectsolutionin bothphasesof a two-phasesystem,
it haa no lyophilityfor eitherphaseand distributesitselfacoordingto the
Nemstdistributionlaw,~.e.,

AF = RTIn C,/Ct (i)

and the ratio, Ci/Ct,of thé concentrationsin the twophasesis a constant.
If the soluteshowslyophilitytowardone phase,itsactivityin that phaseis

decreased(équivalentto an increasein its molecularweight)and thé ratio
oeasesto bea constant,the solutetendingto becomemoreconcentratedthan
wouldbe expeotedin the phasetowardwhichit showslyophility. At low
concentrationsof thesolutevirtuallyall of the solutewouldaccumulatein
thisphase. If thisphasewerethe interfacelayermcontactwitha solidad-

sorbent,itspropertieswouldbe to a largeextentdeterminedby the electro-
static forcespresenton the surfaceof the solid,andwecouldthink of the

surfaceof the solidas constitutingthiBphase. Thesolutewillthen, being
lyophilietoward thisphase,aoeumulateahnostcompletelyonthe surfaceat
lowconcentrationsofthe solutionand, as thisphasebecomesmoreandmore
saturated toward the solute,the amount adsorbedwillvary exponentially
withthe concentrationof the solution,accordingtoan equationsuchas:

InC~~+xInC. (a)

or C, = C~e (aa)

wherethe value ofx wouldbe directlyproportionalto the lyophilityforces

actingon the soluté-mthe surfacephase. Adsorbability,then wouldbe a

funetionofthé lyophilitythat a solutewouldshowtowardboththe adsorbent
and thésolventoutofsolutioninwhichthe adsorbedmaterialis beingtaken.

Moleculeshavevaryingadsorbabilitydue to structureand composition;
soaisomust ions. It is throughthis differencein tho adsorbabilityof ions

that the so-called~-potentialor adsorptionpotentialanses at thé interface
betweenwater andsuchchemicallyinert substancesas cellulose.The OR-

ionpresentin HO isadsorbedpreferentiallyto theH+ion due to its higher

lyophility,wemustsuppose,in the cellulosesurfacephaseor, if the cellulose
isentirelyinert, intheinterfacelayerof théwater. Harkins"'haaemphasized
the fact that thesefhin interfacialfilmsare independentphases. The hy-

droxylion tends to penetratethisphase moredeeplythan doesthe H+ion
but canmoveawayfromthe H+ion onlyuntil theadsorptiveor lyophility
forcesareequalizedbythé electricpotentialset upbysuohseparationofthe

ions. SomeH+ ionswillbedraggedinto the interiorofthe "solid"phaseand

the HOHthus dissolvedin the solidwillbewaterofhydrationor adsorbed

water. Asthe waterof hydrationincreasesin amount(whichit shoulddo

MHarMnB:ColloidSyntpoaiumMon<~Mph,S,t~S (t~S).
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with time as equilibriumis very stow!yattainod),the attraction that the
interfacephasehaaforthe OH- ionwilldecreaseslightlyandthe ~-potentiat
wiUcorrespondinglydeorease. Thisbas been demonstratedto occur with
sinteredglassby Fairbrotherand Vartey"andhas beenobservedwith ceUu-
loseby the author.

The potential existingaoroasthe interfacewiUin manycasesbe-partly
dueto ionsset freeat the surfaceofthe solidphase. Thepotential,however,
willat aUtimesbe govemedby aUthe ionspresentin thésystemand thoir
relativetyophilitiesin the twophases.

Justas the sotubitityequilibriumofa systemis changedwhena chemical
reactionoccursbetweenthe phases,so wiUthe adsorptionequilibriumbe
changedwhenchemicalreactionooeursbetweenthe adsorbentand the ad-
sorbedmaterial. Litœwisethe interfacepotontialwillbemarkedlychanged
incharacter,if sucha ohemicalreactionocours. Forexample,it isfoundthat
with a positivelychargedA~O:diaphragmthe présenceof the anions,Cl-,
Br", andI-, in concentrationsof .0001N solutionhavea comparativetysma)l
effectuponthe ~-potentiaibut whena .00005N, or evenmoredilute,solution
oftheauorideionis forcedthroughthediaphragm,thesignofHie~-potentiat
istotallyreversedandthe chargeonthe diaphragmisthenfoundto benearly
as stronglynegativeasit wasformerlypositive. Theexplanation,of course,
is that, due to the insolubilityof the compoundAlFa,thesurfacehas been
changedfromAl<0,(orA1(OBMto AIF,,andan excessofF- ionshave been
adsorbedto give the originallypositivelychargedsurface(probablyposi.
tively chargeddue to the going into solutionof OH- ions) a negative
charge. Obviousiy,the effect of thé F" ion upon this interface is not
a functionof the interrelationsof seoondaryvalendesofthé ion and solid
(the lyophilityofthe iontowardthe solid)butis due to thechemicalreaction
(primaryvatencies)takingplacebetweensolidand ion,.piusthe lyophilityof
the iontowardthe newsurfacethus formed. Sucha caseasthismust require
a speci&cexplanationandcannot fit intoa generaltheoryofionioinfluences
at interfaces.

Atheoryattemptingto picturethe influenceof ionsuponinterfacepotep-
tiab must thereforedealwith only those caseswherethé ionsand the ad-
sorbentdonot reactchemically,t.e.,wheretheattractingforcesdonot destroy
the chemicalindividualityof the ionor alterthe surfaceof the adsorbent.
A study of ionio influencesat the interface,cellulose-water,should be in-
structive,due to the chemicalinertnessof celluloseandthetact that it may
be obtainedvirtua!lyfreefromash constituentswhiohmightprovetrouble-
some.

Nernstshowedthat whena soluteis addedto a systemoftwoimmisoible
solventsanditamolecularweightisthésameinbothaolvents,it wiUdistribute
itselfinsucha waythat the ratio betweenthé two concentrationsis always
a constantat constanttemperature. Sucha distributionisanalogousto that
of a substancebetweenthe liquidandgaseousphasesandfollowsthe same

FaMa-othMandVM-iey:J.Chem.Soc.,1M?,ts84.
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laws. Whonthésoluteisprésentin suoha systemin verysmallamountsso
that it oan be considoredinfinitelydilute,the fugacityof the solutein each
phaseis proportionalto its mol fractionin that phase. At equilibriumits
fugaoitiesin both phasesmust be equal,and, therefore,as the amountof
soluteis varied,the molfractionin onephasemust remainproportionalto
that in the otherphase",that is,for the soluteinonephasefi '=kNt andin
the other, f; = keN;. Atequilibrium

f. k,N, andN, h = oonstant (3)M<t = =
constant (3)fs ktNt Nt ka

In solution the fugacityof the solutemay be definedin termsof the
partialmolal-freeenergy,F, as foUows*

F RT !nf + B, (4)

whereB is a constantat constanttempérature.
Betweentwostatesof the soluteat constanttemperature,

F< F. RT m (~a)
fi

whereFa is the partiat moM-freeenergyof the solutein the phasein which
thepartial molal-freeenorgyis highest(Phasea).

Whenequilibriumbas beenreachedand its fugaoitiesin thetwo phases
areequal,the equationbecomes:

F, R = AF = RTtn K (5)

or K = e~RT (sa)

whereK is a ratioof the molfractionofsoluteinPhasea to that in Phasei.
The probabilityof a molof the solutebeingfoundin a givenvolumeof

Phase i, at equilibriummaybe denotedby the factor, t/K+i; then the

probabilityof it beingfoundin Phaseawillequal

ï i/K+i, or i ï/e~~T

If we nowconsidera systemconsistingofa liquidin whichaneleotrolyte
is dissolved,wefind that thé ionsof the electrolytewilltend to distribute
themselvesbetweenthe bodyof the liquid(Phasex) and the surfacelayor
(Phasea) in acoordancewith the lawsof the distributionof a solutein a

two-phasesystemas notedabove.
Aorossthe interfacebetweenthe bodyof the liquidand its surfacelayer

therewillexistapotentialdifference,thesourceofwhich,forpresentpurposes,
isimmaterial. Thedifférencein the free-energycontentofa singleionofop-
positechargeto thechargeonthe surfacelayerwhenin Phasei andwhenin
Phasea willequalthe workdoncin movingit fromthe bulkof theliquidinto
the surfacelayer. This work,Api, willequalthe productof the forceof

**LewiaandRandatt:"ThermodyBamies"(19~).
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attraction betweenthé two oppositelychargedbodies and the distance
throughwhiehtheyaremovedtowardeaohother.

The electrostaticattraction botweentwo oppositelyehargedbodies is
equal to thé produotof their charges,E, dividedby the squareoftheirdis-
tanceapart, r*,andbythe dieteetncconstant,e,ofthe mediumlyingbetween
them.

A-~
(6)

te

Whena singleionof oppositechargeto and approachingan interfaceis
conaidered,the attractingforcebetweenit anda pointchargeonthesurface
layerwill equal

E = mn~ (?)

whereni andn: arethevalencies,respectively,of the ionandthe pointcharge
onthe surfacelayer,ande ~.y~X i[o-M,thechargecamedby oneeleotron
(Millikan).

Then A=°'~ (8)
<r*

Langmuir~froma comparisonof the latentheat ofevaporationandthe
energyrequiredto changethe distancebetweenmoleculesof solids,wasable
to estimatethe distancethroughwhichatomicforcesareeffective. Heob-
tained a valueequalto 0.6 X to"*cm. greaterthan the distanceof zero
attraction, as the distancebetweenatomsat whichthe maximumattraction
was exhibited. At distancesgreater than this the attraction decreased
rapidly(perhapsas thefourthor fifthpowerof the distance)to insignincant
values. Ata distancegreaterthan 2X10*~cm.fromthepointof equilibrium,
or zeroattraction, theattraction againbeoomesinSnitesim&L

That the ordinarylawsof electrostaticattractionwillhold thïoughdis-
tancesof moleculardimensionsis opento doubt. However,coosidanngthat
these lawsofelectrostaticattraction do holdunder thèsecircutnstancesand

ta!dngasthevalueforr,thedistancebetweeathech&rge8,asequalto!!X to"*
cm. (the distancewhichLangmuirsuggestsas the greatestdistanceat which
the attraction witibe acting),the work, AF),donewhenthe ion iBmoved
into the interfacewillbe

AF.= (9)AFI
Er (9)

The probabilityof an ion of oppositechargemovinginto the interface
will be:

T
1

e~t/M' + t

wherek is the Boitzmannconstant = R/6.o6 X ïo~ ==1.3~2X 10"

"LMgmuir:J.Am.Chem.Soc.,M,M~g(!9*6).
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TableIII showsthat thé chancewhichan isolatedion(ofoppositecharge
to that carriedby the interfacelayer)willhave to moveinto the interface,
willbe extremelyhigh even whenthe valenciesof the ionand of thepoint

chargeare low. If ionsof oppositechargeto thé interfacelayeralonewere

to beconsideredin the influenceofelectrolyteson adsorption(~)potentials,
it is evidentthat evena smallconcentrationof any eleotrolytewouldsuffice

to totally dischargethis potential. Expériencedisprovesthis hypothesis.
The effectthat anelectrolytebasuponthe adsorptionpotentialis, therefore,
not alonethat of the ionof oppositechargebut is thé algebraicmeanofthe

effectaof aUthe ions in the systemof whichthe interfaceis a part. The

effectwhichanyoneof theseionsmayhave,willdepend(i) uponitsvalence

(whether+ or and whethermono-,di-,tri-, etc.); (a)uponits lyophility
for the liquidsolvent;and (3)uponits lyophilityfor the interfaciallayeror

the surfaceoftheadsorbent,asthe casemaybe. Thefirstofthesegoveming
conditionsis usuaUythe most importantbut may be modifiedto a marked

degreebyeitheror bothofthé othertwoconditions. It is throughthésecond

and third ofthesefactorsthat the lyotropicseriesfindsits theoreticalfounda-

tion andheretooarisesthe paraJIetismbetweenthe mobilityofan ionand its

positionin the lyotropicseries. Themobilityofan ion,as mentionedabove,
is a measureof the lyophilitythat thé ionhasfor its solvent. Otherthings

beingequal,the greaterthe lyophilityofan ionforits solvent(and,therefore,
the lowerits mobility)the iesswillbeits tendencyto moveout of théliquid

phase into the interfacelayer. If a seriesofmonovalentcationsandanions

were studiedin relationto their relativeeffectsuponthe f-potentialat an

interfacetowardwhichthe waterphasecarriedthe positivecharge,it might
be expectedthat those cationswhichweremost highlyhydrated(having
lowestmobilities)wouldshowthe leasttendencyto moveoutofthe positively

chargedliquidand thereforehavethe least effecttowardmakingtheother

phasepositive,that is, the leasteffecton loweringthe f-potential. Likewise

those anionswhichweremosthighlyhydratedwouldbe leastadsorbedinto

the interfaceand thereforecouldhavethe greatesteffecttowardmakingthe

water phasemorenegative,thus cuttingdownon the ~-potentialacrossthé

interphaseboundary. Recently,VosnesenskiiandAstachov",intheir studies

"8. A.VoenesenskuandK.Aatachov:Z.phyaik.Chem.,128,36~.8(t~?).

Valuesof t
-– 1

ShowingProbabilityof an IonofValencem, movingintoInterface
ofPointCharge0:

n: '= i .o68ao .00890 -99999+

1

e&Ff/kT-)-1

TABLEIII

r==2Xio'cm. e=8i
T = 3oo"K. k 1.372X io-"

ni–i 1 ni =22 Ht =33
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on the thermodynamiepotentialat the interfaceof two immiscibleliquids,
reaohedthe sameconclusionwithrelationto the effeetsof varioua mono.
valent cationsand anionson suchpotentials,as thèse just offeredfor thé
effectsof a lyotropicsériesof ionsuponthe f-poteutiat.

In thé caseof ionioeSoctsonproteins,it bas beenpointedout that the

sequenceof a lyotropieseriesof tonsis reversedwhen the oharge on the

partioleis reversed. Kruyt" explainsthis in tenus of an orientedhydration
theory,assumingthe directionoforientationof thewater moleculesto bere-
versedwhenthe chargeonthe particleiBreversed,thus causinga reversalin
the orderof depthto whichthehydratedionswillboableto penetratotoward
the surfaceof the partiole. Bythe aboveoutlinedpicturethis phenomenon
can be explainedas well by assumingthat the ion whiehismost highlyhy-
drated will alwayshave the strongesttendency to remainin the aqueous
phaseof the system. Whenthe wateris positivelychargedto the protein,
the mosthigMyhydratedcation,forexample,wiUhâvethe leasteffecttoward

loweringthe f-potential(orloweringthéfreesurfaceenergyofwhateverform).
Whenthe water is negativelychargedtoward the protein, the most highly
hydratedcationwiHhave themosteffectin loweringthé{'-potential,and thus
the sequenceof a lyotropicserieswillbereversed.

Expedmentfti

The measurementaof ion effectsuponthé{'-potentiatofcellulosegiven
in this paper havebeen madeby the streamingpotentialmethoddescribed

recentlyby Briggst8.The equationforcalcutatingis givenasfoUows

t. ".HX 4~ (ic)
P e

where = viscosityof the liquid,<= its dieleotrioconstant,H = the ob*
served E.M.F. acrossthe diaphragmat pressare,P, and«, ==the specifie
conductivityof the liquidasit existainsidethe poresof the diaphragm.

tf,iscatcutatedfrommeasorementsof the résistanceacrossthe diaphragm
whenthe liquid is présent,and fromthe cellconstantof the diaphragmde-
terminedwith a standard KCIsolutionof specifieoonduotivityhighenough
to eliminatesurfaceconductanceeffectswhenit is in thé diaphragm. It is

necessaryto assumethat the viscosityand dielectricconstantof thé very
dilute solutionsusedin thèseexperimentswillnot deviateappreciablyfrom
these values for purewater". Thevaluefor f then wiUbe proportionalto
the valuefor H<(,/P,and it is thisvaluewhiehisplotted inFi~. 1-3.

The value of H is taken in millivolts,ofP in cm.of Hg, andof x,in re-

ciprocalohms. H wasmeasuredby useof a Leedsand Northrup Type K

potentiometer, usinga quadrant electrometer,oonnectedin serieswith the

"Kruyt:"CoHoi<b-ATextbook",ttandatedbyH.8.vanKlooster,p.~7 (!9a?).
"Bnggs:J. Phys.Chem.,32,64!(t~8).

ThetechnMformakingthenecesaMymeMarementaandadiacmaimoftheneeesmry
aumptionsinvolvedinthé aboveformulahavealreadybeenpreseatedindet&ttin thé
earlypaperandwiNnotberepeatedhere.
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streamingpotentialoell,as null instrument,therebyeliminatingpo!ariza-
tioneffects. The accuraoywithwhiohthe valueHcouldbe measu~dwasto

approximatelyi millivolt. Thus,whenthe valueofH waahigh,thé percent-

âgeerrorwaalowerthanwhenH waslow. ForthisreasonP wasalwayskept
as high as praoticaHe.Whenr approaoheda zerovalue,however,theper-

centageerrorwasalwaysgreatestbecauseof thelowvalueofH.

It wasfoundthat a diaphragmwhichhadbeenusedwithonesalt could

not alwaysbe thoroughlyfreedfromthat saltby washing,andif othersait

solutionswerebroughtin contactwiththis diaphragm,the valuesobserved

for {*wereproneto bemoreerraticthan whena freshdiaphragmwasused.

For each newsait, then,a newdiaphragmwasusedand the valueof f for

each diaphragmwas determinedagainst conductivitywater (specinocon-

ductivity = approximately2 X io'~ mho) beforethe salt solutionswere

forcedthroughit. Succesavetymoreconcentratedsolutionsofthe saltwere

then forcedthroughthe diaphragmandthe valueof f determinedforeach. Õ

It bas beenshownthat the valueof r determinedby this methodia in-

dependentof the sizeof theporesin the diaphragmwherea uniformsampte
of diaphragmmaterialia usedto fo"mthé variousdiaphragma.It basa!so

been ehownthat differentsamplesof cellulosevary in their r-potential

againstwater. In thepresentexperimentsScMeicherand Schüllfilter paper
No. 589wasusedfor thédiaphragmmaterial. Dueto dinicuttyencountered

in thorougblymixingthe largequantityof paperneededfor all the experi-
ments made, thoroughmixingwasnot attainedand there wasa resulting
variationin the initialvaluesof the f-potentialshownby the differentpulp

preparationsagainst water. An experimentwith KCI upon diaphragms

havingdifferentinitialvaluesof againstwatershowedthat the effectof

a givenconcentrationof the ionsuponthe potentialapproximatedthe same

percentageof the initialvalueof TableIV.

TABMIV

Valueof K,H/P 10''at VariousConcentrationsof KCIforTwoDiaphragms
ofDifferentInitialValuesof «,H/PagainstWater
HtO .00005N .ooo!N .oooaN .oootN .0008N

A iz.68 15.0 15.6 14.2 i3.y 13.2
B 13.70 16.0 17.1 14.9 14.7 14.4

B/A i.oSo 1.065 ï 095 ï 050 i 075 1.090

It wasfoundthat whenthé initialvalueof (forthé diaphragmagainst

water)wasverydifferent,however,as,forexample,when«.H/Pvalueswere

12X 10*~and 18 X 10* respectively,the variationin thé percentageeffect

wastoo gréât to allowa reductionto a commonscateforcomparison.But

when the initial value of <f,H/Pdid not vary more than approximately

i. X 10"*(about 15%)fromthe meanvalue,it basbeenassumedthat these

valuescanbe reducedto a commonbasisandcompared.TableV givesthe

observedvaluesof <f,H/Pforthe varioussolutions,whi!ethe curvesshown

areplottedfromthesetablesafterthevaluesthereinshownhavebeenreduced
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Fig. i showsgraphicallythesedeterminationswherethe valuesof ~H/P
are reducedto a commonbasisandare plotted againstthe concentrationof
the sait solutions.AUthe sattsusedwerechlorides,aothat the variationsin
effectsshownweredue to the cationpart of the molécule. Salts of all the
monovalentcations,exceptthat of the H~'ion, showedan initial increasein
the r-potentialup to a concentrationequalto .oootNwitha subsequentslow
decrease. The hydrogenion showeda greater effecttoward reducingthe
~-potentiatthan diddi-valentcations. Reversaiof thechargewaaobtained
only with the tetra-valent cation, Th++++,thoughwith some samplesof
cellulosethe Al++~ion has beenfoundto bringabouta elight reversaiof
charge.

Thoseionswhichmoststronglyaffectthe charge,t.e., Th,Al, and H, are
foundto doso in sucha mannerthat the values,whenplotted, forma near
approximationto a straight!inewhenthe f.H/P valueis plotted againatthé
log concentrationvalues,as in Fig. An equationfor thèse curveswill
thereforetake the form,

logc=loga+~bloge
e (ti)

.~H
or c = a e P (na)

to a commonbasis,namely,for &Uinitial valuesof the diaphragmaagainst
water thevalue<.H/P basbeenequatedto to X !o'~andthe corresponding
valuesof«.H/Pfor the sait solutionsreducedto thisbasis.

TABLE V

Valuesfor<,H/P 10'forCeMoseDiaphr~maagainstSalt Solutions
of VaryingConcentrationsW t~tjt~~ ~WtUCUMttMUiiB

Salt HO .oooosN .ooorN .oo<MN .0004N .0008N .oot6N
KCI 13.68 is.oo 15.so 14.20 13.70 13.15 1~.00
NaCl 12.zy 14.58 r6.15 15.30 t4.3S i3.6$ 11.40
LiCl ïo.ïz !3.34 ï443 ï4.oo 13.so 11.46 9.87
CsCt 10.ïî 11.7s 12.25 10.90 to.g4 10.14 8.78
HCI n.94 9.7~ 8.89 7.89 6.38 5.26 3.30

Ba.Ct.t 9-~9 7.63 7 M 6.52 6.22 5.66 4.40
SrCta 10.90 9.3~ 8.~0 8.1~ 8.45 8.45

AlCIt 9 75 6.86 5.82 4.46 2.60 1.50 o.oo

ThCLt 12.70 3.80 0.71 +3.40 +7.o6 +io.6o +12.20

NH<Ct 15.3s i7.6o 17.90 16.70 15.20 13.45 13.30
NHtAe 13.60 14-28 ï4-4i ~3-22 t!.4o 10.82 936
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Whilethe valuesfor c, in thesecurves,denotesthé concentrationof the
salt in the solutionat equilibrium,this concentrationbéats a constantratio
to the concentrationof the salt in the interfacelayerwhenthe NcmstdM-
tnbutionlawhoids. Thevaiue~H/PmuMpiiedbyaconstant(1.0596X io')

Ftc-i I

Itt&MneeofeadoncMondesuponthéf-potentietatedMose-waterinterface.

VMMcalax~Lto'.
HoMontattuds coBcentMttonofaottsotutionainmNi-monnftHties.

givesthe correspondingvaluefor thé~-potentia!,whiehisa measureof one
formoffreesurfaceenergy. Whenthe freeenergyof a phasevarieswiththé
amountofsomeaotuteprésenttherein,an expressionof thepartialmoMfree
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energycontent,F, ofthe solutein this phaseat any concentration,c, of the
soluteis givenby theequation,

F=RTtne+B (~)

whereB is someconstantdependingonly onthe temperature;or at constant
temperature

Fm.a 2

Influenceofcationchlorideuponf-potentialateetitdoM-waterinterface.
Vettwejnis Kan.~as.VerticatMN

~to'.
HcrMontatMM= loganthmofconcentrationofsaltsolutionsinnormalities.

c=eM"~

(~)a e
I~T

(ua)

Theparalielismbetweentheseequationsandthe tenna thereof,indioates
that the r-potential-concentrationre!at!onahipisa functionoftherelationshipof the partialmolalfreeenergyof the salt presentin the surfacelayerto its
concentrationin this layer.

Mg.3 comparesthe effectsof two amons,Cl- and Ac-, ofequalvalence
but differentmoMMea,uponthe r-potentialat the eeUuIose-~torinterface.
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It wouldseemthat, in the caseof the monovalentcationcblorides,the
ourvesare the resultantof two concentration-freeenergycurves. Theone
more pronouncedat lowerconcentrationsis that due to the preferential
adsorptionof cMorideions,this being over-shadowedand neutraliiMdat
higherconcentrationsby that dueto the cationpart of the molecule.

DiscussionofResults

It is evidentfromthesedata that the effectwhicha salt solutionbasupon
the f-potentialisa functionnot aloneof the ioncarryingtheoppositecharge
to that of thecoiloidbutofallthe ionspresentin thé systemandto whichthe

0 .2 .4 .6 .8 1.0 1.2 M
C<?/VCOV7!a477<WOr ~4~7' ?<7~7y<9/M?/iV~

FIG-33Influenceofanionaofammoniumsaltsuponthef-potentiatatceNoioBe-waterinterface.

VerticatMia° ~to'.
Horizontalaxia='concentrationofsaltsolutionsinnuHnnob.

interfaceis accessible.In the caseof a cellulose-waterinterface,and of all
water interfacestoward inert materiats, the hydroxylion seemsto hâve a
higherlyophilityin the interfacelayerthan doesthe hydrogenionand moves
into this interfacephase,causingit to assumea negativechatgetoward thé
bulkofthe Uquid. Thesamethingmustbe trueof the CI- ionto perhapsan
evengreaterextentsince,withaUsattswithmonovalentcations,it causesan
initialincreaseofthe ~-potentia!,whichisgraduaUy,thoughnevercompletely,
dischargedastheconcentrationof the saitbeoomesgreater. Thisdischarging
effectmaybeentirelydueto the docreasein the distanceintothesolutionto
whiehthe potentialdifferenceextends,by thé inoreasein salt concentration
in the solution,thus cuttingdownon the potential differencewhich exista
acrossthe movaNe-unmovaMelayer,t.e., thé f-potential (SeeFreundUch").
The e-potential,or thermodynamicpotential,arisesfromthe samesourceas
the f-potential,t.e., the unequaldistributionof ionsacrossthe interface,but
it doesnot necessarilyvaryin the samemanneras doesthe r-potential.

If wepieturethe originalpotentialat the water-ceIMoseinterfaceasdue
to an unequaldistributionof OH- and H+ betweenthe phases,it is to be

B~eundtioh:"ColloidandCapiNa~yChetmatty",(t9a6).
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expectedthat potyvatentionswill greatlylowerthé f-potential becauseone
suehioncantakethe placeof two, three, or fourH+ionsin the environment
of the mterface. Sincethe Mneticenergycontentof oneH+ion is equaltothat ofoneAl~+ ion,whenone At+++ion has replacedthreeH+ ionsin the 1
environmentoftheinterface,it is evidentthat thé A~++willreacha position

11
ofequilibriumat a pointmuchdeeperin toward.theinterfacelayer thanthat
previouslyocoupiedby the three H+ions, and that the e-potentialwiUbe
accordinglysmaller.

Amongionsofequalvalence,the depth to whichthesewillpenotratein
toward thé interfacephase willdependupon their lyophiHtyfor thé various
phasesof the System. Other things being equal, the higher the mobility(lowerthehydration)of an ion, the deeperwillit penetratetowardthe inter.
facephasebeforeattainingequilibrium. Whenthewater carriesthe positive
charge, as at the interfaceunder discussion,the more highly hydrateda

icationmaybe,thelesstendencywiUit have towarddischargingthe ~-poten- 1
tial. ThisisweUutustratediothe dataalreadypresented. Lithium,sodium, f
potassium,oaesium,and hydrogenhaverespeotivetygreater eifects toward 1
dischargingthe f.potentia!,and they are respectivelylesshydrated, or less
lyophilietowardwater. With anionsat the sameinterface,the greaterthe
hydrationthe greatershould be the dischargingeffect (becausethe greaterwouldbe the tendencyfor the negativelychargedion to remainin the posi-
tivelychargedphase). This is iUustratedin the caseof the Ch and Ac-ions
TheacetateionismoreMgMyhydratedthan is theCl- ion(mobilitiesare355and65.5,respectively),and the acétateion tends to dischargethe f-potentialto a greaterdegreethan the CI- ion (Fig.3) at a givenconcentration. c

Eleotricalpotentialdifférenceis a variabledependentuponother condi-
tionsofenergydistributionin the interfacelayerandis probablyof secondary
importance. Theomvefor the effectofthe Th++++iononthe f-potentialat
the water-celluloseinterfaceindicatesthat the electricalfreeenergyat the
interfaceadsorbedthé ontyfonn of free surfaceenergywhichis beingaoted upon

sby thé adsorbedsattbut may be on!ysecondaryto someother free surface )
energychangewhichia taking placeat the sametime. This isevidencedbythe fact that thé Th++~ not only reduoesthe f-potential to zero:but the
rate of changein the potential chargeat the interfacedoesnot alter at the
zeropointbut rapidlyincreasesagainon the positivesideat very lowoon-
centrattonsof Th+~, thus buildingupagain thé electricfreesurfaceenergy(butof oppositesign)at the interface.

cAt an interfacebetweentwo phasesthere isalwayspresenta conditionof 1strain,duetounsaturationofpartial valenceforces. Apart of thisfreeenergy uof the surfacezonewillusually bemanifestedby thepresenceofan electrical
potentialdifférence.Thispotential arisesfromthéfact that, whena pairof
ions,oneplus,theotherminusin charge,are broughtinto the interfaceregion, ~1onewutnearlyalwaysshowa greater tendencyto lowerthefreeenergyofthe
surfacelayerthan theother and willthereforebeforeedinto that layerwith
moreforcethan itsmate. Wecan picturea conditionin whiehone ofa pair -1
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ofionswouldtend to lowerthe surfaceenergyto a largeextent, whereasits

matewould,ifbroughtintothe surfacelayer,causeanincreasein thesurface

energy. In sucha case,theformerwouldmoveinto the surfacelayer,while

the latter would not and, while the surfaceenergyas a wholewouldbe

lowered,a large electricalpotential différenceacrossthe phase boundary
wouldat the sametimebeformed.If both ionshadaboutthe sameeffectup-
onthé surfacefreeenergy,either to decreaseit or increasoit, they wouldbe

equallyattractedto orrepelledfromthe surfacelayerand no changewould

occurin the electricpotentialpresentthere.

Themagnitudeofthé f-potentialat an interface,therefore,doesnotneces-

sarilyparallelin value the adsorptioncapacityof that interface. It is only
onoof theformsinwhichfreesurface energymaybepresentand is,therefore,
nomoreimportantthan issurfacetension,or anyotherconditionofstrainin

whichthe surfaceenergymay be able to exist, in definingthe freeenergy
contentof the interfacephaseof a system. In orderto completelydefinethe

conditionsin the interface,the magnitudeof allformain whichsurfaceenergy
canexistmustbe determined. Adsorptionofsomesubstancemaytakeplace
to a largedegreewithoutappreciablyaltering the magnitudeof someforms

offreesurfaceenergy. Forexample,it is conceivablethat the freeenergyas

exhibitedby interfacialtensionmaybe Ioweredout of ail proportionto any

correspondingchangein the free surfaceenergyrepresentedby the electro-

Hnetiopotential. Othersubstancesmay affectall formsof the energywhen

theyareadsorbed. Somesubstancesmay be adsorbedto causea decreasein

the total freeenergyof the surfacelayer, but at the sametime increasethe

amountof freesurfaceenergyexistingin somepartieularform.

In the caseof thoriumchloride,wemay assumethat the total freesurface

energyisdecreasedwith inereasedconcentrations. Theelectricalfreeenergy
of the surfacelayer,however,is firstdecreasedto zeroand then increasedin

the oppositedirection, showingthat the thoriumion had been strongly
orientedtowardthesurfacelayerevenafter the chargehad beenreversedand,
whilethe total freesurfaceenergyis beingIoweredwith increasedconcentra-

tion,the electrioalfreesurfaceenergyis beingincreased. At stillhighercon-

centrationsof thorium chloride,it bas been foundthat thé ~-potentialis

loweredtowardzeroagainbythe increasedeffectthat the CI- ionbasat these

higherconcentrations.Thiseffectis connrmedby theearlierexperimentsof

Kruytl in the caseof Al+++and glass.

Conclusionand Summary

i. Seriesof ionsare shownto affectthe {'-potentialat an inert interface

(cellulose-water)in the ordersof their mobilities. Thesemobilitiesare in-

versemeasuresof the lyophility(medium-Ioving)capacitiesof thèseionsin

water. It is fromthis relativelyophilityof ionsfor the phasesof thesystem
in whichthey are distributedthat thé ~-potentialarises and it is in this

propertyof the ions that the lyotropiceffectof ionsbas its theoreticalfoun-

dation.
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a. TheeSeotthat a saltsolutionbas uponthe {'-potentitdisa funotion,
not atoneofthe ioncarryingthe oppositechargeto that of the coUoid,but of
all ionspresentin the systemand to whichthe interfaceis accessiMe.

3. The f-potential isehownto vary with the concentrationof the sa!t
solutionin the samemanneras the variationof the partialmoMfreeenergy
of a substancedissolvedin a solvent varieswith its concentrationin that

solvent,
c =*a e~

and0 =*e~~

bemgthe equationsdenningthese aimuarphenomena.
4. Théchangein thef-potentialwithionconcentrationis, in someoaaes

at least,secondaryto otherfreesurfaceenergychangesandnot, in itself, the
determiningfactor in the adsorptionphenomenon.



OXIDATIONOFFATS,NITROGENOUSSUBSTANCES,ANDTHEÏR

MIXTURESWITHCARBOHYDRATESBY AIR, ANDMETAB.

OLISMIN NORMALHEALTHANDDIABETES

DY C. C. PALIT AND N. B. DHAB

Inpreviouspapers'publishedfromthèselaboratories,wehaveinvestigated
the oxidationof carbohydratesby passingair under differentconditions.
Fromour researcheson thé oxidationof carbohydrates,wehavebeen able
to explainthe metabolismin differentformaofdiabetes,glycosuria,etc.

Wehave a!soprovedexperimentauythat uric acid oan be oxidisedby
passingair in presenceof dilute solutionsof caustic soda. Moreover,urio
acidbasbeenoxidisedinneutralsolutionsbypassingair inpresenceof forrous

hydroxide,manganouahydroxide,ceroushydroxide,cobaltoushydroxide,
nickeloushydroxide,cupnohydroxideand sodiumsulphite.

In this paper,we shallpresentthe experimentalresults obtainedin the
slowoxidationofothernitrogenousproducts,fats, and carbohydrates,either

occurringsinglyor as a mixtureof twoor threepf these substances. The

experimentalarrangementand the methodof estimation of varioussub-
stanceswerethesameasgivenin previouspapers.

Theexperimentalresultsgiven in Tables1and II showthat, inprésence
of causticsodaor sodiumbicarbonate,potassiumstearate andpotassium
oleateareappreciablyoxidisedby passingair at the ordinarytemperaturein
absenceof any oatatyst. Moreover,our experimentalresults showthat in

presenceof causticsoda,there is moreoxidationthan in presenceof sodium

bicarbonate. In presenceof the hydroxidesof the differentmetals, the
amountof oxidationof potassiumstearate andpotassiumoleateis increased
andtheorderoftheacoeleratingeffectisthefollowing:–

Ceroushydroxide) manganoushydroxide) uranous hydroxide,cupric

hydroxide,ferroushydroxide) nickeloushydroxide) ferriehydroxide) mer-

curiehydroxide,cobaltonshydroxide) leadhydroxide chromichydroxide
with potassiumstearateand uranous hydroxide) ceroushydroxide) mer-
curiehydroxide) ferroushydroxide) manganoushydroxide) ferriehydrox-

ide ) cupmchydroxide) chromichydroxide) leadhydroxide) nickeloushy-
droxide cobaltoushydroxidewithpotassiumoleate.

Withhippuricacidand glycine,we observefrom Tables VI-XHI, that

thèsesubstancescan beoxidisedby passingair at the ordinarytemperature
in presenceofalkaliand in presenceof differentreducingagents,theamount

of oxidationisincreased.

1J.Fhya.Chem.,29,976,799(tt~g);30,939(!9~6).
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TABLE1

PotassiumStearate

Estimation of potassiumstearate imprésence of freshlypreoipitatedhy.oroxtdesof diSoïentmetals, caustiosoda, sodiumbicarbonateor sodium
sulphite,in neutraland ai~Mmesolutions. The volumeof fat taken was
10c.e.and the volumesof differentsait solutions,eaohof ï.o% concentration
wereM M. in eaohcase. Thé hydroxideswerepreoipitatedfromthe satt
solutionsby the additionof the exact equivalent amountof caustic soda.
The volumeof air passedwas 60 litres in 9 hours.

8utetMM(frMMyVohuneofN/MVotumeofN/toAmountof Percentage
Meetpttatedhydrox-soduonthiosut-sodiumthiosul- fat oxidisedamount

-gg tdes,cfM~MM<b,phaterequired phaterequired intenoBofoffat
~.g sodmmbMMb<mate,foïtoc.o.of îoriodmeth- N/MM<Mum<Hddised
g g. ar sodiumsutpUte) iodinetncUoïideoMorideMtaftertMoa~phate

oxidiaed

usedasoatatystinthetakenwithtoo.o.theexperimentinc.o.
experiment offatafter2hm.mo.c.

(Bbak)~«MU~/

A.-Neutral Solutions
î Ferrous hydroxide i~.zo.c. ~7.9g g.y 63 8
aFerriohydroxide

1)
iy.6 6 ,“ ~g~6

3 Cerous hydroxide 18.3a 4.00 68.9g
4ChmouohydMxide iy.aa 3.0 Sï ?fi
5 Cobaltoushydroxide ~.44 g.sa 5~1x
6 Nickelous hydroxide î? ?fi < <5 60 <3
yLeadhydtoxide

SMercunchydroxide ty.~ < a e~i I
(wetHgO)

xide 17-4 3.2 55.1

9 Manganoughydroxide 18.0 3.88 65 s
loUra.noushydNxide 1~.9 ,y 638
iiC~pnohydroxtde 17.9 g~fi 63~88
12 Sodiumsulphite 15.0 0.8 13.?

(==o.isi3gnn.)
13 Sodiumbicarbonate i?~q. ~aa e<i I

(=ioc.e.ofi.o%8ol'n.)
ï4CfH!8tioaoda

of =.o%

17.7fi <<5 6o~3
(=ïoc.o.ofN/8sorn.)

~.––<MMMMtc OUtUMVtMt ~– 10 U.C. UI it/O J~aUIl/

iFerroushydroxide 14.20.0. 18.1r 3.88 6s s
2 Femc hydroxide iy.o9 ,y 7 ~g 8
3 Ceroushydroxide ig.~g 3 r
4 Chromic hydroxide iy.jj;5 3.33 ~g 8
5 Cobaltoushydroxide 17 6 344 s8 6
6 Nickelous hydroxide 18.0 388 65 s
7Leadhydtoxide 17.55 3.33 8
8 Meraunc hydroxide iy.88 <66 620

(wetHgO)
~Mamgftnouahydroxide 18.2 4.0 68.9

loU~noushydroxide 18.1a 30g 6y z
iiCuprichydroxide 18.00 3.88 65 s
12 Sodiumsulphite ig.i r 0.9 ~e 5

(=0.1513 grm.)
..>

B.-Alkaline Solutions(= 10o.c.ofN/8 NaOH)
1- .'1..

V-V O~

10c.c of IC!<+ Kl =3eo.0c.c.ofN/to Na~S~O,.)
Mc.c.ofpotassiumstearate+ 10c.o.10!~ 14.3c.c.ofN/io Na~S:0~.)
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TABLEII

PotassiumOleate

Estimationofpotassiumoleateinpresenceof (i) freshlyprecipitatedhydrox-
oxidesof differentmetals in neutral solutions,(ii) caustiosoda, sodiumbi-
carbonateandsodiumsulphite. Thevolumeoffat usedwas 10c.c.and the
volumesofdifferentsait solutions,eachof 1.0% concentration,were20o.c.
in eachcase.Thehydroxideswerepreoipitated from the sait solutionsby
the additionof thé exact equivalentamount of caustiosoda. The volume
of air passedwas60 liters in 9 hours. (10 c.o. IC~ + Kl 17.4c.c. of
N/toNa~S~O,.)

8ubetMce(frMUyVolumeof N/io Volumeof N/io Amountof Percentage
pïectpttstedhydtox-sodiumthioaul-sodiumthiosul- fatoxidisedamount

'g goxides,ea<Nticsoda,phatereqmted phaterequired mteroMof offat
sodiumbicarbonatefor toc.c.of foriodinetri- N/!osodiumoxidised

g~ orsodiomMtphite) iodmeMcbtorideoMondeMtafterthtOMlph&to
usedmtheexperi-takenwithtoc.o.theexperimentinc.o.

mentaseat~yst offatafterhm. inc.o.
(Blank)

Fromourexperimentairésultaon the oxidationof the mixtureofcarbo-

hydmtesandfatsas givenin TablesIII-V, XIV, XV,wefind that boththe

carbohydrtttesandfats are oxidisedby passingair at the ordinary tempera-
tureand thegreaterthe amountofalkali,the greateris theamount ofoxida-
tion. Moreover,wehave observedthat a mixture ofpotassiumstearateand

iFerrouahydroxîde 10.8c.c. 13.9 3.1I 47.0
a Ferriehydroxide ia.6 r.8 27.33

3 Ceroushydroxide 14.55 g.y7 56.x

4 Chromichydroxide 11.2a o 4 6.11

5 Cobdtouahydroxîde to.88 0.9 o.o

6 Nickeloushydroxide 10.99 o.iIL 1.5s

yLeadhydroxide 11.1 0.3 4.$5

8 Mercurichydroxide ï4.ix 3.3 50.0

(wetHgO)

o Manganoushydroxide 13.8 3.0 4~.44
10Uranoushydroxide is-o 4.2a 63.6
n Cuprichydroxide n.g5 o.y7 to.66

12 Sodiumsulphite 12.3g i.s5 22.?y

(=o.ïSï:gnN.)

13 Sodiumbicarbonate 11.0 1.11 16.66

(=io o.o.of 1.0%sot'n.)

14 Causticsoda 13.8 8 3.0 4~.44

(=ioo.c.ofN/8sol'n.)

10c.o.potasaiumoleate+10 c.c.ICt: sss10.8e.c.ofN/io Na!8:0!.
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differentearbohydratesor a mixtureof potassiumoleate and differentcar-
bohydratescan be oxidisedby passing air at the ordinary temperature,
though wehaveobservedthat solutionsof carbohydratescannotbeoxidised
in absenceofalkali by passingair. The oxidationof carbohydratesinpres-
enceof potassiumstearateorpotassiumoteatemust be due to the existence
of a smallquantity ofalkaliobtainedby the hydrotysisof potassiumstéarate
or potassiumoleate. It basatso been observedthat in presenceof ferrous
hydroxideorceroushydroxide,the amount ofoxidationofpotassiumstearate
or potassiumoleate and carbohydratesfroma mixtureof thesesubstancesis
greatly increased.

Fromourexperimentalresultsgiven in TablesXIVB and XIVC,wefind
that by passingair for 9 hours,the amount of oxidationof starch, cane
sugar,andglucoseandothersugarsfroma mixtureof eachof thèsesubstances
and potassiumstearate is thefoUowing:–

TABLEIII
Estimation of potassium oleate in presence of freshly preoipitated hydroxides
of different metals and glucose occurring together in neutral solutions. The
volume of air passed was 60 litres in 9 hours. (10 o.c. of IC!~ + Kl 17.4 c.c.
of N/ïo Na:S,Oa; 10 c.c. of potassium oleate 10.8 o.c. of N/to Na~StO,
and 10 e.c. of glucose =a ig.6 c.e. of N/ïo NaAO,)

Substance (freshly Votwme&fN/to Volume ofN/tO VolumeotN/toPereenta~e
S g'R'<y-

in
sodimathiosut- sodium thioaut- sodium tMosut-amount

'3 g Wtdea) used tn phate required phate required phate required offat
~g theex~nmentM for 10c.e. of fortoc.c.of for iodine tri. oxidised

eatalyst iodine tneMonde iodine trichloride oMonde left

,g taken withto c.c. taken with io ce. after the ex-
of fat after a hM. of glucose after periment in o.c.
(B!ank) ~hra. (Blank)

1 Ferrous hydroxide [o.Sc.c. 15 6 c.c. 10.5
z Ferrie hydroxide jo.e gg y
3 Cerous hydroxide ta. g go.o
4 Chromic hydroxide 93g 3.oo
5 Colbaltous hydroxide ç.o o~o
6 Nickeloushydroxide g.o o.o
? Mercurichydtoxide n g ~4 4

(wet HgO)
8 Manganous hydroxide n.66 ~0.33
9 Uranous hydroxide 12.7y 56.0

10c.c. potassium oteate + 10ce. ICI, io.8 c.c. of N/io Na;StOt.

Ulucose 9.5% Starch 4:. 3%
Canesugar 9. 1% Maltose 21.5%
Starch 21 Lactose 14.4%

Laevttioœ n.s%
Arabinose 3.5%

Canesugar 10.5%
Galactose M
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TABLEIV

PotassiumStéarate
Estimationof potassium stearate in presenceof (i) freshlypreoipitated
ferroushydroxide(=0.067~gnn.), glucoseor urea and (ii) freshlyprecipi-
tatedceroushydroxide(= o.ot6()grm.) occurringsinglyor as a mixtureof
twoor threeof thèse substances. The volumeof air passedwas60litres
in9hours. Thevolumeofeachof the solutionstakenwas10c.c.ineachcase.

~~i~~
et

is~siij~~ <>8
°°'3v.~ L î~i

°~

L
stancesumdin

2'1"

2tb~'a~
8'3.4> 8i~'1theexperi~nent w, ,Z

z

ascatalyet
1%.

.ô
°~ d°, â~ p

~}

ascatalyat
Omo

i 8 4> ~j ~QE9. °'~t~ :fQ
5'~o

~'S
ü

9 C) i5 a
O~. a,5

tj
il..

92~

V a6

~h! ? MM~:s.e~~ ~;S 2~~ ~;S~a 'S ~:s. 'a il~ Ç

A.–Neutra! Solution B.–A!kaiine Mution

(Alkali= roc.c.
ofN/8)

10c.a.of ICI, + Kl 20.0 c.e.of N/io NatStOt.

10c.e.of potassium stearate + 10 c.c. of 10~ 14.2 c.e. of N/io Na~StO}.

to e.c.of glucose+ to c.c. ICtt 15.6 c.c. of N/io NaiS~O:.
10c.e.of urea + 10 c.c. IC!t = ig.6 c.c. of N/io NaeS~Oj).
10C.C.ICI) + KI =E iy.~ c.e. 6f N/ï0 Nat StOt.

Ot~/t~

t Glucose 14.20.0. ig.ôc.c. 14.5 39.6 14.S 448
2 Urea 14.3 36.2 14.3 36.2
3 Ferroushy-

droxide 17.9 63.8 i8.t 65.5
4 Ferroushy-

droxideand
glucose 15.44 SS.ix

– –

5 Ferrous hy-
droxide and

andurea 15.ï 50.0 ijj.3 53.4
6 Fertoushy-

droxideand

glucoseand

urea 12.6 41.3 –

7 Cerous hydroxide 18.2z 68.9g 18.55 74.1x

8 Cerous hy-
`

droxideand

glucose 15.6 58.6
–

9 Cerous hydroxide
and urea 15.5 56.8 15.7 60.3

io Cerous hy-
droxide and

glucoseandurea" 12.88 44.88 –
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Whilst thé amount of oarbohydratesoxidisedin absenceof fat under
otherwisoidenticalconditionsins~hoursMthe following:-(VideTableIX A)

IV

Consequemttytheseresultsproveconclusivelythat the amount of oxidation
ofoarbohydrateaisgreatlydeoreasedbythe présenceof fats. Moreoverfrom
ourexperimentalresultsgiven inTables111-V,we note that the amountof
oxidationoffate ina definitetimeiagreatlyreducedbythe presenceofcarbo-
hydrates. Henceweare convincedthat the présence~f fat or oarbohydrate
whichis itselfundergoingoxidationretardsthe oxidationof the other. More-
overfromour expérimentâtresultsit willbe aeenthat in presenceof oarbo-

TABLEV

PotassiumOleate
Estimationof potassiumoleate in présenceof freshly precipitated ferrous
hydroxide(= 0.0674grm.)glucoseor ureaoccurringsinglyor as a mixture
of twoor three of thèse substances.The volumeof air passedwas 60litres
in 9hours. Thevolumeofeachofthesolutionstaken was10c.c.ineachcase.

io c.o.ot njtj, -<-Ki iy.6 c.c. ofN/ioN~StO~.
10c.o.potassiumote&te+ 10c.c.ICla 10.8c.o.of N/io NatSijOs.
ïo c.c.ofglucose+ 10c.c. IC!, sa 15.6c.o.ofN/zo Na~StO,.
10c.c.of urea + 10c.c. IClasas 1~.6c.c.of N/io Na:8:0<.
10c.c.of ICI, + Kl ss i~ c.o.ofN/!o N&tS,0,.

Substanceor V~ume~N/to VotumeofN/M VdumeofN/toPeteemtt~mixture of sub- sodiumttuorni- sodiumthiosul. sodiumthiosut- amount
-S! etMtCMusedm phaterequired phatetequired phaterequired offat

theexperunent forioc.o.of fortoc.o.of &)tiodinetn- oxidiaed
S.M<:ata!y9t

ent
todmetncMondeiodinetnoMondeoMondeteft

o~°diaed

;} taken withmo.c.takeawtthtoo.o. after the ex-
offataftershM. ofgtucoMofme&périmentmo.e.
(Blank) a{tW9hM.(B!<n!)tf~

i Glucose M.Sc.c. ig.ôc.o. 11.$ ~8
zUtea

37.8
3 Ferrous hydroxide i~.p9
4 Ferrous hydroxide

and glucose M. g ~y
5 Ferrous hydroxide

andurea
S ~y

6 Ferrou8 hydroxide
and glucose
and urea ~o 15.a

â. .i 7l"~t. -1- TIT r.. ¿: _c ~T m.t.

Glucose it.4% Starch 49
C<me8Ugaris.9% M&Itose 31i
Starch 30 Lactose 16.5%

Laevulose ty
Arabinose 4
Canesugarai z

Galactose ta
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hydrates or fats, thé oxidation of urea is appreoiablydeoreased. A!soin

presenceof urea theoxidationof fat or carbohydrateis alsoretarded. (Vide
Tables 111-V,XIV-XVI.) From our experimentalresults given in Table

XVI, it will be seenthat in présenceof a mixture of fat and carbohydrate,
urea ia motoxidisedat aU. This ie a very important point in understanding
the metabolismin théanimal body. In normalhealth, the heatand energy
ofthe bodyaresuppliedto the systemfromthe combustionofcarbohydrates,
fats, and proteins. Our experimentalrésulta prove conolusivelythat thé

oxidationof fats isretardedby carbohydratesand lesspowerfullybynitrogen-
ousproduots. It seemsfairly certainnowthat the presenceofeitheroneor

twoof the abovesubstanceswhichare undergoingoxidation,retards the oxi-

dationof the third. In presenceof an excessof fat, little proteinshouldbe

burnt. It is evidentthat fat in the diet wayavoidconsumptionof tissuefat

and prevent too largecatabolism of tissue proteins. The protein-spanng

qualitiesof fats andoarbohydrateswerediscoveredby someof the earliest

students of metabolismfrom feeding experimentsand it is believedthat

carbohydrateis themost efficientof the two in sparingthe proteins. It is

apparent, therefore,that our experimentalresults as recordedin this paper

TABLEVI

HippurioAcid

Estimationof hippurieaoid in présenceof (i) carbohydrates,(ii) urea, (iii)

fats, (iv) freshlyprecipitatedferrous hydroxide,and (v) sodiumsulphite,
in neutral solutions.The volumeof each of the solutionstaken was ioc.c.
and the amount of ferrous hydroxidewas 0.0674gram and of sodium

sulphitewas 0.1513grm. The volumeof air passedwas 36.5litres in s~
hours. The strengthofeachof the solutionsof oarbohydrates,urea and fats

was praotioaUy1.0%. (10 c.c. of potassium stearate 14.3o.o.of N/to
Na:StO<:10ce. ofpotassiumoleatess 10.8c.c. ofN/io Na:SiO<.)

SubstancetNed VotmneofN/to Volumeof N/to Amountof Perceatage
in théexpedmentoaustiosodam oatjatiesodain hipmmoaeid amountof
.g Mcatatyet c.c.requiredfor c.c.requiredfor ONdisedm hippurio

,o s 100.c.ofhip- hippuncae!d tennsofN/to acid
p<moaoidtaken loftafterthe OMNtiosoda oxidised

M (Btank)
i

experiment inc.o.

10ce.of hippurioaoid g.yc.o.of N/io NaOH.

ï c.c.ofN/io N&OHsol'n 0.0179gnn. ofhippuncacK:

1 Glucose 5.7 57 0.0 Nil

2 Laevulose

3 Lactose
n

4Caneaugar
»

SUre&
ôPotasstumsteartttf!! 3.9 i.88 31.6

7 Potassium oleate 3.0 2.7fi 47.3

8 Ferrous hydroxide 3.8 i.o9 33.3

oSodiumBulphite a.o9 2.88 49.11

(=0.15 ï3 gm.)
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haveadducedfor the nrsttimeevidenceinsupportof the foregoingempirical
observationsof the physiologistsand chemists. Moreover,our resultsshow
that the oxidationof hippurioaoidand glycineis considerabtyretardedby
the presenceofglucose,lactoseandlaevulose(VideTablesNos.VIand XII).

Influence(~a~a~–In allourexperiments,it willbeseenthat theamount
of oxidationoffata, carbohydrates,and nitrogenousproductsis greater,the
greater the amountof.alkali.In previouspapers,'wehaveemphasizedthat
alkali is benefieialfor diseaseslikediabetes,gout, béribéri,ricketsand other
types of metabolismdiseases,becausewehaveexperimentaUyprovedthat
oarbohydrates,fats and nitrogenousproductsare appreciablyoxidisedby
passingair inpresenceofsodiumbicarbonate.Thereis differenceofopinion
among the medicalmen about the efficiencyof alkali treatment. Thus
Fûrth~is definitelyagainstalkalitreatmentin gout as willbeseenfromthé
followingHnee:–

"The constanteffortto favourablyinfluencegout by fioodingthe body
with curativealkalinewaters is withoutthe least theoreticalfoundation."
Onthe otherhand Cushny~is infaveurofaMine treatmentas willbe evident

TABLEVII

HippurioAcid
Estimationofhippuricacidin presenceof (i) fat + urea, (ii)fat + glucose
and (ni) fat + glucose+ urea. Thevolumeof air passedwas36.5litersin
5~ hours.

SnbatanceausedinVo)t)toeofN/toVolumeof N/ioAmountof Peroentage
'3 theexperimentaa causticsodain causticsodain hipputicacid amountof
.g caMtyata e.c,requiredfor o.c.requitedtoroxtdNedini, hippurio
g S. !oc.o.ofhip- hippuncMid temmofto/NMtd

pm-teMtdtakenteftaftertho caaatMaodaoxidieed
(BtMtk) experiment inc.o.

T~Ma<M<

to c.c. <MpoMsstum stéarate == i~.a o.o. of N/!o Na~O~.
10 c.e. of potassium oteate 10.8 c.o. of N/to N~StOa.
10 c.c. of urea solution o. i gna. of urea.

ro c.c. of glucose solution == o.oo6a gram. of glucose.

1J. Phys. Chem. 29, 7g9 (tp25): 30,277 (i9s6).
~T~

"PharmMotogyaad Ther~peuHca",7<.hEditton,p. 545.

1 Potassium

stearateandurea 5.7 4.9 0.8 14.0
2 Potassiumo!eate

and urea ~yy ~o 5
3 Potassium stéarate

and glucose 4.8 0.9 is.S
4 Potassium oleate

and glucose 4.6 i.i 19.3
5 Potassium stearate

and glucose and urea s 3 0.4 y.oo
6 Potassium oleate

andgiucoseandurea $.1i 0.6 io.s5
to c.c. of potassium stéarate n.2 o.o.of N/10 N~a.0<.
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from thefollowingquotations:– "Whendiabetesinducesan increasedacid
formationin the tissuesas is ahnost invariablythe case in its later stages,
the alkalisareofundoubtedbenefitin noutratisingthé oxybutyricacidformed

and thuseconomisingthe alkalis of the blood. In diabeticcoma, tom-

poraryimprovementmaybeattained bytheusesof largedosesofalkalies."
VônNoordenwasalsoagreatadvocateofalkalinetreatmentindiabeticcoma.

Fromourexperimentalresults,it willbeseenthat uricacidandothersub-
stancescan bereadilyoxidisedby passingair in présenceofalkaliat the or-

dinary temperature. Heneeweare definitelyof opinionthat alkalinetreat-
ment shouldbeeScaciousin gout, diabetes,beri-beri,and othermetabolism

diseasea,becausein presenceofalkali, theamountofmetabolismis inereased.
In previouspapers,'wehâveenophasisedthat whenglucoseisnotoxidised

in the body,fats are likelyto be oxidisedrapidlynot to carbondioxideand

TABLEVIII

Urea

Estimationofureain presenceof freshlyprecipitatedhydroxidesofdifferent
metalsin neutral solutions. The volumeof urea used was to c.c.and the

volumesof differentsalt solutions,eachof 1.0%concentration,were20 c.c.
in eachcase. The hydroxideswere precipitatedfrom the sait solutionsby
the additionof the exactequivalent amountof atkaU. The volumeof air

passedwas36.5litres in hours.

Subatance(freaMyAmountofurea AmountofureaAmountofurMPercentage
preoipitated hy- in mm.into c.c. teftin gnn. oxidisedin amount

°.a dtoxtdeaorauï- ofthesotution aftertbeex- grm. ofurett
phite)usedas taken.(Blank) periment oxidisedx S pM<~)usedthe taken.(BIank) penment oxidised

g' catatyetinthe
experiment

i Cerous hydroxide 0.20 0.17 0.03 15.0o

9 Manganoushydroxide 0.1625 0.0375 18.75

3 Ferrous hydroxide 0.18 o.o: io.oo

4 Ferrie hydroxide 0.18 0.02 10.0

5 Uranoushydroxide 0.16 0.04 zo.o

6 Cbromichydroxide 0.1725 o.o:7S ~375

7 Cobaltoushydroxide o.18 o.o: to.o

8 Niokelous hydroxide 0.18 0.02 10.0

9 Mercunchydroxide 0.1625 0.0375 ~8.75

(wet HgO)

io Cupriehydroxide 0.165 0.035 "75

n Leadhydroxide 0.17 0.03 15.0

12 Sodiumsulphite 0.176 0.024 tz.o

(=10 c.c. of 1.0% sol'n.)

J. Phys. Chem., 29, 376 (!925), "Chemie der ZeUeund Gewebe," t2,2t7 (t92s); 13,
t!9(t9t6).
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waterbut to the stageof acétonebodiesandthat theoxidationof theglucose
leadsto the oompleteoxidationof the fate. Whenglucoseis not bumt ap-
preoiablyin thé bodyas happonsin the caseof severe diabètes,thé fats
andproteinshavetobeoxidisedfor the supplyofheat to the bodyand hence
in diabètes,fats andproteinshave to be burntmorereadilythan in normal
health. From ourexporimentalresults,it wiUbeseen that in thé presence
of carbohydrateswMohare undergoingoxidation,the velocityof oxidation
of fats Mgreatly deoreased.Henoem normalheaithand witha mixeddiet,
the easilyoxtdisabtecarbohydrateswMohhavebeenprovedtoaot asnegative
catalystsin the oxidationof fats, are necessaryfor the completeoxidation
of fatty food materiab,and the oxidationofboththe substancescango on

simultaneouslyandslowly. Whenthenegativecata!ysts,thé carbohydrates,
are not présent,theoxidationof fats prooeedarapidlyandthe endproducts

TABLEIX

Carbohydrate

Estimationof gtucose,cane sugar and starch in presenceof (i) ïo o.c. of
eauBtaosodacontaining0.0$grm.and (ii) io o.c.ofureaof 3.0%solution+
10o.c.of caustiosodaoontaining0.05grm. Volumeof air passedwas36.5
litres in 5~hours.

SubstmceActuaiMnountAmountofAmountof Percentagee

« a ueedia ofMbttanoesubstanceleft aubatMMeoxt-amountof
-.g theM. ingnn.into inam.after dhedinf~m.substMoe RemM'k9
,c g pemnentc.c.o!thesolu-theexperi-

dbedingrm.
oxidised

P~ks

B' tiontaken ment
M (BtMk

"Thèseresults hâvebeen taken from our previouspab!i<M~t~on~–Pâlit
and Dhar: J. Phys. Chem.,30,941 (1926).

~tMK
A Expenment

i Glucose 0.0962 0.0853 0.0109 11.4 performed
in t~jb~ine

3 Ctmesugar 0.0964 0.0839 o.oMg 12.9 solution

(=10 e.c. of

3 Starch 0.102~ 0.0717 o.ogio 30.0 N&OHcon-

taining o.og

grm.) and in

&bsence of

urea.

B

1 Glucose 0.0962 0.0807 0.0065 6.7 Experiment

performed

aCfmeaogar 0.0964 0.0935 0.0029 3.0 in presence
of urea under

3 Starch 0.1027 o.o7oz 0.0235 22.8 Identioal

conditions aa

above.

*T~nan rmn~~4a heon haan ~nLn~. Cw.m iamw 'h.'tI4~CS ft_1'IIIA"A_1).n1~
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TABMtX–Utett

Estimationof urea in presenceof freshlyprecipitated ferroushydroxide
(=0.06~4Krm.of Fe (OH):!)andexcessof alkali. The volumeof air passed
waa36.5litres in s) hoursand the volumeof urea solutionusedwas10c.o.
of2.o%strength.
a. ~r_v. u_ m

TABLEXI-Glycine
Estimationof glycinein presenceof (i) freshlyprecipitatedhydroxidesof
differentmetalsin neutralsolutionsand (ii) cauBticsoda,sodiumbicaj-bon-
ateand sodiumsulphite. The volumeof glycineused was 10c.o.and the
volumesof differentsait solutions,oachof 1.0% concentration,wore2oc.c.
ineaohcase. The hydroxideswerepreoipitatedfromthe salt solutionsby
theadditionof the exactequivalentamount of eaustic soda. Thé volume
of air passedwas 36.5litres in g~hours.

10c.c.ofglyciness ~.g o.c.of N/io NaOHEs 0.09975gnn. ofglycine.
i c.c.ofN/io NaOH o.ooyggnn.ofglycine.

of3.0%MMngth.

A~ diurne Amountof Amouatof Amountof Amountof Percent-
Maoïcausho MMUo9od&urMinpm. uK&Mtin ure~Mudisedâge
o.a ?o<MMdMaddedin~na.takenimoo.o.tp'm.aftertheingnn. amount
c8 mc.c. fortheMpt. oftheeotutionexpenment ofure~

(Bhmk) oxidised
1 OC.C. 0.0 0.20 O.lSoO 0.0200 10.0
2 too.c. 0.05 0.1750 o.oaso ïa.s
3 200.0. O.M 0.1675 0.033$ 16.3
4 400.0. 0.20 0.1625 0.037s iS.y
S 600.0. 0.30 o.ï6oo 0.0400 zo.o

TABLEXI–GIveme

of Mr passed was 36.5 litres in g~ hours.

Bub9tanM(fMsMyVolumeofN/M Vo!umeofN/M Amountof PweentMM
preoipitateâ hy- cauaticMthun oauatiosodam gtycinemd- tmountoî

.gdMXMes.ofHNtto o.o. requiredfor o.e.requitedfor d&edinterme gtyoine
<'.g 80~, eodimnM- MM.cfgtycine dyemeleft after of N/toeatMHoo~dMed
~ëowboMtemI- taken.(BEok) theMpo-iment Mdamo.o.

E'pMte)usedas
Mo&taiyetinthe

expefiment

i Ferrous hydroxide 13.30.0. 8.6 4.yy ~3 3
aCeroushydroxide 8.4 4.9g 36.88
3 MangMiottshydroxide p. 6 g. y ay.s8

4 Uranoua hydroxide ~.2a 4.~x 30.8g

SCobattoushydtoxide .n.6 i.y7 12.?y
6 Nickelous hydroxide 10.2a 3.1x ao
7 Lead hydroxide p.6 g.yr 27.88
8 Mercunchydroxide 9.4 g n 20 3

(wetHgO)

pChromichydtoxide 9.9 3.44 25.55
10 Ferrie hydroxide 0.55 3.88 28.55
ïiCupnchydroxtde s.s8 4.55 33.88
12 Cau8tM8oda(=ioo.o.cfN/8)" 9.3 4.0 30.0
13 Sodiumbicarbonate y.6 s.t7 42.11

(='ïo c.o. of ï.o% sol'n.)
14 Sodium sulphite 3.5 9.g

(='][oc.o.ofi.o%aorn.)

10c.c. of glycine ss 13.3o.c. of N/io NaOH o.ooo?': <am. of dveine.
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are not mainlycarbondioxideandwateras innormalhealthbutare~-hydroxy-
butyrio acid,diacetioacid,acetone,etc. The rapidoxidationof fats in tho
absenceofcarbohydratesleadsto the formationofacetonebodiesas willbe
apparent fromthefollowingfaots:–

(1) Ingestionof a largeamountoffatswithoutcarbohydratesorproteins
leads to théformationofacétonebodies.

(2) In etarvation,after a fewdays,acetonebodiesare generallyfound
in the urine.

It iswellknownthat byinjectionofinsulin,acétonebodiesdisappearfrom
the urineof the diabetio. This is due to the fact that by the presenceof in.
sulin, the glucosewhichwaspassingunoxidisedfromthé diabetiesystem,is
oxidisedandthe oxidationof thé glucoseleadsto themorecompletethough
more slowoxidationof fats.

Lusk,Landegrenand othera*provedthat the withdrawalofcarbohydrates
from foodincreasesthe proteinmetabolism.Moreover,it isweUknownthat
there is a considera.bletissuewaste in diabetes. Thèsefactsbecomeclear
from our experimentalresultsalreadyrecordedwhichprove that carbohy-
drates markedlyretard the oxidationofnitrogenouamatter.

Accordingto J. Bar,~simplewithdrawalof carbohydratesis followedin
normal humanbcingBaocustomedto a mixeddiet and atso in apesby an
acidosis,i.e.byanexecretionof acetone,diaceticacidand j~-oxybutyncacids
along withcoincidentincreasein the ammoniaelimination.

TABLEXII

Glycine
Estimation of glycinein presenceof (i) carbohydrates,(ii) urea and (iii)
fats in neutralsolutions.Thevolumeofeachofthesolutionstakenwas10c.c
and the volumeof air passedwas36.5litres in s~hours. The strengthof
each of the solutionsof carbohydrates,urea andfatswasabout10%(io c.c.
of glycine==13.3c.o.of N/io NaOH;M0.c.potassiumstéarate+ too.c.ICI,

ï4.a c.c.otN/ioNa~Oi) and 10c.c.potassiumoleate+ 10c.c.ICI, 5=
10.8 c.c.ofN/io Na~StO,.)

~.g
Substance uaed VotumeofN/to VotumeofN/to Amountof PercentMe

g mthe experiment cauatio soda in cauetiosoda in glycineoxidisedamount

e.g Meatatyst c.o. requiredfor e.c. requiredfor mtermaof ofdyciM
oS Mc.c.oftdydme~yoineteftattN' N/tocaustio oxSMed

'~°' taken. (Biank) the experiment sod~mc.o.

t Glucose 13.3 ~.o 0.3 z.a
z Galactose ta.y 0.6 44

3 Lactose 13.1 0.2 t.4
4. Laevulose 13.Q 0.4 3.0
5 Cane sugar 13.25 0.05 0.3
6 Urea

ta.5 o.8 6.0

7 Potassium stearate 7.33 6.o 44.3
8 Potassium oteate 8.2a 5.1x 3y.e5

1
Compas Lmk: "Science of Nutrition", p. 269 (t9t9).
Archiv. exp. Pathol., 54, t53 (!905).
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TABLEXIII
Glycine

Estimationofglycinein presenceof(i)fat + glucose(ii)fat + urea,(üi)fat.+

glucose+ ureaand (iv) extesBoffats. The volumeofair passedwas36.5
litres in s~bouts.

10c.o.potassiumstearate + 10c.e.ICI) 14.2c.c.of N/io Na~Ot.

io e.c.potassiumoleate+ 10c.c.ICI!ss 10.8c.c.of N/to N:StO<.

ïo c.c.of glycine=~ 13.3c.o.of N/io NaOHs= 0.09975grm.of glycine;
i c.c.of N/io NaOHEs=0.0075grm.glycine.

g Substancesueed VotumeofN/M VotumeofN/to Amountof Percentage
'g in the experiment caustiosoda in oaustio soda in g!ycine oxi- amount

o'g aacataïyat. o.e.requiredfor o.c.requiredfor dised in terme ofgtyoine
z g. toe.c.oftdyoine glyoineleftafter ofN/tocauatiooxtdMed

taken. (BtMk) theexperiment eod~inc-o.

i Potassium stearate

and glucose 13.3 9.8 3.5 z6.3

a Potassium stearate

andurea 10.2 3.1 23.3

3 Potassium oleate

and glucose M.i x 2.2a i6.s5

4 Potassium oleate

and urea 12.0 o 1.33 9.77

5 Potassium stearate

and glucose and urea n.s 5 ï.88 13.55

6 Potassium oleate and

glucose and urea t2.88 o.g5 3.99

7 Glucose and urea 13.3 0.0 0.0

8 Excessofpotassiutnstearate

(20 c.c.) and glucose 6.5 6.8 51.1i

9 Excess of potassium oleate

(20 c.e.) and glucose 6.3 7.0 59.6

to Excessof potassium steamte

(20 c.c.) andurea 9.7 3.6 zy.o

11 Excess of potassium oleate

(aoc.o.) andurea 9.4 3.9 29.3
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Estimationofoarbohydratesin presenceof fats. The volumeof air passed
was60titresin 9 hours. Thevolumeof fat takenwas zo 0.0.in each case.

:o o.c.of potassiumstéaratesa 14.2o.o. of N/to Na~SeOs;10c.o. of pot.
oleate 10.8o.o.ofN/zoNa<~0e.

.s SubstanceAotua!amountAmountof Amoaatof PereentaM Rem&tkt
~Sasedin oïeubstanee ofeubstanee ofaubstaace amountof
".3 thé expert-ingnn.ia teftingnn. oiddieedin substance

ment to o.c.ofthe afterthé ex- pM. oxidised
B* solutiontaken périment
a (Bhmk)

A. i Arabinosû o.ïooo 0.09~4 o.ooitë 3.6 Experiment

a Galactose 0.0861 0.0788 0.0073 8.5 performed

3 Glucose 0.0969 0.0906 0.0056 5.8 in presence

4 Laevabse 0.0918$ 0.0904 o.oot4! ï.s of potassium

5 Lactose 0.0997 0.0859 0.0138 13.8 stearate

6 Caneaugar 0.0964 0.0896 0.0068 7.0 (*=ïoc.c.)in

7 Maltose 0.1097 0.0889 o.ozo8 18.9 neutral

8 Stareh o.M27 0.0823 0.0204 ï9.9 solutions.

B. i Arabinose 0.1000 0.0899 o.oioi 10. t Experiment

a Galactose o.o861 0.0756 0.0105 ïs.a performed

3 Glucose 0.0963 o.o866 0.0093 9.s in presence

4 Laevulose 0.09185 0.0723 o.ot9s 21.2 of potas-

5 Lactose 0.0997 0.0786 o.oaii 21.3 sium stear-

6 Cane sugar 0.0964 0.0876 0.0088 9.1i ate (=10

7 Maltose 0.1097 0.0839 0.0268 34.4 c.o.) in al-

8 Starch 0.1027 o.o8n 0.0316 2i.o kaline solu-

tions. The

C.iArabiaosc 0.1000 0.0965 0.0035 3.5 Experiment

3 Galactose o.o86ï 0.0774 0.0087 10.0 performed

3 Glucose 0.0963 o.o88o 0.0076 7.9 inpteaence

4 Laevulose 0.09185 0.08135 o.oio6 it.5 of potas-

5 Lactose 0.0997 0.0853 0.0144 14.4 sium stear-

6 Canesugar 0.0964 o.o863 0.0103 10.5 ate(=* 10

7 Maltose 0.1097 o.o86ï 0.0236 3i.s5 c.c.)+fer-

8 Starch 0.1037 o.o6o3 0.0435 41.3 roua hy-
droxide

TABM!XIV

Carbohydrates

volume of

alkali used

'sioc.o.of

N/8 NaOB;.

(=0.0674

gnn.of

Fe(OH)!.) in

neutral so-

lutions.
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TABLEXIV(Continued)

<* SubstanceAetuatamountAmountof Amountof Percentage Remarks
g <Medin ofsubstance substanceleft substanceoxi- amountof

'g theexped.ingrm.in tnKnn.aftw dfsedingrm. substance
ment 'o M' of the theexperiment oxidised

solutiontaken
H (BtMk)

D. i Arabinose 0.1000 o.o~i 0.0039 3.9 Experimentper-
9 Galactose 0.0861 o.oSao 0.0041 4.y formedinpres-

3 Glucose 0.0969 0.0916 0.0046 4.8 enceofpotaa-

4Laovutose 0.09185 0.0872$ 0.0065 y.i1 sium stearate

S Lactose 0.0907 o.o888 0.0109 10.9 ('=ioc.c) +fer-

6 Cane augar 0.0964 0.0956 0.0008 0.8 rous hydroxide

7 Maltose 0.1097 0.0973 0.0124 11.3 (=o.o674grm.
8Staroh 0.1027y 0.0642 0.038$ 37.5 ofFe(QH)e)+

urea (=10 o.e.

of 1.0% solu-

tion)in neutral

SoluttODS.

E. i Arabinose 0.1000 0.0198 o.o8oz 80.9 Expenmentper-
2 Galactose 0.0861 0.0129 0.0739 85.8 formed in pres-

3 Glucose 0.0962 0.0098 0.0864 89.7 enoeofpotas-

4 Laevulose 0.09185 0.01395 0.0779 84.8 sium oleate

5 Lactose 0.0997 0.0813 o.ot84 ï8.4 (=!oc.c.)+fer-

6Canesugar 0.0964 0.0795 0.0169 17.5 roushydroxide

7Maltose 0.1097 0.0617 0.0480 43.7y (==0.0674grm.
8Starch 0.1027 0.0270 0.0757 73.7 ofFe(OH)~)in

neutral sotu-

tions

F. i Arabinose 0.1000 o.looo o.oooo Nil Expenmentper-
a Galactose 0.0861 0.0861 o.oooo Nil formed in pres-

3 Glucose 0.0962 0.0962 o.oooo Nil enceofpotas-

4 Laevalose 0.09185 0.0918 o.oooo Nil siumoleate

5 Lactose 0.0997 0.0977 0.0020 2.0 ('=ioc.o.)+

6 Cane sugar 0.0964 0.0963 o.oooï Nil ferroushydrox-

7 Maltose 0.1097 0.1020 0.0077 7.0 ide (=0.0674
8Starch o.ioay 0.0784 0.0243 23.7y gnn.ofFe

(OH),) + urea

(=' IOC.C.of

1.0% solution)
in neutral so-

lutions.
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TABLEXV
Glucose

Estimationofglucoseinpresenceofpotassiumoleateandfreshlyprecipitated
hydroxidesof differentmetals. The volumeof potassiumoleateusedwas
10c.o. and the volumesof differentsalt solutionsusedwere 20c.o.in each
case. The hydroxideswerepreoipatedfromthe saitsolutionsby the addi-
tion of the exact equivalentamountof causticsoda. The volumeof air
passedwas60litres in 9 hours. (10c.o.of Pot. oteate ïo.8 c.o.of N/io
N~StO,).

Substance Amountof Amountof Amountof PercentMe Remarks
-a S (f~ ~(~iopm.~co~Mtin ~ueMeoxi- amountof
°Q S~

"c.c.ofthegfm.afterthe dMedingna..tducoMoxi-
.cg dMades) solutiontaken experiment dised

& tMedmthee (Btank)
experiment

(Bluk)

ascatatyat
i Cerous

hydroxide o.o962 0.0764 0.0198 20.6 Experiment
a Cobattous

performed
hydroxide 0.0519 0.0443 46.0 in presence

3 Ferrous ~g~y
hydroxide 0.0098 0.0864 89.77 precipitated

~c
hydroxides

hydroxide 0.0344 o.o6t8 64.2a of different
5 Manganous metals,

hydroxide 0.0604 0.0358 37.2 potassium
6 Mercuric oleate and

hydroxide 0.0362 o.o6oo 62.44 glucose in
(wet HgO) neutral so-

7 Nickeious lutions. The
hydroxide o.o46ï 0.0501 52.0 strength of

8 Uranous Salt solu-
hydroxide 0.0503 0.0459 47.7 tions used

was 1.0% in

each case.
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TABLEXVI

Urea

Estimationof urea in presenceof mixturesof freshlyprecipitatedferrous

hydroxide(= 0.0674grm.)andcarbohydratesandpotassiumoleateinneutral

solutions. Thevolumeofair passedwas60litresin 9 hours. Thévolumeof

eachsolutiontakenwas!o c.c. ineachcase. (io c.o.ofpotassiumoleate+
to e.c.of10!:Es to. 8 e.c.ofN/io Na~SiO}.)

Strengthofcarbohydratesolutionswasabout1.0%.

It is generaUybelievedby physiologiststhat carbohydratesare oxidised

in the animaleconomymost readilybutourexperimentalresuttsshowthat

fats are a!soreadilyoxidised.
In a previouspaper,~we baveexplainedthat gtycosuriainducedby the

intake ofphosphorus,arsenic,or pMorhizinor ether, is reallydue to thede-

creasein thé velocityof oxidationof carbohydratesby the presenceof the

above reducingagents. As soon as the oxidationof carbohydratesis de-

creasedbythepresenceofreducingagentsUkephosphorus,arsenic,phlorhizin
or ether, etc.,g!ycosunasets in andwhenglucoseescapesunburnt fromthe

system,the retardationof the oxidationof the fats and proteinsdueto the

oxidationof glucosecannot take placeandthus weget addosisin aUthese

cases.
In thesamepaper,it wasshownthat smallquantitiesofalcoholmightbe

usefuiin decreasingacidosisin diabetes,becausealooholbeinga substance

whichis readilyoxidisedcan retard theoxidationof fats and thus maylead

to the morecompletebut slowoxidationof fats. Xylose,gluconicacid,

propionicacid, citric acid, glutaminieacid, glutarieacid, etc., bave been

foundto decreaseacidosisand formationofacetonebodiesin diabetes. We

are of opinionthat the actionof thèsesubstancesissimilarto that ofalcohol

as they are all reducingagentsandare likelyto reducethe velocityof the

oxidationof fatsand henceare likelyto actas anti-ketogenicsubstancesby

checkingthe formationofacetonebodies.

1"Chem!ederZeMeundGewebe",13,tig (!9:6).

t~
Substance Amountof Amountof Amountof Percentage

M used as urea lu grm. ureaMt m urea oxidised amount

'S g cataiyst in in to c.o. of the grm. after the in grm. of urea

oEtheexpenment solution taken. experiment oxidieed
S. (Btank)

ï Arabinose 0.20 0.19 o.oi 5.o

2 Galactose 0.19 o.oi

3 Glucose 0.19 o.oi

4 Laevulose 0.20 o.o Nil

5 Lactose

6 Cane sugar

y Maltose
ip

8 Starch
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We are trying to obtain quantitativeand comparativeresults on the
velocityof oxidationof fats, proteins,and oarbohydratesby air and thus
establishdefinitelywhetherfats or carbohydratesareoxidisedmore readily
in the system.

Summaryand Conclusions
(ï) Experimentalresults showthat nitrogenoussubstanceslike urea,

hippurioacid,andglycineeanbeoxidisedbyairat theordinarytemperature
inpresenceofreducingagents. In presenceofalkali,hippurioacidand glycine
canbe oxidisedevenin the absenceofa catalystand thegreaterthe amount
of alkali,the greateris the amountofoxidation.

(a) Experimentalrésultahavebeenobtainedshowingthat inpresenceof
causticsodaorsodiumbicarbonate,potassiumstearateand potassiumoleate
have beenoxidised. The amountof oxidationis inoreasedin presence of
differentmetallichydroxides.

(3) Fromamixtureofcarbohydrates,andpotassiumstearatoorpotassium
oleate, both the carbohydratesand fata are oxidisedby passingair at the
ordinarytemperatureandin presenceof caustioalkaliorsodiumbicarbonate,
the amountof oxidationis increasedand the greater the amountof alkali,
the greater is the amountofoxidation. In présenceofferroushydroxideor
ceroushydroxide,the amountof oxidationof fats and oarbohydratesis in-
oreasedfroma mixture.

(4) The experimentalresults conotusivelyprovo that the amount of
oxidationof carbohydratesis greatly decreasedby the presenceof fats.
Alaothe oxidationoffats is reducedbythe presenceofcarbohydrates. More-
over,in presenceofcarbohydratesor fats the oxidationofurea, hippurioacid
and glycineis appreciablydecreased. In presenceof urea,the oxidationof
fat or carbohydrateisa!soretarded.

(5) Theseexperimentalresultshave thrown considérablelight on the
metabolismin the anima!bodyin normalhealthand indiabetes.

(6) We are of opinionthat alkalinotreatment shouldproveeScacious
in gout, diabètes,beri-beri,ricketsand othermetabolismdiseases,because
in présenceof evensodiumbicarbonate,the amount of oxidationof fats,
carbohydrates,and nitrogenoussubstancesis greatlyincreased.

CA~t~~Depertwttnt,
!7<t<M)~t<N~BeAato~,
~Mt~M~.o~Auahabad,
Affla

ndia.



THE STRUCTURE0F WATER

BT8.W.MBNNYCUICK

In récentyef~rsattentionbasbeenrecaUedto thé proMemofvalenceand
coordinationnumbers,and it is generaiiyacceptedthat (withveryfewex-

ceptons) eaohélémentoanexercise,anddoesexercise,valenceforcesin ex-
eessof that fixednumberwMchhad for somanyyeambeenassignedto it.
Théoxygenatompossesses(andexercises)a veryactiveauxiliaryvalenceand
formanumerousmo!ecu!areompounds,sometimesreferredto as oxonium

oompounds,in whichthé oxygenatom canshowa maximumco-ordination
numberof 4. Theévidenceinfavourofa strongresidualoxygenfieldis now

quite extensive.' Further, hydrogenbas a co-ordinationnumber2,' and
thereforeinmanyof its eompoundsit canstillexertanattractiononthe lone
électronpairs of other éléments. Thé evidencefor thé existenceof thèse
moleculareompoundsis a!sovery extensive.' Thé aimp!estcompoundof
thèsetwo élémentsis H-O-H,andthis paperconcemsitsetflargelywiththe

simpleexplanationof variousphenomenathat foUowfrom the assumption
that the auxiliaryvalencefieldsofboth hydrogenandoxygenin the water
moleculeare not onlyvery active,but alsohavea strongattractionfor one
another.

The Structureof the WaterMotecole

The numerousuniquepropertiesof water,–thé highdietectricconstant,
thé solventactivity,thé remarkaMeandgénéralcatalyticactivity,and even
thé physiologicalimportance–mustnnallybe tracedto the structureof the
individualmoleculeitself,andan examinationshowsthat this structureis in
mostrespectsunique. In thénrstplacethemoléculeispolarandis therefore

unsymmetricat,and as them nowseemsto be little doubtthat the saturated
oxygenatom possessestetrahedralstructure',the watermoléculeis most

satisfactoriîyrepresentedby thé tetrahedronin Fig. i, wherethe électrons
arc inpairsat tetrahedroncorners.*(Théoxygennucleuswithits twohenum

SeeoMeayNMnet:Compt.rend.,M,381,675(t86o).Friede!:But! (2)24 !66, ~tt
(tSys);HMttMoh:Z.phyaBc.Chem.,6t,!57(t907);6S,~t (t9o8),Homftw:J.Chem.Soc.,
87,t443(t9os),Irv!neandMoodie:J. Chem.Soc..M,1578(!9<)6);Mk andNehon:
J.Am.Chem.Soo.,37,tMz(ï9ts);KmdaMandBoom:38,t7!a (t9!6);'hcheHMefr:
BuU.,(4)3S,741(t<~4),37,t8t (tg~s);Moq~nandSmith:J. Chem.Soc.,tK, t997
(t9:4);Hcard:Helv.Chun.Aeta~7,800(1924);SidpnckandCattow:J. Chem.Soc.,
12S,5~7(1924);127,908(t9:s).

Sidgwiok:J.Chem.800.,123,7a6(t9~);'R'am.FaradaySoe.,M,n, 469(t9:3).
SeeeMe9yLowry:J. Soo.Chem.Ind.,42,43(tM});LowryandBurgeas:J. Cnem.

8oc.,123,at!t(M23);LowryandCutter:125,1466(t924),MotganandSmith:J. Chem.
Soc.,12S,ï997,Sidt~ickandco-workers:527(t924);G.N. Lewie;"Vatence";Wemer:
"NewIdeasmInorganioChemiatry".

<Hcard:Helv.Chim.Aottt,7,800(!Q:4);MainSmith:"ChemietryandAtomicStruc-
ture".

HugginB:Fhys.Rev.,(2)27,a8t(t9a6).
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electronsis omitted). ThesimpHoityof the total eteotrooicstructurein this
moleoulemust beemphasised,forlikethé CH. moloauleit poMes~sonly the
two olosedaheUsof noonwitha total of to electronil. This simplioityof
structure,in co~uacttonwiththe foregoing,aUowaus toassumethat aUthe
auxtihu-yvalenceeffeotsare duedtrectiyto the two loneoxygenpairs or to
the bivalenceof the.hydrogennuclei,thé two hetiumeleotronsin the inner
shellhavinga veryminimumofdisturbingaction. Thepolarityof thé !oo!e-
cule is obviousfromthe structureabove,and hencewatercan attach itself.r.

tM*«ft~MttcttKtct~tu tnutCHimeM
toothermolecules,as experimeotindicates,either
throughitaownM~a~~epairs,or throughits own
p<M!<whydrogennuolei,whichaccountsfor the
"positiveandnegative"aSaity of thewatermole.
ea!easoutlinedbyBnggs.' Further,the molecular
volumeof the watermoleculéis relativelysmall
(acoordingto FraenkeP,the diameteris i.yX10-~
cm.),andas there are four activepointsofauxit-
iatyattaok,it is not surprismgthat the mo!eou!ett. .t~ tw t<j Muo outjptMm<t; ttuttt Mtc moiecme

showssuch great aetivity. Numeroussimpleindications,suchas the great
dMMtyexperiencedinremovingthelast traceaofwaterfromasubstance,and
the remarkaNeeata!ytiopropertiesof tracesofwatervapour,pointto the fact
that the atomein the H-O-Hmoleculeare in especiatlyfavourablepositions
to usetheir auxiliary6e!d9. Théohatacteriatiopeouliaritiesofthe structure
outlinedabovewillbe ahownto be quitesuScient to acoountfor variousof
the uniquepropertiesof thiscompound.

TheStructureoi Ice
TheX-ray anatysiaof icesupportaBmgg'sview~that eachoxygenatom

is surroundedby four atomsofhydrogen,and that eachhydrogenatom lies
symmetricallybetweentwoatomsof oxygen. Thus m the icecrystal each
oxygenatom is exertingits maximumco-vabncoof four,and eaohhydrogen
atom itsmaximumof two,or,whatis thesamething, eaohwatermoleculeis
completelyutuisingits fourauxiliarybonds. It is signiScant(fromthe point
of viewof the tetrahedratwatermolécule)that the crystalstructureof ice is
directtycomparablewith that of the diamond. In fact thé formercan be
obtainedfrom the latter by replaeingeach carbonby an oxygenatom, in-
sertinga hydrogennuc!easbetweeneachpairofoxygenatoms,andmakinga
verysimpleparallelplansrsMft(Figs.aAandaB). Just asthe carbonatomsin
diamondmaybesaidtoformhexagonal,sixcarbonrings,sothe oxygenatoms
in ice form hexagonalsixoxygenrings,but with an alternatinghydrogen
nucleus. Ice thusfonnsa networkin threedimensionsofH-O-Hrings,each
containingsixH-0-H molecules.It isquite probable(Bragg)that insucha
structurethe primarybondsareofthe samestrength as the secondaryand
that thereforethe wholeis symmetrical.It is importantto stressthe sim.

1J.Chem.Soc.,M,~564(t~oS);US,ays(t~).
J.Rusa.Phys.Chem.Sce.,49,87M,5,(t~is).
Rreo.Fhye.Soe.London,34,98(t~a).
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1 FN.aA

Fig. aA ie a photograph of a mode! of thé diamond ctyetat, ahewiNg each carbon atom M
a tetMhedMB with a vatence of four. Thé Sg.ore shows thé 6 cafboo (bettMne) ring fonaa.
tten. The top layer of atome ia identieat tn& and mperposaMe on, thé bottom layer,
i.e. thé Btruetore repeats itaeif evmy fourth hyer.

Ft0.atB

Fig. sB ia a photograph of a mode!of the iceoryeM Mter Bragg). The tetrahedM rep-
resent the oxygen atome with a saturated co-eMe of 4, amd tm interlying dark b&Ba
MptMMttthehydrogen tttonM(or nuctei)with a a&tumtedco-vatenceof a. The structure
Meven more regutar thm that of thé diamond, and&eboftt-sh&ped (benMne) rings,here
contMning6 oxygenatome,stand out. The top layer ofatoms N!demttcatwith, andmper-
pOMbteon, the bottom layer, and thé etraeture repeatatteetî every third layer.
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plieityof this structure,and to emphaaaeagainthat thé <w~bondsbetween
the moleeuteaappear to be the activeauxitittrybonds with whichH-0-H
formsits nu~erousco-v<dentcompounds,Ifthèsebe the onlybondsbetween
the moleculesin thesolidst~te,then weeanhaveoo reasonforasauntingthat
the K?!ttdmoleculesareheldby other than thesameco-va!entbonds. (For,
speakinggenerally,we ahouldexpect that knownauxiliarybondsplay an
importantpart in liquidstructure,but that in the caseof soUdsowingto the
decreasedmolecularenergy,quitenewbondsduotoouter electronictearrange.

montamightcomeinto action. In the structureof ice thereis ao évidenceof
such new bonds,and hencethere ia no needto présupposesuohin water
structure). It basbee~suggested'that theassociationof meboulesm liquid
H-O-H is due to the partioularsecondarybondaunder discussion.But in
viewof the foregoingis <jtereany necesaityto imaginethe existencepf any
other formof bondbetweenthewatermoleculesin ~eKero~?It ieatte~pted
in thispaper to showthat the variouspropertiesofwatercan beexplainedon
the asaumptionthat.the moléculesare heldto~ethersolelythrough<)heat-
traetioNsbetweenthe hydrogennucleiand theoxygenloneelectronp~irs.

TheCondMsaNonofH-O-HMolecules
Whena gaseousH-O-H moleculeat condensationtempératureenterathe

auxiliaryfieldofa second,thenassumingthe tetrahedralstructure, combina-
tion cantake placeat the apicesof the tetrahedraconcerned.The(H-O-H):
moiecuieso formedcould existas one of the structures ahownin Fig. 3.
The structuresBandC requirean approachofthe oxygennuclei,andgeneral
chemicalevidenceshowssuchto be rare evenin the caseof strongprimary
fields. It is thereforeprobablethat structureA moreaccuratelyrepresents
the facts (Picard). Owingto the simpleand symmetricalstructureof the
molécule(twohydrogennucleiand twolonepairs),the typesofdoublemole-

Latime)-andRodebuah:J.Am.Chem.Soc.,42,i~t (tt~o).
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calesAareatnotly limited,forwheneveronemoléculeunitéswith a second

the modeofunionisalwaysofthesameform,namelythe Uakingofa hydrogen
nuoleuswithan oxygenlonepair. Thisunioniaaocompaniedbysomeenergy
manifestationdue to a changein the etect)'onioorbite at the junotion and

probablyat otherpointsin themoteoute,the totaleffectbeingthelatent heat.

Now,when onopolarmoleoulecombineswith a secondthe compound
moléculeismorepolarstill,as isevidentfromFig.4. Or, morepartioularly,
whenonewatermoleculeattractsandhoidsthehydrogennucleusofa second,

ita attractiononits ownhydrogennuoteiis lessened.We oanthus represent
the polar (H-O-H);molecule,in twodimensionalnotation,as

+
H :0: H:0

+ H H

TMs moléculebas two activehydrogennucleiand two activeoxygenlone

pairs,andintMsrespectstrangelyreBernbleBthesinglewatermolécule. (The
third hydrogennucleusand the thirde!ectmnpair are probablylessactive.

Suchamolecularactivationon combinationthroughauxiliarybonds,seems

to bequitea generalphenomenon.Forexamplewatervapouractscatalytic-
a!lyby "openingup" the residuaifieldsof oneor both of twostable mo!e-

outes. In the caseof NHa+ HCI,the actionmayfollowtheselines,

+

(i). HCt+H,0?±H:Ct:H:0:-

H

The HC1moléculeis nowmorepolarand suSIcientlyactive to attaoh itself
to the NHt lonepairs,as in

H

(a). NHa + HC!<HeO~±H N H:Ct H 0

H "H

and nnàuy,

H

(3). H :N H Ct H:0 :~± NH<Ct+ H:0

H "H

Or again,whena gaseousH-0-H moleculeiscapturedthroughits auxiuary
fieldby someforeignsurface,its exposedfieldisnow moreactivethan thé

normal,andfurther as it hassurrenderedsomeof its kinetioenergy,it now
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aotsas an emcientcondensingagenttowardsotherwatermolecules;hencethe
condensationofwatervapouron nuclei. It may aisobe oonoludedthat the
strong attraction which existabetweenwater and ahnost all substances,
oausingwaterto beclassed~as "a spécialcontamination"whiohiscompletely
removableonlywithverygréâtdMnoulty,is due primarilyto thé wateritself,
for in additionto the tact that the latter has suoh strong auxiliaryfields,
theseactivefieldsareboth "positive"and "négative" andcanthus neutralise
practioallyanyforeignfield.

The StfaetureofWater
Whena thirdmoleouleof waterapproachesan H-O-Hpair it addson

througha hydrogennucleusor a loneelectron pair in the foregoingway.
Hencewe get (H-O-H),and then (H-0-H)<and so on. Thèsetend to form
polarohainsas below

:0:H :0 :H :0:H :0 :H :0 :H :0:H~

H H H H H H

Althoughthe endmoleculesof the chainare the most active,the interlying
moleculesarenotwhollyinactive,andthe lessertendencytowardsthefonna-
tionofsidechainsplaysan importantpart in determiningthé mobilityofthe
liquid. (In the solidstate the growthof the side chainsis of fundamental
importanceandgivesthe systema definitestructure). So far as weknow,
theindividualmoleculesin the liquidatatepossessestransiationa!,vibrational,
anda certainamountof rotationalenergy.The total molecularenergy,Bmits
the lengthof thepolarohainsand oontinuallybreaks the longeronesat the
weakerlinks. But there isanotherfaotorinnueneingthe sizeofthèsechains.
Thetwodimensionalregularityin theaboveSgure is diagrammaticonly,the
actualchainswillbe irreguïarand distortedbecauseof tetrahedralstructure,
and if the endsofa chaincombineor neutraliseone anotherthe resulting
closedchainor nng willbe relativelyinactive. Variousconsidérationslead
usto believethat suchclosedchainsplaya very importantpart in the struc-
tureofwater.

Thehexagonalstructureof the ieeorystal together with the tetrahedral
structureof thewatermolecule,pointdefinitelyto the conclusionthat if such
stableringsareformedin water,theymustcontainsixoxygennuoleiandhe
representedbyFig.~A. Suchan (H-O-H),ring bearsa striMngresemblance
to the inactivebenzenering, particularlywhen it is kept in mindthat the
alternatinghydrogenin the formerringis quite inactive (co-vatencea), and
probablyoceupiesa smaBvolume.

Nowthe generalevidencepointeundoûbiedtytp'the associationof the
watermolecule,and, in Trans. FaradaySoc,/6, 71 (1010),it is conoiuded
after some exhaustivediscussion,that water consistaof some(H-0-H)a
("iee")molecules,a largepereentageof(H-O-H), molecules,andsomesingle
molécules;andsomesuchideais generallyacceptedat the presentday. The

Smite:"TheotyofAllotropy"(t~a).
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structureof iceshowshowever,that the term icemoleeulehas no meaning,

but that if therb any unit of compoundmolecularstructure in the ioe

crystalthat unit is not thé (H-0-H)amoleculebut thé(H-O-H),.
It mustbe herestressedthat whilevariousmethodsdependingonvana-

tioMinthe surfacetension,in théboiling-point,in the latentheat, in the vis-

coaity,in the cohesion,andin otherphysicalproperties,all agreethat water

(amongother liquids)iaabnonnalaad that the abnormaKtycanalwaysbe

explainedby someformofassociation;thevalueof thedegreeof association

is quiteanothermatter. In factall of the knownmethodsgiveassociation

valueswhichare opento seriousquestion. Theirmeritsand demeritshave

Fms.sAandgB

oftenbeendiseussed,andare reviewedbyTyrer~. Tyrerconcludesthat none

oftheusualmethodsissumcienttytheoretioallysoundtogivea reliablevalue

for the associationfactor. Hea!soshowsthat a newboiling-pointequation

whichhe developesgivesthe associationfactorof waterthroughoutits bulk

(notat the surfaceonly)ashavinga minimumvalueofsix. It wouldbe well

at thisstage to ask the question,"What do wereaUyunderstandby liquid

association?" A little considerationshowsthat the idea is far from self

évident. For instanceall liquidsmust be associatedin a generalsenséby

virtueof their beingliquida,forin au liquidsthere mustbe attractionsbe-

tweonthe moleculesandhencea statisticalassociation.Smitasubmitsvery

definiteevidencethat complexityin the liquidstate isa "perfeotlygeneral"

phenomenon,and the evidenceindicatesthat even in the so-oallednormal

liquide,suchasbenzene,thereisan.innerequilibriumbetweendifferentaggre-

gatesof molecules. Further,Ductaux"maintainsthat the equationof state

canbededucedequaUywe!lbysubstitutingthe ideaofmolecularassociation,

forvan der Waats'conceptionofinternatpressure.
Nowin the crystal.the atomia the onlyrealunitof structure,and each

atom under the attractionsof ita neighbourspossesseszero résultant field.

In the liquidstate however,themoléculepréservesitsindividuality,although

the intemolecularforcesmay,anddo, act throughpartiou!aratoms. Owing

prhnanlyto thegreatermolecularenergyandtheconséquentgreatermobility,

liquidsystemslaokdefinitestructureandthe resultantfieldon anyparticular

PMt.Mag.,(6)20,gae(t9M);Z.physik.Chem.,50,80(t9M);J. Phya.Chem.,19,
8t (M!:).

J. Phya.Radium,(6)0,!99(!9:5).
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moleculeisnotzéro. Wemustconoludethenthat inanyliquid,eaohmolécule
Mat any instantmorestronglyattaohed to someone partioularneighbour
andlésastronglyto other neighbouringmolecules;and that thewholesystem
tonna a three-dimensionalcontinually-changingand branohing.networkm
wMchthe tinkiagsare of varyingstrength, and in wMchit is dimoult to
imaginethe existenceof a singleor completelyuncombinedmoleouleevenas
a rareoccurrence.EverynormalliquidmustpossesstMakindof assooiation,
but it is questionablewhetherthe term "dogmeofassociation"oanhaveany
realquantitativemeaningin thesecases. VanderWaa!s'considérathat the
moleculesm normalliquidatend to form looselycombinedgroupswhichfor
an instantbehaveas ainglemolecules. He caUsthis quasi-association,and
furtherexpressesthe belieP that no equationof state is possibleunïessone
postulâtesanassociationofmoleculesto largercomplexes.Further,Garver*
findsthat thenormalliquidsareallassooiated;whilatTyrer suggeststhat the
quasi-associatedmoléculesin anyliquidmayhavea meankineticenergytess
thanthat ofthéexternat(gas)molecules,andsuggeststhisas a realdistinction
betweenquasi-andtrue association.

Acceptingas wemust, that normal liquidsshowa loosestructureand
throughthisa quasi-association,dueinherenttyto intermoleoularattractions,
wherethen liesthe differencein structureof thé abnormalor so-caUeds8-
sociatedliquids? The abnonnalitiesdisplayedby thé latter as revealedby
thevariousmethodsatreadymentioned,andthefact that thèseabnonnanties
alwaysmdicatea largermoleoularweightthan normal(althoughperhapsof
unoertainor variaMovalue), pointundoubtedlyto the conclusionthat there
is a realdifferenoebetweentheir structureand that of normalliquids. Yet
wehaveno reasonforbelievingthat suohrealassociation,in thecaseofwater
at alléventa,wouldbe due to othertban the usualauxiliaryfields.

Theauthorsuggeststhat realassooiaMondoestakeplacethroughauxiliary
fields,but basa quantitative meaning,onlywhentwo or moreunitedpolar
moleculesprésentanabnormallyweakenedfieldto thesurroundingsandthus
haveindependentexistencewithinrelativelywidetimelimits. ThediBèrence
betweenassociatedand normal(quasi-associated)liquidsthen liesin this,-
thoughboth showmolecularcombinationsthroughauxiliaryfields,the com-
poundmoléculein an associatedliquid présentsan abnonnaUyweakened
fieldto the surroundings,whilethe eompoundmolécule(if the termmaystill
be used)in a normalliquidposaessesa strongfieldbymeansofwhichit tends
to growandtobecomeimmediatelyincorporatedintothe wholeliquidaystem.
Asit isquiteimpossibleto obtainanyideaof the degreeof this quasi-associa-
tion,the latter liquidsare referredto as normal.

In the caseof aasodatedliquidswemightwellimagineseveraimolecules
combitûngsoas toneutralisetheiractivefieldsbyforminga ring,as in Fig.6.
Sucha compoundwouldbehaveas a solutemolecule,movingthroughthe
solutionas anindependentunit,untilsuohtimeasit wasopenedup andthus

1Prao.K.AtoMLWet.AmstMdam,i3, Pt. I, ïoy(t~to).
"D!eZastand~eichtmg"(t~tt).
J.Phya.Ch?m.,M,454,669(t9M).
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ensuretheir existenceas individuals,and playan important part (together
with the molecularenergy)imlimitingfurthergrowth.

Thefractionof watersopotymensedis uncertain,and at all éventawould

varywiththe temperature;andaswearenot dealingwith a singleliquidbut

ratherwithanuousuatsolutioninwhichsoluté(H-O-H)~andsolvent(H-0-H)
are interconvertibleand in equilibrium,it is questionablewhetherwe can
orawanysimpledeductionsfromtheusualabnormalityfactors. Perhapsthe
researchesof Richardsandco-workerson the compressibilityof waterlmay
be taken as givingthe mostprobablevaluesof the percentageassociation.

They concludethat at 20"watercontainsabout28%of polyhydroL

OtherAssodatedUquida

Althoughthis paper ooncemsitselfwith the liquid system water only,
and is so restrictedbecauseof the interpretationput on the localauxiliary
fieldsof the H-O-Hmolécule,stiUit is of interestto examinesomerelated

associatedliquidsintermsof thegeneralisation"associationmustbedueto a

numberof liquidmoleculesso arrangingthemaelvesas to presenta much

weakenedfieldto the surroundings."
Afterwater,the alcoholsand the organicacidsare the mostconsistently

abnormalliquide. The simplera!coho!a,possessingthe structureR-O-H,
wiHehowsomewhatsimilarauxiliaryfieldsto thoseofwater, modifiedby the

presenceof the alkylradicalR-. Oftheauxiliaryfieldsof the latter weknow

]itt!e,exceptthat the hydrogenatomeof the alkyls,being non-polar,appear

1J.Am.Chem.Soc.,4?,M83(ï9:s)andpreviouspapeN.

existence,becausesucha Systemwouldbe-

have as a. normal quas-associatedliquid;
ra.thermust wecomiderwateras a mixture
of relativelystablecompoundmoleculesof

benzenering structure in a normal(quasi-
assooiated)solvent.

Wenughtevenregardwaterasan initial

attemptof theH-0-H systemto buildupits

hexagonalcrystalstructure;and whitstthe

auxiliaryfieldsof the moleculesare strong

enoughto buildasfarasthesingle(H-O-H):
ring, the moleoularenergiesare suSciently
great to destroyanyfurthercrystalgrowth.
The relativeinactivityof suchringswould
enamatheh' existenceas individuals.and o!M

inoorporatedinto the solvent. Waterbeingpolarand abnormalmustpoly-
merisein the abovemannerand fromwhat has ahettdybeensaid the poly-
merisedunit seemetobe(H-O-H)e.It tsimportanttonotice that thepolymer-
isationiadueonlyto the relativelystableringswhichare formed,andthat as

soonas thé ringsare brokenpolymérisationdmppea.rsand the systembe-

eomesnormaland quaai-assooiated.Weoannotaccept the viewthat water

is a mixtureof mono-,di-and tri-hydroleachhaving a Btatistioaiaverage
mnftt«tMM.hacausem)cha avtttamwouldhe-
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to be leu activeandthusexhibitsmaUertendenciesto satisfytheirmaximum
oo-ordination2. As thehydroxylendsof the moleoulesare themoreactive,
theseHquidedistinetty~esemNewater and form very similarco-ordination

compounds. We shouldexpeotassociationto take placethroughthese-the

strongestof the auxiliaryfields,and henceby analogy withwaterweshould

expect,Srat, polarcompoundsas in Fig. yA, and SnaUyinaetivering com-

poundmoleoulesafter themannerof Fig. yB.

Asthe generalinvestigationson crystal structure havenot asyet givenany
insightinto the bondsbetweenthe moleculesnor the relativeatomicpositions
insolidalcohol,theabovestructure oanonlybe regardedasa suggestivetype
of atcohonoassociation.

Someofthe organioacidshoweverareespeoiajiyinteresting,foralthough
the variousquantita~vemethods for associationshowseriousdisagfeement
for most liquids,they agreeremarkablywellin pointing to thebimolecular
stateof variousorganicaoids,particularlyacetic (Tyrer). TMsagreementis

probablydueto thefaotthat whiistthe otherassociatedîiquidsareequilibrium
mixturesof aesociatedand non-associatedmolecules,i.e. are reallysolutions,
acetic acid in partioularexista aïmost whollyas (RCOOH),. Theseaoids
aiso showvery markedassociationm the gaseousstate, aceticacid again
showingprae<aca!Iytwiceits normalmolecularweight. Whenweadd to the

above,the evidenceput forward by Innés' and by BrownandBury*that

organioacidein bydrocarbonand other normalsolvents,show,at highercon-

centrations,abnormallylarge molecularweightewhichreacha maximumof
twicethe normaland neverexeeedthis, then we must concludethat thé bi-
molecularconditionis an exceedinglyfavourablestate for théorganicacid
molecule. Now,Bragg*showsthat in the solidstate organicacidsarealways
unitedwith theirCOOHends in pairs;and there is in facteveryevidencethat
the active fieldsof organicadd moléculesare associatedwiththese polar
COOHgroups. Sothat if weassignthe strongauxiliaryeffecteto theoxygen
loneelectronpairs and hydrogen nucleiof these groupe,and imaginetwo

t J.Chem.8oe.,81,68t(!9oa).
J. Phya.Chem.,30,6~d9<6).
ChemisttyandInduatty,1926,945.
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moléculesto combineas in Fig. 8 (Lewis)we obtaina compoundmoleaule

whiohaatiaBesthe necessarycriteriafor true association. It is of interest

that wehavethé sixkemel ring again,this timewith two hydrogennuolei.

Owingto the organioaoidsexhibitingas~ciation evenin the gaseousstate,
wemustconcludethat their auxiliaryfieldsare exceedinglyactive, and the

aboveringsverystable,and henceit isnot surpnNngthat in the liquidstate

aeetieacidshouldshowévidenceof totalpolymerisationto formthe molécule

(RCOOH),.

Someof the PtepeftiesofWater

Thevariouspropertiesofaqueoussystemsmaynowbeconsideredm terms

ofthe aboveformofassociation,and asisseenbelowthe evidenceis strikingly
m favourboth of ring associationand of the activity of the oxygenlone

electronpairsandthe hydrogennuoleiof the watermolecule.

The BMeetofPressureon the i~yatem
Anincreaseinpiessmedecreasestheabnormality,i.e.the association,and

at veryhighpressure,2~00atmospheres,the liquidbehavesas normal'. If

associationweredue to the formationof moreor lessstable chains in the

system,it wouldbe reasonableto expectthat pressurewouldincreaseand not

decreasetheassociation.If however,asisheresuggested,moleoularassociation

is due to the relativelystable ringsoutlinedabove,and only to these rings,

then, asthelatter causethéstructuretobe moreopen,the effectof a pressure
inoreaseis tocompressand breaktheseringsandthuscausethé associationto

disappear. In thé sameway an increaseof pressureon ice partiallybreaks

the crystatringstructureand the icemelts.

The MaximumDena~yofWater

The existenceof a maximumdensityat 4" maybe connectedwith the

aboveformof associationin the followingway. AsBraggbas pointedout,
the crystalstructureof iceis extremelyempty andit isvery easy to imagine
a lessrigidarrangementof water moleculesoccupyinglésaspace. Whenice

meltsat o*,someof the associatedringsstill persist;thiscausesthe structure

to bemoreopenand thereforethe densityto be tessthan if there werenosuch

association.Thisis in agreementwiththe workofMoLeod~whoshowsthat

iBridgonsn:rroo.~lm.noaa.,4h',~3a(c9zz>.Brh~mmt:PMo.Am.Acad.,4V,~8(!9M).
Tt-ms.FaradaySoc.,21,145(t~as).
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association(!nthe caseof water)results in a gainin volume"owingto the
bulkynatureof the associatedmolécule." Asthe temperatureisraisedthe
stabilityof thèserings, and hencethe association,decreases,andthus the
systemtendsto contraotor to becomemoredense. Onthe otherhandthere
isthe opposingeffeot,namelythe inoreaseofmoleoularenergywithtempera-
ture and the conséquentwiderspacingof the attraotingcentres. It is very
probablethat the minimumshownat 4" on the temperature-volumeourvois
due to the alternateprédominanceof thèse opposingeffeots,and that from
o"to 4"the contractiondue to the breakingof theassoeiatedringsisgreater
than the expansiondue to the usualkinetie separation. Above4"thé latter
changeprédominâtes.

TheLatent Heat

Althoughthe crystal bondsare necessarilyofgreat strength the energy
requiredto maltonegram of ioeis not abnormallygréât. This isevidently
due to the factthat the processof fusion is nota breakingof aUthe inter-
molecularbonds;in fact fewbondsmay be actaaUybroken,manymay be
loosenedandsomequiteunanected. Onthe otherhandtheprocossofvapour-
isationnécessitâtesthe breakingof aUthe intermolecularbonds,andansome
ofthèsehavepersistedfrom.thesolidstate theverygreat latent heatofsteam
is not surprising. The valueof the fraction of the latent heat that can be
ascribedto the dissociationof the complexmoléculesat the boilingpoint is
invariaMyveryhigh,and is believedto be about3/5 of the total latentheat
(Tyrer).

TheEffectof a Solute

SpeaHnggBneraUyit maybesaidthat a soluteisheld.in solutionbecause
it possessesauxiliaryfieldswhiohthé solvent is able to neutralise;and the
extremesolventpowerof wateris thus due to theexceptionalactivityof thé
aparefieldsofthe watermoleoute. Hydrationandsolvationnotonlyacoom-
panybut areaotuauythe fundamentalcauseofsolution. Nowwhena sub-
stanceis introducedinto water,it willbe attackedbythe moreactive,i.e.the
unassomatedmolecules,and thus there willbe a changein the waterequi-
libriumand a decreasein the numberof assooiatedmolecules. Thedecreaso
in the degreeof associationon thé.addition of a solute,can acoountsatis-
faetorilyfor thecorrespondingloweringof thé temperatureof themaximum
densityof water,and the decreasein compressibility.~

Waterof CrystaHizatioa
Thefact that the mostnumerousofthe saltsthatcontainwaterofcrystal-

lisation,(about40%of the total), are those that contain6, 7 or 12molecules
ofwater bas oftenbeen oommentedupon. Wemerbas incorporatedthese
hydratesintohisgénéraloo-ordinationtheory, andwritesthem

[Mg(H~).]d,, [co(H.O).][v~]
and

fAl(H,0,).]sO<.R.
Rhodes*,however,pointsout thé inadequacyofthistheoryas appliedto thèse

S~Drueker;Z.pbymk.Chem.,52,64t(1905),
'Chem.NetM,122,8s("9St).
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compounds,andsuggestsformulaoof the followingtype, whorethesixwater

moleculesexistasa unit,Ftg.9. 8uchsixH-O-Hringawith aUtheauxiliary

linkingethroughtheoxygenatomswereSrat suggestedby Kohhausch.

In viewofthé foregoingit isveryprobablethat sixH-O-Hrings(withthe

auxiliarylinkingsasin Fig.SA)existas units in the orystal. Crystalewith

twelvemoleculesofwatercontaintwo suchrings,whileorystalswith sevea

moteouleaofwatercontainonesuchring and haveone oddwatermolecule,

the latterassumptionbeingbasedonthe fact that hepta-hydratedsaltshave

break (underequalchance)eitheras in A oras mB, Fig. 10,to givein each

case exacttythe sameproducts,namely six moléculesof water. There iB

howeverthis interestingdifference,sixwatermoléculescouldumteas shown

by thé dotted linesin A aboveand then wouldstand an equalchanceof

breakingas in B, in whichcaseeaohwater moléculewill haveinterchanged

a.nhydrogennucleuawitha neighbouringmolécule,or in otherwords,each

hydrogennucieusin the ringwill have changedits auxiliarybond into a

normalprimary,anditaprimaryintoan auxiliary.Owingto thesymmetrical

structureof the abovecompounds,such an interchangecouldnot of itaelf

giveriseto any abnormalor uniqueeffectsin thesystem. Thegreaterpart

of water,however,doesnot consistof thèseassomatedand relativelystable

rings,butofirregutarpolarohains(ringsin the maHng),representedapproxi-

matelyas inFig. i i.

the latterassumpttonoemgDaseaonme taon~na<

one moleculeof waterdiNerentiatedfrom the

other six,e.g.Zn804. 7H:0 on beating loses

6HaOat 100°,and the seventhwatermolecule

at redbéat.

The SeM-ioaisattonofWater

In the iee crystal it appeamthat aUthe

inter-atomicbonds are of equal strength

(Bragg),and that thereforeeach hydrogen
nuoleusIs equidistantfrom its two adjacent

oxygens. Accordihgtywhenthe icesystemis melted,the hex~ona! associ-

ated (H-O-H)tmolecules,which are carrled unbroken into the liquid

system,are stiUheld togetheras umts by equivalentforces,or in other

wordsthe primaryand the auxiliarybonds in the ring compoundmole-

cule (Fig.10)are indistimguishable.Suoha compoundmoléculecouldthen
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Therelativestrengthsof the primaryand auxiliarybondsin thèseohainsis
of coursequite unknown,but it maybe assumed(keepingthe assooiated
moteculesin mind)that as the chaingrows,the primarybondsgrowweaker
andtheauxiliarystrorger. In sucha continuaUychangingsystem,it mayso
happen,when conditionsare espeoiallyfavouraMe,that the polarchainin-
steadofbreakingat ita normalbreakingpointA, breakaat B,the hydrogen
nuoteusMncemedbecomingattaohed to quite a differentwatermoteeuto.
Theconditionswouldthenborepresented,momentarilyandveryinoompletely
by

rH:0:H:0:H+
+

f:6:H:0:1"
t ) )
[_ H H [H H J

Suoharupturewouldaooountfor théself-ionisationofwater. It isevidently
ofveryrareoccurrence,for the ionisationconstantofwater indicatesthat at
ordinarytempératuresontyone hydrogennucbusout of everyi,ooo,ooo,ooo
is so transferredat any instant.

The Di-electricConstant

Althoughthe ruptureofpolar chainsto producethé (hydrated)hydrogen
and hydroxylionsis veryrare, the normalruptureofsuchchainsmuetbeof
remarkablyfrequentoccurrence. Whensucha normalruptureoccurs,e.g.
at théarrowhead in the simplechain

1..i
H :0:H:0:

H H
the bindinghydrogenmuetbedisplacedfora veryshorttime fromitsnormal
positionin its ownparticularwater molecule.Sucha continuaHyooourring
displacementacoountsfor the high d.e.k.of water.

It iaof interest to noticethat of theother commonMquidswhiohshow
high di-electrioconstants,the chiefarethe simpleralcohotsandthe simpler
fatty aoids. Theseall possesslone oxygeneleotronpairsand ionisablehy-
drogennuelei,and as basbeen shownprobablycombinethroughsuchin the
liquidatate. Their highdi-eîectricconstantsare then probablydue to a
similarcauseto that outlinedabove, namelyto a short-timedisplacementof
a hydrogennucleusunder the influenceof the fielddue to an oxygenlone
électronpair.
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The Abaonn~ VetocMeaof Hydrogenand HydroxylIons

In virtue of the foregoingit isevidentthat the ionsof water, cannot be

dissooiatedfrom tho contiguouswater moleouleswhiohbrought them into

existence,or in otherwordsthese ionsarealwayshydrated. In thé sameway

thé hydrogenions of aid solutionsare alwaysdirectly associatedwith the

surroundingwater moleoules.Ahydrogenionwouldthen be morecorreotly

writteni~ somesuchformas

and an hydroxylionaa

r:0:H:0:H:0:1"

wherethe ionicgroupaarecontinuaMyinoreaNagor decreasingthe amountof

waterwith whichthey areassooiated. Now,mthese hydrated ionsit is im-

poasibteto say whiohofthe (removable)hydrogennuolei(four above),may

be taken as representingthe hydrogenion, or whiohof the removablehy-

droxylradica!s(twoabove)maybethe hydroxylion, rather must weassume

the wholehydrate to oanythe positiveor negativecharge. Underthe stress

of a differenceof potentialthèse ionicgroupsmigratetowards the two poles

with probably normal ionic velocities;but the differenceof potential may

have (in the case of these two particularions)an added abnormal effect.

For if A represent

thé positivepoleofan appliedE.M.F.andB a hydrated hydrogen ion, then

ofthe fourremovablehydrogennuolei,thosefurthestfromAwillbe the more

readilyremovedor the moreactive;andduringthe normalcontiBuaIhydra-
tionand dehydration,waterwillbeaddedonat this activeend and givenup

at the end nearest to A. This isequivalentto an abnormalincteasem the

velocityofthe hydrogenion.Asimilarexplanationholdswiththehydroxylion.

It will be noticed that wbilst other ions, such as Na+ and Ca~+ (un-

doubtedlyhydrated), have an individualexistencein aqueous Systems,the

hydrogenand hydroxylions in suchSystemsdo not existas unchangingin-

dividua!s,but, owingto the nature of the solvent, the particular nucleus

whichmay be arbitrarilytaken as representinga hydrogenion at any one

rH:0:H:0:Hl~

H .6 :H] +L
H H J

:O:H:O:H:O:

H H H J
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instant, may existat another as part of a water molécule,the liberatedhy-
drogennueleusbecomingthe hydrogenion. Perhapswe havehèrethe most
commonexampleof tautomenohydrogen.

The catalytioeffectof the hydrogonionon hydrolysesin general,isprob-
ably intimatelyoonnectedwiththis tautomeriochange;fora watermolécule
undergoingsuoha changewouldbe in a pooutiarlyunstable(toosened)con-
dition, and as suohwouldbe partiou!ar!yopento internatrupture'.

Summary2
The wide,generalevidenceof the activity of the auxiliaryfieldsof the

hydrogen and oxygenatoms in thé watermoîeoule,and its bearingon the
idea of thé associationof suehmoïeoutesiadiscussed.

The diCerencebetweenquasi-and true associationis pointedout, and it 1
is conoluded,in conformitywiththeX-raystructureofice,that theassooiated
moléculein liquidwater isthe (Ht0)omoleoule,and that wateris amixtureof
relatively stable compoundmoleculesof benzeneringstructure ina normal
(quasi-associated)solvent. c

The ringstructure of assooiatedacetioacid moleculesis shownto be in
conformitywith thia vtew.

The evidencederivedfromthe effectofpressureon aqueoussystems,the
addition of a solute,thé maximumdensityof water, the latent heat, thé di-
electric constant, the self-ionization,and the abnormalvelocitiesof the
hydrogenandhydroxylions,is shownto bestrikinglyin favourof ringasso- r
ciation and of thé abnormalactivityof the auxiliaryfieldsof the oxygenand
hydrogenatoms.

P~a<<N<C~MM<mZ<t6oM<<M~S,
t~<M!~<t;<~~d~M~f,
~M<<&~MtntKo.

SeePeimycuiek:J. Am.Chem.Soc.,48,6(~6). t
MyattenëonhasrecentlybeencaBedtoapaperbySimonsandHadebrmd:J.Am.

Chem.Soc.,~183,(1924)whareit hasbeenshownfromvapourdeneitymeMUKmenta,thathydrogenftuoridevapourconaistaofanequiNMummixtureofHFand(HF),-la con-
junotionwtththeforegomg,thistevety8igm&cant,particutartywhenoneconaidetathé
etoseamuJantyin etectroniostructarebetweenthe hydrogenBuondemoleculeandthe <
watermotecule. r



THE SYSTEM:AMMONIUMSULPHATE-SULPHURIC

ACID-ETHYL ALCOHOL

BY H. B. DUNNtCMFF, A. L. AGGAMWALAND B. C. HOON

introduction

Dry ethylalcoholrapidlyextractsabout twothirdsof the sulphuricacid
from pure dry ammoniumhydrogensulphate and a partial esterification
follows'. Whenammoniumaulphateis treated withalcoholicsulphuricacids
of variousconcentrations,interactiontakes placeuntil equilibriumbetween
the liquidphaseand the solidphase is estabMahed.As in the case of the

system; sodiumsuiphate–sulphurioacid–ethyl alcohol'the System:am-
moniumsulphate–sulphuricacid-ethyl alcoholisbeststudiedbythe action
of alcoholor alooholicsulphurioaoidson ammoniumhydrogensulphate. If
the normalsait and alcoholicsulphuricacidsareused, an acid sulphate is
formedon the outside of the particlesof ammoniumsulphateand it is very
difficultto obtainquantitative resultsor true equilibriumowingto the pro-
tectionof the innerportionsof the ammoniumsulphate bythe acidsulphates
formed. Themethodusingthe acidsatt (NHJî80<)and alcoholis available

onlyuntil the ratio of thé quantity ofammoniumhydrogensulphate to that
of alcoholis sogréât that theresulting"Rest" andliquidphaseare insepar-
able. For higherconcentrationsof the aoid, alooholiesulphuricacidsand

ammoniumhydrogen8ulphateare used and sufficienttimeis givenfor equi-
libriumto be established.

~pedmental

Pure, dry ethylalcohol(B.P. 78"at 742.5mm;ap.gr. 0.7050at az~C =

99'9%) puredryammoniumhydrogensulphate(HiSO~= 42.53%,NH. =

15.60%. Theoryfor NH<HS04requiresH~S04° 42.61%,NH4 = 15.67%)
and 100%suiphuncacid andthe alcohoUcsulphurioacidswerepreparedby
standardméthode.

Weighedquantitiesof ammoniumhydrogensulphateand alcoholor al-

cohouosulphurioacidsweresealedoffin glassbutbsof about 10c.e.capacity
andshakenforabout48hoursin the formercaseand8to 15days inthe latter,
in athermostatmaintainedat 18.1± o.os°CbyelectricalcontroL The tube
wasthen allowedto remainstationary in the bathuntil the solidphasehad

sett!edto the bottom. The liquidwasseparatedand analysedas described
belowand the residue("Rest") wasexaminedseparately,the samemethod

beingusedforboth liquidphaseand "Rest". Sincethe partial esterification
of the sulphuricacid is a complicatingfactor in theproblem,it is necessaryto
détermine:–

DmmMMî:J.Chem.Soc.,121,476(t?~).
DunaMM,SiMMandHoon:J. Phys.Chem.,30,Mt!(!9~6).

aButtefandDmmicMSr:J. Chsn.Soc.,117,65!(t9M).
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(a) thé acidity due to freesulphurioaoidtage~er wtththat due to
¡ethylhydrogensulphate. The latterwas oa!ou!atedMsulphurioacid andis

calledthe "directaoidity",
i

(b) the amount of sulphùrioacid convertedinto ethyl-hydrogen-su!-
J

phateoatou!atedassutphurioaoidisoaUedthe "combinedacidity",
(c) the ammoniumsulphateand

(d) theremainderofthe constituents(water+ aloohol+ ethylhydrogen
sulphate)by difference.This iaodied the "solvent".

MéthodeofDetermination

i. A weighedamount of the liquid phaseor the "Rest" was titrated
against standardoaustiosoda soluticousingmethylorangeasindicatorand
the aoiditycaloutatedasparts ofsulphuricaoidper100partsofthe substance.
Thisis the "dirMtaddity".

a. Theammoniumsulphatein eachcasewasdeterminedby boiMagthe
weighedphasewithexcessof caustiosoda,passingthe ammoniaevolvedinto
standard sulphurioacid and subséquentback titratio~ against standard
caustiosoda.

3. Thecombinedaoiditywasestimatedbytitratingeaohofthe weighed
phasesagainst standardcaustiosoda solution,then boilingwith exoessof
standardoaustiosodasolution,evaporatingto drynessandheatingthe residue
to i ::o''Cinan etectricoven. Theexcesaof theoaustiosodasolutionaddedis
partlyused to decomposethe ammoniumsaltagivingammoniaand sodium
sulphateand partty in hydrolysingthe ester. The excessKmainsas free
a!ka)iand isestimatedby titrationagainst the standardsulphurioadd solu-
tion. The causticsodausedfor thedecompositionof the esteris determined
by subtraotingthéamountof caustiosodausedforboilingoffammoniaplus
that whichremainedas free alkali,from thé total amountof caustio soda
addedafterdeterminingthé "directacidity". Thisaoidityisreoordedin tho
tablesas "HtSOtasester".

Manyestimationsweremadeandof thesea numberare givenin Tables
1andII. It was desiredto findthebest methodofrepresentingthese results
graphieaUyandit wasthought that,makingcertainlimitations,this mightbe
doncby the usual methodfor a condensedternarysystem. Owingto the
complicationintroduoedby the esteriScationof the acid,it wasnecessaryto
consider.whiohwouldbo the bestof three possiblewaysof condeneingthe
systemto oneof threecomponents.

I. (a) Ammoniumsulphate,(b)sutphuricaoidassumingthat no esteri-
ficationhadtaken p!ace,(o) aloohol.

II. (a) Ammoniumsulphate,(b) "direct acidity"(V.S.)(c) "solvent"
i.e. ioo (a+b).

III. (a) Ammoniumsulphate, (b) sulphurieaoidexistingas suoh and
omittingacidity due to the ethylhydrogensuiphato,i.e. "6ee H~SO~"as
recordedin the tables,(c)"SoÏvent",i.e. alcohol+ ethyl hydrogensulphate
+ water.
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Whenthe resultswereplottedontheuaual(oondensedsystem)triangular
!8othermatdiagram,the6r8tmethodw688howntobeinadcus8iMe.It is not
feasibleto ignoreesterificationthoughthe values at low concentrationsof

sulphurioaoidare amall.

Method gavea roughconvergenceof the conjugationlinesbut a muoh
moreaattBfaetOïyconvergencyofthe linestofociontheammoniumsulphate-
sulphuno acid fine was givenwhenthe results wereplotted accordingto
method 3. Theseare shownin Fig. i and indioatethe existenceof soUd

phasea~jhavingthe formu!aeas shownin the diagram. The "compound"

g(NH<)tS04,aH:S04is probablya solidsolutionor a mixture. The results
indioatethat, at lowconcentrationoftheacid,the esterhas onlya emallin-
fluenceon the equilibrium. Theeffectofthe esteron the equilibriumwhen
it is presentin largeproportionsis dealtwithlater.

Thèse resultsobtained graphicaHywerecheckedby oalculation. Thé

liquidphaseis homogeneousandmaythereforeboanalysedfor its constitu-
ents direct. Thetrue eolidphaseexistainthe "Rest"wMchisheterogeneous
and comprisesat least twophasesintimatelymixed:

i. true liquidphaseofknowncomposition;
2. true solidphase.
It was shownby draininga seriesofsamplesof "Rests" on porousfiles

in desicoatorscontainingphosphoricanhydridethat the true solidphasecon-
tained no ester in combination.Themaximumamountof esterobservedin
the residuewas0.12%. Sincethé ethylhydrogensulphateispeouliarto the

liquidphaseandknowingitspercentageinthe liquidphaseandin the "Rest",
it is possibleto calculatethe amountofthetrue liquidphaseassociatedwith
the true solidphaseto constitutethe "Rest" and hence,by difference,the
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compositionof the truesolidphase. Adoptingthis prinoiplethere are two
possiblewaysofca!cuiatingthe compositionofthe trueso!idphases-

(a) fromtho amountofesterin the "Rest" and
(b) fromthe amountofsolventin the "Eest".

Sincethe quantity ofesterin the"Rest"iaamaM,method(b)givesthemore
reliableresultsand the ca!cutationiscarriedoutas foHows:–

FreeH,SO<presentintheRest
a, Restdueto liquid phase(L.P.) H~O.P.

=F

FreeH<804presentin thé true
soM phase Free H,SO<in Rest–F

F.

(NH4),S04présent in Restdue “
T p

preaentin Ilestdua
Solventin Rest

(rÎH4)sBO,in L.P.SolventinL.P.
X ~)'SO. in L.P.

= N

(NH4)<804present in true
solidphase. = (NH<),SO<inRest-N

= Na

Fercentagecompositionof the truesolidphaseisgivenby

Traft
FeX ïoo

vu, cent.
~°~4 = ..i.M per cent.

~8 + NB

~MTTt a~
N9 X 100

per cent.(NH~80< =
p

per cent.

From this the formulaea:(NH<),80<,~HaSOtcan bedeterminedin the
ordinaryway and are shownin the !astcotumnsof Tables1andII.

Uniikesodiumhydrogensulphate,ammoniumhydrogensulphateshows
no signof gel formationwhentreatedwith alcoholicsniphuricaoidsofany
concentration. The solidproduotsobtainedwereof a definitelycrystaUine
appearance,as if formedfromsolution. With alcoholicsulphurioacidsof 80
percent. and over the solidphasedisappeared. If this Uquidis cooledto
– i8"Cand stirred orviolentlyshaken,nosolidphaseappears. It is possible
that the ester hasa peptisingeffectabovecertainconcentrationsor the solu-
tion may be supersaturated. Thereseemsto beno justiScationfor olaiming
the existenceof a compoundof the formula~(NB~SOt,2H,S04. There-
aultsobtainedwhichgaveroughlythat compositionoaneasilybeaccounted
for as mixturesor incomplètetransformation.In this workthereis evidence
of the existenceof a compoundof theformula~(NH~SO~,HiSO~nmtob-
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3. In the interaettonof alcoholwith ammoniumhydrogensulphate

whenthe ratio

weightofammoniumhydrogensulphate

weightof alcohol

iaabout unity or greaterthan umtythereare indicationsthat a hydrogen

sulphateof thé formula2(NH<)tSO<,H,S04 iaformed. This sotidphaseis

not producedwhenfdcohoUosulphurioacidsaotupon ammoniumhydrogen

eulphate. This is probablydue to the presenceofester in the alcoholicsul-

phurioacid. Sinceextractionofsulphurioacidfromthe ammoniumhydrogen

eulphateis rapid and precedesesterincationand the esteri&oationprooeeds

slowly',there is, in the earlystagesofthereaction,a higherconcentrationof

freesulphuricaoidthan everexistain thé atcohoHcsulphurioacidof oorres-

pondingtotal acidity used for interactionwith the ammoniumhydrogen

sulphate. It shouldbeobserved,however,that whenthe percentageof free

aoidityin the alcohoUcsulphurioaoidiasuchthat, on thèsegroundsthe com-

pound2(NH<)t804,Hj)SO<mightbeexpectedthesolidphaseis the hydrogen

sulphate,NHJï80<.

servedby J. Kendall and M. L. Lang~on~in the System:(NH<)<80<

H<S04 H<0 but the compound(NH<),80<,gMO~ mentionedby them

doesnot appear in the system.

SummaryandConclusions

i. The establishmentofequilibriumin the system(NH<)!804 HtSOt

C~HeOis morerapid than in the caseof the correspondingsystemwith

sodiumsulphate.

The solid 3(NH<)jtSO<,H,804formedby the action of alcoholon

ammoniumhydrogeneulphate(NH<),80<,H~SOtis amorphous,but thesoUd

phasesobtained by the action of atcohouosulphurioaoidson ammonium

hydrogensulphateare orystalline.Fromthis it appearsthat the solidphase

séparâtesfrom solution.
~vn ~< t* –i~

It isdoubtfulif there issufficientevidenceon whichto claimthe existenceof

a compoundof this formula. The resultscorrespondingmughlywith the

J.Am.Chem.Soc.,4ï, stgS(t~o).
'DunnidiS:.T.Chern.Soc.,123,477(t?~).

4. Whenthé Itquidphasecontams:

Total addity i8.i3to~s.M%

HtSO~Mester 3.o8to 4.37%

"Free" HtSO< 11.97to 13.48%

thé6oUdphasegivesthécomposMon3(NH4)<S04,2H:SO<.

Tt M~~nhtf.<itf <~«f«MHn<t!mftntavi~naeon whichto cMmthé existenceo

Whenthe liquidphasecontaias:

Total acidity 3.28 to 17. ~3%

H:804as ester o.a8to 2.53%

"Free" HaSOt a. 72to M. 77%

the solidphaseis 3(NH4)~S04,H,SO<.

T~ t~o {ntftfo~tinn nf <<]<'nt)nt with ammonium hydroKen su!oh<
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Dunnioliffbas shownby the extractionmethod (videTable I, footnote)that ammoniumsulphatewhenacted uponwith 51~1%alooholiosulphuncaoidyieldsthe solidphase(NH<),SO<,H,SO<.Thèseresults roughlycorre-spondas with the proportionsused in the latter expérimentarecordedin
TableII. sulphuricacid of81% wouldbereducedto

the sulphurioaoidfromthe liquidphaseto theammoniumsulphatetn formingammoniumhydrogensulphate.6. Whenalcoholicsulphurio havinga total acidityof 80% or overmteract with ammoniumhydrogensulphate,thé soliddisappearsand no
~f~ probablydueto thegreat solubilityofthe in concentrated~ds or to peptisationdue to the presenceof a~
~0 hydrogensulphate. The acid satt' (NH<),SO.,3H,80<(H,80< = 69%) m.p.48° doesnot appear in this systemeven when 9.%
atcohohosuIphuncactdcomtaimngy~fteeH.SO~isused

~JLThe 'catedby the phasediagramdeveloped,employingas
components:(NH~SO. free H,SO< (EtH80< + So +C.H.OIDshowthat the equilibriumdépendson somefactoror factoMother than the
concentrationof freeH,SO<. Attempts to developa diagramin wS theconcentrationof ethyl sulphurioacid waa taken into considerationgavere-sultswhichwereevenlessdefinitethan thosereportedin thiapaper.

CAeM«N<Zoto~atohe~
G'oMntMMM(CoSe~e,~tM<Mt~<~~efM<M<t&.LoAcre,Tn~M.

1 KendallMtdLandon:J.Am.Chem.Soc.,42,2138(1990).

compositioncMea~ be ~unted for on thé basasof incomplèteactionandthere is in whioh~"M cor~pond with the
appeM'anceoft!uaphase.

~~c
+-1 r.4".

5. When the liquid phase contams:

Total acidity .4.45 to 66.63%
~~r

5.48toi..o6%

~M
p~)~

H~.
the 80lidphase is (NH.hSO., HsBO..T~.t~tt<~ t. ~1L~_ t



introduction

From the literatureit appearsthat lithiumchlorideabsorbsammoniato
form a seriesof definitecompoundscontainingone molelithiumchloride
(LiCI) to one,two,three, four, Eveor six and one half molesof ammonia
(NH<). Bonnefoi'reportspreparingthe one,two, three and fourammonia

complexesby passingammonia,at atmospheriopressure,over dry lithium
cMonde. The stablesolidformedat 8s"Cis monammonio-lithiumchloride
(Li.Cl.NH:). Below8g"Cand above6o"Cthestablesolidis thedi-ammonio-
lithium chloride,accordingto Bonnefoi;between6o''C and r~~Cthe tri-
ammonioand belowi2"C thé tetra-ammonio-lithiumchlorideis the stable
solid. Between–45*'Cand -78.s"C, Bilby and Hausen~foundas stable
solidsthe quinta-ammonio-lithiumchlorideand the complexcontainingone
molelithiumchlorideto sixandonehaMmolesammonia.Ephraun*confirmed
the existenceof the tetra-ammonio-litbiumchloride,nndiagits vaporpres-
sure to be 760mm.at t2"C. In thepresentinvestigation,the possibleexist-
enceof thé di-ammonio-complexisnotoonfirmed,althoughmanyeffortshave
been madeto obtainit. Nor dothe vaporpressureîneasuK:mentafor mon-
ammonio-lithiumchlorideaccordwiththoseofBonnefoi. If bas beenfound
that, at temperaturesbetween2o"Cand3o*'Cmonammonio-andtri-ammomo-
lithiumchloridesare stablein thepresenceof water.

MatMiais

The lithiumchloridewas preparedby dissolving"Baker'sAnalyzed,"
stronglyaoidifying.thesolutionwithhydrogenchlorideand recrystallizing.
The ammoniawas takendirectlyf~m a cylinderof commercialMquidam-
monia, there beingno volatile componentspresent whiohmight interfere
with the formationof theammonio-lithiumchloridecomplexes.

TheSystem:UtMomChloride-Ammonia

Attemptsto dry lithiumchloridebyheatingit in the absorptionflaskre-
sulted in a densecakewitha glazedsurfaceverypoorlyadaptedto the ab-
sorptionof ammonia. The difficultywasovercomeby immersingthe flask
in a bath at i8o"Cwhiledry ammoniawaspassedthroughthe flask. There
is no absorptionof ammoniaat this temperature. The ammoniawasdried
by passingit througha train consistingof a four-foottubecontainingflakes
of sodiumhydroxide,a secondfour-foottube containingchips of metallic
sodium and finally,an eight-inchcolumnof moltenmetallicsodium. That

Ann.Chim.Fhya.,(7)23,g!? (t~ot).
Z.anat.Chem.,t27,t (t<)23).
Ber.,S2,~36(f)~).

LITHIUMCHLORIDEAMMONIACOMPLEXES

BY B. C. COLUNS AND f. K. CAMBBON
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the dryingof the lithiumchloridewascompletedwasdeterminedbythe flask
comingto constant weight,and the contentof lithiumcMohdewu then
knownquiteacourateïy. The naskwassuspendedin ice wateranddry am-
moniapassedthroughuntilthere waano funhorabsorption,theprocessre-
quiringtentotwetvehouts.

Four trials weremadein thisway and in eaohcasethereworeabsorbed
fourmolesof ammonia(NHs)permoleof lithiumohloride(LiCI),thus con-
firmingBonnefoi'sresults. Also,a déterminationof the vaporpressureat
o~Caccordedperfectlywith that of Bonnefoi. Onstandingat roomtom-
perature for a few hours,the tetra-ammoniacomplexlosesexaotlyone
moleofammonia.Aadwhenthedry lithiumchlorideis broughtintocontact
withthe dryammoniaat roomtemperature,againthéstablesolidpersisting
is the tri-ammoniocomplex. Thus,a sampleof the totra complexkept for
somehoursat a5"Cand then analyzed,gave9.90molesNHaper moleLiC!.

Anumberof trialsweremadeto obtainthecomplexLiC!.aNH.by heat-
ing the tri-ammoniocomplexto 6o"C. Always,twomolesof ammoniaes-
oaped,leavingthe monammoniocomplex,LiCI.NHa. Similarlya sample
of the tetra-ammoniocomplexheatedto 66.4"Cgavea residuewhich, on
ana!yais,yielded0.992molesammoniaper molelithiumohloride.Bonnefoi
states: "LtC! Mproduit<m~ ~~OMqu l'onfait ots<M'&e!'NHa par
LtC! entreC0° ou M~ en maintenantles coMpos~LtCM~VR,,ou
LtC~~VN,entreCMdeM;<eMpcra<Mfes."Hence,furthereffortsweremade
by causinglithium chlorideto absorbammoniabetween6o"Cand 8s°C,
but is no case was the di-ammoniocomplexobtained. Typicatanalyses
of the produotsobtainedby absorptionof ammonia,in molesper mole
lithiumchloride,gave3.97at o°C,2.93at a3°C,and0.99at 64"C.

Isotherme,showingthesuccessivepressuresas ammoniais removedfrom
thesecomplexes,weredetermined;and, for this purpose,speoiatequipment
wasdesignedand graduallyassembteduntil a satisfactoryformwasdevel-
oped. Sincethe accumulationof the data for any one isothermrequired
a periodof severaldays, duringwhiclfthe temperatureof the absorption
complexmustbe kept continuallyquiteconstant,a spécialformofconstant
temperaturebath or thermostatwas developed,whiohbas ah'eadybeen
desoribed. VariousexpérimentâtdifEcuMes,particutartyleakageof am-
moniakeptlongincontactwithstop-cooksandrubberjoints,andcorrections
formeniscusin tubesandvesselsofvariousdiameters,wereSnaUye!iminated
in the assemblyillustratedin Fig. i. A long-neckedflask,A, ofPyrex,to
containthe lithiumchloride,carriesa two-holerubberstopper,eut to fitvery
snuglyandcrowdedfar downtheneck. Abovethe stoppermerouryfonnsa
sea!. The g!asstubes B and B' are 4 mm.in diameter,withoutjointsand
terminatein mercurywells,C and C'. C is an extractionthimble,fitted
eloselywitha stoppercarrying,besidesthe tubeB, anotherbent tubeof thé
samediameter,E, carryingthe mercuryat atmospherielevelto the scaie,
for comparisonwith the merouryin B. Beingof the samediameter,com-

8.C.Coilma:J. Phys.Chem.,3t, !097(t~7).
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parisoncanbe direotlymadewithoutcorrectionfor menisousor capiU&rity.
TheGoochfunnel,C', tonna a trap throughwhiohammoniactmbe drawn

withoutbreakingthe Mal,andis fittedwitha merouryreservoirD, for which

an ordinaryseparatoryfunnelserves. The closelyfitting stoppercarriesa

tubewithaocurate1ygroundg!aasatop-cockconnectingwiththe absorption

ApparatusfordeterminingVaporPtesaares.

Bask,H, wMchin tum is fitted witha burette, I, throughthe stopperas

illustrated. The volumeofthe BaskA,togetherwiththé twotubesentering

it, Napproximately65co.

Theentryof the twotubesintoApermitsoneto paasdryammoniaover

the lithiumcMoride,containedtherein,andpreparethe complexdesiredafter

aasemblyissetup. Anexperimentmayberepeateda numberoftimes,with-

outdismountingtheassembly. Theonlyouttetsbeingmercurysealed,leak-
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ageis praoticaUyenminated. A constanttemperaturein Ais maintainedby
immersingit in the bath asnotedabove.

An acouratelyweighedsampteof lithium ohloride,approximatelya.s
grams,ia dried in the naak A, as desoribedabove, that is by passinga currentof dry ammoniathroughthe flask, whilethe latter is keptat
a temperaturecf ï8o"Cor higher. The Baakia then assemMedwith the
tubesand submergedin thebath at a cooltemperature,whiiodry ammonia
passesthroughthe Baskfor severalhours. Thereis an absorptionof am.
moniathe courseofwhiehis followedby bringingthe endsofthe tubes under
merouryfromtimeto timeand notingif the merouryrisesinthe tubes. When

vaporJfKMUM–CoMentMtMnCurvesfortheSystemLiCt-NH,.

the absorptionis completed,the systemia broughtto the pre-determined
temperatureandmaintainedat that temperatureoontinually.The regulator
is adjustedand successivesmaUquantitiesof ammoniaare removedby as-
piratingthroughstandardhydrocMonoacid solutionand then determined.
A vaporpressurereadingis madebetweeneachremovalofammonia. The
totalamountofammoniaabsorbedin the oomplexiacomputedfromthe sum
of thé successivesmaUportionsremoved. The resultsobtainedin several
seriesdeterminedas just desoribedaregivenin Table1 andplotted in Fig. 2.
Considerthe isothermfor o"C. Therebeingtwocomponentsin the system,
lithiumchlorideand ammonia,thenwithtwosolidphasesincontactwith the
gasphase(NH~)the systemis,in general,univariant. But, the temperature
beingfuced,thé system becomesinvariant, and thé pressureremains con-
stantuntiloneof the phasesdisappears. Thus,startingwithtetra-ammonio-
lithium cMoride,LiC1.4NHt,in equilibriumwith gaseousNHj, and at a
pressureof ysomm.Hg,andkeepingthe temperatureof o°C,whenammonia
is withdrawn,the pressurequioklyfallsto 387mm.,with theappearanceofa
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secondsolidphase,tri-ammonio-Uthiumchloride,LiCL~NH},and the pres-
sure remainsconstantwith subséquentwi~drawab of ammonia,until aU

tetra-ammoniocomplexdisappears. With further withdrawalof ammonia

thereisanabruptM of thevaporpressureto 22mm.withthe appearanceof

a new solidphase,the monammoniocomplex. The tri-ammoniocomplex

persists togetherwith the monammoniocomplexm contact with the gas

phaseat the constantpressureof22mm. until, with successivewithdrawab

Vapor tTMMM–iempemtta'e Uurves for the t~yatem LtUt–N itt.

of ammonia,there is no longersufficientfnnmoni&présent to form the tri-

ammoniocomplex. With a further withdrawalofammonia,there is again
anabruptfallin pressureto 5.5.mm.withthe appearaneeof lithiumchloride

asoneof twosoHdphasesincontactwith thegasphase,the othersolidphase

being,of course,the monammoniocomplex;and this pressurepereistsuntil
allof the ammoniaiawithdrawnfromthe system,whenthere is anothersud.

den dropof pressureto a pointapproximatingzero,and the only phasere-

mainingis solidlithiumchloride,althoughtheoreticaHy,there is also a gas

phaseinsteadof the very completeapproaohto a vacuumactually realized.
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TABMlI

Vapor pressures in thé ~yatem:LiCt-NH,.
NHt ia moles per mole MCt in thesystem.

Pressures in mma. Hg.
33° 54.5°NH. mm. NH, mm. NH. '~mm. NH.n.

4.0ï 750 9.93 600 3.05 556 3. t 750
3-7S 387 2.9 t8s.8 3.01 368 a.09 6n
3.30 387 2.6 t8s.8 2.98 372 a.iIr 6~
a.98 366 a.s 185.8 2.75 37: i.y 6ïi
9.75 a8.o a.3 ~~8 3.48 372 i.~ 6~
a.t5 aa.o 9.05 185.8 2~5 372 i.aï 611
1.99 M.o i.97 ï85.8 3.03 372 1.05 6ïï
Ï.7S 33.0 1.9 185.8 ~90
1.30 32.o i.6 185.8 1.75 373 .90 i~ï.io 23.0 1.3 ï85.8 ~30 373 .75 149
1.04 3o.o T.a5 185.8 i.io 373 .38 t52ï.oo 6.0 1.03 185.8 1.04 373 .04 i~
.65 5.5S .M 93.0 ï.oo 373 .00 0
'35 5.5 .97 47.5 .99 371
.05 5.5 .83 47.5 .97 136
-°° o.o .51 475 .80 03

.io 460 .65 93
-05 470 .35 92
00 0.0 .05 M

.00 0

58.3' 66.4~ 74.9~ 86.9~
3.98 745.5 i.o3 y55 o.8i 4~3 0.85 750.5
3-47 745.5 ï.oo 4M 0.66 750.5
1.95 745.5 .99 38i 83°
ï'6o 745.5 97 38i 0.81 598
ï-03 745.5 .85 38t
1.00 358.0 .66 285
.99 189.0 .6o 283
.75 185.0 .33 a83
.47 185.0..t4 289
.io ï85.o .o8 274
-00 .0 .00 0
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In a simitarway, and quite as shârply,the data obtained deSnethe

isothennsfor33",4S.a",54.5",and $8.3"C,commencingwith the removalof

ammoniafrom a systemof tri-ammonio-tithiumohloridein contact with

gaseousammonia. The tetra-ammoniocomplexis not stable at these tem-

peraturesat the pressureof an atmosphere. The data obtainedat 66.4"
leaveno reasonabledoubtthat at that temperature,the onlystablecomplex
is the monammonio-lithiumchloride.

Sincetherewas,relatively,a fairlylargevolumeof gaaphasein contact

withthe mixtureof sotidsin the absorptionSaskand connections,data were

reatizedfora fewpointsonthe verticalportionsof the isotherms,thesever-

ticalsectionsbeingpressure-volumeourvesfor the gaaremainingin the flask

duringthe transitionfronta systemwitha highpressurelevelto the system

with thé lowerpressurelevel.

Fromthe data in Table1 the pressure-temperaturerelationsareplotted
in Fig.3, and forconveniencoin comparisonalsothe data of Bonnefoi.The

data for the tetra-andtri-ammoniocomplexesare inverysatisfaotoryaccord.

Thé data for monammoniolithiumchtorideyielda curvoalmostcoinoiding
with one plotted from Bonnefoi'sdata for the di-ammoniocomplex. It

might be assumedthat Bonnefoiobtainedthe di-ammoniocomplexas an

unstablesolid,sincethe data herereportedshowthe monammoniocomplex
to bestableoverthe temperature-pressurerangeconcerned. But if thé data

herereportedforthe monocomplexbecorrect,the questionarisesasto what

wasthe complexwhichBonnefoisupposedto be themonocomplex. Possibly
it wasanothermodification.Roozeboom'citesa casewherea hydrateexista

in two modificationswith two differentvapor tensionsfor eachparticular

temperature. Janecke*bas shownin the system K~PO~– BM) – NH,,
withintemperaturesfromo"Cto 35"C,at least, there can exist two liquid

phasesin contactwitha gasphase,so that metastabilitymay beanticipated
in systemsin whichammoniais a component. But Bonnefoi'smodification

of the monammoniocomplexshouldbe morestable than the one obtained

in the present investigation. The resultsof the present investigationare

offeredwith confidencethat they are approximatelycorrect in absotute

magnitudesandthat theydorepresentstableequilibriumconditions.

The System:LithiumChloride-Ammonia-Water

Aseriesof solutionswaspreparedofvaryingconcentrationswithrespect
to ammonia,andwith lithiumchloridepresentin excess. Whenit appeared
that equilibriumhad beenattained,analysesof the ctearliquidphaseand of

the correspondingresidueof liquidsandsolidsweremade,the resuttsbeing
assembledin Table II. Whenplottedon a triangutardiagramin the con-

ventionatway,Fig. 4, the data indicatethat this systemyields three solid

phasesat a températureofas"*namely,lithiummonohydrate(LiC!.H~O)in

contactwithsolutionscontainingupto 15%ammonia,monammonio-lithium

1Z.phyaNc.Chem.,4,43(tM~).
'Z. phyaik.Chem.,K7, ? (t9~7).
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ohlorideM.NH,) in contactwithsoMooscontainingfromabout i<%to
80mewhatmore than ammonia,and tnammomo.HtMum ohloride
~~t.3NH,) mcontai withsolutionsoontaining33 to 40%ammonia.

Liquid Residue
NHa H~O Met NH. H,0

45.4 0.00 54.6
46.7 3.i 50.9 49.5 a.s 47.948.1 ~9 44.0 54-4 5.7 39.9
50.84 13.88 3s.a8 56.5? 10.37 33. t6
54.90 14.16 30.94 54.5~ 1~.41 33.07
50.73 t4.86 34.41 53.9~ 12.67 33-4150.81 is.34 33.8$ 55.12 ï2.i6 32.72
51.9 16.70 3i.4 6o.o 16.55 93 S
54.7 20.0 25.3 58.2 io.i 32.7
57..0 21.64 21.36 s8.88 23.0 t8.t2
52.57 27.31 20.12 54. 28.3 17.746.11 3~.0 21.0 47. 35.3 Ï7.7
45-3 3~.7 22.0 ~.i 1 39.3 Ï5.6
4~52 35.7 22.8 44.3 41.7 14.0
39.3 358 24.9 42.8 39.4 ï7 8
38.28 36.53 35.~9 39.95 44.2: 15.64
39.H 38.6 22.3 41.26 43.9 Ï4.84
~-9 40.4 21.7 43.1 44.9 ï2.o
~-9 33.2 M.o 45.3 396 15.ï

FIO.4çbothemaandconrMpondineSolideforthe~~m MO! -NH,-H~, at z3"-3s'C.

TABMil

Percentage composition of liquid and of residue in system: LiCt-ISfHjrHtO
&t~-a~C

T!~u!1
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Thédata in TableIII (chartedin Fig. s) wereoatcuiatedfrom TableII.
Thecorrespondingnumbersinthe twocolumn indicatetheamounts inmoles
ofammoniaand of lithiumchloriderespectivelythat wiUjointly dissolvein
100gramsofwater. Théourvesin Fig.5showthat thereis asteady increase
in theamountof lithiumohloridedissolvedin waterwhenammoniaisadded
untilthereis presentamoleofammoniapermoleof lithiumoMoride. At this
pointmonammonio-lithiumchloridebecomesthe stablesolid phase. Con-

MutualSo!uMMtieaofLithiumChlorideandAmmoniainWaterat a3"–S5''C.

TABLEIII

MutualsolubilityofLithiumChlorideand Ammoniain Water. Molessolute
per100gramswater. Temperature23'25"C

NH. LiCt NTT. Tift MTr T:f<tNH< UŒ NHa MCI NH, LiCt
o.oo 1.96 a.yo 4.19 8.49 3.58
c~6 2.19 g.iz 3.90 8.59 4.99
ï-f5 2.s8 4.65 5.09 8.73 4.87
~-3~ 3.40 5.97 6.30 9.20 4~9
~.S3 3.47 7.98 5.88 9-35 5.19
~-<'6 3.53 8.47 3.73

tinuedaddition of ammoniato a high concentrationprecipitatesa solid
phasewhioh,as pointedout in the precedingparagraph,seemsto be the tri-
ammonio-lithiumchloride.

Theexistenceoftheaboveoitedsolidphasesin contactwiththe solutions
was confirmedby vaporpTessuremeasurementsmade with the apparatus
shownin Fig. i. In theseexperimentsa relatively largeproportion of the
solidphasewasprésent,a conditionattained by first preparingtnammonio-
lithiumchloridein the reaotionchamberA, and then addingwater. Vapor
pressurereadmgsweremade betweeneach withdrawalof ammonia. The
resultsareassemMedinTableIV andcharted in Fig. 6.
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The additionof a sma!lamountofwater mcreaeesthe vaporpressureof
the mixture. But it is only that part of thé solidwMchdissolvesthat is
aSeeted,for, the less the wateradded,the smallerthe amount of gaseous
ammoniathat must be withdrawnbeforethe pressureMa to the valuedue

VaporPressure-ConcentrationCurveaatag'CfortheSystemHC!-NH,-H~).
SoMdPhases,UCLaNH,,UCLNH,,andLiCLH.O

to the drycomplex. Afterbringingabout the reaotionwith the liberation
ofa certainamountof ammoniafromthe complex,thefurther effeotof the
wateris anatogousto great!yincreasingthe volumeofthe container. Thus,
there is mgniËcancein the sectionsofthe pressure-concentrationisothennab

lyingbetweenthe horizontalseodona.The morewaterpresent, the greater
the "effective"volumeof the systemandthe lésaabruptthe changein pres-
surewiththedisappearanceofonesolidphaseandtheappearanceofanother.
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TABLE IV

Vapor pressures for thé system: LiCt-NHr-EM), Température ss'C

Mo1eaNHa Mo)eaH<OperMo!eUCl MoteeNH, MolesH~perMo!eUCt
per par

Mo!eHCt 047 0.74 t.t4 MoteUC! 0.~7 o.7<t !.t4
mm.Hgmm.HRmm.Hg mm.Hg mm. Hg mm.Hg

s.69 738 i.69 i49

a.S9 568 i.si nz

9.4S 4~8 1.5 146 164
3.4 2i9 300 i.~o loj
3.3 187 as8 ï.30 8s
3.9 i86 315 T.t6 68
a.i6 31$ ï.o3 55
9.04 260 .94 40
2.0 ï84 100 .90 iii ôg
1.95 230 .6 45 45
i.8s t86 165 .4 46 4°
i.8i 195 .a 44 36
Ï-.73 171 .05 25 30

Thedata aasemNedin TableII and chartedin Fig.4 are far fromsatis-

faetory. It was impraotioaMeto obtain truly représentativesamplesfor

analysis. Therewasalwaysa lossof ammoniawhenwithdrawingsamples
ofeitherliquidor rendue,since,generally,the solutionswere highlycharged
with this gas. Moreseriouswas the impraotioabilityof obtaining residue

samplesreaeonaMylowin adhem~:mother liquor. Furthermore, the con-
centrationof lithiumohlondein the solutionsrangedfrom 40% to 60%,
whilethe rangeinthe solidphasewasfrom 45%to 70%. Hence therecould
benogreatdifferencein the anatysisof the two. It is evident from the plot
that the correspondingsamplesofmotherliquorandresiduein nocasediffered

sumcienttyto justifyanapproaohtoaccuratedrawingof tie lines. Neverthetess,
in viewof the supportingevidencejust.adduced,andthe fact that no prac-
tioableway of overcomingthe experimentaldifficultiescan be reatizedat

present,the data are offeredas demonstratingwith reasonable oertainty
that thé systemprésentsbut threeisothermsat a5''C,each correapondingto
the solidphaseindicated.

Smnnmiy
i. Satisfaotoryapparatusbas been developedfor studying vaporpres-

suresin the Systems:lithiumohloride-ammoniaandUthiumchloride-ammonia-
water.

2. Vaporpressuremeasurementsfor these Systemshave been tabulated
forwiderangesoftemperatureand concentration.

3. It bas beenshownthat, in the systemlithiumchloride-ammonia,at

tempeNttuïesfromo''C to 66"Ceither tetr& tri- or monammonio-lithium
chloridemay be formed. Andthe pressure-temperaturelimita for the ex-
istenceof eachhavebeendetermined.
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4. Vacorm'assuram6MMy~Tnftt)tafnf t<tt< on~ tm-nm~4. Vaporpressuremeasurementsfor tetra- and tri-ammoniocomplexes
withlithiumcMorideaccordwellwithmeasurementsby Bonnefoi. Measute-
mentsfor the monammoniocomplexdo not agreewith the pubMshedresutts
by Bonnefoi.

5. NoévidenceeouMbefoundfor the existenceof a diammonio-lithium
chloridedescribedby Bonnefoi.

6. It has been shownthat in the system: lithium oh1oride-ammonia-
water,either lithiumchloridemonohydrate,monoammonio.Hthiumchloride,
or triammonio-lithiumchloridemaybe a stable soud phase. The pressure-
temperature-concentrationlimita for the existenceof eaohhave been ap-
proxumated.No evidencewas foundfor the poœibleexistenceof a diam-
moniocomplex.

y. The signiScanceof the graphafor various isothermsbas beendis-
cussed.

8. The eSoct of varyingconcentrationsof ammoniaon the solubility
of lithiumchlorideat 25"basbeen determined.

PMttW~<~JV<M~AC<t!-0<t<M,
ChapelmH,
2VomC<tre~M.
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Thepresentpaperdesaribes(a) the preparationof a coMoidatsolutionof
leadsulphide,and (b)measurementsof the rate ofcombinationof thécolloid

particleswithphosphateions. It wasnecessarythat the sol'should(i) oon-
tain a fairlyhighconcentrationof colloid(upto 0.5per centleadas lead sul-
phide), (a) befree fromany but negligibleamounts of ioniolead, (3) be
stableon boilingin the presenceofonepercent sodiumchloride.

Preparationof the Sol

AstreamofHeSwasled into a stirredsolution (300-400revs. per min.)
of leadacétateeontaining0.5per cent gelatin. After the passageof excess
hydrogensulphidesuSoientN. NaHCO<wasaddedto neutraMsothe acetic
acid présent. ExeessHtO was then removedby passingnitrogenthrough
thé boilingsoi.' CoaMoparades ofPbS wereremovedby centrifugingand
the leadconcentrationestimatedby thé methodof Fairhallet at/ The sol
remainedstableindennitely;it appearedblack in thick layers, and the
particleswerenegativelycharged.The untmfiltrate (pH ça.y.o)contained
a negligibleamountofioniclead.

The amountsof colloidformeddependedon the initial concentrationof
lead acetate. Abovea certain concentration,the fractionconverted into
colloiddeoreasedsharp!y,the leadsulphidebeingmainlyin theformof coarse
nocks. Theresultswhiehwerereproducibleto within5 percent are given
in Table1 andFig. i. Gelatinfromthe same samplewasusedthroughout
and the conditionswereuniform.

TABLE1
Grm,iead pytooce. FercentconveMioninto cotbid

Imttatas THmiaacotïoidat
leadacetate teadNÏphide ObMrved Caïcutated

0.25 0.94 9y 99

0.50 o.48 gô 96

o.ys o.66 88 86

i.o o.gz 52 59
ï.25 o.a6 21 26

i.50 o.n y 6

1.75 0.05 3 1

Thisinvestigationwaaundertakenon behatfof the LiverpoolMedicalResearchOr.
ganMation,Ditector:PtofesaorW.BlairBeMoftheUniversityofMvN-poot.

OnaccountofiteposaMeuseas&theMpeuticagent.
s It wasmecmmtyto neuttaïiMthe aceticaoidas continuedremovalofHt8at too°in

presenceofaceticacidteauttedin theformationofappreciableamountsofioniolead.
4"MedioineMcnogtaphB,"7,25 (t~aû).

THEPREPARATION0F ALEAD SULPHIDE HYDR080L AND ITS

COMBINATIONWITH PHOSPHATEIONS'
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The résulta resemblethoseobtainedin the preparationof leadselenideby a
emilar method*and can beexplainedon a similarbasis. With leadselenide
it was ehownthat the decreasedoolloidfonnation in a oonoontratedlead
aoetate solutionwaadue to thé increasedconcentrationof acétate ion (and
acetic aoid into whiehit is tranafonned). Since the colloidparMeleawhen

onceformedcouldnot be flocoulatedby any concentrationofsodiumacetate,
leadacetate or aceticacid theeffectwaaexerted duringformationof the so!.
It wassuggestedthat acetateionandaceticacid reducedtheveloeityofforma-
tion of leadselenidenueleiwithoutaCectingthe vetocityoftheirgrowth.'The
smaUnumber of nuclei formedin cenoentrated solutionsof lead acetate
wouldthen necesaanlygrowto Ia)~enon-colloidparticles.

Thé catculatedvalues in Table 1 were obtained by the methodused in
the caseof leadselenide. Assumingthat in each uncentrifugedsol thereare
particlesof aUprobablemassesit can be shownthat thé fractionof leadcon-
verted into colloid,M./M is

M~M = i e-C" (mt/e-
whereo~Mthe mostprobablepartiolemasain thé solin questionand m. isa
mass such that au particlesof greater ataas are removedon centrifuging.

1 Brooks:J. Phys.Chem.,M,698(t<~8).
Cf.Hiege:Z.anorg.Chem.,M,ï~ (~5).
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<-*nM<!t~~ f~f thc «~m~ta~tx~n nf M~/M hv meajM of this eauationThevaluesof requiredfortheoalculationofM./M bymeansofthisequation

wereobtainedfroma relationwhiehfitted the data of Hiege (loc.c:<.)on the

inhibitionby an electrolyteof nuoleiiformationin a gold sol. In the case

of leadselenidethé relationwas

log.<r/y. = 4.05X to*~o*

andinthecase of leadsulphide

log. <r/or.
=

3.?3 X 10-* c'"

whero<r.is the mostprobablemass of a partiolein the hypotheticalcaseof

formationin the absenceof the inhibiting substanceand o is the total con-

centrationof acetate (aoetateion and acetioacid) present duringthe for-

mationofthe sol. It isofinterestthat inbothcasestheeffectofacetateentera

asa functionwhichis approximatelythe squareof the concentration.

TheRateof CombinationofLead SulphidePartides with PhosphateIons

Thesol was added to an aqueous phosphatesolution in suohamounts

thatexcessofphosphatewasalwaysprésent. ThemixturewasultrarfHtered*

at intervalsand the uncombinedphosphate in the ultra-filtrateestimatedby

Briggs'modincation*of the Bell-Doisycolorimetriemethod. Thé phos-

phate solution contained sodium chloride (0.16 M.) and NaJIPO~ and

KH~PO~in the ratio Na~HPO</KHJ'0< = 3.5. Uniess otherwisestated,

the totalconcentrationof phosphatewas 0.0018M. The pH of thissolution

was7.2.
Thedisappearanceof phosphatefrom the solutionwas accompaniedby

a whiteningof the blackcolloidparticles. The meanofseveralSnalvaluesof

thé ratio~-
atomephosphoruscombined g~ valuedoesralt>O

grm. atoms lead
wae o. 5. mce va.ue oes

not diSergreatly fromthat forthe sparinglysolubletertiary leadphosphate

Pb~PO~ i.e. o.6y,it may beassumedthat the partioleaare convertedinto

partiolesof lead phosphate. The pH increasesduringthé reactionwhiehis

thereforeprobably

3 PbS + HPO? + HJ'0~ Pb,(PO<)<+ 3H8'

Anyoxidationof HS' by dissolvedoxygenwouldaisoinoreasethe pH

a HS' + 0: 2 S+ aOH'

Twoseriesof expérimentawere camed out at 15" C. Volumesof the

samesol(Pb content = 0.512per cent) wereadded to solutionscontaining

différentconcentrations of total phosphate. The values of the ratio

gnn. atomaphosphoruscombined by P/Pb) are givenin Tables

grm.atomslead

II andIII and Fig. 2. The timesare reokonedfromthe timeof mixingto

the mid-~meof ultra-filtration.

tForexperimentaldetaib,of.Brooks:BicehemJ.,2ï, 766(1927).
J.Bio!.Chem.,50,ass (t94).
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TABMtH
5 ec. PbS sol = 25.6 mg. Pb.
100 ce. phosphate solution.

t=ï~C
Phosphate

conoentmtMN o.oot8 M. 0.00~ M n~~MThne(houM)P/pb k P/Pb k P/Pb k
27 0~7 o.oosï 0.35 0.0047 o.a4 0.0045
48 o.4S o.bo$7 0.39 0.0047 0.40 0.0049
98 0.63 o.oos4 0.63 0.0057 0.62 0.0051

0.67 0.66 o.66

TABLEIII

ïo ce. PbS sol ==51.2mg. Pb.
100 6c. phosphate solution.
t = 15"C

Phos~ate concentration o.ootSM. o<xM'!M
kT.me(houm) P/Pb k P/Pb k

o-~3 0.0046 0.~4 0.0049
o-36 0.0045 0.36 0.0045
o-53 0.0041 0.55 0.0044
0.63 0.63

In the experimentsin Table 11, therewasno sedimentationof the partioles
during the period of thé reaction, and slight sedimentationafter approxi-
matelyaoohours. Whentwicethe amountofcolloidwaspresent(TableIII)there wasslight sedimentationafter approximately80 hours. Thé pH of
the mixturesincreasedto ça. 0.5during thereaction.

Therateof transformationinto lead phosphateiaslowincomparisonwith
the rateofdiffusionofphosphateions to the surfaceof the partiole.1It will
beseenfromFig.a that for a givenamountofcolloidthérateoftransformation
ts independentof thephosphateconcentrationwithintherangeinvestigatedThere is thereforenoformationof a dimouMypermeablelayerofleadphos-
phateroundeaohparticleas insucha casetherate of penetrationofthecoatingwouldbeproportionalto the phosphateconcentration.

1If therateofdiffusionofphosphateweMthegbverningproeemthevetooitvofre.berepresentedby~the~en~Brum~eqS~'Z~h~ Chem.,4y,52,
~~Mt~–t. /<

AmMavMte~k.wMobtam~ffomthetesuItamT.bbHbymeNMofMandMbstitttted
~f~?* "</cm,Mc and ~c.hoht~ontheasMmptionofIm~Me
ï~ ? ~?~ t~~ impomiMyhtge volumea(severat cnM.)fwSettueto)~ <of the dt~tMionlayer round a coNddtm~, it tMybec~htdtd that the
meaauMdMteMahwcMnpMedtotheMteofdMfu~totiM~ee

'°"

dx/dt-1. (c x) h)
Jc,=.D«/V<(b)

-.J .,J-,

where (c x) o concentrationof oncomMned
phosphate at time t.

D
diNumoncNMtantofthephoa-

phateion.
<'=' tIackoMaof the dMfumon

hyer.
V =* volumeof mixture
« ° Me&of aurface

he results inTable H by meamof (a) and mbatitutad
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Assumingthat the velocityof réactionis proportionalonlyto the surface
ofunohangedpartiolewewouldwrite

dx/dt=k(&-x)~
whereo is the 6aat valueof P/Fb and xis the value at timet, wheace

k = i/t{a~ (a x)~]
Thecatcutatedvaluesofk are given in TablesII and III andare reasonaMy
conatant. The relationwouldnot hold if there was anyaggregationof thé

pactes wMchcauseda deoreaseof reactingsurfacein additionto the uni-
fom deoreasedue to combination. T~hedeoreasein the valuesofk in Table
III isprobablydue to slightpartioleaggregation(v.i.).

Twoalternative explanationsof the zero order (perunit ares.)of the
teactionmay be suggested(a) the reactiontakes placeslowlybetweenthe
PbSsurfaceand adjacentadaorbedphosphateions, and the numberof ad-
sorbedionsper unit areais independentof the phosphateconcentrationover
a widerange(the latter is not improbablein the caseof ionicadsorption),
(b)themeasuredrate isthe slowevaporationof a poisonfromthesurface,'
e.g.a singlelayerof 11.8moléculeswhichhad beenadsorbedduringthe pre-
paration. If the rate ofevaporationwerevery mall thé surfacewouldbe
practicaUycompletelycoveredand thérateof reactionwithphosphatewould

Cf.Ridea!:TtMMFaradaySoc.,19,90(1923-24).
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be independentof the phosphate concentrationand of zero order. This
explanationseems!essprobablethan (a) aa it muetalsobeassumedthat HeS
is transferredto thé underlyinglayerof uncombinedPb8as the réactionpro-
oeeds. Thepoisoncouldnot be H8' since,giventhe usualmagnitudeof the
e!eotncchargeon a partiole,the ionscou!donly bo relativelysparselydis-
tributedon the surface.

Similarexperimentswerecarriedout at 2$"and 3 7~5C. The amountof
sedimentationwaa greaterthan at 1$'*C, at 37.5 the particleshad settled
out almostcompletelyafter 70hours.

The resultsare givenin TablesIVand V.

TABLEIV

t= 3S°C

100 ce. 0.0018M. phosphate solution.
Time(hom-a) 5.0ce. Pb8sol. to ce. PbSsoL

P/Pb P/Pb
18 0.35 o.az
4~ o.S7 0.41
67 o.59 0.49

f~S 0.61 0.60
306 0.62 0.62
474 o.6a 0.64
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t-37.5'0
100ce. o.oot8M.phosphatesolution.

Time(houM) s oce.PbSsol. Mce.PbSsol.
P/Pb P/Pb

18 o.go 0.30
47 o-So o.4o
67 0.54 0.46

138 o.6o 0.57
3o6 0.62 0.63
4M 063 0.64

Valuesof k ca!cu!atedfrom these resultsdeoreasedwithtime, the decrease

beinggreater at ~.5". The resultswith5 ce. solforthe three températures
are plotted in Fig.3.~ It witibeseenthat whiletheinitialrateofcombination
increaaeswith temperaturethe reverseis thé casetowardsthe end of the
reaction. Thedeoreasein rate correspondswith theobservedincreasedrate of

partialeaggregation.It appearsthereforethat aggregationof the particles
causesa deoreaseinthe reaotingsuface. This issupportedby experimentsat

95"and 37.5"wherethé sol waaaddedto a phosphatesolutioncontaining0.5
percentgelatin. TherewasthenpractioaUyno sedimentationofthe particles.
The quantitative results were irregutar(the passageof mall amounts of

gelatin through theultra filter interferedwith thé subséquentestimation
ofphosphate)but togetherwith thé rate of colourchangethey showedthat
the reaction wasfaaterthroughoutat 37.5"

The aggregationof the partictesmustbe attributedto at least a partial
removalof the protectivecoatingof gelatin on dilutionwith thé phosphate
solutionfollowedbyaalowBocoulattionbythe electrolytespresent. ThefaNing
offin the rate of réactionwhenthe amount of colloidpresentwasincreased
indicatesthat therate of aggregation,in addition to beinga functionof the

temperature, isalsoa function of the concentrationofcolloidparticlea.'

SintNMïy

i. A methodforthe preparationofa lead sulphidesolisdesoribedusing
gelatinas a protectiveagent.

a. The percentagetransformationof lead acetate into colloidallead

sulphideia dependenton the initial concentrationof leadacetate. This is
attributed to a deoreasein the velocityof nuoleiformationin concentrated
acétatesolutionswhiistthe velocityofgrowthofthenuoleiremainsunaltered.

1It waafoundthattherateofcombinationatX5"Cwastndependentofthephosphate
concentration.

1It WMpossibletoobtaina MNghvalueforthecnticatinoMmentofthereaotionfrom
thèseKsmta,Mmdyoftheorde)'of!5,ococa!onef).

'Paine:Ptoo.CambtidbePhN.Soe.,te,43o(t9to.ï:)foundthatmthea!owaoccutationofa CaOsolbyeteetMtytestheratewasdiKcttyproportionalto thesquareoftheinitial
concentrationofcolloid.

TABMV
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3. Therate ofcombinationofbadaulpMdepartMeawithphosphateions
basbeenmeasured. The rate Mslowoomparedwith the rate ofdiffusionof
phosphateions to the surfaceand is independentof the phosphateconcen-
trationoverthe rangemvestigated.

4. The rosu!tsat 15"C are in agreementwit~.a rate of reaction pro-
porhonat to the surface of unohangedpartiole. At higher temperatures
aggravationof the partictescausesa deoreaseinreaotingsurfacein addition
to thedeoreasedue to oombination.A probableexplanationofthe zéroorder
of the réactionia that oombinationtakes place betweenthe surfaceandad-
sorbedphosphateiona,the numberofasdorbedionsperunit areabeinginde.
pendentof the phosphateconcentrationovera widerange.

~MpM«L<~M<o~a~PA!t<<M<andB!ec<n)-<%aMt«~,~<ttMM«tf(~j'<<Mfp<M<.
~ay~aM.



EVOLUTION0F THE ODD-NUMBEREDELEMENTS

BYW.V.HOWABD

IntM<ï<Mt!oa

A readingof Aston's "Isotopes" and variouspapers by Harkins/and
Clarke ledthe writer to endeavorto prediotthe isotopesof thoseelements
which had not yet been examined,andalso to try to find outwhetheror not
there wassome sort of sériai arrangementwhichmight possiblyindioate
a prooessof evolution. Aceordingly,he plotted the isotopesof the even-
numbered éléments whichhad been reportedin Aston'sbook and found
that thereseemedto be deBaiteseriesof elementswhosemassnumbersdif-
fered by four, and whoseatomicnumbersdifferedby two. That is, there
wereserieswhose massnumberscouldbe expressedby one or other of the

followingfonnulae*:–

M = sN + 4X or M zN + 4X + 2,

where M is the atomicweight,N is the atomionumberand X is an integer
between o and 13. (See Fig. i.) In the originalgraph, the relationships
between the radioactive elements differedfrom those between the non.
radio-activeelements,sotheywereomitted. AJso,theelementsbelowcarbon
were omittedbecause the relationshipsbetweenthèseseemedto be diSerent
from thosein the elementsoccurringaboveoarbon.

Isotopesof Odd-NumberedElements

In dealingwith the odd-numberedelements,it wasfound that the same
serialarrangementprevailed,but the surprisingfactwas,that, withveryfew

exceptions,every even-numberedelementwasprecededby an odd-numbered
element whoseisotopeshad mass-numberswhiehwerelessby one than one
or the otheror both ofthe twolowestisotopesoftheeven-numberedelement.

(See Fig. :).

OddMass Numbersin IsotopesofEven-NumbetedElements

Althoughno odd-numberedelement (aboveoxygenand belowlead)bas
an even mass-number,severaleven-numberedelementshave odd-numbered

isotopes. These inoludezinc,selenium,krypton,tin, xenon and mercury.
Of these zinc,krypton and mercurydefinitelyendone or two serieswhose
membeKsatisfy the formulaereferredto abovefora givenvalueof X and
it is probablethat xenondoesalso. Alsothereis someirregularityin con-
nection withthe odd-numberedelementsprecedingkryptonand xenon,and
thereforeseleniumandtin mayalsoend séries.

CMeSyW.D. Harkins:"TheEvolutionof theEtemente",J. Am.Chem.Soc 39,
864():9i7)NidF.W.Clarke:"TheEvolutionandDisintegrationofMatter",U.S.Geo~
Survey,Prof.PaperM2-D~9~4).

Thévalues~X and4X+ are thesame88théisotopicnumbersofHarkins:Phil.
Mag.,(6)42,90S-330(t~i).
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ReMeas betweenEtements
ThefoUowingrulesmaybe formulatedfor the démentsbetweencarbon

and polonium(exceptnitrogen).'
(a) The isotopesof the even-numberedelementsformtwo groupsof

seriesofwhichonegroupconformato the equation
M= zN + 4X

and theotherto the equation
M = aN + 4X + a,

whereM is thé mass numberof the isotope,N the atomionumberof the
elementand X any wholenumberbetweeno and n, or betweenoand13if
the radio-aotiveelementsare included.

(b) Each seriescorrespondingto any givenvalueof X in oneor other
of the two equationsis terminatedby an elementwhichbasan odd-num-
beredisotope,and in somecasestwoodd-numberedisotopes.

(c) The odd-numberedisotopesof the even-numberedelementsmaylie
immediatelyabove the lowestand secondlowesteven-numberedisotopes,or aboveeither of thèse,but do not ocoupya higherpositionin the list of
isotopesof any élément.'a

(d) The elementswhoselowerisotopesterminateoneor twoserieshave
higherisotopeswhiohbeginoneor two others. Asan obviousooMUaryit
may be stated that the even-numberedelementswhichcontainoddisotopeshave a largernumberofevenisotopesthan neighbonngeven numberedele-
mentswhichhaveno oddisotopes.

(e) FewelementshavemorethanBveeven-numberedisotopes.
(f) The above rules do not hold in their entiretyfor the twoseriesin

whiohX = o.

(g) Noodd-numberedelementbas morethan twoiaotopes.
(h) Noodd-numberedelementbasan isotopewithan evenmassnumber.
(i) Noodd-numberedelementbas an isotopewhosemassnumberis the

sameasthat ofany isotopeofanyotherelement,oddor even.
(j) If an odd-numberedelementbas two isotopes,the foUowingeven-

numberedelementcannothavemorethan oneoddisotope.
(k) The isotopes of aU odd-numberedelementshave a massnumber

whieh is less by one than oneor other or.both of the two lowestisotopesof the even-numberedelementimmediatelyfoUowing.
If the isotopicnumbersofHarkinsare usedin placeof the values4Xand

4X + s it willbe foundthat mostof the rules as stated abovehavebeen
anticipatedby Harkins. The isotopesprediotedby Harkins*vary radicaUyfrom thoseof the writerowingto the fact that the relationsnotedin rule
(k) have not been stated by Harkins.

In severalcasescertainelementsare believedto endseries,andwillthus
have oddtsotopes,in apiteof the fact that thefollowingeven-numberedele-

S~~ aretheaameas *y ''especta(Nature,!t2,588(to~)).ThN,ofcourse,cannotapplyto theradioactiveelements.
J.FranklinInst.,1M,55!-$~(t~.
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mentshave isotopesin the sameseries. Theselatterelementswhiohinolude
krypton,xenon,and tin do not followthé rule regardingthe distributionof
odd isotopes. Thus the odd isotopeof kryptonis found abovethe third
evenisotoperather than the second,xenonbas twoevenisotopesfollowedby
altematingevenand odd,andtin basno fewerthanfouroddisotopeswhich
are placedabovethe second,third, fourthandSftheven isotopes. In these
cases,it is believedthat thé precedingélémentsdo not presentthe same
degreeof instabilityas dothe elementswhichordinarilyterminateseries.

Thèseapparentexceptionsto thé rulesgivenabove,indicatethe possi-
bility that further examinationmay disolosethe presenceof stillothers.
This willnecessitatea modificationof the rules,but willnot affectthe re-
lationsexistingbetweenthe odd numberedelementsand the followingeven
numberedelements,except insofaras the positionof the relatedisotopesis
eonoemed.

In the casesof krypton, xenonand tin, the precedingodd-numbered
elementshave positionswhiohare not in accordwith rule (k) bromineis
relatedto thesecondandthird isotopesofkrypton,iodineto the thirdisotope
ofxenonand, fromits atomicweight,indiumisbelievedto berelatedto thé
third lowestisotopesof tin, in spiteofthe fact that Astonbasfoundan iso-
tope oftin whiohbas thé samemassnumber.

Chlorinebas two isotopesCI 35 and Ct 37. There is a corresponding
isotopeof argonA 36, but no A 38, nor is therea Ça 43 foUowingK 41.
In the caseofargon,it maybe statedthat the inertgasesappeartoprésent
exceptionstomanyof theserules-videkryptonandxenonabove.

PredictionofUnhnownIsotopes
It wasfoundthat these rules werenot sufficientto permitthe prediction

of the isotopesof the other elements,chieflybecauseno rule couldbefor-
mulated which would indicate whichélémentsshould terminate séries.
Certain seriesin the groupM = aN + 4X wereterminatedas follows:-
Serieso (LeX = o) ia terminatedby calcium,seriesi by zinc,series2 by
krypton,series3 by cadmium,series4 by tin andseriess by xenon,andit is
probablethat series 10 is terminatedby polonium,but the positionof the
elementsterminatingseries6, y, 8, and 9 cannot be determinedasmostof
themfall withinthe rare earthgroup. Simuartyin the M = aN + ~X+ 3
group,serieso is terminatedby nickel,series ï byselenium,3 by cadmium
and oby mercury. Series4 is believedto be terminatedby telluriumby
analogywithselenium. Alsoby analogywithnickel,it is possibletoassume
that seriesa is terminatedby ruthéniumand series8 by osmium. Polonium
is believedto terminateseries10,leavingseries5,6, and 7to endsomewhere
withinthe rareearth group.

A. 8. Russellbas endeavouredto predict the massnumbersofthe iso-
topesof the elements2and the writer's enorts resultedin suchcloseagree-
ment with his that an attempt was made to try to fit RusseU'sresults
to the rules already formulated. Accordingto Russell,the followingele-

A.S.RuBsdt:Phil.Mag.,47, tMt-n~;48,36~378(19:4).
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mentslying betweenxenonand merouryhaveat !eaatoneodd isotope,neo.
dymium,gadoMnium,dysproshun,ytterbium,h&fniumand osmium.Usmg
the maasnumbersgiven by Russellfor the isotopesof these elements,it is
possibleto showthat aUexcepthafniumbothend andbeginseriesso that

Fm.44
Oddandeven-numberedelements

laotopeaof&Unon-radioactiveelementaabovecarbon

the dMSoultypresentedby the rare earth groupis solved;exceptfor the
valueHf ïyg. With these additionaldata the completedtables werepre-
pared. (Figs.3and4.)

Thesetables differfromthe resultsof Astonin veryfewcases,asan at-
tempt waa made to begin with Aston'sresultsand to reason fromthem.
In somecasesquestionablevaluesfoundby Astonwereomitted. Thus Ti
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50is not believedto exist, for if it doeathen weshould expectthat there
wouldbe an odd-numberedisotopeof titaniumand also onewith a value
Ti 44- (Seerule (d)above.) Onthe otherhand,thé experimentaUydoubt-
futZn 67is believedto existsincezincfollowsthisrule (d) in otherrespects.
Astonfoundno valueSr 90, but it iBbelievedthat this existain order to
maintain thé continuityof thé seriesM<=*aN + 4X + 2 (X = 3) which
beginswithSe86andendswithCd ïto.

Owingto the differentmethodsusedin cfdcuMonby the writerand by
Russell,there is a little moredisagreetnentbetweenour results. Someof
RusseU'svalues (suchas Mn 53,Co s?) do notagreewith experimentalre-
suttsand are thereforeomittedfromthe tables. Withthe exceptionof the
valueHf ï 79noneofthe otherpointsofdisagreementareof greatimportance.
Most of them are due to the fact that the writerbas consideredthat the t
seriesare continuousand he basbeenforcedto addone or moreisotopesto
someelements. These,if presentat aU,are not abundant. If, however,
Ht 170exists,then byrute(d)hafnium mustenda series. If it does,thenHf t
176mustalso exist. Hit endsa séries,then bythesame,rule,it mustbegin
one. If it beginsone,the valuesHf 184andW 188are necessary. In other
words the writer is either forcedto disagreeoncewith Russelland omit
the value Hf 179,or to add threeothervalueswhichRusselldoesnot admit, i
and whichare, indeed,unnecessarysofar as the writer'ahypothesisis con- [
cemed.

Evolutionof the Elements

The first elementsto formwere the even-numberedelementsbetween
carbonand nickel,togetherwithhydrogenandhelium. These last elements
appearto be the materialfromwhichallelementsarederived,althoughthe
above outlineof the relationsbetweenthe elementsdoes not indicatethe
precisemannerin whiehthe morecomplexelementswerebuilt up. Between
carbon and calciumthe elementshave mass-numborswhich either equal t
twicethe atomicnumberor areequal to twicetheatomicnumberplustwo
(i.e.X = o). In the latter seriesthereare manygaps,thus there is norep- i!
resentative in this seriesof carbon,oxygen,argon,or calcium. It would
appear,then,that the isotopesofthe elementswhichbelongin theM==aN+
4X + 2 series(X = o) developedfromthe lowerisotopeswhiohlie in the
M = sN + 4Xseries(X = o). Theatomioweightsofthe elementswhichlie
between carbon and chromiumshowthat the most abundant isotopeof
those elementswhichhave more than one isotopeis the one lying in the
M = aN + 4Xséries. Thusthe atomicweightofneonis 20.2(isotopes20

and22), that ofmagnesiumis 24.32(isotopes24,25,and a6 )ofsilicon28.07
(isotopes28, 20,and 30.)

The statement that evolutionbegan with the formation of the even- )
numberedelementsfrom carbonto nickel,with hydrogenand heliumis
based on our knowledgeof the meteoritesandthe déductions that have [
been madefromthis knowledgeas regardsthe earth. Astrophysicsprovides t
much confirmatoryevidence.As later evolutionfolloweda somewhatdif-
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forent coursealthoughthe samegeneralprinoipleswereinvolved,it is to be
expectedthat theelementsbelownickelwouldhave différentcharaoteristics
from those above. Thus the seriesare not continuousbelownickel, and
unstable conditionsseem to have causedmagnesium,silicon,and sulphur
to forman odd-numberedisotope.

FoUowingtbeformationoftheseelements.theevolutionaryprooessesoontin.
uedinthreeways,namely,theformationofthehighereven-numberedelements,
the odd-numberedelementsandthéelementsbetweennitrogenandlithium.

The even-numboredelementswhosemassnumbersare higherthan those
of nickelmayhavebeenformedbythe additionof eitherheliumatomsor of
neutrons to atoms already formed. Whenhelium atoms are added, thé
propertiesof the atom are changedand a newelementis formed. The new
element,however,is a memberof the sameséries as the old. Thus in the
seriesM = aN + 4X (X-=' a), 30Zn68is thefirstmember. Onthe addition
ofa heliumatomgaGe 79is formed;then34Se76and finally36Kr 80.

The additionof helium atomscannot continue indefinitelyand as the
atomioweightinereasesthe elementsbecomeunstableunlessmorethan two
negativechargesare added to the nucleusforevery fourprotons. In such a
case neutronsareadded, usuallyin pairs. If, however,the degreeof insta-
bility possessedbyend-membersofaseriesisreached,neutronsmaybeadded
singly althoughthis addition of singleneutronswiUnot continueafter the
formationof the third even isotope,becauseof the increasingstability of
the atom. Theelementswhoselowerisotopesand seriesrequirethe addition
of a largernumberof neutrons than do the others for preoiselythe same
reason that they end series;namelybecausethey are moreunstable than
thoseelementswMchimmediatelyprecedethemin thé periodictable. They
thereforeaddenoughneutronsto enablethemto beginnewseries.

From this it oanbe seen that the lowerisotopesof any elementwill be
less stable than the higher ones. It may,therefore,be expeotedthat the
lowest isotopesare present in lessabundanoethan the secondlowest,which,
in turn, willnot be as abundant as the third lowest. The higherisotopes,
on the otherhand,are formedas a resultofthe instabilityof the lowerones
and the quantityso formedmay beverysmall.

The odd-numberedelementswereformedby a prooessof disintegration
of the even-numberedelements,wherebyoneor both of the twolowest(and
thereforethe least stable) isotopeslost onepositivechargefromthe nucleus
and oneélectron. This protonandélectronformeda hydrogenatom which
may bave goneinto the formationof higherisotopesof even-numberedele-
ments or may have remained as a hydrogenatom whichlater became a

hydrogenmolécule. Sincethe valenceof theodd-numberedelementsis less
than that of the even-numberedelementsimmediatelyfollowing,it follows
that foreverytwoatomsof an odd-numberedelementformedtwoatoms of
hydrogenandoneof oxygenaregivenoff.

Applyingtheseprinciplesofevolutionanddisintegrationto the elements
belowcarbon,a schememay be outlinedwhichcan accountfor their irregu-
larities but this schemeis hardly morethan a guess,probablya very poor
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one,at that. If it be assumedthat nitrogenwasformedin théordinaryway
bysomesuohcombinationasthreeheliumandtwohydrogenatoms,and then,
bya procossofdisintegration,it lost firstoneheliumatom andthen another,
sBio andgLiôcouldbe formed. AlsosBtï could be formedby the loss
of one protonand one eleotronfrom carbon,and this wouldgive off bae
heliumatom forming~Liy. 4509is formedfrom sBio by the toss of one
proton and one electron. Thus the elementabelownitrogenreverse the
usual plan,and the odd-numberedelementsact in the samewayas do the
even-numberedelementsabovenitrogenandvice-versa.

So far the hypothesisbas been stated with as little detailas possible
so as to presentits majorfeatures. NaturaUy,since it dealswith the very
fundamentatprocessesof ohemioaland geologicalchangeit is necessaryto
inquirefurther into it in order that wemaysec whetheror not it will fit
observedfaotsand furthencorèwhetheror not it will solveexisting difti-
culties. Untilit oanbe shownthat the hypothesiscan be appliedit would
seem of little avail to conaiderfurther a revolutionaryidea that is based
solely on certain numericalrelationsand predictionsbasedon these re-

lations. EvidenceExpérimentâtEvidence
Rutherfordand Chadwickbombardedcertain elementsof low atomic

numberwith ac-partictesand obtainedhydrogen. As a resultof these ex-
périmenta,it was foundthat the hydrogenatoms drivenofffromelements
of evenatomionumberhad a shorterrangethan those drivenoff fromété-
ments ofodd atomic numberindioatingthat the even-numberedelements
weremorestablethan the odd,insofaras thisparticular bombardmentwas
concerned. This did not, howover,indicateanything else,in the writer's
opinion,as regardsthe stabilityofthe atomsexoeptthat theydifferedfrom
one another. The process,if it exista,wherebyodd-numberedelementsare
formedfromeven, is not a bombardmentof the elementswithinthe crust
by a!pharpartic!e8but a natural disintegrationwhich is analogousto radio-
active disintegrationthoughquite differentfromit in détail. Perrin~sug-
gests that théfollowingreactiontakesplace.

Al + o-partiole-H = Si
This equationin termsofatomicweightsmaybeexpressed:

and in termsof atomicnumbers27
+ 4 1 = 30.

13+ 2 – 1 14.
If, howeverthisprocessisappliedto suchanelementas manganese,wehave
the followingresults:

R'e~ve

Atomicweights:- 55+ 4 i = 58 (nickel)
Atomicnumbers:- 25+ 2 i =. 26(iron)
In otherwords,if an odd-numberedelementianot followedby an even-

numberedelementwith an isotopehavinga mass-numberwhiohis greater
by three than that of the odd-numberedelement,this réactioncannot take
place in thisway.

1 QuotedbyRutherford:Nature,Ï!S,493(t~).
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Thederivationof goldfrommorcurywhiohwasroportedby Mietheland

later by Nagaoka'has a considérablebearingon this hypothesis. Although
later tests, using Miethe'smethods,failedto achievepositiveresults, the

writer is informedby Dr. A. L. Day*that Nagaoka'swork bas been re-

submittedto oarefulsorutinyand that tests on mercurypreviouslypurified

by anindependentinvestigatorof hisprocessgavea positiveresult.

The suggestionof Stumpf.that the isotopeof mercury197originaUy

reportedby Aston"wasreaUygoldisof interest. The fact that extremely
carefulrefinementis necessaryto removeall traces of goldfrommeroury
wouldtendto indicatesomeproceaswherebygoldwasaotuaUybeingformed

frommercury,andthefaotthat merourywhichbas beenrefinedwithespecial
careshowsno trace ofgoldmightindicatethat the processof disintegration
is voryslow. The writerwouldbeverymuchinterestedin seeingthé results

of exporimentsin whiohmeroury,refinedto suoha degreethat it contained

notraceofgold,wasallowedtostandfora yearor morebeforebeingretested

in orderto seewhetheror not goldcouldbe obtained.

In casethis transmutationactuallytakesplaceit is probablythe isotope
ofmercuryipSwhichbreaksdowntoformgotd197. In that event,if enough

gold werefoundto makeanyappreciaMeeffectupon the mercury,it would

be interestingto findout whetherornot the atomicweightof thé mercury
hadactuauyinoreasedand alsowhetheror notthe isotope198waslessabun-

dantthan beforethé disintegrationwaaeffected. Thesuocessfuiperformance
of this experimentwould indicateto someextent the correctnessof the

writer'shypothesis,as it is to be expectedthat elementsof higheratomic

weightwouldgive better resultsthan those of loweratomicweight. The

formationofgoldfrommercurywouldbemoreeasilydemonstratedthan any
othersuchchangeexceptpossiblytheformationof thalliumfromlead.

Piutti andBoggio-Lera*arereportedby Nature' as stating that the view

that mercurymayundergospontaneoustransmutationintogoldissuggested

bythe invariablepresenceofgoldincommercialmeroury. Thetransmutation

ofleadto merouryandthalliumwasreportedbyA. Smits"andinendeavoring
to explainboth the transmutationofmerouryto goldand ofleadto thallium,
DaviesandHorion*pointout that "thechangemightconceivablybeeBèeted

eitherby the entry ofan électroninto,or bythe removalof a protonfrom,
the nucleusof the mercuryatom. Thesamealternativespresentthemselves

in regardto the transformationof lead(82)intothallium(81)"

'Nature,U4,197(192~).
Nature,UC,95(1925).
PemoMtcommunication.

<NatûM,US,i72(t92s).
6"Isotopea"(t9~). LaterdetenniaaëomhaveehownthatHg!97doesnotexist.
'Rend.AcotMLSci.Fie.Matem.(Nap!ea)Sopt-Dec.(t~s).

H7,604(t926).
'Nature,117,t3(ï9:6).
*Natute,tl7,ts: (!9~6).

GoldderivedfromMerettïy
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In this connectionit mightbe pointed out that the transmutation of
elementsbelowleadoannotbedueto radioactiveprocesses,and meroury198
andgoldïo? cannotsimplybelowermembersof the radioactiveseries. It is
true thatHgae4mightbeformedasa reaultof the radioactivedisintegrationof thoriumlead,but from thispointdisintegrationwouldhave to proceedfromoneisotopeofmercuryto anothor,somethingthat might conceivably
happenif the higherisotopeswerederivedfromthe lower,and ~en foUow
a thirdmethodwherebyAu 197oouidbe fonned. Thusthere wouldbe two
newmodesofdisintegrationbesidesthetworadioactivemethodswhiohwould
seementirelyunËkety,and it wouldseemimpossibleto derivegold from lead
byanysingleprocess.

The ComposMonof Météorites,etc.
Thegreatpreponderanceofeven-numberedélémentsoverodd-numbered

elementsin thé meteoritesbas alreadybeen pointedout by Harkins' and
others. Thiswasregardedby Harkinsas evidenceof the greater stabilityofthe even-numberedelements,but it wouldseemmoreprobable that it is
evtdenoethat, nonnaUy,onlythe even-numberedelementswould form and
that thé odd-numberedelementsareformedat a latertime.

Harkins,in the samearticles,pointedout that whereveran odd-numbered
elementwasat all abundant,the neighbonngeven-numberedelementswere
sMimoreabundant. Thismightbebelievedto be indicativeof the disinte.
grationof the latter to formtheformer,especialtyif therelationbetween the
odd-numberedélémentsand the lowest isotopes of the even-numbered
elementsbe conaidered.

The onlyodd-numberedélémentsfound in any abundance in the iron
meteoritesare cobaltand phosphoruand both nickeland sulphur are also
présent,althoughsulphur is not so abundant as phosphorus. In manymeteorioironsa considérableamountof hydrogenbas been found whioh
substantiatesthe ideathat the cobaltmay have beenformedby the disinte-
grationofnickelwiththe formationofhydrogen.

In thé meteoriostones,cobalt,aluminum,sodium,potassium, and phos-
phorusareallprésent,but in nocasein the averagecompositiondoesany one
oftheseelementsoccorin quantitiesgreaterthan 10%of the even numbered
elementsimmediatelyfoUowing.

In theachondritiométéorites,thesameodd-numberedelementsareprésent
withmanganèsein addition,andheretoo, noneof themaremore than one-
tenthasabundantas theeven-numberedelementsimmediatelyfollowingwith
the exceptionof aluminumwhiohamountsto lessthan one-seventhof the
siliconpresent.

In Clarke'spaperonthe evolutionand disintegrationofmatte~ hepoints
out that the ClassB stars containbesidesheliumand hydrogen, silicon,
oxygenandnitrogen,andthat in thedass A stars magnésium,calcium,iron
andtitaniumarebeginningto appear. With the exceptionofnitrogen,these

~r~" f' M' ~5-339(!9at).U.S.Geot.Survey,Prof.Faper,M2D(1~4).
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elementstogetherwith carbon,chromiumand nickel,all of whichare found
in the meteorioirons,makeup thetwoseriesin whichX oand seemto be
the elementsfromwhiohallothemarederived. Nitrogenbasbeonreferredto
M thé possiblesourceof the lightestelements,exeeptheliumand hydrogen.
Thetwoadditionalmemberaofthe o sortes,argonandneon,donotappearto
fit into the generalsoheme~unless,beinggasesat normaltemperatures,they
weretoo volatilewhenformedto be retainedby the parent massandwere
dissipatedintospace.

The relativeabundanceofelementsin the Sun'satmosphèreis givenby
Washington'asfoHows:oalcium,iron,hydrogen,sodium,nioM,magnésium,
cobalt, silicon, aluminum, titantium, chromium,strontium, manganèse,
vanadium, banum, carbon. Of the odd-numberedelementsin this list,
exclusiveof hydrogen,sodiumismoreabundantthan magnesium,but allof
theothersare lessabundant than their possiblesource-elements.Aluminum
is verycloseto siliconandthis givesriseto the suggestionthat sodiumisthe
easiestof all the odd-numberedelementsto form,with aluminumnext. As
a matterof tact,potassiumis alsoabundant inthe sun'satmosphereofwhioh
it forms,togetherwithhydrogen,the outer layer. Thus,in the sun's atmos-
phere,the mostabundantodd-numberedelementsareidenticatwith themost
abundantodd-numberedélémentson the earth's crustand, in addition,the
hydrogenformedasaresultofthédisintegrationofthéeven-numberedéléments
is abopresentmgreatabundance. Thiswouldseemto bemorethan amere
coinoidence.

AssociationofElementswitMnthe Eaf<h

In a fowcasesodd-numberedelementsare foundassooiatedwiththeeven-
numberedelementsfromwhichthey are believedto be derived. Examples
of this associationinctudecopperand zinc,and cobalt and niokelin ore
deposits,and siliconandaluminumin igneousrocks.Otherassociationsare,
however,equallycommon. Theseinoludesodiumand iron, sodiumand

caMum,and potassiumandmagnésiumin igneousrocks,and leadandsilver,
leadand zinc,andgoldand altverin oredeposits. The latter groupofasso-
ciationsare undoubtedlydue to processesof differentiationwhichhave
resultedin the concentrationof these elementsin a certain portionofthe

magmawhiohoontainedthem and there ia no reasonwhy the first group
shouldnot have becomeassooiatedas a result of the same causeswithout
any referenceto thoiroriginalrelationship.

In their chemicalpropertiesthe odd-numberedelementstend to bemore
Mkethe even-numberedélémentsthat followthem than thosewhichprecede
them. Amongother wellknownexamplesof this similarityare vanadium
and ohromium,manganèseand iron,cobaltand nickel,copperand zinc. It
is possiblethat this chemicalrelationahipmayindicatea geneticrelationship
as well.

1BeeW.D.HMMm):Phil.Mag.,(6)42,~t (t~t).
H. 8.WMhmgton:Am.J. SoL,9, 376(t925).
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The Hypethesiaof AtomicMamtegmUonand the PhmeteshaalHypo&esis
The planetesimalhypothesismay be summarizedM followsin so far as

it a~ectsthe formationofthe earth
i. Slowaccumulationofplanetesimalmatter.
a. Accumulationofatmosphereafter the planet had attaineda sumoient

size to holdit. Additionat soMplanetesimabwere added, however,after-
wardssothat someof thégssesbecameocctudedin the rocksandhave been
comingto the surfacesinoethe beginningofgeologietime.

3. Selfcompressiondueto gravitygaveriseto sufficientinternalheat to
causeliquefaotionof rocksat certainplacesthuspromotingvolcanicaotivity.

4. Watervaporin theatmospherecondensedand formedthe hydrosphere
to which,Itketheatmosphere,largeadditionshave beenmadeby vulcanism.

The ohiefobjectionto this theory in the writer'a opinionMesin the idea
of an initialvoloaniostagecaueedby compression. If compressiongave
rise to the initialvuloanism,then a differentcausemust be assignedto later
vulcanism. Theauthorsof the PIanetesimalhypothesistaoitlyassumethat
pre..Cambrianvuloanism,especiallyAroheanvulcanism, was more intense
than morerecentvulcanisaiand that theroforepre-Archeanvulcahismwas
probablystillmoreintense. Is it not morereasonableto assumethat, except
for minorvariations,vulcanismisfairly uniformbut that Aroheanvulcanism
seemsmorewidespreadbecauseof the greaterduration of the Archeanthan,
say, the Ceaozoio,andalsothe fact that muchof the sedimentaryrecordof
the Archeanis!ost?

BarreU'shot-earththeoryis evenmoredifficultto understand. The idea
of a globeso heatedby great massesbf planetesimalmatter which come
ohargingintoit becomesahnostuntenable in the Ught of the evidencewhich
is acoumu!atingto theeffectthat the earth iscomposedofmoreor lessuniform
sheNswhichgradeinto.oneanother. ThesesheUacouldnothaveformeduniess
there wasa slowaccumulationofmatter in a relativelyfinestate whiohwas
added to the centra!core in inverse.orderof its speoinogravity. Accu-
mulationwasprobablyslow.In fact,consideringthe smatisizeofthéparticles,
it is quitepossiblefhat aU-heatof impact and heat of compressionwas dis-
sipatedbeforothe earthhadreachedits presentsize.

At this point, the theory of radioactive control of mountain-building
becomesinvolved.1i Accordingto this theoryvulcanism and mountain-
buildingare causedby evolutionof heat due to the disintegrationof the
uraniumandthoriumseries. Thechiefdimeultyin this hypothesisliesin the
quantitiesinvo!ved.ForexampteHohnes' in 1915showsthat witha cooling
earth the fact that there is a graduatly diminishingamountof radioactive
material withdepthhelpsthe theory sincevolcanic temperaturescan be
moresatisfaotorUyobtainedby an earth coolingdown from 10000with its
rate of coolingretardedby radioaotivitythan by heating by radioaotivity
alone.

1J.Joty:"SuttaceHiatoryoftheEarth"(1925)andemBerpapersbyHojmea,Jolyetal.
'A. Holmes:"RadioMtMtyandthéEarth'sThentmtHist<My",Geot.Msg.,52,ma

(I9I5)·
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Later Holmes1decidedthat "there must be moreuraniumand thorium
in the deep-seatedrocksthan bas hitherto been thought possible"because
of the necessityof abandoningthe theoryofa coolingearth.

T. C. Chamberlin'pointedout, as early as J906what seems to be the
fundamentalobjectionto the radioactivecontroltheory, namelythat since

radioaotivitygeneratesheat sumoientto raise the temperatureof rocks to
the meltingpoint,thé rocksimmediatelysurroundingthe radioactivematerials
must melt and the radioactivematerialsmuât thereforebe transferred to
the surface. The quantityof radioactivematerialin the earth'e crust must
dhninishwithdepth.

Antioipatinglater arguments,it may be pointedout that the ormation
of the odd-numberedelementsfromthe evenmustbe accompaniedby the
evolution of heat. ParaphraBingChamberlin's argument, the material
in the immediatevicinityof this reaction melts and the odd-numbered
elementsare transferredto the surface. They arecontinuallybeing tranB-
ferred to thesurfaceand sincethé processofatomiodisintegrationmay be
consideredas being continuous,there seemsto be no reasonfor assuming
the existenceofany initialvolcanicstagewhichdifferedradioallyin intensity
fromany latervoloaniostage.

Introduoingthis idea into the statementof thé planetesimalhypothesis
as outlinedabove,wehâve:–

i. Slowaccumulationof planetesimalmatter.

a. Disintegrationof even-numberedelementsto form odd-numbered
elementsandhydrogen. The hydrogencombinedwithoxygento form water

which,togetherwith othergasesand the meltedrocks,rosétowardsthe sur-
facecauaingvotcanioactivity.

3. Thewater and othergasesbrought to the surfaceas a result of vul-
canismgaverise to thé hydrosphereand atmosphère.

Sincethe hypothesisof atomicdisintegrationoutuned in the foregoing
pageshasbeencalledoninorderto presenttbiamodifiedformofthe planete-
simaihypothesis,it is neoessaryto considerseveraladditionalpoints.

Is the quantity of heat liberatedsumcient!ygréât to account for the

following,(x)the risein temperaturefroma coolglobeto onewith a thermal

gradient suchas that of théearth at present,(2) the latent heatof fusionof

the igneousrocksof the earth's crust, (3) the quantity of heat radiated from
the earth sincethe beginningofgeologicaltime, (4)the heatabsorbedduring
the processof formationof thé complexelements?

Would the reactionbe periodioso that reourrentperiodsof mountain

buildingandvolcanicactivitycouldtake placefollowedby periodsof com-

parative quiet?
What effeotwoulddifferentiationhave on magmasformedaccording to

this hypothesis?

A.Hohnee:Geol.Mag.,62,514(t~s).
"OriginoftheEarth"(t9o6).
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Heatinvolvedin Disdntegration
In oonsidenngthe quantity ofheat involved in the prooessof atomio

diaintegration,there are severalsourcesof heat as wellas several reactions
wMohwouldtend to absorb heat. Of these, the most important are thé
disintegrationofthe even-numberedelementsto formodd-numboredelements
andatomiohydrogen,the heat of formationof moleoularhydrogen,thé heat
of formationof water, the heat of formation of the elements of higher
atomioweightthannickel,and the heatof formationofheliumfromhydrogen.

In oatculatingthe amount of heat generated or absorbedby thé disinte-
grationof the even-numberedelementsit is necessaryto aaoertainwhether
ornottherebasbeena !ossin massora gain inmassduringthe disintegration.
Sinoemostofthéelementshave oneor more isotopos,it is dM&cu!tto deter-
minewhetherornot therebas beenany losain mass. In fact the onlyeven-
numberedelementthat iabelievedto be a simpleelementwhich is preceded
by an odd-numberedelementhavingthe normal relationshipsto it, is chro-
mium. Hèrethe reactionis as follows:-

Cr-t V+ H or $3.oï $0.06 + i.ooyS

Si.97
involvinga lossin massof0.04g. pergram of hydrogenformed.

I<f,on the other hand, Aston's latest determinationsof mass numberst
are correct,therewould bo a gain in mass if odd-numberedelementsand
hydrogenarederivedfromeven-numberedelements. Thus if A CI + H

3S.976 34.983+ ï.ooy?8
-~3S.99o8

or a gainin massof 0.014g. per gramof hydrogenformed.
Rutherfordstatesthat the energyliberatedin the formationof ïg.Hefrom

H wouldbe 1.6X 10"ça! sothat if4grams ofheliumwereformed6.4X ïo"
caLwouldbe liberatedand there wouldbe a loss in mass of o.cgn g. if thé
atomicweightof helium is 4.00or if Aston's determinationof the atomio
weightis correct,a tossof 0.03806g. That is, either2 X ïo or 2.2 X 10"
caLare liberatedfor everygram lossin masa.

Thereare thereforetwo possibilities.In thé first case, there is a lossof
massofbetween0.03and 0.04g. foreverygram ofhydrogenproducedwhich
wouldamountto o.9 X 10~g. or t.: X 10~g. for the hydrogenpresenton
the earth andthiswouldcausethe liberationof between1.8and 2.4 X lo'"
calories.

In the secondcase, heat wouldbeabsorbed sincethe reaotion is accom-
paniedby a gainin mass. Here the quantity of heat absorbed wouldbe of
thé orderof ïo" cat.

Besidethis amountof heat the heat liberated by the formationof mole-
cularhydrogenand water (approximatelyto" calories)and the amountof
heat requiredforgeologioalprocesseœ(also about 10" calories)is negligible.

'Proc.Roy.Soo.,115,487.5t5(1997).
"NataM,108,584.
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Obviouslythere is no wayof makingthese quantitiesof heat balanceat

present.

TheFormationof Magmas

Althoughthis hypothesisis not, in ils presentstate,ready forapplication
to geologio&ltheory, there is no doubt but that it could easilybe applied.
Oneof thegéologieprocessesforwhiohno goodexplanationbasbeenadvanced
isthé formationofmagmaswhiehcontainjuvenilewater. Accordingto the

hypothesisof radioactivedisintegrationwithin the erust, it is possibleto ex-

plain the formationof a magmaby thé heat of disintegrationonly if we
assumean increasein radioactivematerial at depth. This, as bas already
beenpointedout, seemsto be an assumptionwithoutmuch foundationand
doesnotexplainsatisfactoritythe presenceofwaterinthe magma. According
to the presenthypothesis,there is noscarcityofmaterialundergoingdisinte-

grationsinceit incladesthe even-numberedelementsof lowatomioweight
whiohmakeup over85%of the earth's crust andincreasetowardsthe cen-
tral coreof which they make up approximately99~ Owingto the fact
that the material undergoiagdisintegrationocoursin the formof oxides,
sinceveryfewintrusionscontainnativemetals,andsince the odd-numbered
élémentsformedhavea lowervalencethan do theeven-numberedelements
fromwhiohtheyare derived,oxygenismade availableas what mightbecalled
a by-productof the disintegrationand this oxygencan combinewith the

hydrogenliberatedto form water. The presenceof the waterreducesthe

meltingpointof the rockswith whichit is assooiatedand there is a great
excessofheatin the neighborhoodofthe disintegratingélémentsinany case,
sofusioniseasilyexplained.

The writer does not believe,however,that the batholiths and other
résultaofthe formationand riseofmoltenrockscornedirectiy fromthe area

Theamountofheliumrequiredforthe formationofthe elementsofhigher
atomioweightthan that of nickelia about 4.8 X 10~grams and sincethe

formationof one gramof heliumfromradium causesthe emissionof 326/4
X 3.7 X io' cal., it may beassumedthat the formationof thesemoreoom-

plex elementswould absorb aaô/4 X 3.7 X M" X 4.8 X io~ cal. or

t X ïo"ca!one8.
The formationof 4.8X!0" gramsof heliumfromhydrogenwouldevolve

4.8X to*"X 1.6 X 10" cal.or about 7.7 X 10" ça!.

Summingup wehave the followingpossibilities

Disintegrationof even-numberedelements
Formationofelementsof highatomioweight
Formationof heliumrequiredfor theseelements

fromhydrogen
Formationof moteoutarhydrogenand water

Energyabsorbedby geologieprocessesand

radiatedinto space.

Case I CaseII

zXïo~'cul –logeai

-10" –ÏO"

}

8X10" 8Xio"

10' ÏO'"

-ÏOM



~43 W. V. HOWARD

M WhMn tha ~omn~mM~t! taL~et ~<t~~ ~Ain whiohthe disintegrationtakes place withoutbeing greatlymodifiedbyotherproeesses. It is eoneeivabtethat massesofalmostcontinentaltazeform
theparentmagmaand that dinerentiationthrough gravitativeadjustment
resultsin the drawing offof the Ughter constituents of this magma and
their concentrationin smallerreservoirsfrom whioh they begin to move
towardsthe surface. Meanwhile,the larger mass beneathaoHdiaoaand
disintegrationbegmsafreshto result in the formationof anothermagmaat a
later timefromwhiohthe differentiateemayagainmoveupwardafollowing
eitherthe path of thé eariierintrusionsor anotherpath.

Naturallythe rieingmagmamay be greatlymodifiedbyaasimilationand
therewill eertainlybe further differentiationwith the splittingoffof aub-
sidarymasses.

Owingto the fact that nothingcan bestatedregardingtherate ofdisinte-
gration,andnothing is knownas to the atnountof heat evolved,the sizeof
the originalmassesof magma,or thoir depth,or thé rate ofHowof material
towardsthesurfaceit iauselessto speculateregardingthe tengthof timethat
ebpsesbetweenthe formationof magmas in any one area. It is évident,
however,that there wiUbea certain periodioityto the processand a!sothat
the intervalbetweenthe periodsof aotMty willbeextremelylong. Whether
or not this interval ia the intervalbetweentevotutionson the earth'acrust
caanotbestated definitely,but it seemsreasonableto believethat thi9is the
case.

The hypothesis,therefore,faUsinto the samecategoryas a numberof
hypothèsesat present employedin geologioaltheory. Likethe others, it
wouldexplaina great dealifwehad sumoientdata. Beforegoingfartherand
developingan imposingstructureon suoha foundation,the writerprésents
the foundationatone in thehope that it willbe consideredfroma physioal
andohemioalstandpointinorderto findoutwhetheror not it willstand.

Achnow!edgments
Thispaperwasexaminedin manuscrlptby Dr. A. L. Dayand Dr. H. S.

Washingtonof the GeophyoicatLaboratory,and ProfessorsW. A. Noyés
and JakobKunzof the Universityof IHinoisin order that anymajorerrors
mightbe detected. The writerwishesto aeknowtedgewithdeepgratitude
theassistanceaffordedbythèsegentlemenwithoutin any wayimplyingthat
theyconsiderthe hypothesismore than an interestingspéculation.



Introduction

The searohfor a catalyst wMohwill aaceleratea given reactionis fre-

quentlyconductedby atudyingthe actionofthe prospectivecatalystonthe
deairedproduct. Thisprocédure,whilethermodynamicallysound,doesnot

alwaysgiveconclusiveresults. This is espeoiallytrue whenmixedoatalysts
arebeingtestedin the decompositionofa singlesubstancewhiehit is desired

to synthesizefromtwo reaetants. Comparativelylittle workhas beendonc
onthe actionofmixedor promotedcatatystson the decompositionor trans-
formationofa singleaubstance. Unlessthe adsorptionat the interfacesof
mixedor promotedoatalystsis different(quantitatively,at teast) fromthe

adsorptionof simpleoatalysts,it is dimcultto accountfor promoteraction
in the decompositionof a singlesubstance.

Palmert found that magnesiumoxideand manganousoxide promote

copperas a oatalystfor the dehydrogenationof ethanol,providedthat these

promotersare presentin amountsgreater than 2.5and 0.4atotoiopercent,

respectively.Smithand Hawh?foundthat âne oxide,(preparedby precipi-
tation withsodiumcarbonatefromzincnitrate solution,followedby drying
andheatingto formthe oxide),wasofthe sameaetivityin thedécomposition
of methanolas their most active ZnO-Cr)0$preparation. Indeed, thèse
authors foundthat the additionof chromiumoxidein any proportionother
than 8 ZnO-iCr~Otresultedin a catalystmarkedlylessactivethan the most
active zincoxidecatalyst.

Duringthe courseof a researohnot primarilyeoncemedwiththe purposes
ofthia paper,somedata onthe behaviorofzincoxideand zincoxide-chmm-

ium oxideoatalystsin the decompositionofmethanolwereobtainedin this

laboratoryby A.W. Gauger,and in the synthesisby the writer.

MethanolDecomposMon
Methanolwaaheated in a coppercontainerimmersedin a water-bath.

The Qowof vapor fromthis containerwascontrolledby meansof a brass

valve,fromwhichthe methanolpassedthrougha Bôwmeterkeptin an oven

at ioo'*C,and theneeinto the catalyst chamber. The latter consistedof a

PyrexU-tubebeatedby meansofan electrioaltesistancefumace.
The gasesand vaporsfrom the catalystpassedthrougha condenserim-

mersedin a methanol-solidCO~bath, thencethroughtwo waterserubbers,

ContributionfromtheReaeMchLaboMtofyoftheRoemterandHMahohe)-Chemic<d
Co.PerthAmboy,N.J.

Froo.Roy.8oc.,IOIA,t?; (t$9t).
J. Phys.Chem.,32,4~0(!9~8).

BEHAVIOROFZINCOXIDEANDZINCOXÏDB~CHROMIUMOXIDE

CATALYSTSIN THE DECOMPOSITIONAND

SYNTHESISOF METHANOL*

BYH.H.BTOBOH
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It will be observedfrom Tabte I, that these oatalystswereof approxi-
matelyequatactivity.Cata!ystNo.awasofgteaterapparentdensitythanNo.i,
and becauseof thiaandthe differencein the charaoterof the supportaused,
a rigorouscomparisonof the data ianot permissible.However,if the large
increasein activityusuallyaasociatedwithpromotionexisted,a muohgreater
variation in the percentdecompositionwouldhavebeenobserved.

~athesis of Methanol
The earliestpublishedworkonthe useof zincoxide(perse)as a catalyst

for methanol synthesiswas that of Patart.~ Using"pure" zincoxideas a
oatalystat 4oo-4zo"C,and tgo~oo atmospherespressureof aH: + i CO,the
liquidcondensatowaaof0.896specifiegravity at i9'C, and containedabout
80%methanol,the bu!kof the remainingao% beingwater. The data given
are insufficientto oaloulatespacevelocityor space-time.yield.Themethod
ofpreparationof the oatalystis not described. Anequallylaconicreference
to the use of zincoxidewas publishedin a descriptionof experimentsat the
BadiaoheAnilinund SodaFabtik.' Dreyfus*alsomentionsthe useof zinc
oxide.WoodruffandBbomneld*state: "Zincoxide-per se-bas nocatalytio
effecton the methanolreaction."

Bakef'aC.P. chenucabwereundwithoutfurtherpurification.
'Chimieet Industrie,13,No. 182(r9s5).
'Die MetaMbStse,4a,!3t7(~sg).
<ENg:Pat.a69,494(t~6).
U.S.Pat. t,6o8,643(t~6).

and finally through a flow-meter. The off-gaseswere,unfortunately,not
analyzed. Thé percentdecompositionwas oa!cu!atedfromthe amount of
methanolreco~ered.

The oatalystswerepreparedasfoMows:–
(i) soc gramsofzincoxtde*weremixedwith22gramsof chromioaoidandenoughwateraddedto forma thickpaste. 100gramsof4.8meshpuauce

woremixedwith thepaste, and thé mixturedriedat iso"C.
(2) 949gramsofzinccarbonateweredissolvedin formioaoid,and thé

solutionmixedwith so grams of asbestos.The mixturewasevaporatedto
dryness,and driedat tso"C.

Both catalysts were treated at 2oo"Cwith hydrogensaturated with
methanolat roomtemperature,forseveralhoursbeforeuse.

TABLE1

MethanolDécomposition

~No~ Temp. ~y Dec<~p<No. grMM M. "0. perhour tien
1 ~5 s~ 300 no g
1 '85 543 365 no 80
2 193 4~ 300 ni 4
2 ï93 400 342 ïo8 78

It will be observedfrom Tabte I, that these oatalystswereof approxi-
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Zincand ohromiumoxidesareseparatelylistedbyMittasohandSchneidert,
andthemixedcatalystBpeeincaUyclaimedformethanolsynthesisby Mittasch
andPier..

The data givenbelowon the synthesisof methanolwereobtainedby
usmg411:+ tCO gas at 3000tbs. pressure. The reactantswereprepared

passing"blue water-gas"(obtainedfrom an ordinary water-gasgenerator)
mixedwith steamover a water-gasshift catalyst 80that the H~/COratio
waschangedfromabout i.ï to 1.9. After scrubbingwith causticsodasolu-

tion,the gas wasdilutedwith electrolytichydrogenuntil a ratioof <tHt/iCO
wasobtained.

The reaction vesselwas made ofchrome-vanadiumsteel,and waslined
withcopper,heatingbeingaccomp!ishedby an eleotricfumacesurrounding
the converter. The volumeof the catalyst spacewas 42 cc. The catalyst

temperaturewasmeasuredby meansofa concentricthermocoupte~imbedded
in the catalyst. The temperatureofthe fumaeewascontrolledby a Walton

Torreythermoregulator.
The converteroff-gaseswere led into a pressurecondenser,and thence

at atmosphericpressureto a gasmeter.
TableII givesttie resultsobtainedusing zincoxidecatalystsand catalyst

No.i (ZnO-CreOt).Tholatter waspreparedas describedabove,exceptthat
thé pumicewasomitted,and the catalyst usedin the formofa finegranular

powder. The preparationof the variousformsof zincoxideis describedbe-
low. AUof thesewereusedas granularpowdersof approximatelythe same
screenanalyaisas CatalystNo. i. Ailtests weremadeafterthe oatatysthad
beentreated withoHz+ iCHtOHat 3oo"Cfor iz hours.

The product obtained was in a!! cases better than 95% methanol by

volume. Each of the space-time-yield Sgures represents an average value

taken for determinations made about once per hour for at least three hours

'U. 8. Pat. !,90t,sso (t9!6).
'U. S. Pat. !,558,5S9('9~5).
'This was a copper-conatmtan couple made by passing an otectrioaUyinsulated con-

stantan wire thru a pièce of oopper tubing and wetdiog at one end. The other end was
ai~er soldered into a threaded btasa apindie. Thé tatter wasserewed into a T attaehed to
thé stem of the converter, the reactants being admitted thru the other end of the T.

<8.T. Y. -= Ibs. of CH,OH per oubic footof catalyst per 24 hours.

TABLEII
Methanol Synthesis

Cata!yat
Spaco

Ve!octtyTempper

hour 4000in a)! casea

SpaceTime
No. °C. YMd'

t 330 660

3 330 360

3A 330 Inactive

350
»

3B 330 aao

3C 330 SMghtIy Active

350 88

3D 330 360
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and in somecases (Catalyst No. i, and No.3) thé tests wereprolongedto
200-300hours. The averagedeviationfromthé meanS.T.Y. variedforthe
differentcatalysts froms% to 10%.

Preparationof ZincOxideCatalysts
(No.3) aoogramsof zincoxide were mixedwith one literofwater,and

sufficientconeentratednitrioacidadded to dissolvethe oxide. Anexcemof
ammoniawasadded to form Zn(NHa)++. aoo gramsof NaOH dissolved
in soo oc.ofwater wereadded,and thé mixtureboileduntil no odorofam-
monia couldbe detected. After filtrationand washing(until no test for
nitrates wasobtained in the washwaters),the 6!tercakewasdriedat aoo'C.

(No.3A)200gramsof zincoxideweremixedwithoneliterofwater,andan
equivalentquantity of concentratednitrio acid added. 600gramsof 28%
ammoniawereadded, and theresultingmixturefiltered. The filtercakewas
washedand dried as in No. 3.

(No~3B) Identicat with preparationof No.3, exceptthat theadditionof
ammoniawasomitted.

(No. 3C)Zinc formatewasprepared in theformofa finecrystalpowder.
(No.3D)81 gr&msofzinc oxideweredissolvedinoneliter ofa diluteacetic

acid solutioncontaining 1:0 gramsof aceticacid. A solutionof 171grams
of Ba(OH): in two liters of water was mixedwith the zincacetatesolution
andthe mixturefiltered. Thefdtercakewaswasheduntilnotest foracetates
wasobtainedin the washwaters,and subsequentlydriedat 2oo"C.

Of two préparationsof chromiumoxideoatalysts,one madeby soaking
pumiceinmoltenCrOa,and the other by precipitationofCr(OH),,the latter
wasfoundto be only stighttyactive (about 20 S.T.Y.at 33o"C),andthe
formerinactive.

The slightactivity of chromiumoxide,combinedwith the fact that the
most activezinc oxideoatatystsgave only about50%of the yieldobtained
fromthe ZnO-Cr2O3catalyst, indicatesthat theZnO-CriO,interfacesenhance
the activity of zinc oxide in methanolsynthesis. The fact that no suchin-
creasein activity ia observedin the décompositionofmethanolmay bedue
to the fact that the experimentson the decompositionweremadeat atmos-
phericpressureinsteadof at the partial pressurecorrespondingto the condi-
tions in the synthesis. However,it seemsimprobablethat twentyatmos-
pherespressureof CH,OH wouldchange the primaryadsorptioncharaeter-
isticsof eitherZnO or ZnO-Cr)Oacatalysts.1

Regardingthe mechanismof the synthetic reactionvery little can be
stated, beoauseof insufficientdata. The variationof the space-time-yietd
with spacevelocity (seeTable111)is characteristicof any contactréaction

This at~tetMntMbasedupontbeworkof PalmerandConstaMe(Froc.Roy.Soc.MA.t3, (t9~);WA4t2(t99t);iOtA,.78(t9M);1MA,250(1~4);M7A,M5,270!,oM~35SC9~))whoehowed
that therateofdehydroge~tM..f'.th~ot .Jep~tof

~.T~S ~i~ P" in 'Mua.Iecu&rhyeronthecatalystsurface. It ie probablethatcatalyeteforthedecompositionofmethaaolonthecatetysteurface~ït MprobaMethateatatyBtaforthédecomposittonofmethano)wouldbeaimilarlyuna~ectedbyanmoreasedpreesureofCH,OH.
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inwhichthe eonveisionis relativelyhigh,andhenoethe data are insuSicient
to indicate whether the adsorptionof the methanol formedretards the

synthesis.
TABLEIII

Space-Velocity:
Space-time-yieldRelationship

Température° 33o''0Premure= 3000!bs.of~H,+ i COgas CatalystNo.t
0_1110" CI_ a: M1'1_t_-
Spacevelooity Spacetime %ConveMionof

pet bour yield COtoCH,OH

!:t8o ~6 sz

2430 soo 50.s
2860 566 46

4080 663 40

4SSo 790 41
5480 900 38

S~o 874 39

7850 mo 33
7900 H20 33
8a6o 1330 30

n6oo 1450 30
i3Soo 1530 27
14900 1535 24.5
17000 t66o 23
19200 t~ïo 23.55
25300 2260 211

No data on the changeof S.T.Y. with pressureare availablefor this

catalyst. The changeof S.T.Y.with temperatureis complicatedby the ex-
traordinarMynarrowrangeof temperaturein whichCatalyst No.i may be
usedwithoutdeteriorationdueto sintering. Thusthis catalyst ispracticaHy
inactiveat températuresappreciablybelow3oo°C,and at 35o°Cthe S.T.Y.
is lower than that obtainedat 330"C. Rapid measurementsat 35o°Cin-
dicatea somewhatlargeryieldthan at 33o°C.

The author wishesto expresshis appréciationofhelpful oritioismsmade

byDr. B. S.Lacywhodirectedthe researchin the courseof whichthe above
datawereobtained.

Summary
The additionof chromiumoxideto a zincoxidecatalystin certainpropor-

tionsincreasesthe activityof the catalyst formethanolsynthesis,but does
notaffectits activity formethanoldecomposition(atatmosphericpressure).

Somedata describingthe characteristiesof a ZnO-Cr~Oacatalystin the

synthesisofmethanolaregiven.



CHEMICALREACTIONSOF THE THIRD OBDER*

BY FRANK E. E. GBRMANN

The generalformof stoichiometrioequationsfor réactionsof the third
ordermay be representedby

A + B + C~=±Rt + Rj,+ Ra + (j)
Aspécialcaseofa third order reactionmay berepresentedby

3 A ~± P. + R~+ Ra+ (2)
whichstates that three moleoulesof A reaot in suoh a wayas to give the
productsonthé rightsideof theequilibriumequation.

Accordingto the principleof the mass action law, wemaywrite in the
firstcase

d(a x) d(b x) d(o x)
= k(a x) x) (o x) (3)'"dt~ '~dt~dt"=~

or dx/dt = k(a x) (b x) (o x) (~)
in which a, b and c represent the initial concentrationin moisper liter of
A,B and C respectivelypresent in the solutionat zero time. z therefore
representsthe motsper-titer of eachoompound,A, B and C, whichhave
disappearedat time t.

In the sameway,wemay writeforthe secondcase

d(a x) dxd(a x) (ka x)' (5)dt dt
Thisis also the formassumedin the first case,if the initialconcentrations
ofA,B and C are equal. If, however,a~b = c,that is, if théinitialconcen-
trationsof Band C areidentical,butdifferentfromA,wehave

dx/dt = k(a x) (b x)~ (6)
Upto this point the discussionis equallyvalidwhether wespeakin terms
ofmoisor equivalentsper liter.

Supposenowwehavea third orderreactionofthe form

A + 2 B~Ri + R, + (7)
If weare usingequivalentsper literas the measureof concentrations,then
wehave

dx/dt = k(a x) (b x)' (8)
whichis identicalto (6). If, however,woare expressingourconcentration
in terms of mob per liter, it is obviousfrom the equationthat two mots
of B disappear for every mol of A that disappears. We must,therefore,
nowwrite

dx/dt = k(a X/2) (b x)" (9)

fromthe DepartmentofChemisttyofthe UmveKityofColomdobyFranki!<.E. GennaND.
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A partioularcaseofan actual reactionwhichwasfirst carefuUystudiedby
Noyés*is representedby the equilibrium

SnC!,+ zFeC!,~±aFeCI),+ SnC!< (10)
SinceNoyésexpressedconcentrationsin tenns ofequivalents,ho madeuse
ofequation(8),whiohon intégrationyielded

k=.i–– ~a-b)x a(b-x)t (u)1~
t(a-b)~ ~b(b-x)' b(a-x);

The tendencyat the present timeMto makeuseof moisper liter in ex-
pressingau concentrations,aincethereia !essdangerof confusion.As a re-
suit, many erroiahaveorept into treatiseson chemistry,and as a necessary
consequence,into the researchworkofthe unsuspecting.Thus wennd~in
Getman'a "Outlinesof TheoretioalChemistry"the statement, "The fol-
lowingtable givesthe results obtainedwith o-MSmolarsolutionsof ferrie
ohlorideand stannousoMoride." Asa matter of fact the table is a copyof
Table6of Noyestakenfrompage55:ofthe articlereferredto above,except
forthe fact that Noyesexpresslylabelshisconcentrationsas "0.025normal"
in placeof "0.025molar"as given.

In oonnectionwith the same reaetion/ Taylor*states speoiScalIythat
concentrationsareexpressedin motsperliter andgoeaonto state (referring
to the equationof the form of equation(i) ) "If thé initial concentrations
ofAand Bareequal,or if the stoichiometricequationbas théform2A+ C =
oneor morerésultants,we have

dx/dt = k (a x)"(o x) (~)
whence

k=~. +tn~ (~
t(c-a)~a(a-x) a(c-x);

–

This is correctfor thecaseofa = b, butnot for thecaseof aA+ C = Ri +– – – –
Obviouslyequation (13) in the caseofconcentrationsexpressed

in mo!sper liter,ahouldbe replacedby
1

dx/dt=k(a-x)'(c-x/2) (14)
whichis of the formof equation (o), and (13)shouldbe rep!acedby the
integrated form of equation (14).

Althoughequationsof the formsof (9) and (14)may have been Used
and integrated in the past, they haveeuocessfullyescapedthe attention of
thewriter. It may,therefore,be ofinterestto developthispointmorefully.
For integration,equation(8) may bewritten

kydt=
(b xT2*

(is)
(a x) (b x)'

Similarly,equation(9) may be written

Noyés:Z.physik.Chem.,tC,546(!89S).
'Getnxm:4thEdition,p.433(t~).

T&y!or:"ATreatiMonPhysicalChemNtty,"2,87~.<Chapterwnttenby]~anciaOwenRice.



1750 F&AKKE.E.GERMANN

k dt J (a xla) (b X)I = a J (aa x) (b X)2
(16)

V "7 (a x/2) (b x)' (2a x) (b x)~
It is, therefore,obviousthat if equation(n) givesthe valueof k as derived
from equation(8),wehaveonly to transform(xx)byintroducingthe factor
a in the numeratorand replacea by aa to obtaina valueof k fromequation
(9). Thuswehave

k = ? 1 (~ b) x ~a(b x) ~)
k

tt (sa b)~ b(b x)
+

b(2a x)

Similarlythe equationat the bottomof page872in Taylorshouldread

~r-+~?~} }t (ac a)' a(a x) a(2C x) J
In au other casesof !8t, znd and 3rd order reactions,the equationsde-

velopedfor k are equallyvalid whcthermoisor equivalentsare used. The
numerioalvalueofk willnaturallydependon theunitschosen. Whenwork-
ing with ordershigherthan the third, the equationswill,in générât, bedif-
ferent for concentrationsexpressedin equivalentsor in mols. No attempt
bas beenmadein the aboveto distinguishbetweendifferentvaluesof k by
meansof diSerentsymbols.

Underthe dateof February14,ioa8, Dr. F. 0. Ricecalledthe attention
of the authorto anerrorofthe abovetype inBodenstein'sarticle,(Z.physik.
Chem., 29,677(1890)) inwhichthe reaction

zHe+O~~aBM)

was under considération.
This error was pointedout and criticallyexaminedby Wegscheider:Z.

physik. Chem.,35,580 (1900);but no formulafork wasgivenwhichcanbe

readilycomparedwith equations(17)or (t8).
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AComprehensiveSutvey of StarchChemistty. By A P. M~<<w,Editur. Vol. X

18 cm; pp.?0. New York: CAewMN<C«<o~ Company,Jfa~. P*~ce;~/0.00. "This sym-

posium mintended to be a présentation of tho variousphases of starch chemistry and tech-

nology. The meehamsm of starohtransformation isof primary interest in suchuniversal

proeessesMthe baking, brewing,and fermentation industries. The conversionofstarch to

glucose byacid hydrotyais repreaentsan industry whichMa significant factor in the worlda

food economy. The material, stMchitself, is of considérableindustrial importance; as one

of the mostabundant of naturatty occurring organicsubstances, etarch constitutes an in-

expensiveraw material whose veKatUityof characteristicspermits its extensiveapplication

in many manufacturing processeo,"p. g.
The volumeia divided into two parta, the firat being the aymposiummentionedin the

preceding paragraph. There are nineteen articles: Thermal Depolymerization of 8tarch

in Relation to Molecular Constitution by Ame Pictet; Methylation of Starch in Relation

to MolecularConstitution by Sir James Irvine; EnzymicHydrolysisof Starcheain Relation

to MolecularConstitution by A.R. Ling; Baoterial Degradationand Constitution of Staroh

by Hans Priaasheim; The Cotbid-Chemicat Properties of Starch by Max Sorneo;Non-

CarbohydMte Constituenta as t Factor in the CharacterMation of Starch Componenta;
The X-ray Spectrography of Starchby J. R. Katz; ChemicalNature ofCertain Amyiasesby
H. C. Sherman;The R&teof Starchin Bread-mattinxby C. L. AJBberg;GetatinMationand

Retrogradation of Starch in the Bread Staling Proeessby J. R. Katz; Conversionof Starcb

in thé Fermentation Industries by Auguste Fernbach; Manufacture of Corn Starch by

G. M. Mo~ett; Manufacture of Potato Staroh by Eugen Freuss; Manufacture of Dextrin,

Envelope Gums, British Gum, and Modified Starches by V. G. Bloede; Starch and Flour

Adheaivesby Jerome Alexander; Significance of Staroh Viseosity in the Manufacture of

Paper and Textiles by W. A. Nivling;The Use of Starch in the Textile Industry, par-

ticularly forthe SMng of Cotton Warps by Ft D. Farrow;Starch-converting Ehzymesused

in the TextileIndustry by H. C. Gore, H. G. Tarley, Léo Walleretein and Jokichi Taka-

mine, Jr.; Early Development ofStarch Chemistry by R. P. Walton.

Whenheatedin glycerol the fottowingchanges occur:starch –~ solublestarch –~ hexa-

hexoaan tnhexoaan –~ a-glucosan, p. n. Glucosan is converted into glucose by

boiling with water. Irvine comidera that "there Mno essentiat différence between the

constants ofa 'pure* maiae-etarchand a 'pure' gtycogen;thé same reaemblanceextends to

the acetateaand methylates of thèsepolysaccharides and, as atready stated, the methyiates

give the same hydrolytic products. There can be no reasonable doubt that atarch and

tdycogen,whenfreed from extraneousconstituents, are chemicaUyidentical," p. 23. Starch

and glyeogenvary, however, "in their capaoity to combinewith nitrogen, phosphorus,and

jmetauicradicles. In particular, the tenacity whichglycogen retains combined iron seems

to differentiatethé compound fromstarch."

Pringahoimeays, p. 36, that diamyloseand triamyloseformtrue solutions in coldwater

but undergotransition to thé coMoidalstate in boilingwater. On p. 40 he writes that

"animal starch or glycogen is apparently the only other substance besides starch, which is

fermentable by BnctMm:macerom. We have found this carbohydrate to be identicalwith

amylopeetin,and, uke it, to forma relatively large proportionof~-hexaamytose."

"The relationsbetween gtyeegenand lactic acid areknown to be of great importance to

the enetgyof muscles. Except gtyoogenonly starch, whieh as we have seen bas the same

carbohydrates in its hull substance aa glycogen, can be~tycotyzed; with amylose the ré-

action is somewhat retarded. The condition for the possible transformation of a poly-

sacoharide into taotio aoid is obvious!ythat its moteeuteis changeable exctusivetyinto the

oharacteristicir-gtucose residues M formulated by us. This, as Meyerhof bas shown,with

staroh derivativeawhich we supplied,both hexosansare glycolyzed,but tbis isnot the case

with amylobioseand amyiotrioeealthough the suitability of the latter for amylosisbas not
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6. .L,a v~ ~.b- _ar.L_ l 'IIIbeendestroyed. Henceweconsiderthat the sugarphosphorieesters likowiseexhibitthe
'y-giueosestructureofourradicalforthey atone,besidesthéstarchcomponentsandhexo-
sans,areconvertedintoa!cohotieyoastfermentationandarefonnedby thémuscleenzyme
ing!yco!ysis,"p.45.

Samecstressesthe importanceofphosphorioadd in staroh,p. sa. "In oontraetto
etarchsolutions,the intactatarohgranulesdo not giveoffany appreoiablequantitiesof
etectrotytes.By treatmentwithdituteHCt, followedby a thoroughwashingwithwater,
thé cationscan be removedwithrelativeease. Pbosphorioacid, however,ia retained
in thestarohgranule,eothat aftera draattewashingpmeesetheetarohaahconBMteahnool
entirelyofphosphoricacid. In orderto removethia(dso,theatarohgranulemuâtbedie-
sotved,thedissolvedsubstancesepatatedin somemannerfromthésolution,the coagulum
againdissolvedandMon;therefinallyreauttaanalmostcompletelyeleotrolyte.freestarch,
whoseprincipalorganiecharacteriBtiMcorrespondto thoseof the nativestaroh,atthough
it MnolongercapableofgetatmMattoc.

"Thetbreeprocessea:apng, heatingunderpreaauM,anddeminerauzation,produceone
eCectin common,that ie,thetranattionof a gelatinisingstarchfonninto oneincapableof
gelatinization,withthé concomitantoleavageofphoaphoricaoid.

"Onthe one hand,thiaacidappeareto be firmlycombinedwiththe staroh,although
it BtiUactaaaa dibaaioacid (forexampte,againstphenotphthateinand methylorange).
But on the other hand,it can behydmtyzedby hot water,Mthat it appearsin aitprob-
abUitythat thé starchandphoaphoncaoidare combinedin an este)-Unkage.Aocording
to thishypothesis,amylopeetinieastarch-phoaphoficsoidester.

"Tosupportthis theoryit wasnecessary,aboveaU,to ahowthat there waaan unequal
distributionof phosphortNin the etarchcomponents,termedby L. Maquenne,amylose,
andamylopectin.Accordingto thepmceduteofZ.Gatin-Gntzewska,1prepareda portion
of amyloseand of amylopectinfrompotatoatarchandpurinedbothof thèsebyrepeated
dialysisagainatdistilledwater. TheresultsactuaUyobtainedehowedo.t85%P,0, inthe
amylopectinportionand0.007%F,0.inthe amyloseportion.

"The aepaeationof amylopectinsfromamyloeeeiamuchmoreeaaUyandthoroughly
accomplishedby a euitaNeprocessofelectrodia1ysis.By thismethod,theamylopectin
separateaaa a couoidaleteotrolyteinthe formof a s!imelayer,the amylosesremainin
solution,can be pipettedoff and theamylopectincanbe washedby décantationwith
water. Sincethere iaaJsoa migrationof all thé assoeiatede!ectrotytewhichienotcom-
bined,a materialis obtainedwithrelativerapidityandeaaewhichiesuitableforthede-
terminationof inorganioamociatedsubstances.

"TheamylopectinfractionsofdMetentstarohvarietieswereseparated. It wasnoted
that thèsedimerednot onlyin thé relativepercentagesprésentin thé etarch,but alsoin
appearance,in the mannerinwhiohtheyrespondedtoeiectmdiatysis,intheirconductivities
and in theirphosphoruscontent. In opiteof aUthesedifférences,however,oneabsoiute
relationcouldbeobserved;theviseosityofa starchsolutionatwaysdependsonthere!at!ve
quantityofamylopectinprésentin thestareh.

"Asphysico-chemieatmethodshâvealready indicated,the phosphotioacid esterof
starch is hydrolyzedwhenheatedwithwater underpt~sure. If starchsuspensionsare
heatedunderpressureforvariouaperiodaof timeandthenentirelyfreedfromuncombined
eteotroiytesby dialyaisandeiectrodiatysis,it ie demonetratedthat the longerthe duration
of thé heatingthe lowerbecomesthephoaphoruscontentof thestarehmaterial. In order
to estabMshconclusivelythe esternatureof amylopectinit wasnecessarythat, by syn-
thesis,1ehouldagain obtaina ge!atiniangproduet uponestetiScationof thephosphorus-
freestarchsubstancewithphosphoricacid. Thenmtatepinthisprocedure,naturaMy,was
to obtainthat portionof thecarbehydratewhichwascombinedwithphosphorieacidinthé
nativestarch. To thisend,1 firstremovedthe amylosefractionbye!eetrodiaiysis,washed
out theamylopectinverythorooghtywithwater and then,byheatingwithwater,decom-
posedit intophosphoricacidand theorganiocomponent.Afterremovalofthefreephos-
phoricacid,the substancewasphosphorytatedwithphosphorusoxycMorideaccordingto
the methodofC. Neuberg.AUoperationswereeonduetedsoaatopreventanypeptization
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orhydrotyticdégradationof thé starch substance.AftermitabtepuriBeation,1obtained

a perfecttyotear,hightyviseouaproduot,whioh,in general,reembledthenaturalamylo-

peotin,exhibiting,however,a conaideraNyhigherviecosityandP~Otcontent.AUtypicat

propertieswhiohthe starch solutionhad Iostby heatingwithwaterhadbeenrestored.

Thehighlyviecoussolutionconduotathe eteetriccontentveryweU,migrâtesrapidlyand

integra1lyto thenégativepolein an etectrictdMd, séparâtesoneiectrodiatysisaea gela-
tinoualayer andisveryeasityprecipitatedbyateohotin theformofa gummymass.

"Theauccesafulsynthesisof amylopectinin potatoetarchwaea!sorepeatedwithother

starohvM'ietieN.Theresuttwaethe same;in aNcMea1suoceededinobtaininganatogow

ptoduetewhiehformedstiSpaates. In onerespectthishelpedto solvetheproblemofdif-

feron~atmgetarohesaocordingto their technicatvalue.
"Theassertionthat etarch,whichhad beenregardedaea purecarbohydrate,e){hibite

manyof ita typicalpropertieaonly whenestennedwithphosphorieaeid,waaat nmtre.

Oeivedwith someskepticism.The experimentewhich1 had earriedout,however,in thé

courseof yearawereverMedby a numberof independenttnethodaandail the essential

pointedefinitelyestabUahed."
"Theviewthat thege!atinizingabilityofa potyttacoharidoMdependentuponorat teast

eonaiderabtyincreasedbycouptingwith a potybaaioaoid,haalater beenestabtiahedwith

oMterplant matenab. C. Neuberg,using anatytieatméthode,and M. Samee,using
coUoidohemicalméthode,both foundthat the jeUy-fonningcomponentofAgarwascom-

pMedofan Agar-sutphurieacidoombination,"p.54.
"Certainproduetaof wheat etaroh,peptMedby mean9of uttraviokt!ight,migrateto

thecathode,althoughtheydo not containanymetaillcions. Alsotheamyloseswhichare
freefromeleetrolyte,andeapeoiaMythé amylopeotin,have&ptonouncednégativeohatge.
Thiseteotrioaichargeooutdonlybeexplainedontheassumptionthat stamhwascombined

witha protein-tikesubstanceand the importanceofnitrogenin atarohwastherebyex-

ptained,"p. s7.
"Thecolorgivenwithiodineladependentneitheron themeanmolecularweight,onthe

Btateofhydration,on the combinationwithphosphoricaoid,nor on the presenceofre-

duoinggroupein the moleoule.The causeforthe differenceiniodinecoloriamuchmore

likelyto lie inthe organioconstitutionor at leastin the structuralcombinationof the

molecularaggregateaof thécarbohydrate. Theideathat thiswasduetoa differencein

constitutionreceivedsupporton the onehandthroughthe workofH. Pringsheim,andon

theotherhandthroughtherésultaofA.R. LingandD. R. Nanji. Theformerwasableto

breakdown the organiccomponentsof amylopeetinto a triMccharide,where,with the

atny!<we8(whiehgivea etearbluecolorationwithiodine),onlydieaccharidescouldbeob-

tainedby the samemethod. A. R. Lingand D.R. Nanjisoughtthécauseforthé diNer-
enceinthe starchcomponentsm the differentdistributionsofa-and jUinkagesin a hexa-

McohM'ide,wbichtheyconsideredto be thebaeieconatituentofstarch. W.vonKeufman
ahoconsideredthestructureof the carbohydrateto beinBuentiatin determiningits color
withiodine. Aecordingtohim, the presenceofoxygenringBneceseitateda bluecoloration,
whereaathe eorreapondmgtygreaterhydroxylatedcompoundshoutdgivea redcolor,"p.s8.

Samecauggestscallingthesubstanceswhichgi veabluecolorwithiodineamytoamyIoBes,
amyMextrin,andamylodextrinieacid, dependingon whetherthey are reducing,non-

reducing,or acidic.Theoorrespondingaubstanceswhichgivea redcolorwithiodinehe

callaerythroamyloses,erythrodextrin,and erythrodextrinioacid. Thosewhichgiveno

colorwith iodineehouldbe knownaa achroamytoses,achrodextrin,and achrodextrinio

aoid,p.59.
"Theexistenceofsuchsubstancesaswenowcattenzymesfiratbecameknownthrough

theobservationthat barleymalthad the propertyofhydrolyzingstaroh. Sincethismust

havebeenduetosomethingpreviouslyunknownbut eontainedinthémalt,aconcentration

waslaterBoughtby fraotioningthe malt in différentways,testingthéfractions,rejeoting
thosewhichdidnotshowthe peouliarproperty,andfraotioningstillfurtherthoaeinwhioh

it appeared. Theprinoipleis wellillustratedin thenowctaMieatinvestigationswhichled
totheisolationofradium,"p. 78.
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"In strong and in weak nouM the staroh is distributed differently. Anyonewho haa
taken the trouble to examine both kinds under thé microscope, knows that, white thé
starch granulesare simüar except in site, they bear dictèrent relations to thé gluten. In a
hard-wheat Bourthe gluten is présent in relatively large masses in which the greater part
of the staroh Mimbedded. The number of etaroh granules that are to be seen lying free is
relatively smatt. In soft-whoat aour thé gluten masses are smatter and carry imbedded in
them eorrespoadingtytess starch. A relatively large proportion of the granules lies free.
Hence in a stMngBourthe water muat diffuse through a layer of gluten beforeit can reaoh
the majority ofthe staroh grains, white in a weak Bow it can rMah mnat of them directly.
It is thereforequite possible that in dough made from atrong aoMrby the ordinary process
of kneading thé starch granules never beeomefully saturated with water or etoebecomeso
only gradually as fermentation progresses,whereas in weak-nour doughs thé atarch grains
become fuUysaturated atmost immediately. PosaiNy one of the effectsof the high-speed
mixer is to hasten saturation. of the starch granules and thus to contribute to the botter
absorption eneetedby thèse machines. It is obvious then that the quantity of ataroh in a
Sour and perhapsita freedom piobably ptay a rote in determining absorption, even thougb
a minor oneas comparedwith the gluten," p. oo.

"I have beenable to discover, further, that bread etaling is the result of a change which
is caused by coolingof the bread and whieh does not take place if thé coolingis prevented.
This processproceedsat a conmderabty stower rate than tho oooiingitsetf, and indeed, if
bread ia kept at a temperature of 6o"C or over and if ton of moisture and condensation
of water are prevented, the bread, theoretioatty, oan be kept fresh for indefinitolyprolonged
penods; bacteriatconversions, however,must be excluded by the addition of a dieinfeotant.
It bas been an empirical fact known to bakera for a long time that bread crumb can be
refreshened by heatin): the bread, and that this procesa may be repeated several times
until the breadbas)oet too much moisture. Boussingault oonarmed the correctnessof this
old, practical expérienceby a number of testa. He found that the processof refreshening
bread couldbe repeated any number of times, aay seven times, if thé bread crumb is kept
in a giass cylinderctosed by a properly-fitting stopper ao that a)i toMeaof water are pre-
vented. My experiments have demonstrated that changes are precludedalmoet entirely
if the crumb ÎBnot allowed to cool. Hence, a physico-chemical equilibriummust exist be-
tween fresh andstaie bread; the two formaexhibit the same behavior as allotropiestates of
the same substance. The question here is whether weare doeling with a homogeneousor a
heterogeneous equilibrium. In the former case, there should not be a sharp change but
rather a graduai transition between the temperatures at which bread stays freahand those
at whioh it beeomesstale. In the second case, there should be a precisetemperature value
where thé changeoccnm. Above this temperature the fKsh form of the breadwould be the
state of equilibrium,while below this temperature the state state wouldbe that of equilib-
rium. On makinga test in thia conneetionit waaascertained that a graduai changeor tran-
sition took place. For these experiments, retativeiy large pièces of bread crumb werekept
in a thermostat at différent températures for or 48 hours under conditionswhiohstrictty
prevented att tomesof moisture and condensation of water. Thé degreeof atating wasthen
determined by meansof three methods.

"By ati of thèsethree methods it was concordantty shown that, at 6o''Cand over, bread
retains its fresheeasentirely, that at about ~o°C it becomes approximately hatf state, that
at 3o"C it is still more so, and that at t7° and o'C it becomes totatty state. The degreeof
stating of a pièceof bread crumb kept for s~ or 48 hours may be representedgraphically
by a continuonseurveas a funetion of the temperature. There is no sharp break or transi-
tion point and, apparentty, a homogeneousstate of equilibrium prevails. This finding is
con&tned by the fact that, upon microscopieexaminatjon, nothing indicativeof thé for-
mation of a precipitatein or between the starch granutes can be observed. If a heterogene-
ous atate of equilibriumprevailed the occurrenceof such a precipitate woutdbe expected,"
p. 'M.

"When the humidity is 85 percent or more thé crust rapidly losesita crispness. Main-
tained in anatmosphèreof greater dryness, thé crust, to be sure, remainsorisp,but the layer
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of crumb directly underneath the erust is caused to dry out. Hence, a current of air muât

be used whosehumidity isM regulated that neither the onenor theother defect or condition

arises. This air current will then carry offregularly ett auohwater as may diffuse fromthe

orumb into the crust. Now, it wattfound as a matter of fact, that there is a signineantin-

terval between thèse two di<Bcuttie8and that the interval rangesbetween 65 and 75 per

eentatmospheriehmcidity. The rate of air fiow must be commensurate. By this unique

method, bread baked at night couldbe kept fresh so that it couldbe sold the next morning

as fresh bread without complaintefrom the pubtic.

"An Amsterdam baker in t0t5 offeredto have tests made in his shops, that M,at a time

when night work in bakeries had not yet beenprohibited. He bakedhNbread in the course

of thé evening, and after it had been fairly cooled, he then placedit in a large cabinetcon-

struoted along the above lines and in whieh a ourrent of air waamaintained a!t night by

means of an exhauster. Tho humidity of the air ourrent waa maintained at the above-

mentioned Sgure by contact with a solution of calcium chloride,the originalconcentration

of the latter being reatored every day to its original value.

"The fundamental prinoiple of the wholemethod and the main condition upon which

ite sucoeMdepends is that bread, cabinet and air should be at thé same température. This

point muet be satisfied with Bu~oientexactnesaif the method ieto be succesefut,otherwise

water wiHbe conveyed from points of higher temperature to those of lower temperature.

Whenever difficulties were encountered in practioal working,thesewere nearly alwaysdue

to a faiture to strictly observe the above condition.

"It waefound that the baker above referred to waaenabledto BeUbread, kept freshin

this manner, to the publie in thé early morning hours without comptaintahaving beenmade

on the pubtio'a part. These experimentewere made with strict complianee to thé Dutch

industrial inspection laws.

"Pt-actioat introduction in Holland, unfortunately, was frustrated by the law pro-

hibiting night work by bakers, the law becoming effectiveshortty after thia time. The

power of taborers' unions had grownto such a point that this lawcouldbe pMsed inspiteof

its injury to the public at large. No fresh bread can be sold at a!t before <oA. M. and in

view of this situation, thé above workingmethod offersnoinducementato bakeries.

"However, it ia very deairable that testa should be made in other countries in orderto

determine whether the various methods of preserving bread in fresh condition couldbe

utilised with advantage from economicalor social standpoints. Since bread ia a product

varying widely in different countries, as pointed out above, andsince the demandeof thé

puMio are different, it will be necesaaty to make expérimentain each country beforeit is

possible to draw an absolutely definite conclusionfor that country," p. t6.

"It bas been known for a longtime from practical expériencethat personewith délicate

digestive organs ean digest stale bread muehmore eaauy than fresh bread. It is a popular

saying that fresh bread lies heavily in the stomach. However,it bas beenshownbeforein

Ot<n)that in the digestion of bread by diaatatie enzymes,fresh bread ismost easity digested.

Wherein lies the explanation of thèse apparently oonfliotingobservations? In the case

of dogehaving an experimental aeeophageal6etut&it wasfoundthat sativated and chewed

bread crumb bas an entirely dînèrent consistenoythan thé crumbof state bread. Whitein

the case of staie bread thé mass proved to erumMe up very eaaily,it formeda heavylump

with fresh bread and from this lump smaNparticles breakoffonly with diiSculty. Hence,

it must be supposed that the movemente of the musclesof the stomach readity divideor

break up stale bread into smattparticles, whilethis is attended withmuchgreater diBicutties

when fresh bread is involved. In view of this condition the expressionthat it "ties heavity

in the stomaoh" can be readily understood," p. n?.

After a long controveray between thé Eagtish scientists,who have been the 6nt to

caUattention to thé considérable part played in the manufactureof béer by thé chemical

composition of thé brewing waters, and thé German schocl that had considered this com-

position as being indifferent, the influenceof thé water is nowadays universaMyadmitted

and is due, for the greater part, to thé reactiona between the compoundspresent in the

water and some bodies whichaccompanystarch in thé raw material.
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Most of the wateta contain alkaline earthe, notably calcium, in two forme, the car.
<WM(<Mand the ~pAatw. The bicarbonate whieh le formed from the carbonate by the
action of oarbonio aoid constitutes the transitory hardness of the water, as boiling effects
a moreor !esscomplete précipitation owingto ita décomposition. The permanent hardnem
Mproduoedby the présenceof sutphate. It witieasity be reaiMedthat the prédominanceo{
one or theother of thèse oompoundswiMaffect quite dinerentty thé composition of tho
wort,i.e., the ternit of starch convamion,and that eaehtype of béer ténuités a special typeof brewingwater.

f ~t"

"Thewaters whichcontainahighamomtof calciumearbonatoarewith reasondesignatedas alkalinewaters: their ehaU:aots as a neutraliser and reduoes the acidity of the mash, a
faot whioh,m starch conversion, contributes to dinMnNhthe ratio maltose:non-maltose.
ThN etatement is in complete agreement with thé fact that oarbonated watere are parMceSenMadapted for the manufacture of cobted beeMof the Bavarian type, thé oharae.
tOMtieof which iBto be relatively poorin aicohotand richin extraot. Whenno other typeof water can be obtained, whioh iefrequentlythe case, these wateMeannot beemployedfor
the production of a pale beer MtteMthay have been provioualyoubmitted to a correction
treatment oapable of eliminating the objectionabie carbonate. Among the tteatmente
praotised,boiting followedby décantation, or addition of an aoid, for instance, Butphurie,
maybe mentioned, the ohoioeof the procedure to be adopted varying with the different
eaMtt,"p. M9.

"Fumiture veneers are manufaotured almost exolueivelyby thé Meof alka staroh
glues. This creates a tremendous demand for auoh adhesiveeand constitutea their moat
important application. Other chtMeaof wood-workingalso euocesefullyemploy thia type
of glue,suoh as the joining of the tayeraof wood in boxahoeks, barre!heads, etc. Thou-
eandaof tons of the cassava or tapioca starch are imported into AmericaannuaUyfor the
purpose,as weUas to make dextrin adhesives,"p. t8i.

"TheMrviceofanHing.stifreningandadhesiveeoateriat.andtheaidgivenbyaproteoting
film,applied to white surfaces, suggests the use of a cotortem,odorless,iow-cost,adhesive
material auohas etarch and we nnd aetuaUythat its ueedates baek to thé inception of both
the textileand paper industries. Layete of papyrus worecementedtogether by staroh, and
aheetsof paper made from tag fibre dipped in etaroh paste to procure a better writing sur-
face weremade many centuries ago. Spécimensof these whioh have been preserved in
muMums,demonstrate thé permanence of starch filmeby the tact that they today show
sattsfactoryresistance to writing or printer's ink.

"Beinxapplied in a diMo!vedor wet state, etarch functions by forming an adhesive
bondbetweenadjacent fibree,thereby addine both BtMnessand tensiieettength, or between
severalplys, as when sheeta of paper or eloth are oombinedfor the purpoMof securing
greaterstrength and rigidity. Stareh used as a surface ming fillevoidsbetweenfibres, de-
oreasMporoaity and adds substance. Staroh abo servesa usefui purpose by forming an
adhesivesurfacewhiohtends to hold downpMJeetingsurface6bKS. If the fabriobe dippedm aetarohsolution and then dried, a filmremainson the surface. This filmaidemateriallyin severalmanufaotunng pMcessesby resistingabrasion. Continuity of nha makeapossibletruss effectaand, therefore, the greatest strength gain. Continuity of filmrequires a tomo-
~MMMsolution free from undissotvedpartictes. A surfacefilmon a eheet of paper aids in

ttssabsequentuseforeitherprintingorwritingbyk.eeping theinkson~esurfaoe, andthus
developingsharper definition of the oharaotersapplied. Starch eolutioas serve aiso as a
VMcetNmediumfor holdingin solutionor in suspensioncoloMor pigmentsso that they maybe appliedfor gênerai surface tinting eBects, or so that the coloramay be printed on in
regular patterns. With evaporation of the solvent, starch functiona as the permanent
adhesivebondingagent for the cotors. Control ofsolutionproperties, viseous Howor n!Mti-
city, déterminesthe successof thèse processes,"p. 189.

Sise is applied to cotton warps in order that they may be wovenwith a minimum of
breakage. When cloth ia to be bleaohed,thé size is removedimmediately after weaving,
P. ~tS. Onepartioular desizing agent ofanimal origin ie knownby the name of Degomma,
p. M8.
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"Degomma la a ereamy powder with a faint meaty odor, and dissolvesvery readilyin

water to give a clear or eltghtty turbid solution. Untike malt and fungue préparations

resemMine;more thé bacterial type of amytase in this respect,Dégommais most active in

neutral or alightlyalkaline solutions with an optimum pH of about 7.0,atthough this may

vary slightly accordingto the nature of the buner satts used in thé déterminationof thé

strength. The extrême limita of Midity and alkalinity in whieh this enzymeisatitt active

are pH of 4.0 andpH of !0.o. At thèse pointa and beyond the enzymemnot only inaotive

but aotuatty destroyed.
"The tentperatute of optimum aetivity is about 40*0. If used alone, the enzymeis

rapidly deatroyed above this temperature. Howevera protecting influenceia exertedby

certain substances, e.f; commonsatt or staroh, so that in their présencethe preparationia

quite active at so'C. NevertheteM at a température of 5S'*C.or higher thé enzymeia

rapidly destroyed.
"Mention muetbemade of the enormouseffeotof certain eieotrotyteson the amyMytie

activity of Degomma. The chief aceeleratorehavebeenfound to be calciumand chlorine

iona. ïo commercialuse the bath muet contain 0.25 per cent Batt and about 40-50parts

per millionof limewhiehcorrespondsroughlyto aeoft natural water. If artinciattyeoftened

water is used then thisamount of lime ehouMbe addedto the water to obtain the maximum

effeet from the enayme."
The second part of thia tiret volumeindevoted to a ctaMMiedbibliographywhiehahould

be ofgreat value. The patent literature is not inoludedaa it iaproposed to put this in the

second volume.

tftMef D. Bancroft

Daa Gesetz der chemischea MMaenwirkanc; seine thennodynamithe Begfttndongund

Etweitenmg. By7:M<M~I~eKZ. !MX~cM;pp.a;+~7C. Letp~:LeopcHVoM,ja.M'.
f~ee; ~0 marks. Thie ia a very interesting book on thé mass law. While fewpeople

will agree with aUthe author saya, hebasa happywayof presentingbis subject and nobody

oan read the book without leaming somethingfrom it.

The chapten are entitled the ctMsicatformofthe masslaw; illustrations ofthe ctaMicat

maMtaw; the ideatmasi law in its mol-fraotionform; the masslaw for condensedeyst~tM;
illustrations for thé new form of the mass law; diseumioM; the transition to the vapor

phase; disptacements; electromotive forces.

Wenzel may havehad a distinct ideaof the masa iaw in 1777when hewrote that "the

strength of thé chemicalaiBnity is proportional to the concentration of the reacting sub-

stance." The authorconsidéra that Richter waethe discovererof the lawof chemicalpro-

portiona (1792), white Dalton was the founder of chemioal atomiaties. Guldberg and

Waage formulated their law ~867) in thé words that "the ohemicalforceof substancesis

proportional to the effectivemaaa, whichlatter isgivenby the volumeconcentration. In

1877van't Hoffsaid that "the reaction velocity (not thé chemicatforce) is proportionalto

the effective mass of the reaoting substances." In !885 van't Hoff "deduced the maes

law from the first and second laws of thermodynamies."
In t873 "thé American,Willard Gibbs, the most brittiant of aMthennodynamioistsand

energeticiate, begantodevelophia viewsonchemicalaffinityby meansof thermodynamies.
These investigations furnish incontrovertible proof that a treatment of chemicalaffinity

from the thormodynamioview-point not only enaMeaus to give a theoretieat foundation

for regularities obtainedempiricallyin the fieldofreaction meohanisms(effectsoftempera-

ture, pressure, andmass); but atso enablesus to predict, and even to calculate, an immense

number of chemicalphenomena, whiehwere not previouslyknown to exist. Amongtheee

is the whole fieldof the phase rule, whieh latter was discovered theoretically by Gibbs,

who had even to invent the nomenclature. Gibbs, was however,80 far ahead of his time

that he had praotieally no influence on the devetopmentof the mass law. Even now the

abstract présentation of Gibbs' papere in so duBouItfor most chemists that manypro-

positions are workedout thermodynamieally,whieh thé author afterwards nnds in Gibbs,"

p. M.
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"We can acctaim van't Hoff as the master of the reversibte oye!e. No invMtfgator
before or after him bas beenso keen in dovi~ingthé cyotewMohMbéat suited to eaehpar-
tteutaroaae." p. tt).

There Mno suggestion,p. 39, that the distribution of a solute between twoimmtsctbte
solvents always inereasesthe miscibility of the two solventsand thé point Matsonot raised
whether the concentrationsshoutd be volume or masa concentrations. This Mthe more
surprising because,in the very next ehapter, heclaim for himself the credit, p. st, ofbeing
the Brat to suggest the use of the mot fraction whendealingwith the ideal gaslaw.

Under vapor pressures for consolute mixtures of two volatile liquids, he says, p. n8,
that "one of the two methodsof treating thia problemBtar(awith thé molar thermodynamM
potential for condensedphases, making use usuaUyof the vander Waab equationofstate.
This method started with van der Waalshimselfand ita ohiefsupporter is van Laar. The
other iiM of attack atarts from the vapor preMureaof the pure componentsand of thé
mixtures, It starta with a thermodynamie equation whieh was deduced by Duhemand
by Margules andwhiehhas been teeted espeeiattyby Zawidski. Nernst has alsofollowed
a similar path, quite independently. The theory of Dote~atekaiso fatta into thia ctaM.
The thennodynamtc portion ia supplemented by a non-thermodynamicassumption,whieh
h not that of an equationof state, as in the (iMttineofattack. ttiethoasaumptionefthe
générât validity of thé R4oult-van't Hoff law of thé loweringof thé vapor pteMurefor ail
concentrations."

The newformof themaeslaw, as deducedfor two-phase,four-oomponentBystenM,p.72,
oan be written

x I
~L~i~~-xx y

whieh differe fromthe oid fonn in that thé right hand term lanot a constant.

Wilder D. BoKcn)f<

Organic Chemtstty. James Br~Ht Coneot..? X cm; pp. Mt + %M. New
York: The ~<MmtNo<!Compote, M~. PWce:?.60. Among other reasons, tais book
Mmoat interesting because the author haa adopted the policyof putting the materialinto
it whieh a student Bhouldbe expected to get from it in an introductory course. To this
end it iamuch shorter than most familiar texte.

Many introductory books auffer from exeessmaterial whieh serves to distract thé
atudent'a attention from the more important points. The description of too manycom-

pounds is a partioular fault in organie chemMtrywhiehundoubtedly tends towardatraight
memorizing rather than toward obtaining the fundamental concepts of the subject. Ex-
ceM material may be met with omimionabut this ia unfortunate aince it conveysthe im-
pression to the student that he ia touching upon more or less miseeUaneouspoints. A
good course ahouldnot only give him a complete foundation but should emphaaœ the
fact that it is doingso. This new book bas been deseribedas "a short concisetreatment

presenting a minimum of faeta and a maximum emphasison important principles. Not

memory work, but independent reasoning and an underatanding of method la thé objec-
tive." This descriptionis accurate and the reviewerisconsequenttyenthusiastie.

Thirty figures illustrating principaUy important commercialproceases,apeciallabora-

tory set-ups and the variation of physicat properties with compositionare unusuallygood
and & largely new and commendable festure. Everything is up-to-date. Methylalcohol
from water gas geta more space than methyl alcohol from wood and mercurochromeis

deseribed, p. ~44. Fortunatety thie modenuty does not prevent the inclusionof pumorous
histoticat footnotes. Even more of these would be better since every opportunity should
be taken to impressthe student with the peculiarlyfascinatingbackgroundof the subjeot.
In thia connection one iBinclined to miss some référence to WShter's synthesis of urea
on page i, although it ia given later, p. 07. There are about ten review questionsat the
end of each chapter.
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<f~ntn~vmn~<twhiah ïa <MWAtnaMttt~ th~ arM~ÏAtiftf.mtw h~"Tha formal otassincation of compoundawhieh la so valuable to the speoiatistmay be

barren to the uninitiated. For this reason, tho author bas unhesitatingtydeparted from

thé traditional arrangement of the subject-matter wheneversuch departure seemed to

promise a more interesting grouping of topicaor an easier road to a mastery of the prin.

oipleeofthe science," p. v. This is apparent fromthé list of ehapters,as foUowa:the ako-

hots; ethers, alkyl haMdes,esters; petroleum; unsaturated hydrocarbom:rubber; organie

aoids: esters; fate, oils, and soaps; derivativesof ammonia: amides, amines, urea; atde-

bydes and ketones; the synthesis of organie compounds; the potyhatogencompounds,
methode of determining thé structure of comptioated organio substances;dibaaioacids

and hydroxy acids; stereoisomerism; the earbohydrates; matonic esterand aeetoaeetto

ester; the hydroearboM from eoat tar; aryl halideaand phenole;aromatMnitro compounds
and amines;aminophenob and polyhydroxycompounda; the diazoniumMtta and the azo

dyeai aromatic acids; aMphatiecompoundswlth aryl groupa; natural and synthetic dyee
and dntgs; the proteins.

"The author's expérience in presentingorganie ehemietry to a variety of classes has

led him to believe that the alcoholehave certain advantagea over the hydrocarbonsas a

point of departure. The necesaity for structural fonnutaa can be convincinglydemon-

strated by the considération of the isomerismof ethyl alcoholand methyl ether, and at-

tention can be eentered on a relatively few acces~Meeotnponndswith eharactermtiereac-

tioM. From many pointe of view thé relationship of alcoholand ether to water is much

more important than the relationehip of these substances to ethane," p. v. There is un-

doubtedty room for opinionon this point, and thé revieweris incUnedto favor the standard

way. Potroleum compares very favorablywith the alooholsin the matter of beginning
with familiar material. Further it seenMbotter to start with the direct combination of

hydrogen and carbon to form méthane and lead from tbis to the syntheNSof the oxygen

compoundsthan to give the student aicoho)and ether directly. Their namesare probably
familiarbut thé initial plunge into their ohemistryseems tiabteto worryhim morethan thé

direct combination of two elements. The question is most interesting but not vital. Or-

ganio chemistrycan be introduced satisfactorityeither way.

The reviewer is particularly pleased with the following:the synthesisof organiocom-

pounds, pp. t !7-!a5;methodeof determiningstructure, pp. !30-!35; the directiveinfluence

of subatituenta, pp. 194-196;aromatic syntheaes, pp 226-227;aliphatie eompoundswith

aryl groups,pp. 248-257- The author bas indeedsucceededin bis attempt "to present an

interesting and at the same time adequate accountof the compoundsofcarbon.

~otet<H.JV~<M<

AnAccountof the Prlnciples of Measurement and Calculation. By Norman ~otert

CampteM. X ~4 CM/PP- -t- .??. LoMdoM;J~CMatM, ~eett <MM<Co~tpe~, Prtee:

<M!tM~,6 pence. The author complainsthat the principlesof measurementand cat-

oulationare neglected, evenif they areoccaeionallyunderstood,andsinceheis oftheopinion
that there is much to be said about measurementin general whichis not to be foundin any
of the usual text-books or treatises and whieh is yet intrineically interesting, illuminating
to the atudent, and ueeful to thé experimentaland theoreticat physicist in the practice of

their science,"he bas set himself the task of supptying the deficiertoy.The book opens
with a very abstract treatment of thé meaningof numerica!taws, then dealswith the theory
of measurement,with "dimensions" and with the theory oferrors, in whichthe method of

least squaresand thé error funetion ofGaussare characterisedas "based on a theory whieh

t bolieveto be comptetety false and dangemustymiateading." The treatment may, there-

fore, be expectedto diverge in some respectsfrom the usual ones.

The book is ditBeutt to follow: thé highlyabstract character of muchof it (in spite of

Dr. Campbell'afréquent assertion of the contrary) is made still !esa tangible by the free

use ofabbreviationBwhieh are not tabulatedor indexed. The followingis a fair spécimen
of muchof the text. "Two Systemsthat balancethe same combinationof numbers of the

S. 8. maynot balance each other and the differencesin their reat magnitudesmaybe > Em;
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the marginof uncertaintvconcemint;theMa!m)MT)it.n<<nnf envthe margin of uncertainty conoerningthé rea! magnitude of any aystem not a member of
the 8.8. h atiU> Ëmbat < aE~. Andthe uncertainty can hardly be removed by making
every system wewant to measure a member of the 8.8. and eubjeoting it to thé proeeMof
adjustmentj for ifweadd a newmemberto the 8.8., we muet add also other members suffi.
cient to maintain or inorease &–M."

Dr. Campbetl'sbook is thoughtfully and sineerety written, and its study wiU benent
Mlwhohave occasionto make measurementaand then try to interpret them. It le ctearty
based on the experienceof an able laboratory workerextendingover a long period, eombined
with a keen desire to uaderstand thé fundamental meaningof euch activity. Although it
wiUbe found diffioultby most physical chemiBts,whoare not aocustomed to thé rather
abatract type ofargument sofrequentlyused, they willdiscoverin it many aireotty pmeticat
suggestions,and sometheoretical diecuMioM,suoh as thoee on the dimensions of physical
magnitudes, whieh are stimulating and provoke thought. It le to be regretted that tho
author bas not inoludedin this sectionaomeaccountofthe veryingenious"uttimate rationat
umta" of PMfeMorG. N. Lewis.

The equation of adiabatio expaMionon p. 90is incorrect, and the equation on p. t59,
line 7, should, apparent!y, read P ° pt.pt.

J. R. Partinglon

EiaM!utmgin die Chemie iNleichtfassUcherForm. By L<MMr-CoA<t.Seventh«~<<o~.
Edited by M, Meehding.~XMeM;pp.<<+~?'. LMp~opcM~o.M.M. Inview
of the discussionwhichie nowgoingon in the United States as to the proper place in which
to introduoe the metah in a course on general chemistry, it is interesting to note that
Lassar-Cohn, whobas been very sueeeMfutwith his books, brh)~ the metals in on pp.
t92-2~t, at the very end of thé boo):.

With aUdue respect to the author and to his expérience,the reviewer believes that this
is certainly wrongin a popular book and probably wrong in a gênerai courM. The boy ia
familiar with etectrodeposited gold, silver, and nicket, to which ohromium plate must
nowbe added. He knows aluminum, zinc,iron, lead, tin, copper,meroury, and platinum.
He is familiarwith magnesiumthrough nash-tightaandwith tungsten through incandescent
!amps. He certainly knowa bram, brome, and solder, and he haa possiMyheard of dura-
iuminand moneimetai. AaagaiMt thiahehasnonMt-handknowtedgeof oMoriae.bromine,
or fluorine,thoughhe may have had tincture of iodineput on hh ankle. He bas ordinarily
no knowtedgeof the aeidaor of the atkaiies outside ofammonia. He mayhave seen sutphur
and hebas heardofarsenious oxideunderthe nameofarsenic. Hedoes not know anything
about phosphorus,except a referenceto matehes and to phosphorescence;and eatt means
aodimnchloridetohim, veryproperiy. ln spiteof all tbis, n881lyeverybodytakea up metals
laet. Baker at Syracusedoes not; but his example is not yet being followedto any gréât
extent.

The book is well written and has the obvioua advantage of giving what the public
thinks it wante. It does not present the subject in the prôner way and cannot, therefore,
be the last word. ItMattrea.tpitythatthoauthorapparenttyneverconsidered the question
of order of présentation of the topies.

~tMer D. Batto-</<

PhyaikaHsch-dtemiseheUebungen. By W. A. f~~ edition. x cm;
pp. M~ + SM. Leipzig:J. A. Barlh, ??. Prtce: marks, ~w!~ JMmarks. After a
general introduction the author takes up: densities; mo!ecularweighta in solution, thermo-
chemistry, optical constants; chemical statica and dynamics; etectricat conductanee;
Faraday's law; potential differenees;eieetroatatica;eoHoidehemistry.

Underoo!!oidchemistry thé sub-headsare: Brownianmovements;Tyndall phenomenon¡
ultra microscope;preparation of colloidal solutions; electrical transferenee of colloide;
coaguiation; adsorption; uttra-SttratMB; cataJysia;with five supptementary pages on aur-
face tension and viscosity.

tftHe)' D. Bancroft
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ELECTRICAL CONDUCTION IN TEXTILES. 1

The Dependence of the Resistivity* of Cotton, Silk and Wool on Relative

Humidity and Moisture Content

BY E. J. MURPHY AND A. C. WALKER

It iaa weU-knownfact that textilesareveryhygrosoopioand that the re-

sistaneeofa textileinsulatingmaterialisverylargelygovernedbythe humid-

ity of the air to whiohit is exposed. In toi4 S.Evershed*madean extensive

investigationof theeffectofmoistureonthe insulationresistanceof a number
of insulatingmateriala,inoludingcotton, from whichhe concludedthat

eieotricatleakagein such materialsis practica!tyentirelydue to moisture

condensedon their externaland internatsurfaces. Morerecentlyquantita-
tive retationshipsbetweeninsulationrésistanceand relativehumidity have

been determinedfor cotton, silk and other fibrousinsulatingmaterials by

KujiraiandAkahari.~Measurementsofthe conductanceof individualcotton

fibersas a funetionofrelativehumidityhavebeenmadeby Stator.~ His re-

sults showthat in therange40-80%relativehumiditythe logarithmof the

conductanceof the fibersis a linear funetionof relativehumidity. In none

of this work,however,doesit appear to havebeonshownwhether the re-

lationshipbetweenrésistanceand relativehumidityis chieflyan attribute of

the fibrousstructure4of textilesor of somemorefundamentalstructure such

as that ofcelluloseinthe caseof cotton. Anattemptto answertMsquestion
isoneof theobjectsofthe presentinvestigation.

Thepresentpapercontainsa discussionofdataobtainedin a study ofthe

resistance-humidityandresistance-moisturecontentrelationshipsfor cotton,
silk and wool. To déterminethe significanceof thèse relationshipsthe

textiles werestudiedin differentforms, namely,as singlefibers, as short

threads, and as the coveringof standard insulatedwires. The effectof

etectroiytioimpuritiesin the textilewasalsodetermined. Factors affecting
the accuracyof the measurementsontextilesarediscussed. Otherphasesof

the generalproblemofconductionin textileswiUbe consideredin subséquent

papers.
Briefly,the resultsindicate that the insulationrésistanceof a textile

sampleisdeterminedbyitsmoisturecontentinsuchawaythat if the logarithm
of the résistanceis plottedagainstthe logarithmof thé moisturecontenta

Whilethedatagivenin thispaperarefortheinsulationresistanceofaampteofthese
textites,it hasbeenfoundthat théInsulationtesistaneeofthèsesamplesdoesnotdiffor
signiBcanttyfromtheirresistanceandisproportionaltotheKaistMtyofthematerial.

S.Evemhed:J.Inet.ELEng.(London),S2,5; (t?~).
2KujiraiandAkahari:Soi.Papers,Inst.Phys.Chem.Bes.(Tokyo),1,94('923).
F.P. 8later:Froc.Roy.Soc.,MB,t8t (toa4).

The conductanceofatextilemightbeduechieftytomomtureadaorbedonthésurfaces
oftheCbemorcondensedintheintersticesbetweenthem. H.L.Curtis(Bur.ofStandards,
BuU.,H,3S~(!9i4-!5))ha8ahownthatthésurfaceresistivityofa largenumberofmaterials
!sverysensitivetochangesinrelativehumidity.
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straightHneisobtainedwhosedopeis independentofthe form ofsampleand
of the amountof impuritiescontainedin the textile,but is charaoteristicof
thé kind of materialtested, i.e., whethersilk, wool,or cotton. That the
résistanceat a givenrelativehumidityis also dependenton thé amountof
impuritiesindioatesthat the conductiontakes placelargely throughwater
paths whoseconductivityis dependenton the concentrationof electrotytio
matter. If thesewater-pathsarepioturedas forminga regular space-pattern,
the elementsof whichchangein dimensionswith themoisture content in a
waycharactenstioof the textile,the observedrelationshipsmay readilybe
explained.

DescriptionofMaterlalsStudied

The samplesusedin this investigationare Ustedbelow witha brief de-
scriptionof the forminwhiohtheyweretested.

ir. CottonThreadsI.-Ash content,1.0%. Siseof thread, 30/3. Num-
berof threadsin parallel,aooo.

a. Cotton Threadsn.–Ash content, 0.26% Size of thread, 40/2.
Numberof threadsinparallel,1600.

3. TwistedPaij~I.–Aah contentabout thé sameas Sample I. Kindof
wire,No. 18doublecottoncoveredtinnedcopper.Numberof twistedpairs in
parallel,36.

4. TwistedPairs'II.–Ash contentabout the sameas Samplea. Num-
beroftwistedpairsinparallel,15.

5. SilkThreadsI. (Tussah)–Ashcontent, 2.1%. Size of thread,62/16.
Numberof threadsin parallel,360.

6. Silk Threads4II–Ash content, 0.28%. Size of thread, 62/16.
Numberof threadsinparallel,240.

7. WoolThreads–WMtedamingwooL Numberof threads in parallel,
100.

8. SingleCottonFibers.–Ash content, 1.07%. Number of fibers in
parallel,60.

Thesesampleswerechosenso as to differfrom eachother in form, in di-
mensions,and in ashcontent,and thereforeprovidedata regardingthe in-
fluenceof these factorson theirelectrioalcharacteristics. Sincethe ash is
largelycomposedofe!ectro!ytes,samplesof relativelylow ash contenthave
alsoa relativelylowelectrolytecontent.

1Althoughthiscottonwaaobtainedcommerciatty,it tBprobablethat it waewashed
duringmamMMtuHBgoperations,Mthatthewater-solubleeonstituentsofthéashwere
htgelyremoved.

Seedescriptionofexperimentalméthode.
TheinsulatedwirefromwhiehthisamplewasmadewaaofthesamestockasSample3,butwaawashedinboilingwaterfor30minutestoreducetheamountof impurities.
Thissahisfromalotofcultivatedsilkwhiehwaswashedtoreducethewater-aotubte

content.
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ExpérimentalMethod

The abovedescribedsampleswerepreparedfor test in thefotiowmftthree
ways:

Ft&ers.–Thesingleabers were pu!!edout of a thread of cottonwith
tweezersand mountedbymeansof a very thin gluesolutiononelectrodes
oonsistingof twoooncentriobrass ringsof 1.3cm.differenceinradius,sup-
portedon a well-insulatedhard-rubberpanel. It wasnecessaryto mount60
or more Sbersin parallelto produceadequategalvanometerdeHectionsfor
résistancemeasurementsat lowhumidities.

'rhe MectMfte-nxture for measuring the Résistance of Threada

T'Areods.–The samples for making eleotrioal measurements on threads

were prepared by winding 30 to ioo turns of a continuons length of thread

around two brass posts' 1.3 cm. apart between centers (Fig. i). Several

unita of this kind were mounted on a well-insulated hard-rubber panel and

connected in parallel, forming a sample consisting of a large number of

threads in paraM,~ the separation of the electrodes being 1.3 cm. (e.g., sample
i consisted of 2000 threads in parallal eaeh t.g cm. in length.)

'Thé threads wereheld in placeand in contact with the postaonly by their owntension.
Ptehmmary expertmentswere abo made with posts fitted with bars by whiohthe threads
were ctamped tight)y to the pooteto enmM good etectrictd contact. It was found that
both types of postaservedequaUyweNas electrodes, the contact reaMtanceat the electrodes
beingteM than S%tM the aimptertype waa adopted.

'There wa<a dMttnctadvantage m having a !Mge number of threads m paraHetboth
at very low and at very high hmmditiea. Thé measurements could be extendedto lower
humidities than would have béenpossible with a smaller number of threade, and at high
mmudittes could be made with a milliammeter inatead of a galvanometer, thus reducing
the error due to polarisation. Reduoinzthe length of the threads is not as deairableas in-
cMasmgtheir numberfor it makespotanzation andother seeondary éjecta moreprominent.
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DiagramshowingMethodaf wereputthe sulphuncacidsolutionsusedto pro-preparingTwugedPairs
ducethe desiredrelative humidities. The elect-

rodeswereontheundersideofthe !idsandelectricalconnectionwasmadeto
themfromoutsidethehumidifierbymeansof the screwsby whichthey were
attachedto theMa. Toreducesurfaceleakageoverthe hardrubberto a mini-
mumit wascoveredwithozokerite,a waxof verylowsurfaceconductivity.The
ozokeritewasappliedbymeltingit andpouringoverthe surfacesacrosswhich
leakagemightoccur. Whenso preparedno detectablesurfaceleakagetook
placebetweentheelectrodesexceptwhenexposedtorelativehumiditiesgreater
thanabout90.5%,wherethe leakagewasstillnegligible.Thehumidifierscon-
taining the sampleswereplacedin an air-chambermaintainedat constant
temperatureto within di.s"C; the air-chamberwas itself immersedin a
waterbathwhosetemperaturewaskept constantto ± .i°C. Thearrange-
mentoftheair-chamberwassuchthat the leadsnecessaryto makeelectrical
connectionto the sampleswere attached only while measurementswere
actuallybeingmadeanda sumcienttylongsectionof the leadswasinsidethe
chamberso that heatconductionto the samplesduringa measurement,due
to the differencebetweenthe temperatureof the roomand the air-chamber,
wasnegligible.

38cm.longwerefastenedin twoclipsmounted5
cm.apart, and a metalrodweighingabout3kgm.
wassuspendedfromthis loopofwireby meansof
two hooksalsos cm. apart. The weightof the
rod provideda constanttensionduringthe twist-
ing operation,whiehconsistedsimply in rota-
ting the rod severaltimesabout its verticalaxis.
Aftercuttingthe wireat A,the sampleconsisted
essentiaUyof two copper conduotorsinsu!ated
fromeaoh other by four layers of cotton, two
layerson eachwire.Severalsamplesof this kind
weremountedon a hard rubber paneland con-
nectedin parallelto faciMtatethé measurement
of the resistanceof thé sampleat lowhumidities.

For a!l types of samplesthe electrodeswere
mountedon bard rubber panels whichfonned
the tidsof glasscrystaJUzingdishes,or "humidi-
fiers"(22cm. diameter,11 em. deep),in which
.a u.t_n. _J _· ._1

"y~<ed PaM-s."–Thi8fonn of samplewaschosenin orderto simutatc
thé conditionsunderwhicha textileigusedin service,and consistedsimply
oftwocottoninsulatedwirestwistedtogether. No. 22doubtecottoncovered
copperwirewasused. Prcliminarytrials showedthat byputtingeighttwists
in a lengthof s cm.,twistedpairsworeobtaincdwhichworec!ose!yrepro-
duciblein insulationrésistanceand other clectricaloharacteristiesas weH.as
convenientin size. Thernethodof twistingmaybe understoodby reference
to Fig. 2. The twoendsof a pieceof No. M cotton insulatedcopperwire
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Theresistanceof the samplesvariedfrom20ohmsto about10'"ohmsde-

pendingonthe humidityandtype ofsamp!e. Becausethe rangeofresistance

wasso largefour differentmethodsof measurementwereused,each better

adaptedfora particularrangethan the others. A fewof themeasurements

at humiditieslowerthan 10%weremadeby a leakagemethod,the circuitfor

whichisshownin Fig.3A. ThecapacityC waschargedthroughthesampleR

andthendischargedthroughthe galvanometer.The i-esistanceofthe sample

is givenby

R~
KtO

whereR is in ohms,t the numberof secondsfor whichthe voltage E was

applied,Othe baUisticthrowobtainedon dischargingthe condenser,and KI

is the b&Disticsensitivityofthe galvanometerin coulombs/mm.,determined

by chargingthe condenserto knownvoltagesand dischargingit throughthe

galvanometer.The voltageto whichthe condenserC waschargedby the

leakageourrentwassmallascomparedwiththeappliedvoltage. For humidi-

ties betweento and 80% a direct deflectionmethod wasused (Fig. 3B).

Therésistanceof the sampleis givenby

E
"-K~

s,
K2D

S~

whereDisthe galvanometerdeflectioninmm.,S a standardmegohm(usually

negligiblein comparisonwiththe first term),and Kathe currentsensitivity

1Saturatedsalt solutionawerealsousedtoproducevariousrelativehumiditieswith

reeul~wM~MreedaubstMttiaHywiththoseobtainedwithsulphurioacidsolutions;but

aU.tt)MhmtMJttie8usedinthédatareportedherewereproducedWiththe8utph<mcacid

sotutioMMedinTableI.
R.E.WHaon:J. Ind.Eng.Chem.,M,~6 (!9ït).

Therelativehumiditiesto whiohthe samplesweresuccesstvetyexposed

wereproducedby sutphuncacid gotutions.~The spectacgravitiesof these

solutionsandthe relativehumiditieswhichthey produced,asobtainedfrom

Wilson'arelative humidity-spedScgravity curves,~are givenin Table I.

Thesampleswereexposedto thesehumiditiesfor ï8 hours,afterwhichtune

the rateofchangeof resistancewithtimeis veryslowandthe samplescould

be regardedas substantiallyat equilibrium.

TABLEI

HMfifm It~htive SpeciSc Relative
M HumM~% Gravityy Humidity

1.~65 ïo.o 1.2200 75 5

t.4?8s '[9.S 1.1988 79.i

i.4~5 3~.0 1.1590 85.2

t.38:0 38.8 ïi39S 88.4

1.3~97 50-5 i-'345 89.0

1.~4 59.0 i.io8o 9~.0
t.~tz 70.8 1.0642 96-3

1.2293 73.0 1.0300 98.6
t.~ t ta-t~J~



1766 E. J. MURPHY AND A. C. WALKER

in .mp~s/mm., determmedby applyingknownvoltageswhen the circuit
containedonly the standard megohmand the galvanometer. The calibrat-
ingvoltages(providedby a potentat divider) werechosenso that the cati.
brationpointscorrespondedwithin a millimeter with the so&todeflections
observedinthe measurementsand a oalibrationwasmadeaftereaohmeasure-
mentfor the scatedeflectionobservedin that measurement. A sensitive

JMeetncatCtrcmtafortheMeasurementofInsulationRenstMtce.
A-Letk~eMethod;B-Direct IMectionMethod;C-OhmmeterMethod;D-Volt-meter-MilliammeterMethod.
R-textilesample,G-high sensitivitygalvanometer,G.-pomtertypegalvanometer,S-atMdardresistance,C-air condenser,SH-Ayrtonshunt,SW–dischN~ngMntch.

galvanometeris unsuitablefor measurementsat humiditiesabove 80-85%becausean appreciableinoreasein the résistanceof the sampleis causedbythe measuringcurrent during the 30secondsto i minuterequired to obtain
a reading. If wasfound that in the mnge 80-95%measurementscouldbe
madewithsuScient rapidity witha Leedsand NorthrupOhmmeterto avoid
en-ordue to this cause. This instrument is a Wheatstonebridge with a
singleealibrateddial by means of whieha measurementcan be made in a
fewseconds(Fig. 30. The resistanceof the sampleisgivenby R = K,SwhereS is a standardrésistanceand K, a calibration factor. At humidities
above95%the current through the sampleswas largeenoughto measure
withamilliammeter,and the circuit shownin Fig. gD wasused. Thishad
the advantagethat a milliammeterreadingcould beobtainedby an app!ica-tion ofthe measuringvoltagefor a secondor so, and the resistancechanges



ELECTRICAL CONDUCTION M TEXTILES ~67

whichoocurredin this timewereusuaUynegligible.1The resistanceis given

byR ==(E/1) A,where1is the currentin amperesand Athe résistanceof

themilliammeter.
Précisionof Measurements

The possibleerror in thesemethodsofmeasurementdue to insensitivity

anderrotBof calibrationis estimatedto be lessthan ±1%underthe most

favorableconditionsandabout ±5% underunfavorableconditions. It was

frequentlypossibleto usetwoor eventhreeof thesemethodsto measurethe

samerésistance. The agreementof the differentmethodsis illustratedby

Table II. This is a goodindicationthat there are no systemattcerrorsof

appréciable amount in the methods of measuring résistance, for the four

methods involved the use of different apparatus and the measurement of

several different quantities auoh as time, capacity and voltage in the leakage

method, current and voltage in the direct deflection and milliammeter

methods, and the ratio of two resistances in the Ohmmeter method.

The factor which causes the greatest di&culty in making precise measure-

ments on textiles at humidities greater than about 80% is thé increase in

resistance with time of application of the measuring current, called hereafter

"po!anzation." By using rapid methods of measurement when necessary the

'AtvetyhighhumtdittM the inttMtreading of the milliammeterWMMmetunesindoubt

.naeeo~oftEeMptdityofdeoKMeofthecun-ent. IntheMCMeseMcondmeaauremMt

was madewith the ourrMt flowingtn the opMMtedirection. In the secondmeasurement

the ourrent inor~ed with time for Meond~ao and appmachedeloeely to the imtial
'W

value. ThomeMUKmenteweMahoeonaTmedbyMpe&hngthemaftej'~Mmp~bad
beenallowedabout 30 minutes to recover fromthe pMVtOuemeamrtngcarrent. ThenHHd

changes .{fesStMM whieh take place at very high humidities are not always evident

whena galvanometer of longperiod is used.

TABLEII

SampleandConditions Résistance(megohme)

Cotton Threads I, at 10% R. H. by direct deflection, 2.49 X 10'

by leakage, 2.47X10'

Cotton Threads II, at 10% R. H. by direct deflection 2.0 X 10'

by leakage, i.pSXto'

Cotton Threads 11,at 96.3% R. H. by direct deflection, 0.59

byohmmeter, 0.59

CottonThread8lI,at89%R.H. by direct deflection, 6.6

byohmmeter, 6. 5

Cotton Threads II, at 85.2% R. H. by direct deflection, t. 39X 10

byohmmeter, 1.3 Xto

CottonThreadsI,at76.i%R.H. by direct deflection, t. 88

by ohmmeter, 1 86

Cotton Threads I, at 96.3% R. H. by ohmmeter, i. 06X M-~

by milliammeter i. 15 5XM'"
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Otherpossiblesourcesof error in the measurementsare: failureof the
samplesto reachequilibriumat a givenhumidity,uncertaintyin thehumidity
correspondingto a givenspecincgravity of the sulphurioacid solutions,and
fluctuationsin temperature. The samplesused in the present workwere
smalland a largesurfacewasexposedto the air relativeto their volume;inthe caseof the thread samplesit seemsprobablethat the inner fiberswere
exposedto air ofabout the samehumidityas the outerones. Thisprobablyfavoredthe rapidattainmentofequilibrium. Therateofapproachtoequilib-riumisillustratedby Fig. 4, whichshowsthat after 100to 200minutesthe
rate ofchangeisveryslow. Aperiodof 18hoursforequilibriumwasadoptedas a standardprocedure. Testsmadeto determinehowmuchfurtherchange

errorin tho presentdata dueto this causewasreducedto lessthan s% onthe
average,but at humiditiesverycloseto to.% thé errormay beas large as20%. Comparisonof the presentresultswith preliminarymeasurementsinwhichnom~ures weretakento avoid poM~tion showsthat at humiditiesnear 100%an error by as muchas a factorof in the resistancemightbecausedby negloctingthe effeotof potariz~n. At humiditiesbo!owabout
10%the resistanceof samplesof amalleteotrodeseparationalsoincn~swithtime withsurent rapidityto causean errorwhichmay beas largeas
M%,but onlytwo or threemeasurementsweremadeundertheseconditions

Changeof ReaiatanceofCottonThreadawithTimeofExposureto

1::il

s

g

Resistancesareforasingte!.3cm.lengthofthread.

t Asampleoflowelectrolytecontent.e. Asampleofnormalelectrolytecontent.

76%RelativeHumidityat25"C.



ELECTNCAttCONDUCTtONINTEXTILES 1~69

in résistancewouldtake placein severaldaysshowedan averagechangeof
tessthan 6%anda maximumchangeof 14%.

The relativehumiditycorrespondingte a givenspecincgravity could be
read to ±.2%; the percentageerror correspondingto this deviationvaries
from ~2% at 10%relativehumidityto ±.a% at 100%relativehumidity.
Thespecinogravitiesof thé solutionswerethésamewithinthé experimental
efrorat theendof the investigationas at thebeginning.

ChangeofInsulationRésistanceofCottonBampteawithTemperatureat
76%RelativoHumidity.

Curvet istheinsutationresistance(X!0"*)ofasampleofloweleotrolytecontent.
Curve2iatheinsulationresistance(Xio-3)ofa sampleofnormalelectrolytecontent.

ThedataaregiveninTableIII.

It wasfoundthat the resistanceof cottonsamplesdecreasesby about 8%

perdegreeat ag'C. Typicaldata areplottedinFig. 5. Sincethe humidifiers

werekept at a temperatureconstantto ~.s'C the errordueto fluctuationsin

temperatureis probably±4%.

Fromthe aboveanalysisit is estimatedthat the errorin the data for the

résistanceofa givensampleundergivenconditionsofhumidity,temperature,
etc. is not greaterthan ±:o% and on the averagelessthan ±10%, withthe

exceptionof the data in Table VII whichwereobtainedwithout adequate

temperaturecontrol. In the plots of the resistanceand relative humidity

data, the oirctesindioateapproximatelytheestimated accuracywith which

the pointshâvebeendetermined,althoughthey are not intendedstrictly as

precisioncirctes. This does not apply to the resiatance-moisturccontent
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data, for the error in the moisture content w<u) t~mv then th~data, for the error inthemoisturecontentwaslargerthanthat in therelative
humidityfor reasonswhiohwill be givenlater. Theorrorsin the data for
silkand woolare of the same ordorofmagnitudeas in thosefor cotton. It
will be evident fromthe data whichfollowthat thèseen-orsare smallas
oomparedwiththe changein résistanceproducedbya smallchangeinrelative
humidity.

EjqtetimenttdDataandDiscussion
Thé present investigationwasprecededby a studyof tbe propertiesof

textilesat a singlefixedhumidity in whichit waafoundthat the variationof
resistancefromcnesampleto anotherof thé same materialis smallenough
that textilescouldberegardedas having,ineffect,a reasonablywell-defined
resistivity. Becauseof the rather irregulardimensionsof cottonfibersand
the possibititythat theresistanceof a cottonthread, forexample,wouldbe
verysensitiveto smallchangesin tensionor other uncontroUaNefaotors,it
wasnotobviousthat thiswouldbe thécase. However,the resultsofmeasure-
mentsof the resistanceof severalhundredsinglecottonfibers(measuredin
groupsof 60 in parallel),of severalthousandshort cottonthieads (ingroups
of 50in parallel)andofa large numberof twistedpairsshowthat thevaria-
tion of resistancefromsample to sampleis consideraNylessonthé average
than the changeintheresistanceofagivensampleproducedby amnallchange
in humidity (i or 2%). The sampleswererepresentativeof a considérable
supplyof cotton andits resiativitywaspracticallyunchangedovera period
of twoor three years. The resistanceof cotton threadswasfoundto be in-
sensitiveto small changesin tension. Silk showsa similarunifonnityof
effectiveresistivity. It wasalsofoundthat the résistanceof a cottonthread
containingn fibersis i/nth of the averagerésistanceofthe fibersofwhichit
is composed,and that the resistanoeofa thread is proportionalto its length
(at!eastupto8cm.). Fromconsidérationof suchfactsas thèsewehavecon-
c!udedthat the resistaneetof a cottonor silksampleofany formispropor-

TABLEIII

Variationof Insulation Résistancewith Temperature
The data are for theresistanceofa singleNo. 30/9cottonthread1.3cm.

longexposedto a relativehumidityof 76%. Samplei basa lowelectrolyte
content; sample2 thénormalelectrolytecontent.
t'J'I. n_L_ 'L_ & L

“* T~t~ttty
measmed m thé présent investigation was thé I«imulation reshtance."

ThMM thé
effective resM~nce between etectrodea and inetudea thé refmtMce of thé contact

between thé textile and thé etectMdes and m&ya!so be psftty due to a back-emî of pdarim-

ttM:ha!~p&peritw)Dbeahown,imwever,thatthereai8tMteecfthecoBtMtbetweenthe
textttemd thé eteetmdett N neghgtbb, that thé etfect of thé back-emf of potanzation if)aiao
megttgtb~except posatbty in

one 0)- two meaaurementa on twieted pam at humiditiea lower

thanto~
amd t thé reaatance ot a cotton thread M ~mifonnty distributed atong ita

length under thé condttMM 01 thé pteeent meaaujrementa. There is therefoM no distinetion
between thé tnsmation KNatance oî thé samptes and their teaittance m thé présent data.

ç"&V~311'O' UUtibuulo.

Temp. Resmtance(meeotmM)

vsvcuavayuv

Temp. BeaNtance(megohme)C! Sample 1 Samp1e2 "C Sample 1 SMeptez2
10.6 s.oSXio' o.osXto' 25.0 8.s6Xio< 3.70X10"
ï'-s ï.90 8.70 j,o.o 6.:4 2.55
~o-o 1.31 5.46 3S-o 3.98 i.~

1
The quantity measmedin the present investigation was the "insulation resMtMce."

fMaM the effective resMttncebetween etectrodeaand inetudea the resistanceof the contactt.L. -i
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TABLEIV

Initiation Resistancevs. RelativeHumidity and Moisture Content for
Cottonat 2S"C

H is the relativehumidityin percent M. and Mdthe moisturecontentin

percentof the dry weightfor "absorption"and "desorption"respectively,
andR isthe resistancein megohmsofa singlethread1.3cm. longora single
twistedpair.

CottonTtu-eads1 Cotton ThreadsII

H M. R H M. R

6.0 1.62 3.28-10" 30.0 3.69 1.39.10~
ïo.o 2.00 5.68'to* 38.8 4.41 2.83 lo*
19.5 3.8: 4.46-10' so.5 5.38 3 05io''

30.0 3.69 4.74'io~ 59.0 6.17 6.70-10'

38.8 4.41 8.o9'io' 73'o 7.98 4-40-10'

50.5 538 8.62 io' 79.1 9.04 1.38-10'
59.0 6.17 1.62 io~ 89.0 11.89 i 37
70.8 7.66 t.yz io~ 98.6 19.28 5 47'io~

730 7.98 1.15-10~ Md

75.5 8.41 6.73-10* ~9.0 14.29 9 4z-io~
79.1 9.04 3-~S-io* 88.4 14.13 1.15-10~
85.2 ïo.6o 6.40-10' 79-ï ïi'3S ? 43'io~
88.4 ii 5~ 3.76 lo~ 73-o ic.oo i 90 10~

92.0 13-19 9-oo-10 59'o 7'7~ 2.17-10"

96.3 16.40 2.30 ïd 50-5 6.70 1.0210~

98.6 i9-s8 3-94 38.8 5.37 9 5o-io~
Md 30.0 4-47 2.6o-io*

98.6 19.28 5.48 19.5 3.47 t.47 io'

96.3 ~7-7~ i.63'!o 10.0 2.46 4 i~-io'"
92.0 15-48 4-2~7~0
88.4 ï4-ï3 i.oi-io~

85.2 13-03 1.55 io" TwistedPairs 11

79.1 ïi-35 4.44'io" H M. R

75.5 10.52 t.si.io' 19.5 2.82 8.48 ic~

73.0 lo.oo 1.96 to* 30-0 3.69 1.26 TO'

70.8 9.59 2.30-ïo' 38.8 4-41 2.3t-to'

59.0 7.76 1.56-10~ 50.5 5-38 2.45 io~

50.5 6.70 6.03-10~ 59-o 6.17 5-75io'

38.8 5.37 4 62-10'' 73.0 7.98 2.8610~

30.0 4.47 3-7!io* 79-1 9.04 7-9Sio
i95 3.47 3.i4'io~ 89.0 u.89 6.15
10.0 2.46 2.92-10* Md
6.0 1.88 4-96'to* 79-ï n-35 2.05-10
2.0 i.oo 3-3~o" 73-o 10.00 7-56'to

59-0 7.76 i.n to'
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t. Thesereextancesweremeasuredwithanappliedvoltageof!ooï ThemoiaturecontentdatawereobtainedfromUrquhartandWilliams'(J.Text.
ïnat.,15,T~8 (Me4)).dataforaoda-boitedcottonat 25°C. Theirdatafor"absorption"moiaturecontentcorreapondingtoremtanceameasuredintheaMendingor<)erofre!attvehumiditiesandtheirdatafor"desorpttoa"forreafatancesmeasuredinthé
descendingorderof relativehumidities.

utunte

tionalto the resistivityof the textileofwhichit iscomposedunder the given
conditions.

The insulationresistances of the cotton, aik and woolsampleswhieh
hâve been describedabove were measuredovera large range of relative
humidityat zs''C. In the first seriesofmeasurementseachsuccessivemeas-
urementwasmadeat a relativehumidityhigherthan the precedingone(the
"ascendmgseries");the measurementswerethenrepeatedat thé samerelative
humiditiesbut in the reverse order, each measurementbeing made at a
relativehumiditylower than the precedingone(the "descendingseries").
The completedata for both sets of measurementson cotton are givenin
Table IV.' In order to showthe main relationsbetweenthe curvesforthe
differentsampleswithout the complicationintroducedby the fact that ths
curvesfor theascendingand descendingseriesarenot coincidentbut forma
"hysteresistoop,"the data forthe ascendingseriesalonewillbediscussedfirst.

In Fig.6 thelogarithmsof the insulationresistancesoffourcottonsamples,
Cotton Threads1 and II and TwistedPairs 1and II, are plotted against
relativehumidityfrom the data in TableIV fortheascendingseries. It is to
be noted: (i) that in the range ao to 80% relativehumidity the curvesare
straight Unesand (ii) that, in spite of markeddiBe~ncesin their formand
ashcontent,thesesamplesgivecurveswhichareparalleltoeachother within
the experimentalerror.

Withtheexceptionofdataobtainedwithmeasuringvoltagesotherthantoo.

TAB!,EIV (continued)
Twisted Pairs 1 go.s 6.70 ô.s~-to'

98.6 19.28 9.oo-ïo-~
~-o 'oo 4.07-ic' 96.3 t7.78 2.64-10-'tO.O t.oo 2.20-10' 92.0 15.48 ï.t~

19.5 ~.82 2.04-10" 89.0 14-299 2.70
30.0 3.69 2.t0.ïo< 85.2 13.03 7.SO
50.5 S.38 3.8o.to' 79.1 ït.35 t.84-10
59.0 6.17 7.57-10o 730 io.oo 8.70-~0
70-8 7.66 6.42 70.8 9.59 i.3S-~
73-o 7.98 4.22 59.0 7.76 i-36-to'
75-5 8.41 2.82 $0.5 6.70 4-54io'
79.1 904 1.27 38.8 5.37 4.07.~
8s.2 !o.6o 2.44-to"' 30.0 4.47 t.93-io'
88.4 n.56 1.02.10-' io.55 3-47 1.72-10'
9a.o tj.tp 3-54-to-' 10.0 2.46 Ï.86-TO'
96.3 16.40 6.36-10-3
98.6 tÇ.28 t. 52.10'

""1.I~1



ELECTRICAL CONDUCTtON !N TEXTILES 1773

inrn ninnin n~inn ~ho'110 om n~nlvnri antao»uinÎv in Fio H flinSimilardata forsingtecottonfibersareplotted separatelyin Fig. 7; the

ourvefo.'CottonThreads1isrepeatedin Fig. y asCurve E to facilitatethe

oomparisonof singlefiberswiththreads andtwistedpairs. CurvesA, B and

C are plottedfromSlater'sdata.' Sincehisconductancedataareexpressed
in arbitraryunits the positionof these ourvesrelative to theothercurvesin

Fig. 7 is also arbitrary. CurveD is plottedfrom Table V, whichcontains

1'1Vv V

Insulation Resistancejtf Cotton Threada and Twieted Patm ae a Funetion
of Relative Humidity.
i. Cotton Threads II
2. Cotton Threads 1

3. TwietedPMMiï

4. Twisted Pairs 1

The resiatancesare fcf single t.g cm. length of thread or for a singletwiated pair.

TABLE V

Insulation Resistanoe of Single Cotton Fibers at Room Temperature: Length

ofFibers, 1.3 cm.

Relative Resistance Relative Resistance

Humidity MegohtM Humidity MegohtM

37 2.37X10' y? 3.75X10''

75 s.ôz X le 96 i.o Xio~

'Loc.cit.
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data obtainedby a fowrather inacouratemeasuMmeatsof the restatMtceof
singleootton 6bers,madebeforeadequatetemperaturecontai waaavailable.Acomparisonof theseourvesshowsthat overa considerablerangeofrelative
humiditiesStater'sourvesfor singleMttoQfibersare straight linesapproxi-
matelyparallelto ourcurvesfor cotton thieadsand twisted pairs. Within
its very widehmitsoferrorCurve D is abo approximatelyparallelto Curve

letton ResiBtMc.ofSingleCottonHboMasa FunotionofRelativeHumidity.
A,BMdCaMShter'sSpecimeMA,BandC.Dis ptottedfromTaNe V.~

BandC.

EMCurvea ofFig.6repeated.

E. That the resistanoeofsinglecottonfibersbecomesahnoatindependentof
humidityfor lowhumidities,as indicatedby S!ater'sourves,is probablynot
real,but due to the conductanceof the insulatingsupportsof the fiberbe-
comingof the sameorderofmagnitudeas that of the fiberitself.

Fromthe resistance-humidityrelationsshownby Figs.6 and 7thefollow-
ing conclusionsmay be drawn: (i) in the range 20 to 80% the insulation
resistanceof cottonthreads,twisted pairsand singlenbers is an exponentialfunctionof relativehumiditywhich ean beexpressedlogaj-ithmicaUyby the
followingequation:

LogR = -8.5 X M-~H + A,
whereRis the résistanceof the samplein megohms,H the relativehumidityin percent,and A a constantwhich has a valueof y.o for TwistedPairs I,8.6forTwistedPairs II, 10.2for Cotton ThreadsI, ~.7 for CottonThreads
II, and 11.9for SingleFibers;(ii) sincethe curvesfor samplesdifferingfrom
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eaohother as widetyas thèse are identicalin fonn withinthé experimental
en'or,it is very probablethat this formof curve isoharaotenstioof cotton,
andthat suohfactorsas the form,dimensions,and ashor electrolytecontent

ofthoparticularsampledetermineonlythe positionsofthe individualcurves.
Asstated earlier,the value of insulationresistanceobtainedfor a.given

relativehumidity is somewhatdependenton whetherthe samplebas been

previouslyexposedto a bigher or lowerrelativehumidity. In Figs.6 andy

iBMJationResistance-RelativeHumidityCurveforCottonTbreads1ShowingtheDe-
pendanceofïnsuhtionResmtanceontheDirectionfromwhichEquilibriumisapproMhed.

Therésistancesarefora single!.gcm.lengthofthread.

onlythe data obtained by measurementsmade in the orderof increasing
relativehumidity wereplotted. When,in addition,thé data for measure-
mentsmade in the order of deoreasmgrelative humiditiesare plotted, a

"hyateresisloop" such as that shownin Fig. 8 is obtained. At the.widest

partof this loopthé resistancecorrespondingto a givenrelativehumidityon

theascendingbranchof thé curve is over ton timesas greatas that corre-

spondingto the samerelative humidityon the descendingbranch. The loop
closeaat its lowerend at about 2% relativehumidityand at its upperend

atabout96%. Thereis a slightdifferencein the slopesof thedescendingand

ascendingbranchesofthe logarithmofresistancevs. relativehumiditycurves,
the descendingbranch having a slightlysmaller slopethan the ascending.
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Approximatelythis samo difFerencein slope bas beenobserved in other
measurementsboth on ~wistodpairs and on threads. Thisindicatesthat as
longas aUmeasutemontsare made either as an ascendingor a descending
series,the ourvesfor the logarithmof resistancevs.reJativehumiditywillbe
parallelregardlessof the fonn of the samplesor theirashcontent.

I. MoistureContentofCottonMa FunctionofRelativeHumidityat 3S°CII. ~unSd~y* InsulationReaistanceof CottonThreads1Ma FunotionofRelativeHumidity.
ThemoisturecontentMinpercentof thodryweight.Theconductanceaarefora

single1.3cm.lengthofthread.

In.Fig.9 the logarithmof themoisturecontentofcottonisplottedagainst
relativehumidity,using Urquhartand Williams'data.' Thiscurveissimilar
in formto thé curve for the logarithmof resistancevs. relativehumidity.
This ismoreevidentwhenthe reciprocalofrésistanceiaplottedinsteadof tho
resistanoe,as bas been donefor Cotton Threads1 in Fig. o. Both curves
have similarinBectionsand a hystérésisloop. By comparingthe moisture
contentcorrespondingto anygivenconductanceonthe ascendingcurvewith

1J.Te:ct.Inst.,15,T438(19:4)(TableI).
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that correspondingto thé same conductanceon the descendingourveit m

foundthata given conductanceon eitherourvecorrespondsto approximately
thé samemoisture content. This su~ests that thé résistanceof a oottoa

sample is determined by its moisture content irrespeotiveof the relative

humiditywithwhioh't is in equilibrium.
In viewof the simplioityof the relationbetweenrésistanceandmoistute

content auggestedby thèsefaots, the resistancedata whichwereplottedin

Figs. 6 and8 as a functionof relativehumidityhave beenplotted inFig.10

ImuhttionRésistanceofCottonasa FunctionofMoietoreContent.
i. CottonThreada11 3. TwistedPairsII
a. CottonThreads1 4. TwiatedPairs1

o Ascendingorderofhumidities.
wDescendingorderofhumidities.

Theresistancesareforasinglet.gcm.ten~thofthreadorfora singletwistedpair.

as a.funotionof moisturecontent. It isevidentthat thereare noinSections

m these curvescarrespondingto thoseshownin F!g. 6, and that the data

oan be bestrepresentedby straight lines. Such departuresas dooccurare

undoubtedlydue to thé inapplicabilityof the moiaturecontent data of

Urquhartand Williamsto the samplesusedin the résistancemeasurements.

These investiga-torshaveshownthat thehygroscopicityof cottonvarieswith

its sourceand treatment.l Not only werethe types ofcotton onwhichthe

1J. Text.Inat.,tS,T!43(!994);t~,T39(!9a6).
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moisturecontentdéterminationsweremade(Mo~nt fromthoseon which
the reastancemeasurementsweremade,but alsoa tongortimewaaaUowed
for equilibriumat eachhumidityin determiningthe moisturecontentthan
in measuringthe resistance. Thèsedifférencesin samplesandprocédurewouldappear fromUrquhartand Williams'workto be sumcientto explainthe deviationsfromthe straight lines.

ForCurves i, 2and 3 the résistancesmeasuredin the ascendingorderof
relative humiditiesare plotted against Urquhart and WiHiamB'moisture
contentdata for "absorption"and the resistancesmeasuredin the descend.
ingorderagainsttheirdata' for"desorption". Thesecurvesshowthat when
resistance ts platted against moiaturecontent there is no hystérésisloop
correspondingto that whichappearswhenthe samedata are plottedagainstrelativehumidityas in Fig. 8. The faot that Curves2 and 4 are parallelshowsthat theslopeof the resistance-moisturecontentcurveis independentof the formofthe sampb,sincetwistedpairsand threadsareverydissimilar
in form. AlsosinceCurves i and3 areparallelto Curves2 and4,the slopeis independentof theashor electrolytocontentofthe samples.

The followingequation6ts the curvesof Fig. 10and thereforeexpressesthe remstanceofthèsesamplesoverpraotica!!ythe wholerangeofmoisture
contents(i.e., 1%to 22.4%):

LogR = -o.stogM+B,
whereRis the resistanceof the samplein megohms,M the moisturecontent
in percent of the dry weight,and B a constanthaving the value9 i for
TwistedPairs 1,11.:forTwistedPairs11,1~.6forCottonThreadsI, and 14.4forCottonThreadsII. Theaboveequationcanaisobewritten,R = B' M-*
where B = !ogB'. The quantitativerelationsexpressedbythis equation
may beillustratedby the fact that by hatviag the moisturecontent,in-
dependentof itsoriginalvalue,the résistanceof any cotton insulationis in-
creaaedby a factorofabout600. Reducingthemoisturecontentfrom22.4%to 1% or the humidityfrom98.6to a%,increasesthe résistancebya factor
ofabout lo". Togivea numericalmeasureofthe agreementofthisequationwith thedata, themoisturecontentcorrespondingto agivenrelativehumiditybasbeencalculatedby substitutingthe observedresistancecorrespondingtothat humidityin the equationand solvingfor M. The valuessoobtained
aretabulated inTableVI alongwiththemoisturecontentsobtaineddirect!yfromthemoisturecontent-relativehumiditydata. The averagedeviationis
only3. Sincethemoisturecontentdata werenotobtainedunderexactlythesameconditionsas the resistancedata,thisagreementis asgoodas could
beexpected.

Theseresultspoint directlyto the conclusionthat the moisturecontent
of the cotton, and not the prevailingrelativehumidity,is the controlling

In making measurementstheh~hesthumidityto whiehtheMmpteawereexposedWM98~ whilethécycleofhumiditiesusedbyUrquhartandWlS~determiningthé moisturecontentincludedioo%relativehumidity.TocorrectforthisdifferencethécmyeshownindottedlinesmFig.9 WMusedto obtainthelogarithmofmoisturecontentfor relativehumiditiesabove88%.Tbiscorrectionn~~n~h~ inthepositionof thecurve.
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factorin determiningitsrésistance,i.e.,théonlysignificanteffectof a change
inrelativehumidityis the changewhichit producesin themoisturecontent
of thé cotton. Henceby makinga singlemeasurementof resistanceand
moisturecontent on a given sampleof ootton,the résistanceat any other
moisturecontent (or thé humiditycorrespondingto it eitherfor inoreasing
ordecreasinghumidities)may becalculatedwithconsiderableaccuracy.

TABLEVI

Comparisonof MoistureContentscalculatedfrom ObservedResistances
with thosegivenbythé MoistureContent–RelativeHumidityData

H R Ma,) M<,b. AM AM%
6.0 3.28-10"' 1.67 t.62 -0.05 –3-t

!0.0 5.68-10' 2.02 2.00 –0.0: –t.O

19.S 4.46-10' a.66 2.82 +o.t6 +6.0

3o.o 4.74-107 3-39 3 69 +0.30 +8.8

38.8 8.00-10" 4.10 4.41 +0.31 +7.6
50.55 8.62-10~ 5.19 5.38 +o.i9 +3.77
59.0 1.62-10'' 6.24 6.t7 -0.07 –1.1

70.8 1.72-10~ 7.94 7.66 -0.28 –3-7
73.0 i-15-to~ 8.26 7.98 -0.28 –3.5
75.5 6.73-to" 8.79 8.41 -0.38 -4.5
79.1 3-~8.ta* 9.48 9.04 -0.44 –4.9

85.2 6.40-10'' 11.30 io.6o –0.70 6.6

88.4 z.76-10' 12.36 11.56 –o.8o –6.9
92.0 9-oo-io 13 49 13 t9 –0.30 -2.2

96.3 2.3o-io 16.22 16.40 +o.t8 +t.ig6.3 z.3o·ro x6.za r6.4o -i-o.i8 -r.r

98.6 3.94 i959 19.28 –0.31 –t.6

98.6 5.48 t8.88 19.28 +0.40 +2.: r

96.3 t.63-!o 16.83 17.78 +095 +5-6
92.0 4.27-10 15.07 15.48 +o.4! +2.7
88.4 t.oi-io~ 13.80 14.13 +033 +2.4
85.2 i.55'io' 13.15 13.03 -o.t2 -0.9
79.1 4.44-10" it.8o 11.35 -0.45 -3-8
75.5 i.5ï-ïo" to.28 10.52 +0.24 +2.3
73-0 1.96-10' io.oo io.oo o.oo o.o

70.8 2.30-10" 9.84 9.59 -0.25 -2.5
59.0 1.56 io~ 8.02 7.76 -0.26 -3.2
50.5 6.03-10~ 6.92 6.70 –0.22 –3~
38.8 4-62-10" 5-57 5-37 -o.M -3.6
30.0 3-7~-io" 4.45 4-47 +0.02 +0.4
ï9-5 3-i4-'o' 3-54 3.47 -0.07 -2.0
lo.o 2.92-IO* 2.79 2.46 -0.33 –n.8
6.0 4.96-to" 2.06 1.88 -o.t8 –8.8
2.0 3-3~'io" 1.31 i.oo –0.31 –31.0

Average percenta~e deviation = 3.54% (omitting 31 and 11.8).
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In orderto explainthé signinoacceof the data just presentedwe may
assumethat cottonis a complexsystemof cellulose,waterand impuritiesin
definiteratios. Thentherelationshipsshownby thé resistance-humidityand h
resistanee-moisturecontent curves for twisted pairs, threads and single
fibersindicatethat this complexSystemmayberegardedas havinga definite
specifierésistancewhiehis determinedby thevaluesof the ratiosof its con-
stitueats. This impliesthat the totalresistanceofa textileis notappreciably
affectedby the resistancesof thecontactsbetweenthe fibersof whichit is
composedor by the arrangementof thé nbersrelative to the directionof
current flow.

Furthersupportfor thisconclusionbas beenobtainedfromthe resultsof ,ia largenumberofmeasurementsofthé résistanceof singleeottonfibersand w
of threadsof the samematerialat a fixedhumidity. Thesedata haveshown
that thé resistanceof a singlefiberis n timesthat of a thread containingn
fibers in its cross-section.It basalsobeenfound that the résistanceof a
cotton thread inoreasesin directproportionto its le ngth,even for lengths
greater than that of anysinglefiber. Thiswouldnot beexpectedif contact
resistancesbetweenfibersformeda signincantpart of the total resistance.

The discussionso far bas beenoonnnedto the resultsof measurements
made on cotton. Similardatawerealsoobtainedforsiikand woolbut for a Il
amaller humidityrange. Thesedata are given in Tables VII and VIII.
Fromtherelationsshownbycottonsofdifferentelectrolytecontentit wouldbe x

TABLEVII
°D
'ï

The InsulationResistanceof SilkThreadsas a Funotionof Humidityand
MoistureContent

SakThreadaII SUkThKadaIÏ
(Tumah) Samplet Samplez

H M R R R
38.8 y.s7 t.60-10"
So-5 8.77 2.a4'io' 1.00-10"
590 9.<)[ 6.37-10' 4.is-io"
70.8 11.89 2.32-10" 2.86'M~

73.0 12.36 1.38-10' 1.41 io' 1.06 10'
75.5 i2.<)t 8.82-10* s.6s-io'' 1.30-to~
79.1 i3 77 8.57-'o' 2.02-to" i.64-10'
85.2 15-78 5.58-~ i-73'io' 1.01 M'
88.4 ly-io i.6o-!o~ 6.15-10~ 3.5o'!o~
9~.0 i<).:8 7 06 10 6.87-10' 6.60-10"

96-3 23.99 8.to 6.60.10' 6.53-10'
98.6 2.37 Ï.QOKy' 2.t6-~

H Mthé relative humidity in percent.
M the moisture content o( the ei!k in percent of the dry weight based on ScMoesiM'9

(tata.

R Mthe insulation resistance of a single !.3 cm.length of thread measured with an
applied voltageof too.
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TABLE VIII

InsulationRésistanceofWoolYarnat 25"C

H M R H M R

50.5 ia.07 7.53'i~ 85.2 20.51 a.çô-to~

5~.0 14.33 2.26-ÏO' 88.4 22.28 I.t5-10*

70.8 t6.i8 2.21-10'' 9~.0 24.83 2.03-10'

730 16.67 i.3S-ïo" o6.3 30.06 t.to'

7S.S 17-~6 6.97'io' 98.6 3.:o-to

70.1 18.20 3.40'10*'

His therelativehumidityinpercent.
Miathemoiattirecontentofthewoolinpercent.
Rthéreaistanceofa singlet.3cm.lengthofyarn.
Appliedvoltagetoc.

expectedby analogythat the curvefor SilkThreadsII wouldlieabovethat

for SilkThreads1 and be parallelto it since SilkThreadsII havea bwer

electrolytecontentthan SilkThreadsI. The oorvesin Fig. n showthat in

this respectcottonand silkbehavealike.

In Fig.12theresistancedata havebeenplottedasa functionofmoisture

content. The logarithm of resistancevs. logarithmof moisturecontent

curvesare straight Uneswithin the error in the moisturecontent data as

appliedto these samples. The moisturecontent data were taken froma

paperby ScMoesing.'Hisexpermaenta!IydeterminedvaluesforunMeached

rawChinasilkandfor woolat 24°Cwerereoalculatedto 25"C,usingtempera-
ture coeffioientsbased on hisdata. Whileonlyfourpointsare givenin the

range36%to 96% humidityfor the moisturecontentof this type of silk,
thesedata are supportedby similarmeasurementson three other kindsoi

silk. Thedeviationsofthepoints fromthe linesin Fig.12areof the orderof

magnitudeto be expectedfrom the smallbut appreoiablevariationsin the

hygroscopicityofsilk withits sourceandtreatment,asalsoshownby Schloe-

sing'sdata,andfromthe longinterpolationsnecessitatedby thesmallnumber

ofpoints.
In our judgment thé followingequationsbest fit the curvesfor si)kand

wooland therefore expressthe insulationresistancesof these samplesas

functionsof theirmoisturecontents:

Forsilk,
LogR = –16.0 logM + C, or

R C' M-

whereRis the résistancein megohmsofa singlesilkthread 1.3cm.long,M

themoisturecontentof the silkin percentof its dryweight,and C( =logC')
a constantwhichhas the value 22.4for Silk ThreadsI, and 24.5for Silk

Threads11;

Th.SoMoeeiag:Bull.Boo.encour.mduat.nat.,8, 7!?(tS~);Comptesrend.,tt6,808
(1893);Text.WorldRecord(Boston),Nov.,p.et9 (1908).
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Forwool,

LogR = -16.4 logM + D, or
R = D' M-"<,

whereR is the résistanceinmegohmsofa single1.3cm.lengthof woolyarn,M the moisturecontentof the wool,and D =* log D' = 26.0. From the
valuesof the exponentsofM, it is evidentthat silkandwoolare even more
senMtiveto changesinmoisturecontentthan is cottonsineethe résistanceof
silkinoreasesby a factorofabout 65,000,and that ofwoolby one of about
90,000,whentheirmoisturecontentsarehalved,whereasthe factorforcotton
is600or approximatelyi/ioo that for silkand 1/150that for wool.

ImulatmnRésistanceMa Fumotionof RelativeHumidityforWool,Silkand Cotton.
t. SilkThreadsII (oSamplet, Sample2)a. WoolYarn
3. Si&ThreadaII
4. CottenThreadsII

Theresistancesareforasinglet.3am.lengthofthreadorforasingletwistedpair.

Thecurvesin Fig. i afîorda comparisonof therelativeinsulatingquali-
ties ofcotton,silk and woolfor humiditiesgreaterthan 40 or 50%. Com-
parisonwith the moisturecontent-humiditycurvesin Figs.9 and 13shows
that thegreaterthe hygroscopicityof the textilethe greaterthe résistanceof
similarsamplesof-the rawtextile,whichis directlycontraryto what would
be expectedin viewof thedependenceof the conductivityof a textileon its
moisturecontent. However,thiaunexpectedresultcan bereadilyexplained
bytherelationsshowninFig.12fromwhichit isevidentthat a givenquant-
ity of moisturedistributedin cottonhas a h:gherconductancethan the same
quantityof moisturein silk,and that a similarrelationholdsbetweensilk
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and woolthoughthedifférenceis smatter. Thèserelationsappearreasonabte

if, for example,weassumefor textilesany modo!in whichthé conducting

water-pathsforma regular network or space-patternwhichcorrespondsto

someregularityin the structure of the textile(e.g.,in the structureof cellu-

lose),the formordimensionsof the élémentsof the networkbeingdifferent

for differenttextiles. Then the conductionpaths in any directionmay be

consideredto consistenectuaUyof elementaryfilamentsof watercontaining

FtO.M

Inaction R~btanceesa FunotionofMoistureContentforWool,SilkandCotton.

i. WoolYarn
a. S!)kThreada11(oSamplet, Sampte2)
3. SiJkThreadoI1
4. CottonThreadsï1

Theresiatancœarefora singleï.gcm.lengthofthreadorfora singletwistedpair.

attematelyexpandedand constrictedportionsat regularintervalsalongtheir

length. Wherethesevariations in cross-sectionare large, the résistanceof

such a filament is determined by the parts of the Stament whosecross-

sectionalarea is least. The résistanceofthewholefilamentisthenpractically

independentof theamount of water in the expandedportions.' Thuswool

couldhâve a bigherresistancethan cottonfora givenmoisturecontentifthe

structureof woolissuchthat the moistureis distributedin 8!amentshaving
constrictedpartsofsmallercross-sectionthansimilarconstrictedpartsin the

elementaryconductionfilaments in cotton. It wouldalso be expectedthat

1Cf.Everahed'e"dormant"and"resiatance"water.–S.Everahed:!oc.cit.
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thenarrowerthe oonatnotioMin suchfilamentsthe morerapidlywouldthe
rMMtaBceof the SLHnentvary withmoisturecontentbeeausethé peroentage
changein cross-seotionatareaof the constrictedparta, for a givenincrement
ofmoisture,wouldbe greatest for thé niMnentsbavingthe narrowestcon-
strictions. That thebehaviorof thesetextilesisconsistentwith thisexplana-

TheMoistureContentofWoolandSilkasa FunotionofRelativeHumidityInterpolatedto~5°C.fromScMoeang'adata.
t. Wool 2. Sitk

tionisshownbythefact that thereaatancevarieswithmoisturecontentmost
rapidlyfor the textileswhichcombinerelativelyhigh hygroscopicitywith
relativelyhigh resistance (Fig. 12). The relative insulating qualitiesof
textiles,therefore,aredeterminednotonlyby theirhygroscopicities,but atso
bytheresistanceofthe moistureas distributedwithinthem, andbytherate
ofvariationof resistancewithmoisturecontent.

SanMNaty
Data aregivenshowingthevariationofthe insulationresistanceofcotton,

silkand woolsampleswith relativehumidityand moisturecontent. The
samplesconsistedof short threads, individuatlibersand standard cotton
insulatedwires. Someof thesesamplescontainedmoreelectrolytioimpurities
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thanothers. Theresultsthereforeshowthe effectof différencesin the form
and eleotrolytecontent of the sampleson the resistance-humidityrelation-

ship. The insulationresistanceof any cottonsampleis about10" timea

greaterat 1%relativehumiditythanat 00%,andin thérange20-80%is an

exponontialfunctionof relativehumidity. Therate of changeofinsulation
résistancewithrelativehumidityisindependentoftheformofthe sampleand
of itaelectrolytecontent. Adecreasein théelectrolytecontentofthecotton
causesan inoreasein thé generallevelofrésistance,i.e.,a displacementof the

resistance-humidityourve parallelto itself. The conductanceof a cotton
thread is equalto the sumof the conductancesof the fibersofwhichit is

oomposedandthe résistanceofa cottonthreadis directlyproportionalto its

length. Thesefactsindicatethat in spiteofits fibrousstructurecottonbas a

faMydefiniteresistivity. Whenthe resistancemeasurementsaremadeboth
in the orderof inoreasingandof decreas!ngrelativehumiditytheresistance-
relativehumidityourve is a elosedloopwhosesidesare almostparallelin

thérangeao-8o%. The logarithmicplotof théinsulationresistanceofcotton

samplesas a function of their moisturecontentgivesa systemof parallel
straightUnes,indicatingthat the resistivityofcottonis a powerfunotionof
its moisturecontent. Thisshowsalsothat in the resistance-humiditycurve
the loopandthe inflectionsat 2oand 80%relativehumidityaredueto the

relationshipbetweenmoisturecontentandhumidityrather thanrésistance
andhumidity. Equationsaregivenbywhichtherésistanceofacottonsample
oanbe caleulatedforany moisturecontent (orthe relativehumiditiescorre-

spondingto it) provideda measurementbasbeenmadeat a singlemoisture
content. The regulardependenceof the resistivityofcottononitsmoisture
and electrolytecontent andthe relativelysmallvariationof resistanoefrom

onesampletq another of the samematerialsuggestthat the distributionof
moisturecorrespondsto someregularityin the structureof the textile,e.g.,
in that of cellulosein the caseofcotton. The insulationrésistanceof silk
and woolsamplesis also a powerfunctionof their moisturecontents. The

resistivityof suk dependson its electrolytecontentin the samewayas that
of cotton. Therate of changeofresistivitywithmoisturecontentis much

greaterforsilkand woolthan forcotton. Fora givenmoisturecontentthe

resistivityofsilkor woolisgreaterthan that of cottonthoughsilkand wool
are morehygroscopicthan cotton. The investigationofcottonwasnot ex-
tendedbelowabout1% relativehumidityandthat ofsilkandwoolnotbelow
about40%soit is not definitelyknownwhethertheserelationshipshold at

humiditieslowerthan thèse.

It is suggestedthat the conductingwater-pathsin a textileconsist in
effectof elementaryfilamentswhichhavealternatelyexpandedand con-

strictedsectionsalong their length,forminga regularspace-pattemwhose
elementshavedifferentdimensionsfor differenttextiles. Theresistivityof

the textile is then determinedbythe cross-sectionalarea of thenarrowest

partsof the path rather than by thé total moisturecontent;thus,byassum-

ing that the constrictedparts ofthe ËIamentsare smallerin silkand wool
than in cottonthe higherresistivityof thesematerialsfor a givenmoisture
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contentis explained.Therapidityofthevariationofresistivitywithmoisture
contentcana!sobeexplainedin this way.

This workformspart of an investigationof thé insulatingpropertiesof
textiles whichwas initiatedby Mr. R. R. Williams. We are partioutarly
indebtedto himfor the suggestionof thestudyof the relationofthé individ-
ua fibersto the textileasa wholeand oftheeffectofhumidityon insulation
résistance.

We alsowishto take this opportunityto thank Dr. H. H. Lowryfor his
veryhelpfulinterestin theworkand forvaluableassistancein theinterpreta-
tion of theresultsandthe preparationofthispaper.

BeNMepAotMI.<t6o!-a<orte<,
Newr< y. Y.
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THE ELECTROLY8IS0F SODIUMSULPHIDESOLUTIONS

BY WALTBB RAYMOND MTZEB

The periodiophenomenaoccurringat the anodein a solutionof sodium

sulphide,studied in Kûster'slaboratory,haveattractedwideattention; but
no quantitativè explanationof their occurrencebas yet been advanced.
Noneof the expenmentorsusedsolutionsof knowncontents,workedin the
absenceofair,studiedtheinfluenceofcurrentdensity,knewwhattheproducts
of electrolysiswere,or investigatedthe possibleeffectof theseproductsand
of thiosulphate(formedin polysulphidosolutionsexposedto the air) on the

phenomena. In the explanationput forwardby Küsterl he assumedthat

increasingthe polysulphidecontentofa sulphidesolutionlessenedthe ourrent
neededto precipitatesulphur;the experimentsdetailedbelowshowthat this

assumptionis erroneous. But the relationsdisolosedby these experiments
wereso unexpected,andare themselvessomuchinneedofcoordinationand

explanation,that it Beemsprematureto attemptto buildontheman explana-
tionof the stillmorecomplicatedphenomenastudiedby Küster. The whole

subjectof electrolysisof sulphidesolutionsevidentlyneedsfurther study;
the workhère describedwascarriedout in n)2o-M,but thé publicationof
this paper bas been deferredin the hopeof completingand extendingit.
Asit nowseemsunlikelythat 1shallhaveanopportunityto doso,theresults
herepresentedare put forwardas a firstcontribution.

My aoknowtedgmentsare due to ProfessorW. LashMiller,under whose
directionthis investigationwasoarriedout, to Mr. J. H. Rateliffwhohelped
mewithsomeof the measurements,and to ProfessorJ. T. Burt-Gerransand
Dr. A. R. Cordon.

Preparationof the Reagents

C'or!xM!a<~reesodium~dr<KMd'esc~tOM;The chemicalsold as "C. P.

electrolyticsodiumhydroxide"containsa considérableamountof carbonate

(over1%),the removalofwhiehfromstrongsolutions(4-Normal)by baryta
or by limeis impractica!,becausepart of thebarytastaysin solution,while
the limeformsa suspensiondifficultto filter. Kuster'smethodof preparing
carbonate-freesolutionsby the actionof wateron sodium and Jorissen's

electrolyticapparatu~arenot practicalwhenlargequantitiesare required.
My own solutionsweremade in a smalllaboratoryrockingcell of the

Castner-Kellnertype. This cell is madeof glassand is coveredby a steel

plateto the undersideofwhichis cementeda aheetofrubbersteampaoHng,
whichhad been boiledout with sodiumhydroxidesolutionand then coated

withparaffinwax; it isdividedinto threecompartments(eachabout 12cm.
wideX ï3 cm. long X i cm.deep)by twopartitionswhichreachwithin3

KOBter:Z.anorg.Chem.,46,tt) (t~og).
JoriaMn:Chem.Weekbl.,6,t~s(tgo?).
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mm.of thé bottomof thecelland are cemontod'to its sides. A glassplate
6 mm.thickis cementedto the bottomofeachcompartment;it reaohesfrom
waUto wall,but endsabouta mm.fromthe partitions.Six and a ha!fkilos
of mereuryare aumoientto keepthe aqueoussolutionsin the three oompart-
mentsfrommixingwitheachotherwhenthecellisrooked.The twoendcom-
partmentswereprovidedwithplatinumanodes6 Xcm., and werecharged
withapproximately4N solutionof sodiumhydroxide(about 600 ce.eaoh);
thé centrecompartmenthelda nickelgauzecathode,5 X ïo cm., the air in
it wasfreedfrom carbondioxideand it was chargedwith freshly boiled
distilledwater (usuallyabout800 ce.). Current enteredthe cell through
the two platinumanodes,in serieswitheaohof whichwasa smallvariable
résistancein orderto equalizetheiramperage. Partof it left via the gauze
cathodein serieswith whichwas the main rheostat; and part througha
glass-insulatedplatinumwirewhiohdipped into themercury in the centre
oompartment. Beforeallowingany ourrent to aowthrough the gauze,it
wasnecessaryto saturatethe merourywith sodium,otherwiseoxideof mer-
cury wouldbe formedin thé centrecompartment;thisrequiredabout35g.
sodium,or a currentof 10amperesthroughthe platinumwire for 4 hours.
Tonampereswas then sent through'thegauzeand thé wire-ourrentwasre-
ducedto a amperes;sodiumhydroxidecorrespondingto 100ce. of 4 Nsolu-
tion was formedevery hour, and an accurate determinationshowedan
overallcurrentemeiencyof07%.

SodiumJt!f<MMM<!p~e8olution:The commercialsait always contains
traces of polysulphideand thiosulphate;my solutionswere prepared by
passinghydrogensulphideintoa measuredvolume(815.5co.) of carbonate-
freesodiumhydroxidesotutionuntil thé inoreasein weightcorrespondedto
the formu!aNaSH,andthenaddingan additional815.5ce.of the hydroxide
solution. Thisoperationwasoamedout in a three-neckedbottle; the weight
of thesolutionbeforeand afteraddingthe gas wasdeterminedon a balance
whiehread to o.oï g.; a secondWoulffbottle servedas counterpoise. The

gaswaspassedin at a rateof about7g. perhour; it waspurifiedby passing
througha train of threosmallwashbottlescontainingsodiumhydroxideand
one containingglycerine,and two calciumchloridedrying towers; oxygen
wasremovedfromthe trainbeforetheWoulffbottlewasattached bypassing
hydrogensulphidethroughit for halfan hour. Thetwoexactly equalpor-
tionsofsodiumhydroxidesolutionwereobtainedbymeansof a largepipette,
filledand dischargedthrougha 3-waytap at the bottom;the stem of thé
pipettewasattachedto a sodalimetube. Bynuingthepipette for thesecond
time immediatelyafter the first portionhad been withdrawn,temperature
correctionswere avoided;fiveminutes was allowedfor drainage. Direct
weighingshowedthat the amountsof4N NaOHsolutiondeliveredfromtwo
successivefillingsagreedwithin0.05%.

In spite of the precautionstaken, the acid sulphideoften bad a slight
yellowtinge; but the amountof thiosulphateand polysulphideformedwas

1Shoemaker'swaxserveawellforrepMM.
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found by analysisto be negtigible. The monosulphidesolutionwas kept
over merouryin an atmosphèreof hydrogento prevent the formationof
polysulphide,andto removeany tracesthat mightbe formed.

MethodsofAnalyse
The solutionsto be analysedweresolutionsof sodiummonosulphideor

acid sulphideand those resultingfromtheir electrotysis;as tri- tetra- and
penta.thionatesand persulphatesare decomposedby alkaline sulphides,
their salts are exoluded;sulphites also are excludedbecause they react
instantaneouslywithpolysulphidesto fonnthiosulphate.lThus the solutions
may oontainsodiummonosulphide,polysulphide,thioaulphate,sulphateand
dithionatetogetherwith eithersodiumhydroxideand carbonateor sodium
add sulphide. In applyingthe methodsof analysisgivenbelowit mustnot
beforgottenthat solutionsofthesulphidesabsorboxygenfromtheair forming
polysulphides,and that polysulphidesare rapidlyoxidizedto thiosulphate
by the air.

Thiosulphate,sulphate,and dithionateweredeterminedafter removing
the sulphidesby zinc nitrate and oxide;polysulphideby conversioninto
thiocyanate(a correctionmustbe madefor the thiosu!phate.) In solutions
freefrom potysutphides,the gutphides,hydroxideand carbonateweredoter-
mined by iodine;but if polysulphidewerepresent,the total sodiumwas
determinedby conversionto the hydroxideby meansof cuprousoxide. The
quantitiesof reagentsgivenbeloware suitablefor solutionsabout fourtimes
normalwithrespectto Na,S or NaSH (i.e.containingabout 156g. ofNa~S
per liter).

Autmnaticpipette:Foreachanalysis5 ce. of the solutionwas transferred
fromthe cellto the centrifugetube, or to a beaker,by meansof a water-
jacketedpipetteprovidedwitha 3-waytap at the lowerendand a two-way
tap (whiohcouldconnecttheinteriorwitha vacuumpumpor witha nitrogen
supply)at the upperend. The pipettewasfilledby meansof the vacuum,
nitrogenwasthenadmittedandthecontentsallowedto flowout; twominutes
wereallowedfor drainingandthe outflowtube wasrinsedwith water. The
pipette wascaHbratedby titrating the amountof 4 N sodiumhydroxideit
deliveredand determiningthe specificgravityof thesolution;successivepor-
tionsagreedwithinone-tenthofonepercent.

Removalof~MpMM:Abouti g. of zincoxideand i g. of zinccarbonate
wereadded to 30ce. of approximatelynormalzincnitrate solution,shaken
to forma milkysuspension,andpouredintoa cylindricalglasscentrifugetube
ofabout 130ce.capacity. Thetubewasfilledwithwaterto the mark(about
85or 90ce.totalvolume),stirredagainandcentrifuged;afterwhichthe clear
liquidwas decantedthrougha foldedfilter. The residuein the centrifuge
tube was washedsix timesby addingwater to the mark, centrifugingand
decantingthroughthe filterpaper;the total volumeof the filtratewasabout
600ce. The zincoxideis added to neutralizethé nitric acid formedwhen

c-n' methodfordeterminationofsulphitesbasedonthisreactionhàabeenproposedbyBtUeter:Chem.Ztg.,39,soo(t~ts).
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aoidsulphideispresent;but evenwhenthereisno acid sulphide,the addition
of a little oxideis advantageous,as withoutit the precipitate is apt to stay
suspendedin the washwater. Additionof zinccarbonate lessensthe adsorp-tionofsulphatebythe precipitate;withoutthisaddition as many as twenty
washingsmayberequiredto get aitof the sulphateinto solution.

DeterminationofTMoM<!pA<!<e:Thiswaseffectedvotumetrioattyby means
of fifthnormaliodinesolution,after thesulphideshad beenromoved.

Determination<p~o<e.- Thesolutionafter sulphidehad beenremoved
washeated to boiling,and a fiveper cent solutionof barium ohloridewas
added in slightexcess. The mixturewas let stand at 5o°-6o"overnight,
filtered,and the filtratereserved;the precipitatewas washed thoroughly
withdilutehydrochloricacidand distilledwater,dried and weighed.

Determinationof IM<Mon<!<e:Thiosulphateis removed, as mercuric sul-
phide, by mercurouschloride. Dithionateis converted into sulphate and
sulphiteby heatingwithhydroohlorioacid, but in the presenceof nitrates
(introducedas zincnitrate duringthe removalof the sulphides)nothing but
sulphateis formed:

Na~O, + H<0+ 0 = Na~SOt+ H~SO~
Tothe filtratefromthe sulphatedéterminationwas added 2g. to 10g. of

mercurouschloride(dependingon the amountof thiosulphate present) and
2 g. of bariumcarbonate;the wholewasboiledfor fiveminutes,allowedto
stand for severalhours,and deoantedthrough a filter. The residue was
washedthree timesby deoantation,andthen the precipitate was washedon
the filterthree timeswith distiuedwater. To the filtrate was added 15 ce.
concentratedhydroehloricacid, and the solutionwaa evaporated almost to
drynesson a waterbath; bakingwasavoided. The residuewastaken up in
water,madeupto 400ce.,and the sulphatedeterminedas barium sulphate.

The résultaare satisfactory;but a blank is désirable in case the hydro-
chloricacidusedshouldcontaintracesof sutphunc. Exactly haN'a gramof
recrystallizedsodiumdithionate(Na,StOt.aH:0)on evaporatingwith hydro-
cMoricand nitric acidsgave bariumsulphatecorrespondingto 0.5031g.;
0.5031g.;whenthe proceduregivenabovewasfollowed,the bariumsulphate
correspondedto 0.5023g.; andwhen25ce.fifth-normalsodiumthiosulphate
wasaddedbeforethe mercurousohloride,to 0.5024g.

Determinationof Po~~pA~ On warmingwith potassium cyanide,
solutionsof thiosulphatelor polysutphide'react to form sulphocyanates;
dithionatesedo not react; and Gutmannbas shown that sulphitesdo not
interfere.

Na:S,0, + KCN = KCNS+ Na~SO,
Na,S, + KCN KCNS + Na~S

Fivece.of thesolutionis addedto i ce.ofa saturated solutionofpotassium
cyanidein the 120ce. centrifugetube (see"Séparation of Sulphides")and

Gutmann:Z.anal.Chem.,46,485(tgoy).
Ch~?~ Phys.,~) M.534('882);Feld:J. G~M., (.903)604;Z.ana!.

Chem.,<z,yos~t903).
'GutntNm:Bt< 39,509(t9o6).
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digestedfor ten minutesin a steambath. To the colourlessliquid is added
about3gce.ofcoldwaterand30oc.ofnormalzincnitratesolution,themix-
tureisstirredand centrifuged,andthe supernatantliquiddecantedthrougha
foldodfilter. Half a gramof zincoxideisadded to thé residuein the centri-
fugetube,and water to the mark; the wholeis stirred, centrifugedand de-
cantedas beforo;this washingia repeatedfive times more. To the filtrate
(about600ce.) is added 5 ce. of a ten percentnitrio acidsolution andsix
dropsof ferrie nitrate indicator. The sulphocyanateis determinedin thé
usualmannerwithdecinonnalailvernitrate. Asthe thiosulphatebasalready
beondetermined(seeabove)the polysulphideoanbe obtainedby difference.

Commercialpotassiumcyanideoontainsiron;and its solutionon standing
depositsferriehydroxide,whichlater on may giverise toa blue coloration.
I' iron-freecyanideis not available,a freshsolutionshouldbe made forup
eachsetof déterminations.The reactionbetweencyanideand polysulphide
isalmostinstantaneous;that with thiosulphateis slower,and if muchthio-

sulphatebe present the digestionshouldbe prolonged. Zincnitrate pree-
ipitatesnot only the su!phidebut alsothe excessofcyanideand an odourof

hydrocyanicacid is generaUynotioeableafter mtration; thisdoes notaffect
the aceuracyof the détermination,but may make the end-pointbarderto
obtain. Zinc oxide is added to floooulatethe precipitate,and preventit

remainingsuspendedin the solution;with this addition,3 to 5 minutes

oentrifugingat a speedof Soo-tooor.p.m. is sufficient. The ferrie nitrate
indicatorwaspreparedby boilingironnailsin nitricaciduntilno morebrown
fumeswereevotved;the Byrupysolutionsolidifiedon cooling,and enough
waterwasaddedto forman almostsaturatedsolution.

Theaccuracy.ofthe methodwascheckedby dissolvingweighedamounts
ofaulphurin 4 N sodiumsulphide;taken:0.2038g.,0.1088g.; found: 0.2035
g.,0.1083g.

De<en?Mma<~of MonosulphidewitheitherActd Sulphideor Hydroxide
and Carbonate(in the absenceof Polysulphide):This is the usual method
basedon the amountof iodinerequiredto oxidizethe sulphurand on the

acidityofthé resultingsolution.

Na,S + 1: = :NaI + S; NaSH+ lii = Nal + S + HI

To ng.oo ce. fifth-normaliodineand too.oo ce. fifth-normalhydrochloric
acid,wateris added to make the volume400 ce.; and then with constant

atirriag,5 ce.of the solutionto be analysed. Excessiodineis determinedby
fifth-normalthiosulphate;phenol-phthaleinis addedand fifth-normalsodium

hydroxideto colour;then methyl-redand fifth-normalaciduntil the methyl-
redendpointis reached(thisgivesthe carbonateif any). From the iodine
usedup,mustbesubtraotedtheamountrequiredbythe thiosulphate(already
determined;seeabove).

De<enKtM<~Mmof totalSodium<MS~p~îde,Pc~~pMde, ~~r<KEMfe,and
Carbonate:Solutionsof monosulphideand polysulphidereactwith ouprous
oxideprecipitatingouproussulphideand leavingthe sodiumin the solution
as thehydroxide.
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Na,S + Cu~O+ H,0 = aNaOH + Cu~S

Na8H+Cu<0 = NaOH+Cui.8

Na)S, + Cu~O+ H,0 zNaOH + Cu,8 + 8

About6 g.of ouprousoxideare suspendedin 100ce. of wator, $ ce.ofthe
solutionisaddedand thoroughlystin-ed;the precipitateis allowedto settle
and deoantedthrougha filter; then washedthree timesin the beakerusing
100ce.waterfor eachwashing;and6nallygivena thoroughwashingonthé
filterpaper. The filtrate is titrated with fifth normalaoid, by thé double
beakermethod,usingïoethyt-redas indicator.

Cuprousoxidewaschosenin ptefeîenceto others,becausethé precipitate
is granularand settlesrapidly;the drycommercialsait wasused; it mustbe
freefromcupncoxide,for Debus basshownthat this oxidizespolysulphide
to thiosulphate.

The resultsare very satisfactory;the amount of acid requiredfor s ce.
of 4 N sodiummonosulphidesohtion is not ohangedby diasolvinghalfa.
gramofsulphurin the sulphidesolutionbeforeaddingit to thé ouprousoxide.

TheProductsof Electrolysis

Verylittlehasbeenpublishedas tothe productsofelectrolysisofsolutions
of the alkalisulphides. (i) Durkee~shewedthat prolongedelectrolysisof a
sodiumsulphidesolutionor of a sodiumhydrogensulphidesolutionconverts
it qu&ntita.Hvdyinto sulphate;and pves a table and graph of thé content
of sulphate,sulphide,thiosulphateand alkali in the electrolyte (orginally
sodiumsulphide)as a functionof the amount of electrioitythat had been
passedthroughthe ceU. Not muchcan be made of bis results; in the 6rst
place,the methodofanalysisemployeddoesnot distinguishbetweenmono-
sulphideandpolysulphide,or betweenthiosulphateand dithionate; in the
secondplace,the electrodesconsistedof twocylindersofplatinumfoilstand-
ing in a beaker,so that althoughthe ourrentwas keptconstant, the current
densitywasdifferentat differentparts of the electrodesurface;andin the
third place,no precautionwas taken to excludeair although air rapidly
convertspolysulphideto thiosulphate,and the originalsolutionof sodium
sulphidewasnot examinedfor the presenoeof thiosulphate. (M)Scheurer-
Kestner'attackedDurkee'sconclusionthat thiosulphatewaaone of the pro-
ductsof electrolysisof sodiumsulphidesolution, and asserts that "the te-
actionis simplyNa~S+ O~= Na~ The paper contains no newex-
perimentalresults,but quotes froma previous3publication;on examining
this it appearsthat exceptin oneexperimentthe currentwas not measured,
that noprécautionsweretaken to excludeair, and that the absenceof thio-
sulphatewasestablished,not by analysisbut by a very insecurededuotion
basedon measurementsof the time requiredto completelyoxidizesolutions

Darkee:Am.Chem.J.,18,525~896).
*gcheurm.Keatner:Bu!L,(3)t7, 99(t8$7).

8<~uerar-Keatner:Bull.,(2)46,(t8S!).
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"a "n..on1_'ho.+.a ..od.,o.,a:t.. ta.v n,t,W .a n.r .,v"ofsulphideand thiosulphaterespeotively.(Mt)Brochetand Ranson'electro-

lysedsolutionsof potassiumand sodiumsulphidecontainingthiosulphateas

impurity;underthe conditionsof theirexperimentsthe mainproduetofthe

etectrotysiswas polysulphide,no sulphatewas.foimed,and the amountof

thiosulphatem the solutionwasunaffectedby the electrolysis.No attempt
was made to relate the amountof polysulphideformedto the amountof

etectrioitythat passedthroughthesolution,but froma statementthat appears
at the footof the tableon page$10it appèarsthat 0.544X 965oocoulombs

decomposed8.5g. of crystaHizedsutphide(NaeS.oHjjO),that is, onefaraday
decomposedo.o65Na~S. Undercertainconditionssulphurwasprecipitated
at the anode, and these authorswerethe first to observe(thoughnot the
first to publish)the periodicphenomenastudiedbyKûster' and his pupib
(seebelow,p. oooo). (iv)Küsterhimselfnoted the formationof polysul-
phide,but did not recordbis currents,andmadenoattempt to analysethe

electrolyte.

From these results it appearedprobablethat the primary productof

electrolysisof sodiumsulphidesolutionwould be polysulphide,and the
ultimateproductofprolongedeleotrolysis,sulphate;whetherthiosulphateis
formedor not is disputed,and ho attempt bas beenmade to detectthe

presenceof dithionate,althoughthis substanceis among the produotsof

electrolysisof solutionsof sutphite.' Moreoverno determinationhas been
madeof the "electrochemicalequivalentofsulphur"in solutionsofsulphides
and polysulphides.

My ownexperimentsmay be dividedinto twogroups,viz.–pretintHtary
andquantitative.

PreliminaryB~pertNM?~s.'In thèse,a solutionof sodiummonosulphide
4.3 N (i.e. containing168g. of Na~Sper liter) was electrolysedbetween

platinumelectrodesp!acedoppositeoneanotherinan openbeaker.

(o) Anode5.?'X cm. Withverylowcurrentsthe solutiontouching
the anode tumed yellowand fell to the bottom of the beaker;no (soM)
sulphurwasdeposited, Whenthe current was increasedto 0.13 amp.an

irregulardepositof sutphurappearedon the anodeand a voltmeteracroas
the electrodesshoweda suddenriseof about 1.2votts. On repeatingthis

electrolysiswith the samesolution(whiehwas nowappreciablyyellowin

colour)thé currentcouldbe increasedto o.sy amp.beforesulphurappeared;
furtherincreaseof the eurrentupto 2.2amp.didnotcoverthe wholesurface
of the anodewithsulphur.

(b) Anode0.7 X 0~ cm. In a freshsolutionofthe sameconcentration,
0.08amp. coveredthe wholesurfacewithsulphur;the current was increased
insteps ofabout0.05amp.,andwhen0.6amp. wasreachedthe surfacewas
still covered,but the yellowsolutionbegan to streamupwardsinsteadof
downwardsas previously;with0.8 amp.piecesof sulphurbrokeloosefrom

BrochetandRamon:Z.EtektMchemie,9,509(t~g).
Kuster:Z.anorg.Chem.,4<,H3(t9os)-
FSmterandFnessner:Ber.,3S,xs!S(t9oz);Fneasner:Z.Etektroehemie,10,265(t~).
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the anodeand wereoarriedupwardby the convectioncurrent,but evenwhen
the ourrenthad been raisedto 3.6 amp. somesulphur stilladheredto the
middleof the anode.

(c) Anode,o wre0.8cm.longby o.ï cm.mdiameter(o.ascm.' surface).
In a freshsolutionof the samecompositionas before,0.07 amp.coveredthe
wholesurfacewithsulphur;with0.35amp.the sulphurbeganto breakloose;
with0.7amp. there wasverynoticeableupwardconvection;with 1.0amp.
the surfacewasfreefromsulphurexoeptat the lowertip andwherathe wire
wassealedthroughits g!asstubeholder; with 1.4 amp.all the sulphurhad
disappeared. Withstillhigherourrents,bubblesofgas (pMsumaMyoxygen)
couldbeseenmingwiththe convectioncurrent;butthe lowerlimitat which
this gasappearedcouldnot be6xedwith accuracy.

Thusthere seemto be threestages in the electrolysis,wMchfollowone
anotheras the ourrentdensityisincreased,but the ourrentdensityat which
the changefromoneto anotherocoursevidentlydependsonthe amountof
potysulphidein the electrolyteandon the formof theanode;theeSFeotof the
latteris probablydueto its influenceon conveotion.Theseare:F~ a<a~e:–
formationof polysulphideandno depositof sulphur. <Secon~s<as'e~-for-
mationof polysulphideand depositionof sulphur. Third <<o~!–formation
of polysulphideandno depositionofsu!phur;at thecloseofthesecondstage,
the sulphurdepositedon the anodebreaks looseandis carriedawayby the
convectioncurrent,and dunngthe third stageoxygenmay beliberated.

Thefollowingexperimentsshowthat duringthe first andsecondstages,
nothingbut sulphurand po!ysutphideare formod;in the thirdstage,poly-
sulphide,aulphateand dithionate;no thiosulphatewas foundin any of the
quantitativeelectrolyses.

QuantitativeEaTM~mem<s~ln these experimentstwo differentelectrolytic
ce!Iswereused.

(a)jE!ec<ro!cceHtM<&dtaphragneandro~t~ anode:Theanodeconsisted
of a brasscylinder$1mm.highand ao mm. in diameterwhichwaseleotro-
plated first with copperand then with platinumand burnished. It was
mountedon a verticalshaft, the rest of whosesurfacewas coveredby glass
tubing; the joints betweenthemetal and the glasswere proteotedby hard
rubbercaps cementedto the shaftby shoemaker'swax. Thecathodecom-
partmentheld 53ce. and consistedof the annularspace betweena copper
cylinder(on the outside)and a porousporcelaincylinder52mm.MghX 33
mm. internaidiameter,whichactedas diaphragm;the innersurfaceof the
copper,sa mm. high X 60 mm.diameter,waaplatinum-platedand formed
the cathode,theoutersurfacewaswrappedwithetectrician'stapeand coated
with paraffinewax. Top and bottom of the cathode compartmentwere
coveredby hard rubberdises,that at the bottombeingprovidedwith three
legs17mm.long;andthe wholestood,onthesethreelegs,onthebottomofa
cyHndricatgiaasjar 155mm.highand 85 mm. in diameter. The anode
rotatedin the axisof the porcelaincylinder,so that the anodecompartment
completelysurroundedthe cathodeoompartmentand consistedof all the
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spMewithinthe glassjar exceptthat boundedby the copperand porcelain

oyïmdersandtheir rubberdises;when 500ce.anolytewerecontainedin the

cell the cathodecompartmentwas completelycovered, and the solution
reaohed35 'am. abovethe top of its upperdise.

Anironringcementedto the cupide of theglass jar at the top wasbolted

througha rubbergasketto an iron dise, suitablyperforatedand insulated

by a coatingofparaffinwax,winchservedasacover forthe anodecompart-
ment. Theanodeshaftpassedthrougha centralopeningin this cover,entry
of air beingpreventedby a mercuryseal. Twoglass tubes passed,air-tight,
throughholesboredin thecoverand in the upperdise ofthe cathodecompart-

ment,Bothat the latter couldbe filledand emptied oneof thèsetubesserved

alsofor the escapeof the hydrogengeneratedduring eieotroiysis. Eiectno

eonnectionto the cathodewasmadethroughathird tube. Thorewerethree

moreholesthroughthe cover,oneadmitteda tube to fillthe anodeoompart-
ment, and oneled to the automatiopipette (seep. 1780);the third enabled

the levelof the anolyteto bedetenninedexactly(by meansofa wiremaking
contactwith the surfaceof the liquid, and a voltmeter)so that if necessary
correctioncouldbe madefor any changein volumedue to electricalendos-

mose,but in the event,suchcorrectionsprovedunnecessary.
Anatmosphèreof nitrogen(freedfrom oxygenby pyrogallol)was main-

tained in the cell,the gasenteringthrougha branch of the tube usedto fill

the anodecompartment.Theanodewasrotatedby anelectncmotor,whose

speedof rotationwas determinedby revolutioncounter and stop watch;
and thewholeapparatuswasmountedona frameattached to the wallof the

laboratoryinsuoha mannerthat the cellcouldbe loweredintothe water ofa

thermostat.

(b) tF-<~<tpedcell:Tbiswasformedofa pièceofglasstubing70cm.long
and a cm.in diameter;outletswereprovidedat the bottomof the two side

armsand oneat the top of the inner loopofthe W; it held igo-ïôoce. con-

veniently. To reduceconvection,plugs of gtasawoolwere inserted in the

anodeside-ann,and in somecasesthe top ofthe inner loopwasBUedwith a

more dilutesolutionof the eleotrolyte. Platinurnelectrodesweremounted

throughcorkswhicholosedtheupperendsofthetwo outsidearms;andforthe

experimentswith sodiumacid sulphide,the eork supportingthe anode was

perforatedfor a tube to carry the hydrogensulphideto the absorptionap-

paratus. Thisconsistedofa widebeakerchargedwitha solutionofcadmium

sulphateand slowlyrotatedround its verticalaxis; the hydrogensulphide
tube passedair-tight throughthe stem of an inverted funnel and reached

ahnost to the openingof the latter. Whenthis absorptionunit was to be

employed,theopeningofthe funnelwasbroughtjust belowthe surfaceof the

solutionin the beakerandthe air betweenthefunnel wallsand the solution

wasremovedby suction;it wasthus possibletobubble gas througha column

of liquida-z.s cm. highwithout creatingpressurein the eleotrolytiocell,
and any bubblesthat passed through weretrapped above the absorbing

liquidinsteadofescapingto the atmosphere. The precipitatedcadmiumsul-

phidewaafilteredoff,washed,dried and weighed.



~96 WÀMBR RAYMOND PËTZER

~~F't~Mf. o~ f-.t–jt t <
ElectrolysisofSodiumSulphidesoï~M~M~Alowc!<n'Mt<de~t' Aftora

numberofpreliminarydeterminationsto becomefamiliarwiththe apparatsa finalelectrolysiswasoarriedout incell(a) withaUprécautions:température
200.; tmtiat solutionNa,S, 4.5N (i.e.2.25Na~Sper titer); speedof rotation
of the anode, closeto 500 r.p.m.; current 1.85 amperes(correspondingto
130soatedivisionsona Weston instrumentMode!4$,providedwith specialshuntsandoatibratedagainsta laboratorystandard instrument,bymeansofa
Leedsand Northrup potentiometer). The cathode compartmentwas filled
first;and after an intervalto saturatethe porcelain,500ce.of theelectrolytewasmeasuredaccuratelyinto the anodevessel. Thé polysulphideliberated
wasdeterminedin duplicateafterexactlysix, nine andtwelvehours;and at
the closeof the run the anolyte wasfoundto be free fromthiosulphate,sut.
phate,and dithionate. The amountsof polysulphidesulphurformedcorre-
spondedto the electrochemicalequivalent8/2, i.e. t6.03g. of sulphurper
faraday;theywere:

6 hours obs.0.4~ X 16.03g. calc.0.414 X 16.03g
9

«
0.619 o.62i«

o.8ï5 ..8~

The "umitingcurrent"experimentsdetailedbelowshowthat duringmostof
this electrolysissulphurmust havebeenprecipitatedon the anode(it was
all redissolvedin the anolyte, however,and so did not escapethe analysis)and the conclusionto be drawnis, that duringthe firstand secondstagesof
electrolysisof sodiumsulphide solution,and of solutionscontainingsome
polysulphide,polysulphideis formedat the rate of 8/2 per faraday,and that
thereis no other productof electrolysis.

~c<M~sts of ,So<~ DtSM~f!esolutionwith currentdeKM~;Cell
(a)wasused;the

anolyte wasmadebydissolvinginapproximately4.5 Nsodium
sulphidesolutionthe quantity of washedand dried sulphuroalculatedto
bringthe ratio of sodiumto sulphurin the solution ctoseto that given by
Na:S:; the cathode compartmentwasSUedwith 4.5 N sodiumsulphide.
Experimentalprocedurewas the sameas in the previousetectrotyses;temp.
20°C.,rate of rotation 500r.p.m.,currenti.yy amp., volumeof anolyte500
ce., volumeof catholyte60 ce. At the closeof the electrolysisthe anolyte
wasexaminedfor thiosulphate,sutphateanddithionate,andnonewerefound.
The amountsof polysulphidesulphurformedduring the electrolysiswere:
After 6 hours obs.0.436 X 16.03g. cale. 0.306 X 16.03g.«

9 0.604 o.594
0.776 « o.y~

the "calculated"valuesbeingobtainedonthe assumptionthat 16.03g.sulphur
(aspolysulphide)is fonnedby the passageofonefaradaythroughthesolution.
Accordingto the "limitingcurrent" determinationgivenbelow,no sulphur
waaprecipitatedduringthe electrolysis;the ratio of sodiumto sulphurin the
anotyteat the closeof the experimentwasclose to that representedby the
formulaNa~S).
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Troublewas causedby the crystallizationof Na~S.oH~Oin the cathode

compartment;moreover,the amountofpolysulphidesulphurhad to befound

by subtracting two largenumbers,viz. polysulphidein the solutionafter,
and before,eleotrolysis;so, althoughthe observedresultsdifferappreciably
fromthosecalculated,it seemssafeto inferthat the onlyresultof the electro-

lysiswasthe formationofone équivalentof polysulphide(8/2) per faraday.

Stage8 of thee!ec<)'o!~MSofSodiumSulphideaah<(ton.'Somefifteenelectro-

lyses(allwithapprox.4.5N Na:8 solution)werecarriedoutwithhighourrent

densitiesin cell (&);it wasfound difficultto avoid variationsin the current,
and thereforea coppercoulometerwas introduced in series with the cell.

Theanodeconsistedofa pieceofNo.22platinumwire3/8 inchlong(o.io cm.~$

in area). Two g!ass-wootplugs in the anode compartmenthelpedto reduce

convection;at the closeof the electrolysisthe outlet at the top of the inner

loopof the W wasopenedto admit air, and the anolytewas drawnofffor

analysis;ina fewcaseswhenthe yellowcolorationextendedinto the cathode

aide,mostof the colourlesscathodesolutionwas pipettedoff, and the poly-

sulphidein the remainderwas determined.

The preliminaryexpofimentsmakeit clear that in the W cella vigorous
conveotioncurrentis setupat theanode,and it isobviousthat the composition
ofthe solutionaotuaMytouchingthe anodemustdependon the directionand

intensityof this ourrent;as in the Wcell there wasno artificialstirring,the

degreeofconvectionmustdependupon"accidentai" circumstances,suchas

the perpendicularityof the anodewire,its distancebelowthe surfaceof the

electrolyte,etc.; it is,therefore,hardlysurprisingthat even when the elec-

trolyte the current densityand the duration were the same in two experi

ments,theamountsofpolysulphidesulphateanddithionateformedshouldbe-

foundto vary. Tomakea thoroughstudy of this stageof the electrolysisit

wouldelearlybe neeessaryto employartificial stirring;the useof cell(a)was

exoluded,as the surfaceof its rotating anodewas so largethat wellovera

hundredampereswouldbe neededto bringthe electrolysisto the thirdstage;
the resultsgivenin Table1 must thereforebe regardedas merelya firststep
towardsthe solutionof this problem. They serve to showthat whenthe

current densitywasbelow8 amp. per sq. cm. of anode surface,the sum'

of the amountsof polysulphide,sulphateand dithionatefonned duringthe

electrolysisisequivalentto the amountofcopperdepositedin the coulometer;
withhighercurrentdensities,the sumis less,no doubtowingto the evolution

of oxygen. Comparmonof numbers3 and 5 withnumber4 (TableI) shows

that the amountof polysulphidemay vary when the electrical conditions

remainthe same.

E!ec<fo~8Mof SodiumAct~ Sulphideso~MMt(NaSH): With very low

currentdensity(rectangularplatinumanode,0.035amp.percm.~)nosulphur

Theamountsofcopper.potysutphide,aulphateanddithionatefonnedareexpressedin
fMttdaye:63.6g.eopper Cu – a fMadaM; g. sulphur= S = a faradays;S0<= 8
faradays;&0t=' 14faradays.Thus,inTable1No.t, theweightofcopperdepositedin
thevottMMterwas0.0708X63.6/2g.;thatofpolyeulphideautphurwu0.0508X32.06/9g.
andthatofaulphateionwaa0.0~80X96.06/8g.
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was depositedand the anolyteturned yeUow;with highercurrent densities
sulphurwasdeposited,and with atill higherdisappeared,as in the caseof
monosulphidesolutions;in thesecasesthe solutionaftereleotrolysiscontained
sulphateasweCas polysulphide. Hydrogensulphidewas given offat the
anode;quantitativedéterminations(third stageof the electrolysis)madewith
the absorptionapparatusdescribedunder cell(&),shewedthat foreverygrMn
of polysulphidesulphur formed,two gramsofsulphurappearedas hydrogen
sulphide. Thisrelation isexpressedby theequation-

4NaSH–)- tfa,S.S + aH~S(formedat theanode)+ aNa (liberatedat the
cathode)

The onlyreferenceto the oteotrolysiaofsodiumaoid aulphide1canfind
mthé literatureia incidentalto a study oftMopropionioacid by Bunge':he
foundthat sulphurand hydrogensulphidewereformedat theanode. Bloxams
states that sulphur dissolvesin solutionsof sodiumacid sulphidefoming
polysulphideand liberatinghydrogensulphide.

The"Lhnidng Current", that is, the Currentneeded to
liberate Sulphur

AUoftheseexperimentawerecarried outunderan atmosphereofnitrogenin
cell(a), inwhiohthe platinum-platedanodehadbeen replacedby a platinum
cylinder50mm.high and aomm.in diametermountedonthe originalshaft.
Exceptwhenotherwisestated, the temperaturewas20.0 ± o.z~C.

Thé methodof opérationwasas follows:The cellwasfilled,the tempéra-
ture adjusted,and the rate of rotation of the anodewasnoted; a switchwas
olosed,whiehsent a current through an ammeterin serieswith the ceU;as
soonas the ammeter couldbe read the switchwas opened,meanwhilethe
voltageovertheceUwasreadby an assistant. The ceUwasthen left without
currentuntilthevoltmetercameto zero (incasethé of thé sulphidesolutions
this took from15secondsto 2 minutes, dependingupon the current that had
beenpassed)after which the opération wasrepeateduainga highercurrent.
The resultsweregraphed, volts against amperes;a suddenincreasein the
slopeof the ourveindicated the "LimitingCurrent", but in many casesthis
wasso clearlyindicated by the numbers themsetvesthat graphingwasun-
necessary.

Bunge:Ber.,3,~tï (tSyo).
Btexam:J.Chem.Soc.,77,y6o(t9oo).

TABMÏ1 E

No. AverageCurrent Cu g 80, 8~0. S~), Total
i o.9:amp. 0.0798 0.0508 0.0280 o 0.0788
a t.6i .0898 .0637 .0945 0.0037 o .o886 1

3 ï-93 .1439 .osas .0596 .0088 ..i~
t4 1.96 .i9$s .0895 .oa!:s .ooiS 0 .1065 1

5 3.0! .1502 .0561 .0643 .oo6i o .1965
6 9.13 .~s; .osgo .0605 .0198 0 .t283
7 2.49 .0998 .0586 .oia8 .ooto ..o7!4
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Copper<Mp~o<e<o!«M<Mt:Beforeexperimentingwiththe sulphidesolu-

tions,the cellwaanlledwitha solutionof coppersutphatoin maximum-con-

ductingautphmicacid,whiehoontained1.718gramsofcopperper liter,and

the "LimitingCurrent"forthis solution(that is, the currentthat just brings

thecopperconcentrationat the cathodeto zéro)wasdeterminedas abovefor

varionsrates of rotationof the électrodeshaft. (In theseexperiments,of

course,the rotatingeleotrodewas madethe cathode). Theresultsaregiven

in Table II-limiting ourrentin milamperes,rate of rotationin revolutions

TABLElII

(SodiumMonosulphide,4.66N)
f.p.m. 245 407 Soo 658 ?6o

LCo6s.(miIamp.) 213 a86 334 404. 445

LCcalc. (milamp.) 197 287 334 409 455

computet; but the agreementbetweenthe observedvalueof the limiting

currentand tha.t calculatedfrom thé equation

LC(cale)'= 0.00336X (r-p.)~" (3)

shewsthat the effectof the speed of rotation on the LimitingCurrent is

exactlythe same as in the case of the coppersolutions. Whenthe solution

Bmt-Gen-Mm(J.Phya.Chem.,M, 396(t9:6))found<: °4.ooX M-<at t8°C.,A.R.
Oetdon(unpubMshed)found!0'?=' 3.15at y*'C.,3.55at M'C.,ands.'oat30C.

RoaebrughfmdLaahMiMer:J. Phys.Chem.,M,830(!9M);aeoalsoBurt-Getmm:
bt.et<.

perminute. The thioknessof the diffusionfilmin centimeters,l, wascom-

putedfromLC (theLimitingCurrent in amperes),the copperconcentration

(t.~S/gtSoo equivalentsper ce.), the area of the rotatingélectrode(31.4

cm.')and the diffusionconstant,of coppersulphate inmaximum-conducting

sulphuricacid (&'= 4.: X 10- <'atao"C.),by meansofEq. (t)~ all except

96S~
X area X

< ~~p (~LC
the nrst (193r.p.m.)agréewithin a fewpercentwith those calculatedfrom

Eq. (a) whichis oftheuaualform.

l (co~c)-=o.324(r.p.Mt.)~ (a)

SodiumM<MM)Mt!p~tdejSo~tOMS:The resultsof similarexperimentswith

a 4.66N solutionofsodiummonosulphide(4.66 X 39.08 = 182g. NâiSper

liter)are given in TableIII. In this casethere arenot sufficientdata to

TABLElI

(Copper Bulphate)

r.p.m. 192 290 301 4oo 490 504 Sic 575 66z 812 817

Lim. Ct. 131 147 i53 183 196 zao 199 235 252 313 294
J

ïo' 525 468 449 3?6 351 3t2 345 292 273 220 234

ï(M(cok) 662 489 475 385 331 324 32t 294 265 228 227
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ofTable III; the figuresafter ")" werecomputedonthe assumptionthat the hmttmg ourrentis proportion to thé 0.74 powerof and
(fora given speedof rotation) to the concentrationof the sodiumsulphidein the solution(seeEq. 4).

LC(e~e)= 0.00336(r.p.M.)°~X 2.20/4.66 (~
The agreementbetweencalculatedand observedvalues justifiesthese as.
SUmptiOBB. <

relations,ifthey stoodalone,couldbeexplained.onthe assumptionthat thepolysulphideformedat the anode(andtheexperimentsoitedearlierin this paper provethat this Mthe onlyproduct),broughtthé concentrationthereto the compositionNa.S,.<,whiehis that of thesolutionsaturatedwith
respectto sulphur(or more probablyto Na,8.S,, see p..000); employingthevaluefor found forthe coppersulphatesolutionin the sameapparatus,
vis., that givenby Eq. (2), this assumptionleads (via Eq. i) to the valuek =2.3 X io-"(or& = ..o X

to-")forthediffusionconNtantofpolysutphide
su!phur~which is that of a semi-coUoid.Even if accountbe taken of the
fact that polysulphideis an anion in such a solution,and thereforethat
d~uatoniscounteractedby migration,thisvalueof wouldnotbemateriallyinoréased.

MM<~Polysulphide~< Thehypothesisjust discussed,if extended
withoutmodificationto include solutionscontainingpolysulphide,makestwo prédictions,viz.(.) that (other things beingequal) the morepoly-
sutphidethe electrolytecontains,the lowerthe LimitingCurrentwillbe; and
M that thé LimitingCurrentwillincreasewiththerateofstirringandwillbe
proportionalto the 0.74powerof the numberof revolutionsof the anode
per minute,exactlyas in the caseof the coppersulphatesolutionand the
.solutionof sodiummonosulphide.

The experimentalresultsshowthat both of thesepredictionsare wholly
incorrect;(i) successiveincreasesin thepolysulphidecontentoftheelectrolytefirst increaseand thendecreasethe LimitingCurrent,andthemaximumvalueofthe latter (whichis ten timesthat forpuremonosulphide)isreachedwhen
the ratio of sulphur to sodiumin the electrolyteis somewhatlowerthanthat representedby'the formulaNa,S, (seeTableVand Fig.i); and ?) in

ia
eX~S~ havebeenmeasured;aM"f!hexperiment.howedthatthediffusionisextremelyslow.

wasdiluted to somethingover doubleits volume(2..o normal)the UmitinRourrentwas J~seasyto detenaine,as thevoltmet~M&dmgswereiesssteady.Theresultswh.charegiveninTableIVare theroforelessMeu~tethan those

TABLEIV

(SodiumMonosulphide,z.:o N)~ctummniMonosutpmde,z.:o N)

350 590 750

LCobs. (milamp.) ~g ,65 .o.
LCca!c.(mtbmp.) iat ~g g~
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TABLEV
(Sodium Polysulphide)'

Norm&Mty' 4.66 4.44 4.33 3.44 4.27 4.155 4.76 4.43
annNajtS.S,' o 0.80 t.oi 1.51 i.68 1.82 2.08 2.24
LC (amp.) 0.42 3.16 3.17 z.86 3.80 3.74 3.63 3.37
LCoorr.~ 0.38 3.04 3.Ï2 3.56 3.80 3.8g 3.27 3.25

Normalityl 3.84 4.27 4.28 1.95 1.96 1.96

~mNaeS.S,' 2.72 2.79 2.95 ï.oo 1.25 2.38
LC(&mp.) 2.~3 1.92 1.58 1.33 1.55 1.56
LCcon-~ 2.37 1.92 1.58 2.90 3.38 3.40

the two cases that have been studied (viz.–Na:S.St.M and Na~S.St.M) the

Limiting Current is independent of large variations in the rate of rotation of

the anode.

To extend the hypothetical explanation put forward for the résulta

obtained with monosulphide solutions, so that it may account for the initial

increase in LC produced by increasing the polysulphide content of the etec-

trolyte, it might be assumed that the primary product of electrolysis, viz.:

some semi-ooMdal form of sulphur, reacts with some constituent of the poly-

sutphide solution to form an easily diffusible compound; the greater the rate

of this reaction, the greater the amount of sulphur that will be carried away

by diffusion in a given time, and therefore the greater the Limiting Current.

The further assumption that the rate of this MMtion is proportional to the

NoHMtUty '='Equtvatenta of sodiumper Mter.

a NasB.8xgives the ratio of sulphur to sodium in the solutiontaken for electrolysis.
The figuresin this Une were obtained from those a~ter"HC(amp.)" by amumtngthat

for a given potyeutphidesotutiom the Limitin~ Current W88proportional to the normality.
Asehown below,thm Mfairly true for solutionsm which theratio ofeutphur to sodiumMnot
too high, while if the ratio approach NatS.St, aueh an Msumption Mvery unsafe. The
"eorreoted" valuesare those for a normalityof 4.27; this valuewaschoMnbecauMit iBthat
of the two solutionswith highest sulphur content. The "eorrected"values of Table V are
plotted in Fig.
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is muchlessthan the kinetiehypothesisjust put forwardwouldlead one to

expect;on the other hand the fact that increasingthe rate of rotation of

the anodedoesnot changethe LimitingCurrent seemsto excludeany other

explanation;furthermeasurementsareobviouslyrequired.

Any attempt to carry this hypothesisinto furtherdetailmust be based

onassumptionsasto the equilibriumexistingbetweenthetrisulphideand the

other constituantsof a polysulphidesolution. The simplest assumption,
viz.: that the governingequilibriumis that representedby the equation

aNa~ = Na:8 + Na,S. (s)

(the correspondingionic equation might be writtenif preferred) requirea
that the trisulphide concentration,and thereforethe Limiting Current,
whengraphedagainstx (Na:8.Sxrepresentingtheratioof sulphur to sodium

<~theanode)shouldbe symmetricalabout the ordinateat x ==2. Nowthe

experimentsshowthat the LimitingCurrent ourve(Fig. i) is fairly sym-
metrioatabout theordinateT = ï.y (Na:S.S,representingtheratio of sulphur
to sodiumin themain bodyof the electrolyte),andnosimpleaammptionas

to the mechanismof diffusioncan convertone ourveintoanother.

There is moreovera moreseriousobjectionto theassumptionproposed,
for acoordingto it the valueof x shouldbe unanectedby diluting theeleo-

concentrationof the primarysulphur,brings the caseinto a olassdiscussed
in Part III of the paper by Bosobrugband MiUor,and it ia there shown

(!oc.M<.p. 867)that if the rateof th!ahypothetioalreactionbegreatenough,
a largechangein the rate of rotationof the anodewitihaveno effecton the

stationaryconcentrationof theprimarysulphur,i.e.inthepresentcaseonthe

LimitingCurrent. The fact that the maximumLimitingCurrent wasfound

whenthe eleotrolytecontainedsulphurand sodiumintheproportiongivenby

Na~S~,suggeststhat sodiumtrisulphidemightbe takenas the "constituent"
whichreaots with the primarysulphur; if the rate of the reactionbe pro-

portionalto somepowerof the concentrationof this reagentas wellas to

that of the sulphur,the rate (and thereforethe LimitingCurrent) shouldbe
]

greatest whenin the reaetingsolution (viz.: that toachingthe anode)thé

concentrationof trisulphideis at its maximum;this mightwellbe the case

whenin themainbodyoftheeleotrolytethé ratioof sodiumto sulphuris tess

than that expressedby Na~St,becauseright at the anode,wheresulphur is

beinggenerated,the ratio of sulphur to sodiummustobviouslybegreater
than it is in the externalsolution..

The effectof temperatureon the LimitingCurrentwas determinedin

the caseofonesolutiononly,idz.–Na:S.St.M,4.13N;theresultsaregivenin

TableVI, a riseofa i .ydegreesincreasesthe limitingcurrentby 75%. This

TABLEVI

(N)~S.8M4,4.43N)

Temp."C. 9.3 19.9 31.0

LC(annp.) 2.42 3.37 4.aa

t ~t. ~t-~t'1-L- – ~–< –~j ~j –
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trolyte,sinceaccordingtoEq. (5) increaeein volumeshouldreducethé con-

centrationsof all threeconstituentsby the samefraction;this means that

if anypolysulphidesolutionbe dilutedwith water to doubleits volume,the

LimitingCurrent shouldbe halved. Experimentsshowhoweverthat the

effectof dilutionialesssimplethan this,and that it dependsuponthe ratio of

sulphur to sodiumin the solution diluted. Whena: = o (monosulphide

solution,Tables III andIV), whenx = 0.8(TableVII),whenx = 1.84(Table

VIII) and when =*2.08(Table IX), the LimitingCurrentwasfoundto

benot far fromproportionalto the concentrationof the solution;but when

a?= 2.72anda: 2.9~,dilution to doublevolumecauseda rapidfall in the

LimitingCurrent to Mf its originalvalue,followedby a slowerchangeto

valueslowerstill.

TABLEVII

(N~8.S.)

Normality (N) 4.44 3.os 2.24

LC (amp.) 3.16 3.12 t.63

LC/W 0.71 o.yo 0.73

TABLEVIII

(N~8.StM)

Norm&Uty(N) 4.23 3.72a 2.97 a.o8 1.04

LC(funp.) 3.61 3.13 s.s: 1.72 0.91

LC/~V 0.85 0.84 0.85 0.8s 0.88

TABt.BlX

Na~-SMa)

Normality (N) 4.76 3.8ï 3.05 2.13 1.27

LC (amp.) 3.63 3o8 2.52 2.03 i.o6

LC/JV o.y6 o.8i 0.83 0.95 0.84

Asthere is no recordin the literatureof changesooourringin the properties
ofpolysulphidesolutionswhenkeptat constanttemperaturein theabsenceof

air,these measurementswillbe dealtwith in the next Section.

Change withTimein the LC of a SodiumPolysulphideSolution

(i) After<Mtt(~:Powderedsulphurwasshakenwith a solutionof sodium

monosulphide(approximately4 N) for 18hours at roomtempérature;the

compositionof the solutionso obtainedwasNa<S.SM:,3.84N; its LC was

i.n amp. After theLChad beendetermined,onehalf the contentsof the

anodecompartmentwaswithdrawn and replacedby an equal volumeof

water;to ensurethoroughmixing,the electrolytewaastirredvigorouslywith

nitrogenandthe anodewasrevolvedat highspeed;TableX givesthe results

ofLCdeterminationsmade<minutesafter the waterhad beenadded. Five

minutesafter diluting,the LimitingCurrentwas 1.04ampères,as compared

with 3.12 amp. for théundiluted solution;but in an hourit had falten to
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Somethinganalogoushad been noticed with the solution of TableVII

(NatS.So.rn);when the 4.4N solution was diluted with its own volumeof

water,the LimitmgCurrenthalfan hour after dilutionwasfoundto be 1.03
amp.;whilefroman houranda hait to three hoursafter dilution it stoodat

t.63amp. Nothing similarwaaobservedwith the other solutionsof Tables
VIII and IX; but at the timethese measurementsweremade the possible
influenceof delay wasnot suspeeted,and the LimitingCurrentsweredeter-
minedone after the other,(theeleotrolytebeingdiluted in the cell)without

pause.

?) After heating: 500cc. of a solutionof the compositionNa:8.S:.N,
4.27N, washeated to boilingwith 30g. ofsulphurin a Baskprovidedwitha
returncondenser,andwasthenkept for fourboutsat a températurejust below
its boilingpoint. About two-thirdsof the sulphurwent into solution,and
oncoolingmostof it cameoutagain, the compositionof the solutionobtained
aftercoolingand filteringbeingN&)S.Si.M,whiehmeans that onlys.5 g. of

sulphurhad finally beentakenup. The solutionso prepared waaput into
the eeti,and ita LimitingCurrentwas determined;as shownin TableXII,
LCincreasedfrom 0.53amp.at the time of the mst measurementto 1.59amp.
seventeenand a halfhourslater;during this interval the solutionin the cell
waskept under an atmosphereof nitrogen aa usual.

Toguardagainatthe possibilitythat thèse changesmightbedue to some
slowaction of the insulatingmaterials of the cathode compartmentof the
ceUonthe polysulphidesolution,a newpolyaulphidesolutionwaspreparedby
shakingfreshlymadesodiumsulphide with sulphurovernight;in the after-
Noonthis solutionwasdividedinto two portions,one of whichwasdiluted
withita ownvolumeofwaterand set asidein a gtassoask, whilethe second
wasdilutedin the ceM.TableIX givesthe résultaobtainedwith thissecond
portion;the LC of the portionm the Qaskwasdeterminedafter 19hoursand
foundto be 0.44in goodagreementwith the finalvalueofthe other.

o.SSamp.at whichit Mmained. As a.cheok,the portionof the originalsolu-
tionwithdrawnfromthe cellwas diluted withan equalvolumeofwaterand
putawayina stopperedftask;t8 hours tater itsLC wasfoundto be0.~4amp.
andafter 3hours more,0.~3.

TABUSX
(Na,8.S3.M, 1.94 N)

<(mmutes) 5 14 30 43 6o 8$ 130 115 902 914 9401113
LC (amp.) 1.04 o.y6o.6oo.g7 o.ss 0.55 o-gg o.sg o.6ï o.gy 0.5~ o.ss

TABLEXI

(Na:S.8~, 1.9!:N)

t(mmutes) y ia 16 22 34 64 949 go)' 1082
LC(amp.) 0.0$ o.8a 0.71 0.70 0.58 0.53 0.49 0.46 0.43

c_it: .1_ _· · .·
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It is wellknown,of course,that polysutphidesolutionsturn darkonheat-

ing but when cooled again the dark colourdisappearswithoutdelay,and

nothing like this slow changein a propertyof thesolutionafterit had been

cootedhas beenrecorded. To seewhetherthe changein LCwasaccompanied

by a volumechange, a solutionof the compositionofthat of TableXII was

heated to boiling,and immediatelyaftercoolingwasintroducedintoa di!ato-

meter whosebulb held 12 ce. and whosestem hadan internaidiameterof

o.5mm.; but no change in volumewaanotedevenafter24hours.

Accordingto Kuster's carefulmeasurementsof the solubilityof sulphur
in sodiummonosulphidesolutions,~thecompositionsofthesaturatedsolutions

changeveryuttte indeedwiththetemperaturewithintherangeofMsmeasure-

ments, viz.: from o"C. to so~C.,and if anythingthey containa somewhat

smaUerproportionof sulphurat the highertemperatures;it isclearfromwhat

précèdes,that at still highertemperaturesthe solubilityrisesconsideraMy.
But it is important to notethat the 4.27N solutionafterdepositingmostof

thé sulphur it had dissolvedwhenhot, retainedonlyenoughto bring the

ratio of sodiumto sulphur to that representedby theformulaNa:S).M;while

Kuster's saturated solutionof the samenormality,obtainedby shakingwith

sulphurat roomtemperature, had the compositionNatS~i. Thisobserva-

tion throwaa new light on a remarkofEuster's,' viz.:

"It appeared,as was only to be expected,that mostof the sulphurwas

taken up very quickly, whereascompletesaturationoccurredonlyafter a

very longtime; and the timethe moredilutesolutionsrequiredforsaturation

was many times that requiredfor the moreconcentrated." In a subséquent

paper3he followedthe rate ofsolutionby E.M.F.measurementsandshewed

KQater:Z.anorg.Chem.,43,53(t~os).
Ktiater:Z.Morg.Chem.,43,57(1905).
KUster:Z.anorg.Chem.,44,431(t~o;).seep.433.

The solutionwas then removedfromthecell andheatedahnostto boiling

again(thistimewithout addingsutphur)forhatf anhour;thecellwascleaned,
thé solutioncooledand pouredin. Threequartemofan hourafter the flask

containing the solution had been taken from the hot plate, the Limitiing
Currentwasfoundto be o.oyamp.,whichroseto 1.59amp.twenty-onehours

later. (See Table XIII).
TABLEXIII

TABLE XII

(N~8.8, 4.~8N)
<(mioutesafter the

first LC measurement) o 30 i~s 10$0

LC(amp.) o.S3 0.68 i.ot i.s<)

TABLEXIII

(Na,S.S,.M, 4.28N)

< (minutes after the

first LCmeasurement) o 40 yo 85 106 t48 220 1255

LC (amp.) o.oy 0.28 0.64 o.6s 0.66 0.70 0.96 1.59
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that shew"whilethé 4Nsolutionofsodiumsulphideaftera fewhoursshaking
with sulphurappearsto besaturated,i.e.its sulphurcontentremainsconstant
witbin theexpérimentalerrorof thegravimétriemethodofanalysisemployed,
the potentialmeasurementsshewthat evenafter ~4hoursminuteamounts
of sulphurare stillbeingtaken up, and that true saturationis reachedonly
after 48hourashaking."

The methodused in preparingthe solutionof TableIX wasin effecta

solubilitydetermination,and one in whiohifanythingtoogréâta solubility
shouldhavebeenfound;for on the onehandthe solutionanalysedwasone
from whichsulphurhad just beendepositing,and onthe otherhand,if this

sulphurhappenedto bedepositedin a formunstableat roomtemperatureits

solubilitywouldhavebeengreaterthan that of the stableform. Sinee,on
the contrary,this determinationgavea muchlowervaluefor the solubility
than thatobtainedby Küster,niaobservationthat the!astportionsofsulphur
dissolveveryslowlycannotbe ascribed(ashia"onlyto beexpeoted"seemsto

imply)merelyto aslowreactionbetweenthe solutionandthe aolid,but must
be ascribedto an unsuspeotedchangetaking placein the solutionitsetf,
whichrenderedit capableof dissdvmgfurtherquantitiesofsulphur;andthe
circumstanoethat in the freshiy cooledsolution(beforethis réactionhad
time to goveryfar)theratio ofsodiumtosulphurisatmostexactlythat given
by the formulaNa~S~,lendsfurtherjustificationto the prominencegivenby
Küster to the tetrasulphidein hisdiscussionof the constitutionof the poly-
sulphides.

s~ary
(i) Analyticalmethodsare developedfor determiningthe constituents

of a solutionof sodiumsulphideafter it bas beensubjeotedto electrolysis;
and a convenientapparatus for preparingcarbonate-freesodiumhydroxide
solutionis desoribed.

(2) Whontheourrentdenaityisnot toohigh,theonlyproduotofelectro-

lysisis sodiumpolysulphide;withhigherourrentdensities,sulphateanddithio-
nate are formedbut nothiosulphate.

(3) Whenpolyaulphideia the onlyproductofelectrolysls,the electro-
chenucaléquivalentofsulphuris 16,whethertheelectrolytebesodiummono-

sulphide(Na:S)orpolyaulphide.
(4) Whena solutionofacidsodiumsulphideNaSHiselectrolysed,poly-

sulphideandhydrogensulphideareformedin the ratioofNa~ to zH~S.

(s) The LimitingCurrent, or the ourrentneededto liberatesulphur
from a solu~onof mono-or polysulphide,increasesat Srat with the pro-
portionofpolysulphidein the solution,passesthrougha maximum,andde-
creasestowardszéro.

(6) In the case of a solutionof sodiummonosulphide,the Limiting
Current increaseswith increasein the rateof rotationofthe anode,in quan-
titatively the sameproportionas the LimitingCurrentfor an aoidsolution
of coppersulphate.

(7) In the caseof polysulphidesolutions(NâtS.Si.Mand Na~S.Si.M)the

LimitingCurrent remainsunohangedwhenthe rate of rotationis increased
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from aao r.p.m. to 700r.p,m., whilewith the monosulphidesolutionthis

changedoublesthe LimitingCurrent.

(8) Increasingthetemperatureinoreasosthe LimitingCurrent.

(9) In the caseof a monosulphidesolution,the LimitingCurrent is

proportionalto the concentration;the sameis true forpolysutphidesolu-

tionswhonthe ratioofsulphurto sodiumdoesnot exceedthat givenby the

formulaNa~Sa.

(10) When a polysulphidesolutionwithhigh sulphurratio (NazS.S!

NatS.S!.))is dUutedbyaddingwater,the LimitingCurrentobserveddepends

uponthe time that baselapsedafter the waterbasbeenadded;it is highost
at 6rst and fallsto a steadyvalue.

(11) Whenapolysulphidesolutionisheatodandthencooled,itsLimiting
Current immediatelyafter cooling(but after the solutionhas regainedits

originalcolour)is low,and graduallyincreaseswith time,reaobinga steady

valueonlyafter manyhours.

(ta) When a sulphidesolutionis cooledafter heatingwith excessof

sulphur,much of the sulphurseparates;and the solutionsoobtainedretains

tesseulphur than onethat bas beenshakenwithsulphurfor a longtime at

roomtemperature.

t/K<<WMM~ofToronto,
F<M<)'<)<:t<Bt<ca!~<t6<M<o~,
April,~MS.
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CATALYTIC DEC~MPOST'THECATALYTICDECOMPOSITION0F SODIUMHYPOCHLORITE

SOLUTIONS*

II. Iron Oxideas Promoterin the CopperOxideCatalysisof Sodium

Hypoohlorite

BY JOHN B. MiWtS

In a récentarticlefromthis taboratory,'it wasshownthat iron oxideis a
promoterin the copperoxidecatalysisof sodiumhypochloritesolutions.
Insumoientdata wereobtained,however,fromwhichthe mechanismof the
promoteraction could beexplained. The data givenm this paperare the
resultsthat havebeenobtainedin whichthe promotereffectof iron oxide
bas beenstudiedmore completely.Interestingrésultahave,beenobtained
which tell us somethingabout the mechanismof this particutar reaction,
andin additionmaybe ofvalueasa contributiontothe broaderfieldofpro-
moteractionin heterogeneouscatalysis.

Theusualdefinitionofpromoteractionisthat givenbyRidealandTaytor
"Thebenefioialeffectproducedin a catalyst by admixturewitha relatively
smaUquantity of a material,inert or of negligibleoatalytioactivity in the
réactionin question." Themateriab,copperoxideand ferrieoxideusedas

catalyst and promoter in this study fuMUthe requirementsof the above
definition.Copperoxideis a catalyst,ferrieoxideisnot a catalystoran ex-

tremelypoorone. Mixturesofthe two,ontheotherhand,givereactionrates
muchgreaterthan for the copperoxideusedsingly.

Experimental

Materials.-The sodiumhypocMoritesolutionwas prepared according
to the methoddescribedin the previouspaper. Samplesneededfor the ex-

perimentswerewithdrawnfromthe stocksupplywhiehwas kept in a dark

gtaascontainerat temperaturesbetowio°C.

The catalyst solutionswerepreparedfromrecrystaUizedand resublimed
chloridesofcopperand ironrespeotively.

Appon~MS.–Théshaker apparatus,' describedin the previouspaper,
wasused in followingthe decompositionrate. All the experimentswere
carriedout at 3S"C!exceptwheretemperaturecoeScientsweredetermined.

ContributionfromtheLaboMtorMfofGênera!ChemiatryoftheUniveraityofWis-
eomin.FaperreadbeforetheMid-WestRegionalMeetingofthe AmencanChemical
Society,Md mMinneapoMa,Minn.,June7,and 9(1928).

1J.PhyB.Chem.,M,243~~(t9z8).
"CatatyMinTheoryandPraetiee."ByRidealandTaylor,end.Ed.
Walton:Z.phymk.Chem.,47,1~5(t9<~).
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f'rcKt~WM~E:EpentMeM<s.–Asériesof mixedoxideoatatystscontaining

ironand copperoxidein varyingproportionsweremadebysimultaneousty

precipit~tingthe mixedoMoridesolutions,using sodiumhydroxideas the

précipitant. Theseoxideswerewashedseveraltimesbydecantation,andthen

dialyzedat about so°Cfor 50hours,oruntil the washwatergavenotest for

the hydroxylion. Finallythey weretr&nsferedto bottlesand madeup to

definitevolumes. Thé reMtts obtainedwith thèse oxideswerenot repro-

duoiNe. Théfacors that werefoundto affectthe ~actionrate includethe

following:âgeofcatalyst,methodofitapreparation,heat treatments,passing

of the oxidesusoenaionsthrougha colloidalmill, etc. In every case the

oatalystbeeameiessactive. Table1summarizessomeof theresultsobtained

usinga fixedamountof catalystandhypochloritein eachcase.

The followingprocedurewaefinallyusedfor obtainingthe mixedoxides.

Duplicationsof résulta,using thèsecata!ysts were easilyobtained. The

error wasusuallyabout a% but inoneor two casesit wasas highas 5%.

Adefinitevolumeofferriechlorideandcopperchloridesolutionswaspipetted

into the reactionBask,wateraddedand then the mixturetransferredto the

thermostat until températureequilibriumhad been reached. Finally the

deairedamount.ofsodiumhypotMoritesolution,froma containeralsoat the

same temperaturewas added throughthe side-neckof.the reactionnask.

TABLE1

Experiment Treatmentofcatalyst ce.ofOxygMenvolvedat

number beforeusing endof6onunutes

UnpMmoted Promoted

i Uang freshlyprepared 16ce. 35ce.

catalyst

3 UsmgsamecattJyBtafter 14.500. 3~ce.

7<iay8

g Passingfieshoatalystthrough 13.2ce. 30ce.

coUoidmiU15Stimes

4 Bubblingoxygenthrough M.3 ce. 27ce.

catalystsuspensionfor 100

hour8at2o*C

5 Heatingfreahlyprepared 7.6 ce. 18ce.

catalystin closedtubea.t

ioo''Cfor i hour

6 He&tingincto8edtubeat .2 ce. 1.8 ce.

ço°Cfor?s hours
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Thefreea!ka!iptosentin the hypoohloritereaotedwith the mixed eMorides <
formingthe mixedhydratedoxidesof copperand iron. The aide-neckwas
c!osed,the shakerstarted,the initialreadingtaken,andthen the stop-watoh c
started. ThismothodofpïeparatioaoftheoatalystsfumishedaooBvenient
methodof followingthe initial changesin activityofthe oataiyNts.

Curvest, 2,3and areforvaryingamountsofcopperoxide.
Carvess, 6, 7 and8areforvaryingamountsofironoxideaddedto&&tedamountof

copperoxideat35~
Resatts

The resultsobtamedusing the proceduredescribedaboveare givenin
tablesand alsopresentedgrapMoaUy.The values for K and for K. were
calculateduaingthe followingequations:

ïf = tr ~'3°3 <
~o

K =
t Kt = !og

-;––~<- t Uo– <~t

wherex is the cuMccentimeteraof oxygenevolvedin time (t) expressedin
minutes,and C. is the concentrationof hypocMoriteexpressedin etthie
centimetersofoxygenat timezero,and Ctis the concentrationafter time(t).
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TableII is for the unpromotedcatalyst. TablesIII and IVare for the

mixedoxides,the formerwhencopperoxideiain exoossand the latter when

ferrieoxideis inexcess.In TableVthe valuesfor'theunpromotedand pro-
motedreactionat varioustemperaturesare given. Thedata givenin Tables

II and III are showngraphicallyin Fig. t, whilethe data in TableIV are

IncreMingamuntaofcopperoxideaddedtea fixedexoassofironoxideat 3S''C.

ahowngraphicallyin Fig. a. Fig.3 showstheeffectofaddingironoxideto

copperoxideandvice-versa..Figs.4 and 5 presentgraphicallythé effectof

temperatureonthe rate of decompositionof the unpromotedandpromoted
reactions.

Thèseréactionswererepeatedwherethe free alkali concentrationwas

consideraHyhigherthan in the regulardeteminations. The ratewasslower

in everycase,but the températurecoenicientswereof the sameorder.
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TABLEÏI

Temp.35"C Catatyst: Temp.35"C Catalyst:
Co = 89.3 .ooï494 gr. Cu C. = 89.3 0.004483 gr. Cu

ina5CC. in~scc.
t x K K, t x K KI

3 -73 -~43 .00304 a 1.62 .81 .00020
6 i.ig .i88 330 3 2.84 .04 io8i
9 1.38 .153 206 4 3.4 .8$ .00972
16 ï.86 .116 ï44 6 4.0 .66 766
2$ 2.3 .09: ïtt n 4.95 .45 522
38 a.64 .069 .00088 23 6.73 .:9 340
Sa 3.4 .065 775 32 7.95 .24 292
76 432 .055 65 47 0.72 ..a! 345
98 4.87 .049 59 69 ïa.o .17 ao8
ït4 5.36 047 55 85 13.5 .i6 193
ï4i 6.07 .043 51 97 14.6 .!5 183
17~ 6.8 .039 47 na 15.9 .14 .00175
ï96 7.36 .037 45 13: 17.6 .t3 167
388 9.a4 .033 44 157 19.4 .1~5 155
~98 9.56 .032 38 167 20.0 .no t5i

969 26.2 .007 133
Santé as above except 0.002989gr.

of catalyst used Same as above except 0.005978 gr.

4 1.74 .434 .00494 of catalyst used

7 2.5i .369 4~ 3.43 i-*i .01380
i6 3.56 .223 355 3 3-75 1~5 -oi44
a6 433 -162 ï87 4 4.3 ~7 .0:236
40 5-~6 .13~ ~49 6 5-~ 0.8S .00981
54 6.4 .n8 137 io 6.24 .63 00724
64 7-i7 -ii~ i3i ~4 9.4 -39 462
74 7.82 ,t05 124 34 iï.2 .33 394
94 9.0 -095 na 44 12.9 355
ii4 10.12 .o88 to5 72 ~7-0 .24 294
139 H-6 .083 .00099 84 18.7 .224 !8o
159 1~5 078 95 109 2!.9 .M5 260
iy4 1~2 .076 92 ïi9 ~3-o .193 ~50
276 17-2 .062 77 1~9 24.0 .t86 243
286 17-8 .061 76 ï44 ~5-7 -~9 235
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TABLEIII

Temp.35''C Catalyst: Temp.35"C Catalyst:

C. = 89.3 .00578gr. Ou Co = 89.3 .005978gr. Ou.

.000876gr. Fe .00262 gr. Fe

in 25ce. in 25 ce.

t x K KI t x K K,

a 3.0 ï.5 .01713

3 4.35 1.45 .ot664 2 2.8 1.4 .01598
4 6.t3 .53 .01777 3 5.S 1.85 .02125
5 7. S .50 .OI75" 4 8.9 2.0$ .02409
6 8.48 .4~ .01659 6 12.0 2.0 .02403
8 9.75 -~o .01445 8 1$.; t.94 -02381
t2 11.7 .976 .01170 ïS-3 .83 .02291
ao 13-48 .675 .oo8zo 12 21.o .75 02233
26 15-64 602 .00744 14 ~3.4 .67 .02!9o
39 ~9-3 -495 .00626 i6 2$.8 -6i .02:40
58 23.0 .396 -oo5t3 18 z8.i1 x. 56 .02i2t

70 2$.z .360 .00510 21 3i-~ -48 .02050
oo 28.6 -3t8 .00428 24 34.' 4~ .02010

130 34.2 .263 .00372 29 37.9 -3i .ot9io

Sameasaboveexcepto.oo!752gr. Sameasaboveexcept0.003504gr.
Feusedwith 0.005778gr. Cu Fe usedwith 0.005778gr.Cu

a 2.9 1.45 .01656 2 2.? 1.35 -oi54ï
3 5-8 i-93 .02238 3 5-4 1.8 .02077
4 8.4 2.1 .02472 4 7-7 '-9~ .02254
5 to.4 ~-09 .02474 5 lo-o ~-° -02373
6 12.3 2.05 .02468 6 12.s 2.1r .02528
7 i3'6 i-95 .02360 7 ï4.s6 2.o8 .02570
io 17.2 1.72 .02150 8 16.5 2.06 .02560
14 ~0.6 1.47 -ot88o 9 ~8.3 2.03 .02560
19 24.i i-27 .oi66o 10 20.0 2.02 .02570
25 27.3 1.09 .01464 il 21.9 1.99 -0256
31 30.2 .973 .01330 12 23.2 ~-94 .02522
37 32.5 .88 .01225 14 26.8 1.915 -0~55
41 33.9 -S28 .01170 i6 30.1 i-88 .0257
48 36.2 .754 .01085 i8 3~ 1.8 .0252
53 37.8 .714 .01042 M 34.9 1-75 0249

22 38.7 1.75 .0258
23 39.8 1.73 0257
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TABUBIV

Temp.35°C C~tatyst: Temp.3S*C Catatyst:
C. = 89.3 .00438gr. Fe Co = 89.3 .00438 gr. Fe

.0005978 gr.Cu .00239 gr.Cu
x K K, t x K KI

5 .43 .086 .001012 z 1.0 .5 .0056316 1.72 .107 t22i 4 a.53 ~o26 a.82 .io8 i239 6 3.92 .65 751
3~ 356 .111 1271 8 5.3 .66 764
39 4.5 .115 1324 ïï 7.24 .66 769
.50 5-73 .ii4 .323 15 98 .65 7746o 7.04 ."7 1368 30 13.0 .65 787
75 8.84 .n7 1386 23 14.6 .635 776
90 !0.66 .117 1403 26 ï6.5 .634 786
104 12.3 .i!8 1423 31 19.3 .624 787
'~7 '3-7S ."7 1429 35 aï.5 .614 787128 150 .117 1434 41 24.6 .60 787
i45 ï6.99 .116 ï44S 49 =8.6 .585 787
158 17-73 ."3 i4o6 55 31.4 .572 787
ï6s 19.11 .!i5 1451 68 37.1 .546 789
176 20.3 .n5 1463 M 40.0 .542 774

Sameasaboveexcept0.001195gr. Sameasaboveexcept0.00478gr.
Cu with 0.00438gr. Fe Cu with 0.00438gr. Fe

2 .5 .25 .00287
7 i-9 .27 .308 2 1.4 .7 .00749

~-8 .28 .320 3 2.92 .97 mo
i5 3.9 .26 .298 4 4.7 ~8 1351

5.4 .27 .3'2 5 6.48 .3 1508
26 7.2 .28 .324 6 8.i 1.35 ~82
3" 8.7 .28 331 8 11.2 .4 ~73
41 i~-o .29 351 M 14.1 .4 t7;:o
5~ '4.7 .30 353 n 15.5 .4 ly~61 ~.3 .99 37s 13 18.3 .4 1763
7~ ~0-6 .29 369 15 20.4 1.36 1730
85 24.4 .29 375 17 M.6 i.gg iy~
98 27.6 .a8 378 19 35.0 1.32 1735
M9 30.2 .28 379 25 32.1 ï.28 1780
126 34.1 .27 38i 30 37.5 1.25 1814
146 38.4 .26 385 3a 39.6 ~.24 1843
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TABUV
Temp.as"C Catalyst:

Temp. 2S°C Catalyét: C. = 88 0.005978gr. Cu

Co =' 91 0.005978gr.Cu 0.003504gr. Fe

inasco.. in:scc.

t x K K, t x K K,

3 .7 .23 .00253 3 ~3 -433 .00408
5 2.5 .50 557 5 3-" 7~
y 4.3 .614 690 ? 5-3 .75 887
9 6.3 .69 796 9 7'.33 .81 o6t
iï 7.4 .74 769 i3 ïo.3 Sa 996
1$ 9.1 .60 708 !5 ~3 -otooz
M 10.7 .486 567 t8 14.5 .Si .otooo
a8 n.6 .414 ~86 20 15.85 .794 00993
35 a.5 -357 420 25 10.4 777 995
43 i3-ï .305 36ï 3° 23.2 .773 .o!oi8

65 t4.o .M9 274 38 28.2S .745 .01017

70 15.2 .917 260 43 3~-2 -7~6 .01017
58 39.4 .686 .01021

Temp.35°C 62 41.44 668 .01023

2 1.5 '75 .00712 Temp.45°C

3 3.1 1.03 .01150

4 4.7 i-i7 -'32 i 2-6 2.6 .0299

5 6.11 1.22 .~382 2 6.4 3.2 -0377
8 7.9 -99 -"35 3 ~0.8 3.6 0436
.12 9.9 .825 .00958 4 14-3 3.57 -0443
M 12.5 .625 735 5 17.5 3-5 .0449

30 t5.o .50 598 6 20.8 3.47 -0443

40 i7.i .427 5~8 8 26.2 3.29 .0433

51 19.2 .376 463 io 30.9 3.09 .0425
12 35.2 2.94 .0415

Temp.45"C i3-55 37.88 2.85 .0412a

2 2.9 i.45 -oi6ïo

4 6.3 1.57 01785

8 9-i ï-ï4 .0131.5

M 10.3 ï-03 .01198

16 12.7 .79 .00936

20 13.9 70 897

25 i4.8 .592 00708

~i i6.2 .523 631

35 16.9 .483 586

44 "8.3 -4i6 509
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Discussionof Résulta
Exammationof the data given in the tablesand presentedgraphioaUyin the SguMsshows:

i. The reactionis proportionalto the concentrationof the catalyst.

PointsoncurvereprNmtMmenecemMyfor25%of thehypochtonteto décomposewhenCuOandFe~).areprésentinvariousproportions(35°C).

a. The valuesforK andKt, wherethe unpromotedcat&tyatis used,fall
offvery rapidlyafter thé Srst 4 or 5 percentof the reactionbas beencom-
pleted.

3. Byincreasingtheamountofpromoterfor&givenquantityof catalyst,
the valuesfor K and Ki falloff lésarapidly until (as ahownin Table III)
satisfactoryresultsforKiareobtained.
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4. Table IV showsthat whensm&Itquantitiesof catalyst are addedto

an excessof promoter,the valuesforK are eoKe<<Mt{whi!eKi valuesincrease.

5. The data showngraphicaUyin Fig. 3 showthat the mosteffective

mixtureof catalyst and promoteris about onemilUgramatom of copperto
onenulUgramatomof iron.

CopperoxidecatalysisofhypochloriteMhit!ons(notpromoted)atvartoustemperatures.

6. The temperaturecoeSoientfor the unpromotedreaction is low,thé

valuesover the temperaturerangeas"Cto 4S"Cfallingbetween!i and 1.2

Thevaluesfor the promotedreactionare normal (2.3)over the rangeas°C
to 35"Cbut fall offsomewhat(1.7)overthe range35"~to 45"C.

Theresultsmaybe "explained"in the followingmanner:The reactionis

dueto the decompositionofa catalyst-hypochloritecomplexe
1J. Phys.Chem.,32,343-2~(tf~S).
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The reaotiontakes placeat a regularrate as longas the active centeta
on thé catalyst are completelycoveredwith reactant. The initial aotivity
of the catalystwilldependon the methodof ita preparationand treatment
beforeuse. Therapidfall in the feaotionrate, (aeeTableII) usinga oatalyst
preparedby the methoddescribedabove,is probablydue to the changeaon
the catalyst surface. Coagulation, dehydration,and simuar phenomena
tend to out down thé number of active points on the catalyst. The low

Ironoxideaddedtocopperoxidetogivemaximumpromotionat varioustemperatures.

temperaturecoemcientof the unpromotedreaction may be acoountedfor
bythese changes. The normal inoreasein the reactionrate is offsetby the
increasedrate of decayof active catalystat the highertemperature8. If the
originalactivityweremaintained,the temperaturecoefficientwouldbe normal.

Thefunctionof the promoteris to stabilizethe oatalystbypreventingthe
destructionof the active centers. Onemay think of the promoter as a
Mtpportfor the catalyst,for whenan excessof promoteris présent, all of the
initialactive centersare preservedover (at least) 20 to 30 percent of the
reaction. Duringthat time the reactiontakes placeat a regular rate. It
followsthat the promotedréaction ahouldgive normaltemperature coeni-
cients,at leaetovera limitedtemperaturerange.
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The normal temperatureeoeffioientobtainedwith the promotedreaction

suggests the possiMMtyof the reaction taMngplace in the homogeneous

phase. That this is improbablehowever,maybe surmisedby the following
considerations

ï. The rate of reactionis directlyproportionalto the concentrationof

the oatalyst present.
2. The rate faUaoff with certain phymoattreatments of the catalyst.

(seeTable 1)
3. The catalyst canbe poiaonedby the additionof certainsalts.'

4. Althoughsunicientcopperand iron are in solutionto give positive

tests, there is no evidenceof decompositionof the hypochloriteunless the

oxidesare présent.
StHBBMïy

i. The promotereffectsof ironoxide on the copperoxidecatalysis of

sodiumhypochloritesolutionsbasbeenstudied. The dataobtainedare given
in tables and showngraphicallyin figures.

s. It wasshownthat the funotionof the promoter,in this particular

case,is to preservethe activepointson the catalyst.
This workis beingcontinued,usingotherpromotersandcatatysts.

Madtson,WKCOM<M.

UnpuMishedreaultsobtainedinthislaboratory.
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1. Introduction

It isa wellknownfactthatthe colorofanindioatorin twosolutionshaving
the samepH but containingdifférentamountsof electrolytesis usuallynot
the same. Indicatorswithanaoidiocharaotershowin the solutionwith the
highestsait contenta tooalkalinereaction,whereasbasioindicatorsadopt a
morealkalinetint than correspondsto that insolutionswitha smaUerelec-
trolytecontentat thé samepH. Ïn hispioneerwork on the determination
andsigniSoanceofpH, S.P.L. Sôrensen'wu aheadyawareof this sait error
ofindicatorsand determinedthe salt correctionfordifferentdyestuns. After
himseveralotherworkersmademoreor lessdetailedexperimentalstudieson
thissubject.'

Forseveralreasonsit isveryhard to givea ~ystetnatictreatment of the
sait errorof indicators. Thelatter ianot onlydependentuponthe salt con-
tentofthe buffermixtureusedforoomparison,butalso onthespecifieoharac-
ter of the indicator, the kindand valenceof the cations presentand to a
lesserdegreeon the type andvalenceof the anions.

In his excellentmonographon indicators,N. Bjerrum*made the first
attempt to give a theoreticalexplanationof thesalt error. Acceptiogthe
theoryof Sv.Arrheniuaonthe dissociationofeleotrolytesandassumingthat

the undissodatedindicatorsaitbas the samecoloras the indicatorions,it is
readilyunderstoodthat electrolyteswillaffeotthe color as they changethe
degreeofdissociationof the indicatorsait and thereforechangethe equilib-
riumbetweenthe acidandalkalineformevenif thepH isnot ohanged. Ac-
cordingto the modemtheoryof the strongeleetrotyteswemayinterpretthe
influenceof salta by the faetthat they changethe activity eoemcientof the
differentformsof the indicator.*

Letus considera monovalentindicatoracidthecolorofwhiohisgovemed
by the ratio, undissociatedindicator addto indicator sait. At a definite
hydrogenion concentrationthefollowingéquationhoids:

t.[HU [aIM (ï)
fi [I-] K.

ContributionfromtheSchaolofChemMtry,UniwKttyofMinnesota.
S.P.L.Sôremen:Compt.rend.Lab.Cwbbet&8(t~); Biochem.Z.,21,t~ (!909).
Forlitetaturereview,compareW.M.Clark:"TheDeterminationofHydrogenIoM,"2ndédition(t~a)}I. M.KottM:"TheUeeofIndicators"(1926).

°y<M~e"Mm,

8 N. Bjerrum:"Theoriedera&aHmetnMhenundMidimetmehemTittienmMn,"
si

SonderausgabeausderSMnmtungchemischundchemiMh-techniMherVorMige(t~).<CompareJ.N.Brômted:J.Chem.Soc.,tl9,574('9~).

THE "8ALT ERROR" OF INDICATORSIN THE COLORIMETRIC
DETERMINATIONOFpH*

BY ï. M. KOt/THOfF
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f. representsthe activitycoenioientof the undissooiatedaoid, fi thesameof

the indioatorsalt, aH+the activityof the hydrogenions, and KI the dis-

sociationconstantof the indieator. From equation (t) it followsthat the

colorofa monobasicindicatoracidisgovemedby the equation:

PU [aH~] fi M

{11 K, fo

In agreementwith the studiesof 8v. Arrhenius', Bjerrum assumedthat

neutralsaltsnot onlychangethe degreeof dissociationof the indicatorsalt

but also increasethe dissociationconstant KI. Accordingto the modern

viewsthisassumptiondoesnotseemto becorrect. Previousauthorsdidnot

takeintoaccountthefact that theactivitycoefficientfoof the undissooiated

aoidusuallymoreaseson the additionof neutral salts.2 So far this change
of f. withvaryingelectrolytecontentoannot be calculated,thoughP.Debye
and MoAuley*deriveda mathematicalexpressionfor it. From studieson

theinfluenceofneutralsalts ontheequilibriumbetweenweakacidsandtheir

saltsI. M.KotthoSandW. Bosch*concludedthat neutralsalta donotaffect

thedissociationconstantofanaddifthe changeof f. isaccountedfor.

If weadd the sameamountofa monovalentindicatoracid to twosolu-

tionshavingthe samepH but containingdifferent amountsof electrolytes,
then the ratioof (HI) and (I-) in both liquids willhe different. Equation

(i) showsthat

f.'[HIt] f." [HIn] (3)

f/tif! [1~]

Fromequations(2)and(3)wefindthat thedifférenceincolorbetweenthetwo

solutionswillcorrespondto a differencein pH:

ApH=+(log~-log~)It Ït

A similarexpressioncan be derivedfor a divalentindicator acid/the
monovalentionsofwhichshowtheacid,and the divalent ions the alkaline

color(forexamplethesulphophthaleins)

fil
ApH=+(tog~og~)&pH +

i:f2l H

fi representingthe aotivity coefficientof the monovalentanionsandf2the

samefor the divatentions.

As the ratio ft to f: increasesmuchmore with increasingioniestrength
than that of f<,to fi, the salt errorof divalent indicatoracids willbemuch

largerthan that ofmonovalentindicators. In solutionswith not toolargea

saltcontenttheequationof DebyeandHückelholds:

Sv.Arrhenius:Z.physik.Chem.,31,t97(tS~g).
ComparethereviewbyMerleRandallandC.F. Failey:Chem.Rev.,4,zyt,285,a~t

(t~7).
DebyeandMcAuley:PhysikZ.,M,M(i~s);Debye:Z.phyeij:.Chern-,HO,56(!9~7).

<KotthotîandBosch:Rec.Trav.chim.,47,558(!9~8).
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-kgf.–––-5~ (,8')-14)g f

i+.~9X&Xi~T

(x$ )

o representsthe valenceof the anionunder considération, the total ionic
strengthand a thesizeofthe ions. If weassumethat forall the monovalent
indicatoracidsf. isthe same at the sameionicstrengthof the solution,thon
the monovalentindioatoracids shouldhave the samesalt error. By means
ofthe equationofDebyeand Huckelwederivefor a divatentindioatoracid
the relation:

-!og = ï.S W

fa ï+.3aQXaXio"V~ ~c
On this basis weoanexpeot that the dibasioindicatorshave the samesatt
errorunderthe sameconditions. The aizeof the ionsinthe solutionand the
ioniestrength mam!ydétermine the sait orror. Anindicatorwill showa
differentsalt errorin twosolutions .havingthe samepH and ionicstren~th
buta différentaMeofions. At smaUersalt content (jM<.05)the diCerenoein
ioniosizewillbe pmctioaHynegligibleandthereforewemightexpectthat the
sait errorof indicatotsof the samebMicitywill be the sameat small ionie

strength. Aaa matterof fact the salt errer observedwillalso dependupon
the ionicatrengthofand the sizeof the ions in the buffermixtureusedfor

comparison.Thesignof the salt error (or the salt correction)willchangeat
the ioniostrengthofthe buffer mixture. In reportingworkon the salt error
of indicatorsthe ionicstrength and the compositionofthe buffermixtures
usedfor comparisonshouldbe mentioned.

By meansof theequationsof Debyeand Hûokelweare able to oatoulate
the sait errorof thedifferentindicatorsat varying ioniostrength. However,
thereare differentreasonswhy the valuescalculatedin thiswaydonot agree
exactiywith the experimentaldata; especiallyat high ionicstrengths. There
seemsto exista apeeiËcinteraction betweencationsandanions'whichmay
resultin a kind ofassociationof ionsin the senséof N. Bjerrum.*Moreover,
wearenot surewhetherthe indicator saltsbehaveas ideal,strongelectrotytes;
it is possiblethat theyare not completelydissociatedintothe ionsespecially
at largersalt contents. Another factorwemust consideris the possiblein-
fluenceof the eteetrotyteson the equilibriumbetweenthe pseudoand true
aoidformof the indicator. A shift of this equilibriumcausesa changeof
the dissociationconstantof the indioator. Finally the excellentinvestiga-.
tionsof H. v. Halbanand L. Ebert~showvery distinctlythat neutral salts

may changethe valueof the extinctioncoefficientof oneor both of the in-
dicatorformato a considerableamount. In order toaccount quantitatively
forthis effect,the extinctioncoemcientof the indicatorsin acid and alkaline
mediumsbouldbedeterminedat differentsalt contents. Theoretieallythis

point is very interesting;for practical application it bas lesssignincanee.
Theordinaryeotorimetriomeasurementof pH is doncwithouta speotrophoto-

CompaMJ. N.BtOmted:Trans.FaradaySoc.,?V,4:6 (tg~y).
N. Bjenrum:Det.DanskeVidenakabemesSebM).,7, (t~).

H.v.HalbanandEbert:Z.phymk.Chem.,1M,321,3~ (t~).
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meterand the coloraare observedin daynght (or specialartinciallight).
Thereforethe salt effectbas tobedeterminedin a aimilarway. Fromcolori-

metriemeasurements,1foundthat neitherthe acidnor the aïkalinecolorsof

dilute solutions of bromphenolblue,bromcresolgreen,bromthymolblue,

phenoired,oresoired,and thymolblueare affeotedby largeamountsofaatts;
onthe otherhandthe acidootorof methytorange,tropaolinooandmethylred
in the presenceof salta is moreintense than in solutionswith a lowsalt

content,whereasthe oo!orofthe alkalinoform of the differentnitrophenols
andsa!icy!ye!!owis moreintenseat highersalt content.

For allthesereasonsit isveryhard to givea gêneraitheoreticaltreatment

ofthe salt error,whiehtakesintoaocountail the differentfactorswhichmay
influenceit. Espeoiaiiyat highersalt concentrationsindividualdifferences

betweenthe differentindicatorsmay be expected,whereasat smaUionic

strengthsof the solutionsa moreuniformbehaviorof indicatorsofthesame

basioitymay beexpeoted.
2. Experimental

The colorimetricreadingsweremade in the ordinaryway,Jenaor Pyrex
test tubes of the same sizeand diameter beingused. All solutionswere

measuredwith the hydrogenelectrodeat t8", and their valuesacceptedas

standards. The relativeerrorofa colonmetnodeterminationis rather largei

thoughthe averageof threeto four indépendantreadingswere taken,the

experimental uncertaintyamountsto about ~oa pH.
In the followingtables theresultsaregiven. Thefirst columnof Table1

givesthe compositionof thesolutionused,the secondits ioniostrength,the

third the pH as measuredwiththe hydrogenélectrode,the fourth the pH
foundin a colorimotricway,and thé last the sait correctionof the special
indioator.In thedifférentcasesthe typesofbuffersolutionsusedforcompari-
sonare mentioned.

.Me~!oraK~ o.ï o.c.of 0.1% solutionin water was added to c.c.
solution. As the biphthalatemixturesof Clarkand Lubs exercisea specifie
influenceuponthe colorof methylorangelcitrate buffersolutionsaccordingto

Kolthoffand VIeesohhouver'wereusedfor oomparison. The ionicstrength
ofthe buffersusedwasapproximately.05.

TABLE1
'1. '1 !t

Saitcorrecuonofmethylorangem citrate solution
ConeentMtioaMcno- << pHdeetrom. pHcotor. Mteorr.

potasmumottï&te Methytotange

.asmolar .~s 3.59 3-5~ +'M

1 1 3.67 3.70 03

.05 .os 3.73 3-75 "-M

.oi .ot 3.83 3.85 "M

.002 .002 3.0l 3.QS "-04

.001 .oot 3'9~ 4.00 -.04

CompareI. M.Kotthoff:Rec.Trav.o6im.,45,4M ('936).
'BxMhem.Z.,tM, 4to (1926);tM, 444 (t~y).
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As may be expectedthe salt error of hexamethoxytriphenylcarbinolhasthe
oppositeaignfrom that of the two other indicators,becausethe formerbas
bamcpropertieswhereasthe twoothers are weakacids. The salt correction
of dinitrophenol in the stronger citrate solutionsis abnormallylarge.
L. Michaetis'and collaboratorsalso foundan appreciableerrorm solutions
containinglarge amountsof neutral salts. Thereforethé dinitrophenolfa
not very usefulas an indicatorfor exact colorimetriemeasurements.In .05
molarmonopotaaaiumcitratesolutionthe ionicstrengthis about théBameas
that in the buffermixturesused. In agreementwefindat that concentration
the aa!tcorrectionforhexamethoxyredand bromphenolbluepracëcaUyequat
to zéro,whereasthe correctionchangesits signat that ionicstrength.

In the followingexperimentsthe pH wasmeasuredin an equimo!eou!ar
mixtureof mono-and dipotassiumcitrate andits successivedilutions.The
originalsolution was .167molarwill respectto mono-and dipotassiumsait
respectivety;it was .5 N withrespect to potassium,and the ionicstrength
equal to .667.In orderto measurethe influenceof someneutralsaltaavery
dilute citrate mixture with an ionicstrengthof .0133was takenandthepH
measuredin the presenceof .5N solutionsofsomeneutral salts.

CompareI.M.KolthoC:J. Am.Chem.Soc.,49,M!8;H.Lond:1346(t~7).no'L.Michaelisand A.GyMM"t:Bioohem.Z.,N0,t65(!<)M);MichaethandKrCger:119,307(t9aI)..

ThepHofmonopotasMmncitrateat differentooncentrationawasmeasured.
Methylorangebas practicaUyno salt errorat aU,and thereforeit isan ideal
indieator forcolorimetriomeasurementsofpH.

D~tropAerno~0.2c.c.of a 0.05% solutionof the indicatorwasadded
to 7c.o. Uquid. Thecolorimetrioreadingswerenot verysharp.

~e~aMt~Ao~<ftp~Ky!c<t!-&tKo!0.1 c.c. of o.ï% alcohol solutionof in-
dicatorwasadded to 7 c.c.ofliquid.

Browp~KoH~Me:0.1 e.c. of 0.1% solutionof the indicatorneutndMed
according to Clark was used. The resultsobtainedwith the differentin-
dicatorsare combinedinTableII. Asthe compositionof the solutionwasthe
same as in Table I, wereport only the salt correctionsof the respective
indicators.

TABM5ÏI
Satt correctionof dinitrophenol,hexametho~nphemylcarMno!and

bromphenotMue
ConcenttatioaMono. <. ~dmiti-o~hecdhexMnetho~rtedbrompJMnoI.Nue

poMastmnoitfate

-asmolar .a-g -.51 +.~
.11. -.08 +.ta -.oy

.05 .05 -.oy +.03 -.M
-01 .Ot –.M –.oy +.05
.002 .002 +.ot –.04. +.oy
.001 .ooï +.09 -.05 +.06
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Sodium.AMMM'MMM!pAoK«<e~o.o.ofa i% sotutionof the indicatorin

waterwasadded to 7 o.c. of liquid.Citratebuffermixtureswereused for

comparison.The ioniostrength of the bufferat pH 4.2is equal to .057,at

4.~to .oÔStand at 4.5to .oyo.
The first oolumnin Table III givesthe analyticalnormalityof the solu-

tion. Column2 givesits ionicstrengtband cohuna3, the pH measured

withthe hydrogenelectrode.
TABLEIII

_· r ·L..

Saltcorrectionof atimrmsutphonateincitrate solutionsand in the presence
ofneutralsalts

Nonntttitycitrate )< pHelectrom. pHcolor. Salt
solution correction

.5 .667 4.~9 4.55 –.26

1 .133 4.40 4.52 –.n

.05 .0667 4.48 4.48 -oo

.025 .0333 4.53 4.SO +.03

.oi .0133 4.60 4.48 +-ï2

.005 .0067 4.63 4.52 +-r

.0025 .0033 4.65 4.S° +-ïS

.oi+.5NKCt .51 4!!0 4.55 --35

.oi+.5NNad.5i 4.07 4-So –.43

.oi+.5NKN03.5ï 4.~ 4.55 --34

TABLEIV

Mt correctionof bromcMorphenolMue,bromphenolblue,bromcresolgreen

and a dinitrophenolin citrate solutionsand in the presenceof neutral salts
Mnmnm)!tvmt.ttto Saitcorrectionof

solutions <* chtotbrom-brompheaot. bromcresot-admuro.
phenotHue Mue green phenot

.S .667 -.13 –.il –.04 -ï5

.1 .133 "-M ~-°S

.Ot; .067 .M .00 +.01

.oss .033 +.03 +.03 .oo .oo

.01 .013 +.10 +.08 +.to

.005 .0067 +.15 +-o8 +.10 +.17

.0025 .0033 +.zo +.07 + i5

.ot+.sNKCl .51 -.18 -.15 --i7 "5

.oi+.5NNa.Ct.5i -.23 -.23 -~i -23

.oi+.5NKNO,.5i -.14 --i4 --il

.oi+.5NKI .51 -.12 --i2 -.08

In TableIVtheresultsobtainedwithbromcMorphenotbIue(unneutralized

solution),bromphenolblue,bromeresotgreen,and « dinitrophenolare re-

ported. In the tatter case the colorimetriereadingswerenot very sharp.

The solutionsusedhad the samecompositionas thosein TableIII. Forthis

reasonweonlygivethe salt correctionsof the differentindicators.
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The sa!t error of a!izarinsu!phonateis rather high, at largeas wellas at
small sait concentrations,therefore,this indicator is not very suitablefor
aceurate pH work. At the pointwherethe ioniosttengthof the solutionis
the same as that of the bufferusedforcomparison,thesignofcorrectionre- ;j
versesagain.In agreementwiththedatafoundwithotherindioators(Compare
Table IVandothers),the salt error inthe presenceof neutralsalts is larger
than that with citrate alone at the sameioniostrength. Moreover,there
seciasto bea cationeffeot,the salterrorin the presenceof sodiumsaltsbeing
larger than withpotassiumsaltsunderthe eameconditions.

Consideringthe results of TableIV, we find that a dinitrophenolbas a
considerablesalt error, the valuesbeingmoreor less inagreementwiththose
ofMichaeUsand KrQger.The threesutphonphtbateinsin the presenceofg N
neutral salts haveapproximatetythesamesalt error. In citrate solutionsof a
the same ioniostrength this salt correctionis considerablylower. This con- <
clusion can alsobe drawn fromthe experimentalworkof Barnett Cohen.'
Atsmall ioniestrongththe salt errorofbromohlorphenolblueespeciaUysoems <
to be appreciable In agreementwiththe resultsgivenin Table11,the cor- ·
rectionforbromphenolbluein solutionswith a lowsalt contentis verysmall.
Sofar, however,it is hard to makeanexact comparisonbetweenthe correc-
tion of the differentindicators in solutionswith a poorbuneraction as the
purity and the right neutralisationof the indioatormay havea noticeable
innuence.

The salt errorof Congored is notreportedin the table. The corrections )
under differentconditionsare sohighthat the indioatoris usetessfor color-
imetricwork.

In Table V the sait correctionofmethylredia reported. The pH was
measuredof an equimolecularmixtureof di- and tri-potassiumcitrate and

TABLEV
Salt correction of methylred in citrate solutions and in the

presenceofneutral sutts

NonNaJityeitrate
1.

pH pH
c~,rmtionaotuttom <t deetrom. color Correction

-5 .9 5.6ï 5.57 +.04
.1 .i8 s.8i 5.84 -.03
-05 .090 5.9ï 5.94 -.03
-0~5 .045 6.oi 6.02 –.oi
M .Ol8 6.12 6.M +.02
-005 -ooo 6.ï7 6.15 –.oa

.oi+.5NKCt .52 $.4? 5.4~ +.05

.oi+.5NN&Ct .52 5.29 5.37 -.08

.oi+.5NKI .52 5.48 5.35 +.13
oi + .5NKNO, .52 5.53 5.45 +.o8

'Cohen: PublioHealthReports,42,305:(t92y):repnnt No.ttgt, compareeepecMiy
p. 2t.
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its successivedilutions.Theoriginalsolutionwas.i molarwithrespecttoboth

salts,or.snormalwithrespectto potassium;its ionicstrengthwas.9. Inorder

to measurethe influenceof neutral salts,the latter wereaddodto the cit-

rate mixturewith an ioniostrength of .ot8.

Clark's biphtha!ate*aodiumhydroxidebuffer solutions were used for

comparison.The ioniostrengthin a mixturewitha pHofs.6 is .13,and with

a pHof6.o,.t4.
Fromthèse figuresit appears that under differentconditionsthe salt

errorofmethylredusuallyis negligiblysmall. Thereforeit is an idealindi-

catorforthecolorimetriemeasurementof pH.
In TableVI the sait corrections for cblorphenolred,bromcresotpurpte

and p-nitrophenolare mentioned. Thesame citrate solutionswereusedas

in the casewith mothyh'ed. The twosulphonphthaleinswereneutralized

aocordingtoClark's procedure.

TABLE VI

v, a n v 1: t '1

Salt correchon of ohlorphenotred, bromcresotpurpte and p-nttrophenot m

citrate solutions and in thé presence of neutral salts

Nonn&Uty dtrate Salt Con-ection of

solution ~t Chlorphenol- Bromo-esot- p-MtMphenot

ted purple

.$ .9 –.o6 -.21 +.o6

.t .18 –.<M "-OS *03

.05 .090 +.03 +.03 +.0t

.0~$ .045 +.09 +.09 +.og

.01 .018 +.IS +.17 +.02

.oog .009 +'~7 +-i7 'o°

.ooas .0045 +-iS +.18 +.05

.oi+.sNKCI .52 –i

.oi+.sNNa-Cl .52 -.16 -.31 -.i6

.oi+.sNKI .52 -.09 -.M

.ot+.sNKN09.5z -.04 -.17

In themost concentratedoitrate mixturean abnormalvalueforthe salt

errorofp-nitrophenolbas beenfound. Probablythereissomespecifioaction

betweenp-nitrophenoland citrate. In .s N neutral salt solutionsnormal

valuesarefound, the correctionmeasuredin .5N sodiumchlorideis exactly

thesameasthat givenby 8. P. L. Sorensenand S. Patitzsch.'

At an ionicstrengthsmaUerthan i thé salt error of p-nitrophenolis

neglegiblysm&U. Thesait error of chlorphenolredin the moreconcentrated

citratesolutionsis alsoexceptionallyamall. Even in the presenceofneutral

salts thecorrectioniamuohsmaller than that for bromeresolpurple.In .g N

sodiumchlorideB. Cohenfound a correctionof –.M,whereasourvaluein

the tableiB–.16. In solutions with an ionie atrength smaUerthan .155

chlorphenolredand bromoresotpurpleshowthe sameerror.

SaMNMnandPa!itzaeh:Compt.rend.Lab.CMbberg,10,1228(igi3).
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In TableVII the salt correctionsfor bromthymolblue,phenohedand
neutralredare roported. Themeasurementsworemadewithnoutralizedand
unneutra!izedsulphonphtha!eins,no differencesbeingobserved.A phoaphate
buffersolutionwith a pHof7.0accordingto Clarkwasprepared,and thepH
of its successivedilutionsmeasured. The undilutedmixturehad an ionio
Btrengthof .n. The influenceof neutral saltawasmeasuredby addingthé
latter to a phosphate dilutionwith an ionicstrengthof .022. Phosphate
buffersolutionsaccordingto Clark wereusedfor comparison.

TABLEVII
e'-t±- <
Saltcorrectionofbromthymolblue,phenoJKdand neutralred

t. t SattConeetionof
Phosphatemixture pHeteottom.btomthy- phenot. neutmt-

mo!Mue red red
2

Xdi~ted .0~5 7.06 +.04 +.oa -.02
5 X .022 y.r4 +.0~ +.08 -.04

.or 7.17 +.ii +.ii -.osIl

.0055 y.i8 +.12 +.i3 -.o6
5°~ .0022 7.19 +.i4 +.14 -.06
5 Xdi!.+.2sNKCl .27 6.78 -.17 -.17

+.5 NKC! .52 6.68 -.20 -.zo +.07
+.5 NKBr .52 6.64 -.20 -.21 +.13
+ .5 NKI .52 6.63 -.20 -.19
+.2gNNaC! .27 6.70 -.19 -.zo +.05
+ .5 NNaCI .52 6.53 -.28 -.29

Brointhymolblueand phenolredhave the samesalt correctionunderthe
sameconditions. Asinallformercaseswefinda largersait errorwithsodium
chloridethanwiththe sameconcentrationofpotassiumsatt. Ata smallionio
strength of the solution the salt correctionfor neutralredis very stight.'
Thereforeit ispreferableto phenolredforthemeasurementofpHwithasmaU
electrolytecontent, e.g.in tapwater. Formally1 foundin the oitywaterof
Utrecht (ionicstrength about .0015)a pH with neutralredof 7.47,with
neutratizedphenoh-ed7.23(unneutralized7.15). The most probablevalue
of thepHis therefore 7.4.

TABLEVIII
S&tt cotrection of phenolphthalein and thymolblue in borax solutions

Concentration pH electrom. Salt correction of
('8") phenolphthalein thymolblue

.25 molar .5 g.~o ~4 -.2:
1

9 ~7 –.oy –.05
.05 .11 <).22 -.0$ -.03
'°~ os 9.ao +.o6 +.0$
.005 .01 9.19 -{-.o8 +.08
~S .005 9.20 +.14 +.n

t
Comp.are aJso J. T. Saunders:Ploc. CambridgePhil. Soc.,1, 30 (t~~).
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In solutionswitha largeexcessofneutralsalt the neutralredis notvery
useful,as the salts intensifythe colordepthof the acidformconsideraMy.

In Table VIII the salt correctionsofphenolphthaleinandthymolbluearc

given. The measurementshave beenmadein .25molarboraxsolutionand
itssuccessivedilutions.

Clark's borio acid (+ potassiumoMonde)–sodiumhydroxidobuffer
mixtureswereusedforcomparison.The ionicstrengthof thesebuKersis at

pH9.0, .oyt,at 9.2,.077,at 9.4,.082and at 0.6, .087.Our valuesarein fairly
goodagreementwith thosereportedin the literature(CompareSôrensonand

Palitzsch,and Saunders).

In the followingtable the salt correctionof thymotphthateinis given.
.1o.c.of .t% sotutionin 70%alcoholwasaddedto 7 e.c. liquid. ThepH of
anequimolecularmixtureof .25molarmono-and.25motardisodiumcarbon-
ateand its successivedilutionswasmeasured. The originalsolutionhad an
ioaicatrengthof t.o. It shouldbementioned,however,that measurements

madeat thisbighsalt concentrationarewrong,due to the factthat apart of

the thymolphthaleinis flocculated. The indicatoris very slightlysolublein

water. If the measurementsare repeatedwith.05c.c.of indicatorinsteadof

.t c.c.,bottervaluesareobtained,but they stillare in error. In thepresence
of.5N potassiumchloridethe effectismuchlessthan in thestrongercarbon-

atecontainingsolutions. Quitegenerallyit is oftenobserved,that thecolor

of thymolphthaleinina solutionfadesonstanding.Probablythereasonagain
iethat a smallpart ofthe indioatorseparatesout, and the reactionobserved

istoo acid. For comparisonfreshlypreparedmixturesof sodiumcarbonate

andboraxwereused. They had anionicstrengthof .128at pH 0.6,of .133
at pH 9.8,and .138at pH of 10.0.

TABLEIX

In Table X, the salt correctionsof alizarinyellowand salicylyelloware

reported. The samesolutionsandtype of buffermixtureawereusedas for

theexperimentsin the previoustable.

Salt correction of thymolphthalein in sodium bicarbonate–carbonate solu-

tions and in the presenceof neutral salts

îonioatMnt~h pHe!ectrom. pHcotor. Mt
carbonatesolution (tS") coneetton

1.0 9.65 (o.s) (+.15)

.5 9.77 (9-7) (+07)

.2 9.87 99 -.03
.11 9-94 99~ + °4

.og 10.02 9 9~ +04

.02 to.o8 9.96 +.12

.01 ïo.10 9.96 +.I4

.09+ .tNKCl 989 9.90 -Oï

.oz+.sNKCl 9.68 984 -.t6
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TABÏ<BX

Salt error of atizarinyeUowand saHoytyeUowm sodium Moarbonate–car-
bonate solution and in thé présenceof neutra! sa!ts

îomo
attea~tha~xtuMcarbonate aU))M'inye!!ow

Sdteotreetionof
MUoytyeUow

i-o -.43 -.40
.5 -.a8 -.26
.2 -.19 -8
.1 -.10 –.i6

-os -.03 -.06
.02 +.03 +.03
-ot +.10 +.o6
.o! + .iNKCI -.16
.09 + .5NKCI -.gy -.g3

.02 + .sNNaa -.s8 -.5~

o a~~ ~tMt~~ ~t t~~t~ ~JL- -JL ~'–t-–– ––t~The salt error of both indicatorsat highersalt concentrationsis very
large:for this reasontheyoannotbe reoommendedforaccuratecolorimetric
measurementsofpH

Evenin the casewherethe ioniestrengthofthesolutionis the sameasthat
in the buffer mixturethere is a distinct deviationfrom the true value.
This isprobablydueto the fact that the buffermixturecontainedborioacid,
and it seemsthat the latter hasa distincteffecton the colorof the acidform
of the indicators.

3. DiscussionofRésulta

Of practical as wellas of theoreticalinterestis the fact, that methyl-
orangeand methylredbavepracticallynosalt erroror a very atightone at
the electrolyte concentrationsused. This specifiebehaviorbas to be at-
tributed to their hybridcharacter. Theacid (red)formof both indicators
behavesas a hybridion(Zwitterion)+R

+R-+OH-~=±R-

red yellow
fi [+R-1{aOH-]

f~R-j

1 = ~(.H1
f~R-J K,

fi is the activity coeoicientof the hybridion,ft the sameof its anions. If
bothaotivity coefficientsonthe additionofanelectrolytechangeto the same
extent,the indicatorwouldshownosatt error. Approximately,thisseemsto
bethe casehere. Fromthepracticalpointofviewit wouldbeveryimportant
to have indicatorswith hybridcharacteravaitaMeoverthe wholerangeof
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pH betweena and12,beoauseit may beexpeotedthat theirsait errorwillbe

very smalland thereforethey willbe useful.for the accuratedetermination

of the acidity under differentconditions. Tropaolinoo (colorchangebe-

tween pH t.3 and3.0)forexampleis suoha type of indioatorand thereforeit

has a neglegiblysmall salt error. The other indicators,whiohbehave as

mono-or polyvalentacidsor basesrespectivelyshowpronouncedsalt errors.

It is interestingtocomparethesalt errorofthe differentsulphonphthaleinsand

phthaleinsat the sameionicstrengthofthesolution.In ordorto obtaincom-

parable resultswehave to relateaUthevaluesto the sameioniestrengthof

the buffersolution,for whiohwehave takena valueof t. Thebuffermixtures

used in the differentexperimentshad anionicstrengthbetween.07and .14.

The colorchangeof the sulphonphthaleinsis govemedby the equation:

HI-~±H++I"

AJH=J~-
f,tin~ [aH~

If weworkwithsolutionswithan ioniostrengthsmatlerthan that of the

buffermixture,andif the latterbasan ionicstrengthof .0; thesaltcorrection

will besmallerthan in the casewherethe bufferbas an ionicstrengthof .1.

In orderto relatethe salt errorto an ioniestrengthof the bufferequal to .1

we have to add a small valueto the saltcorrectionfound. This additional

factor is equalto the differencebetween-log fi/ftin the bufferat equalto

.1 and .07. It canbe caloulatedby meansof the DebyeandHückelequation:

ft i-SV~
fi i+.329XaXio*~

The exactvalueofa is, in ourcase,ofminorimportance,asthe ionicstrength

of the buffermixturesused doesnot differvery muchfrom.1. Forthé oalou-

lations1 accepteda value for the ionicsizeof 4 X !o- practicaMythe same

correctionsare foundwith a valueof a of6 X to"

TABLEXI

Salt correctionof the differentphthaleinsat lowelectrolytecontentofthe

solutionas comparedwithbuffermixtureswithan ionicstrengthof .1

B.P.B. = bromphenolblue,B.C.G. = bromcresotgreen,B. C. P. = bromore-

solpurple, C.P.R. = cMorphenoh~d,B.T.B. = bromthymolblue,P.B. =

phenohed, Phpt. = phenolphthalein,T.B. = thymolblue,Thpt. = thymol-

phthalein.

lonio
stren~ B.P.B.B.C.G. B.C.P.C.P.R. B.T.B. P.R. Phpt. T.B. Thpt.

.02 +.ï3 .14 .14 .12 -o8 °~

.01 .14 t6 .13 .13 .ii -ii -i~

.005 .14 .18 .15 -i5 -i3 -i~

.ooas .is -~i .14 .14
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If the buffermixtureusedhas an ioniostrengthlarger than .1, a smati
correctionhas to be subtractedfrom the experimentaldata foundin order
to relate it to an ioniostrengthof.1. In TableXI wegivethesalt correction
of the diNerentphthaleinsat smaUioniostrengthsof the solution.

For practicalpurposeswe may take the averageof a!l thèsevalues in
order to findthe salt correctionof the differentphthaleinsat loweleotrolyte
content,relatingthe measurementsto an ionicstrengthof the buffermixture
of i. The figuresfounddo notagreewith the theoretica!valuescalculated
on the basisof the equationof Debye and HGcket,the expérimentaldata
beingsmatler.In TableXII wegive the caleulatedvaluesby aocoptingan
average ionicsizein the buffermixturesof 8 X 10-' (citrate buffers)and
4 X 10-*(phosphateandcarbonatebuners)K8pective!y.

TABLEXII
tonicBtrength Average8&!tcorrection Correctioncatcu!at<d

solution ph~Mteina a 8 Xto*' a ==4X to"'
.02 +.i! .13 ..i$
-oi +-I3 .i6 .:i
-oos +.ïS .tS .23
.0025 +.i6 .20 .ay

It maybcstated that thesait correctionsofbromphenolblue,bromaresol-
green, bromcresotpurpteand ch!orpheno!redmeasuredin the citrate buffer
mixturesare in closeagreementwith the thecreticaldata.

In solutionswitha muchhigherionicstrength than that of the buffer
mixture, the differencein the salt correctionbetweenthe individualindi-
cators is muchlargerthanat lowelectrolytecontent. The idnd andthe size
of the cationsand anionapresenthave a largeinfluence;the salt corrections
calculatedon the basisof the equationof Debyeand Huckelas a rule are
much largerthan the experimentaldata. Only in the caseof bromcresot-
purple is there a closeagreementbetween the theoreticaland determined
values.

In TableXIII wegivea summaryof the salt correctionsfoundin very
dilute buffermixturesin thepresenceof .5n potassium,and sodiumchloride
respectively. The data havebeenrecalculatedfor an ionicstrengthof the
buffermixturesusedfor comparisonof i.

TABLE XIII
rt.1.

Bromides,iodidesandaitt&teshave approximatelythe sameinauenceas
chlorides.

Salt corrections of phthaleins m.5 N KC1 and .5 N NaCl as compared with
buffer mixtures with an ionic strength of .1

B.P.B.B.C.G. C.P.R. B.C.P. B.T.B. P.R. T.B. Phpt. Thpt.
.SNKCt –.10 –.13 -.16 –.26 -.20 -.20 –.ip
.sNNaC! -.18 -.i6 -.to -.34 -.a8 -.29 -.io -.21
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In citrate solutionswith an ionio strength of .5 the salt error of the

phthaleinsis muohsma!!erthan in .5 N potassiumor sodiumchloride.This

couldbe expected,as the ionicsize of the citrate ions is much largerthan

that ofthechlorideions. Sofar, however,weareunableto accountquantita-

tively for this différenceon the basisof the equationof Debyoand Hucket.

Otherfactorssuch as arementionedin the firstsectionof this paperseemto

playa part.
Summary

i. Anattempt hasbeenmadeto calculatethesalt correctionofindicators

on the basisof the equationof Debye andHückel. If the ionicstrengthof

the solutionis much largerthan that in the ordinarybuffers,the calculated

correctionsare higherthan the experimentalvalues. Moreoverindicatorsof

the sametype behavedifferently.
2. The average sait correctionof the differentphthaleinsat an ionic

strengthbetween.1 and .0025bas beengiven. The valuesare relatedto an

ionicstrengthof the buffersolutionOt.1.

g. In reportingon the sait error of indioatorsthe ionicstrengthandthe

compositionof the buffermixturesusedforcomparlsonshouldbe mentioned.

Thesaltcorrectionisalsodependentuponthepropertiesofthe buffersolution.

4. Methytorange and methylred showvery small sait errors under

differentconditions,and therefore are very suitable indicators. Their be-

havioris explainedby the fact that they have a hybrid character. Quite

generallyit may be expectedthat indicatorswhiohhave hybridproperties
willbe idealfor the measurementof pH.

MtMn<ap<'K<,
Mo~,M~S.



THE VARIATIONOFTHE EXTINCTION-COEFFICIENTWITH
TEMPERATURE

BY B. K. MUKNUI, A. K. BHATTACHARJ! ANC N. B. MÏAB

It has beenobservedin thesetaboratoriesthat inseveralphotochemical
réactions,evenwhen all otherconditionsare preciselythe same,the photo-
chemicatyield per quantumchangesmarkedlywith changein the tem-
peratureat whichthe réactionsare investigated. Kuhn*hasshownthat, in
the photochemicaldécompositionof gaseousammonia,the ratio of quanta
required to moleculesdecomposingchangesappreciablywithtemperature.
In a récent communicationEggertand co-workers*haveshownthat in the
conversionofethyl-maleateintothe correspondingfumarateby illumination
and in thé broouïtationof ethyl maleate to ethyl dibromo-succinatethe

quantumefficiencyvarieswiththe température.
It is difficultto offeranexplanationforthisstriHngphenomenon,namely,

the variationof the quantumyieldwith temperature,untessit be assumed
that the quantity of the lightenergyof a particuiartype absorbedby the

syetemalso changeswith temperature. Weare not awareof any investi-
gationon recordproving that the amountof lightabsorptionchangeswith

temperature. The objeotof thispaper ia to showthat the oxtinction-ooeSi-
cientsof somecoloured solutionsfor the absorptionof light in the visible
regiondo varyappreciablywithchangesin the temperature.

Experimental

For the measurementof the extinction-coefficientsa Hilger-Nutting
apectrophotometerwasused. Toisolateanyparticuiarregionof thespectrum
for ease of comparisona shutteredeyepiecewas employed.Thé sourceof

light was a 100c.p. Point-o-litelamp workingat Movolts. Two, simitar,
neutral-tint glassceUswithopticaUy-pIaneparallelendswereused-one for
the solutionwhose extinction~oenicienthad to be observedand the other
for an equal volumeof distilledwater so that comparisonsmight be made

preciselyunderidentical conditionsof originatlightintensity.
Prelinunaryobservationsahowedthat both the pencilsofnght didnot in

anywaylosein intensity bypasnngthroughthe twoemptycellsandboth the

spectra obaerved were equallybright. The desiredtempératureswere
obtainedby placingthe solutionsin a thermostatmaintainedconstantwith
a variationofo.i". The distilledwater to beusedwasalsoallowedto attain
the sametemperature.

The time taken in aetuaUyreadingthe scaleafterthe comparisonof the
twospectra didnot exceed45secondsandprécautionsweretaken to ensure

constancyof temperatureduringthis interval.

1 Compt.rend.,177,956(t~); 1M,708(t~).
'Z. Physik,26,865(t99g).
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In the casesof reaotingmixtures,titrationswerecarefullymade to test

that noappreciablechangetakes placeat the lowerandthe highertempera-
tures duringthe veryshorttimetakento readthescaleonthe photometer.

Thefollowingexperimentalresultswereobtained:

i. Chromicacid–N/40.

Zeroerror=0.30.
ThicknesBof the observationcell= 0.38$cm.

Spectralrégion:X= s~oo

2. lodinedissolvedm potassiumiodide. 12 N/go.6.

Zeroerror = 0.40.
Thicknessof the observationcel!=o.385cm.

Spectralrégion: X= Sï6oÀ.

3. lodinedissolvedin alcohol. l, N/go.6.

Zeroerror = 0.40.
Thicknossof the observationcell= 0.385cm.

Spectralregion:X= 5160À.

--I:0Il-

Temperature Readiogon Cottectedfettdmg Extinction
the density onthe denaity coefficient
scale soate

3o"C. 0.8 o.4i i.o6

40" o.84 0.45 1.17

50" 0.90 o.si 1-32

6o° 0.99 o~o 1.56

20" 0.7$ 0.36 0.93

TempemtuM Readingon Correctedreading Extmetion
the density onthedensity coefficient
scale sctt!e

io"C. 1.4 t.o s.6

20° i.S 1-1 ~-S5

30" 1.6 1.2 3i

40" 1.7 1.3 3-3~

So" 1.8 1.4 3-6

Temperature Readingon Coneetedreading Extinction
the density on thedensity coefficient
<ca!e scale

ï~C. 1.28 0.88 2.28

20° t.30 o.go 2.34

2S°
a

1.36 0.96 2.50

go'* 1.40 ï'oo

35" 1-45 i-os ~-70
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4. Potassiumoxalateand iodine.

K,C~O. N/39.5; N/39.6;KI N/io.8.
Zeroerror = 0.40.
Thicknessofthe observationcell 0.385cm.

Spectralrégion :X 52t6Â.

5. Chromicacidandoxalicacid.

H~~O, N/2o; (COOH)~ N/zS.4.
Zeroerror = 0.6.
TMchleasof the observationceU= 0.385cm.

SpectralregionX = N/sS.~4880À.

6. Chromicadd andquinineaulphateinexeesaofsulphunoadd.

Chronucacid N/so; QuinineSulphate M/4y.
Zeroerror = 0.4.
Tbioknessof the observationceU= 0.385cm.

Spectralrégion X= ~010À.

-'1;;1'

Temperature Readingon Correctedreading Extinotion
thedenaity on the denaity ooeSoent
scale scale

!0°C. 1.01 o.6l 1.60
i5°

0
i.ia 0.79 i.g?

M" ï.ai 0.81 2.M

25°
0

1.26 o.86 2.23
30° 1.34 0.04 2.44

Temperature Reading Correctedreading Extinction
the density on the density coeCctent
soale scale

io°C. 1.16 o.s6 i.4S
15" izo o.6o 1.~6
M" 1.26 o.66 i.yt
~5° i.30 o.yo 1.82

3°'* 1.35 0.75 1.9~

TempemtuM Readmgon Correctedreading Extinction
thédenmty on thé denaity coeScient
ocaM acate

10*~?. o.88 0.48 i.2S
i5" o.o9 0.59 1-53
M" t.M 0.70 1.82

'5'' i.i8 0.78 2.02

3°'" 1.22 0.82 2.13
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y. Rochellesaltand brominein presenceofsodiumaoetate.

Rochellesalt N/3.03; Brotnine – N/izs;
Sodiumacétate – N/i.6s.
Zeroerror = 0.4.
Thicknessof the observationoeU = 0.385cm.

Spectralrégion: X= 5200À.

Temperature Readieg on Corrected reading Extinction
the density on the denaity coefficient
8Mb Mate

io*C. o.8a 0.42 t.09

15° o.9i o.si 1.32

20" o.9S o.s<! 1.43

25" i.oo o.60 i.ss

30° i.oy o.6y 1.74

8. Potassium permanganate. KMnO~ – N/ios.3:5.

Zero error = 0.4.
Thickness of the observation cell = 0.385cm.

Spectral region: X = 5640 À.

Temperature Reading Correctedreading Extinction
the density on the density coefficient
scale aoale

io"C. 0.86 0.46 i.zo
25°

ô
0.95 0.55 1.43

35" i.oi 0.61 1.58
50° i.io o.yo 1.82

9. Sodiumnitnte and iodinein presenceofsodiumacétate.

CHaCOONa N/2; NaNO, N/i.6<);I, N/~6.
Zeroerror nil.
Thioknessof the observationcell = 0.385cm.

Spectralrégion:X=5280À.

Temperature Readingon Corrected reading Extinction
the denaity on the deosity coefficient
Mate scale

io*'C. 0.99 o.zp 0.75

ao" 0.30 0.30 0.78

30° 0.32 0.32 0.83

40" 0.34 0.34 0.88
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10. Sodiumtomate andiodineinpresenceof sodiumacetate.

HCOON& N/a.t4;Ï! N/39.64;CHj.COONa N/
Zeroerror==nil.
TMokneBSofthe observationce!l==0.385cm.

Spectralrégion:X = $280À.

Temperature Readmgon Cortectedreadmg Extmotion
thédeMÏty onthedemity coe&o!ent
sctde Mate

io°C. 0.43 0.~3 i.io
30° 0.48 0.48 ]:.a4
~° 0.53 0.53 1.36
4<'° o.sô 0.56 1.45

i i Ferroussulphateandiodine.

FeSO< N/4; Ig N/39.64.
Zeroerror ail.
Thicknessofthe observationce!! = 0.385cm.

Spectralregion:X*=5280À.

TempeMt<tre ReMmgon CorreetedMMMg Extinction
the denaity on the dece!~ coeBoient
acate scale

ïo"C. 0.47 o.4y 1.3:

ao" 0.48 0.48 1.2$

30° 0.49 0.49 1-27

40" o-So o-so 1.30

i3. Eoain.

Zeroerror'=' nil.
Thicknessofthe observationcell = 0.385cm.

Spectralreg!on:X= 5650À.

Temperature Readingon Correctedreading Extinction
the density onthe demity eoeffieient
scale scate

ÏO"C. 0.12 0.12 O.gl
30° o.i8 0.18 0.46

30* o.MS o.aas 0.58
40° o.a8 o.a8 0.73
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t3. Ammoniumoxalateandiodine.

(NH<),C,04 N/3.oa; Is N/40.
Zeroerror nil.

TMcknesaof the observationceU= 0.385cm.

Spectralrégion:X= 5650Â.

Temperature RetMiingon Correctedreading Extinction
the density onthedensity coeScient
aeate 6Mb

to"C. 0.30 0.30 0.78
20" 0.36 0.36 0.935

30° 0.42 0.42 1.09

40" 0.48 0.48 i.zs

Temperature Readin~on CotrectedMading Extinotion
the deaeity on the density coefficient
8ca!e 8ca!e

io"C. 0.31 o.~i o.Sos

!!0° 0.35 0.35 o.oo9

30° 0.40 0.40 104

40" 0.45 o.4S i.i4

i$ Cuprouschloride(HCI).
Zeroerror = o.a.
Thicknessof the observationcell= 0.385cm.

SpectralregionX = 6000À.

Temperature Readiagon Correctedreading Extinction
the density on the demity coefficient
actde 6<«t!e

i5"C. 0.58 0.38 o.<)8

ao° 0.6 0.40 1.04

30" 0.66 0.46 1.20

40° 0.70 0.50 t.30

t4. Coppersulphate.

CuSO<,gHaO N.
Zeroerror = ml.

ThicknessoftheobservattonceU= 0.385cm.

SpectralrégionX'= 6300À.
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Discussion

In all the casesinvestigatedby us wefind that the extinction-coomoient
inereaseswith the inoroasein temperatureof the sortions. In somecasesthe
extinction-coeSioientincreasesthree-foldfor a 30°néeof temperatureof the
solutions. This showsthat the amountof absorptionof light increasescon-

siderablywith increaseof temperature.
We oanexplain these resultsfrom the pointof view of the change of

hydrationof the solutesat highertemperatures. Wecan generallydiminish
the complexityof the solvatesby raisingthe temperatureand this frequently
leads to changes in the absorption. As the solvatesbecome simpler the

absorptionbands becomebroader. That is, the absorption of light may
increaseby increasingthe temperature. It is generallyfound that the effect
of increasingthe températureofthe solutionis thesameas that of increasing
the concentrationof the solute. In both casesthere is a wideningof the

absorption bands–that is, the absorption of lightincreases owingto the
solvatesbecomingsimpler.1

In allthe casesinvestigatedstraight linesareobtainedwhenthé extinction-
coefficientsare plottedagainstthe temperatures. The diagramsare there-
fore not given.

This increasein the extinction-coefficientwithtemperature will at any
rate explainthe frequentincreasein the quantumyieldwith temperature.

CAeMt<co{Laboraiory,
~N<tAa6adt/HMersa~,
~BoAahKi',f?MK<t.
June,1997.

LCompareH. C. Jonea:"ThéNatureofSolutions,"p.33!.



1. Extensionsof Someofthé Resattsobtainedpreviously

The writer in a previouspapershowed*that the controttabteinternat

energyu and the controUaNeentropyS are each zéro fora substance or

mixturein the condensedstateunderits vaporpressureat theabsolutezero

of temperature,a pointcaUedthéabsotutezeroof contro!,or

8=0o (t)
u = o (z)

underthèseconditions. It wasalsoshown'that the entropyis also zerofor

all otherstates at the absolutezeroof température. If wemake useof thé

postutatesthat
( – )

and
( – )

arenot discontinuousfora homogeneous

massofmatterofvolumev andabsolutetemperatureT, ah-eadyused in the

6rst paperquoted,it willfoUowfromthe Catcutusthat

/~S\ =o
~À =

~)
o M

\9v/T
for all states of matter at the absolutozéro of temperature. From these

equationsit can then be deducedsinutarlyas in the papersquoted for the

casethat the substanceisunderitsvaporpressure,that

?).

(~-(~).-(~-
(6)

?).-
(7)

`aT//v

?).-
(g)

\\âT2J~v

?).-

(S).-
(10)

Cp = Cp~
= 0 (il)

lacp, (ôepco)
= o (12)

(~).-(~-
J.Phys.Chem.,31,y~ (t~a?).
J.Phya.Chem.,3t,940(!9~7).

PROPERTIESOF SUBSTANCESAND MIXTURES AT THE

AB80LUTEZEROOFTEMPERATURECONNECTED

WITHCHANGEOF STATE

BYB.P.KMiEMAN
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fora!lstatesofmatterat T = o,whereCvand c?denotethe apecifieheatof
thé condensedsubstanceat constantvolumef and pressurep respeotive!y,
andc,~ andCp~,the correspondingspeoi6oheats of thevapor.l

2. Pmpertiesof thé Heat andExternalWorkofEvaporation
at the AbsoluteZeroofTemperature

2. If L denote,the interne heatofevaporationofa substanceor mixture
and wthe externatworkdoneduringevaporation

L+w
o (13)–~–

= o (13)

at the absolutezeroof temperature,einceaccordingto the previousSection
nochangeinentropytakesplace. Sinoe

w = p(v~ v.) =. RT (14)

accordingto thegasequation,wherev~denotesthe volumeofthe substance
in thegaseousstateat the absolutezeroof temperature,webave

w=. o (tg)

undertheseconditions.It followsthenthat

L = o (i6)
or nochangein internaienergytakesplaceduring evaporation.

Anotherproofof this remarkableresult may be based on Clapeyron's
equation

L~T~-p~-v.)
(~)

whereVtandVtdenotethe volumesofthe vapor and the condensedphase
respeetivety.Thisequationmaybewntten

p(vs vj =
–.S––

L
(18)-Tdp

p
(18)

dT P

ThefactorofLis indeterminateinformat the absolutezeroof temperature,
sinceT= o andp = o. I~vatuecaneasUybefoundandshowntobennite
bysuccessivedifferentiations.Thereforesincep(v! – Vt)= owehaveL = o.

Thisresultmaybeexplainedby supposingthat duringthe separationof
the moiecutesduringevaporationattractionis the outstandingforceovera
certainrangeof distancesand repulsionthe outstandingforceover thé re-
mainingrange,andthat the workdoneby the forcesof repulsionis equalto
the workdoneagainstthe forcesofattraction. This is renderedprobableby

EquatioM(9)and(M)maybeobtainedfroméquations(7)and(8)andthééquations

(~ '(~)ï(S)p (~)j'~(~)p'(~)TJ~(~).(S),'(S)p!
l

a T v av 5-T ) p' 8'f1 AVOT e p av 'l'1apa-f p rtr v OT,)p~
obtainedbymeansoftheCa!cutua.
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consideringthe continuousvariationof p accordingto an equationofstate

likevander Waals'. If the initialand finalpressureis zeroduringevapora-
tion and the processis supposedto bocontinuous,the pressurewillat 6rst

be positive,passthroughzero,becomenegative,andpassagainthroughzero.

The positiveand negativepressurescorrespondto repulsionand attraction

beingrespectivelythe outstandingforcesbetweenthe molécules.

The resultmay alsobe explainedby supposingthat the molecularand

atomic forcesof attractionare considerablydiminishedif not attogether
deletedonreducingthe temperatureto the absolutezero. Evidencethatthis

may be the casewillappearfromSection7.

Thirdly it may be explainedby supposingthat the work doneagainst
the atomicand molecularforcesduringevaporationis counterbalancedby
the evolutionofanequalamountofheatdrawnfromthe intra-atomieenergy.
If this or the foregoingis the true explanation,theelectronicconfiguration
of the atomsin the gaseousstateat the absolutezeroof temperatureiscon-

siderablydifferentfromthat in the condensedstate,and differentfromthat

in the gaseouastate at highertempératures. Thisis renderedhighlylikely

by the markedchangesthat arepredictedin Section8 to take ptacein the

valueofthe spécifieheatofa gasnearthe absolutezerooftemperature.These

changesare speoiatlystrikingin the caseof a monatomicgas sincetheycan

onlybecausedby changesin theelectronicconfigurationsof the atoms.

It might-bearguedthat worthe produotp(Vf Vi)in equation(18)may
not bezeroat the absolutezeroof temperature. Nowthe factorofLin the

equationis positiveascaneasilybeshown(thusondifferentiatingnumerator

and denominatorthricewithrespectto T it becomesequal to ~),andhence

L andp(v~ – vj if finitehavethe samesign. Butthey must havedifferent

signaaccordingto equation(tg), hencewcconctudethat

w-= p(vt Vt)= p(v. v.) = 0 (19)

at the absolutezerooftemperature.

ExpressionsforthedifferentialcoefficientsofLin termsof the differential

ooemcientsofthe speoificheatsmaybe obtainedonwriting

L=' u~
– u. (ao)

whereu~ andu. denotethe internalenergiesin thevaporous andcondensed

states respectively.On differentiatingthis equationn times with respectto

T it becomes
dnL dnu dnu.; dn->'

Ici. o~.1dT'dT~'dT~~dT"='

wherec~ and et.denotethe internalspecincheatsof the vaporousandcon-

densedstates respectively.The first and secondcoemcientassumespecial

values. Wehave

dL du. du.
dT dT dT

°

and

d'L d'u. d~u.d'L ::1 = o (23)
d'P dT dT
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accordingto equations(si) and(56)givenin a previouspaper'andextended
by équations(5), (6), (y), (8),(9)and (10).

Clapeyron'sequationmaybewritten

L Tdpm 1
w~pdT

The rightbandsideis evidentlynotzerobut finitewhenT o,taking into
accountequations(36)and (37)givenin the paperjust quoted. Onobtaining
the limitingvalue of the left handaide by meansof equations(23), (22),
(16),and (t$) it appearsthat

dwdw= 0 (24)dr
o (~4)

and

d~w
d~

° ° (~5)

whenT = o.

Equation(13)may be written

o (.6)T

whereLi denotesthe total heatofevaporation,and hence wehavedirectly

Lt = o (ay)
and

dLt
0 (28))=
o (z8)âT-

at the absolutezeroof temperature,whichcorroborâtesequations(15), (r6),
(22)and (24).

3. Propertiesof the CondensedStateat theAbsoluteZero ofTemperature
If a substanceis passedfromthe state i to the state 2 underany given

pressuresat the absolutezerooftemperature,wehave

L+w
-T--o

as before,whereL denotesthe increasein internalenergyand wthe external
workdone. Therefore,sinceT = o

L = -w (20)

or the increasem internalenergyofa substanceisequalto theexternalwork
doneuponit.

If the twostatesare stableundertheir vaporpressures,whiehwouldbe
zero,w = o andhenceL = oasobtainedbefore.

J.Phya.Chem.,31,937(1927).
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Tf' Ut.. 'mTÎ~t1If wewrite

L~uz-Ut (30)

whereueandul are the internaienergiesof the two states, oneor both of
whiehcorrespondto the applicationofan externalpressure,it canbe deduced
that in general

/A*ï\ rf)" i

~L9T.Up P( OT% p'" aTn-1
{cp' cpt\

p
(31)

/a"L\ ra" ti

~LaT..=.U.(en v'" aTU-1
{Cri C.l}

v
(32)

4.TheFonaof theEquationofState ofthe Vaporof a Substance
at or nearthe AbsoluteZeroof Temperature

Let uswrite
w = p(v, v,) =N<3RT (33)

for the workof evaporationof a substance,where N denotesthe total num-

berofmoléculesit containsand a functionof T whosenaturewewillpro-
oeedto-investigate. Ondifferentiatingthe equation totally withrespect to
T weobtain

dw d/3 N

~=.NRT~+~NR+~RT~dT dT
+ f:JNR+ dT

Hence
'= o (34)

at the absolutezero of températureaccordingto equation (z~) and aince
T = o. Ondifferentiatingagainweobtain

d~w d~ d~
-I-Rdj9dN RdN

Rd'N

~=NRT~+.NR~+.T~+~+~T-g~-

whichgives

(35)dT

accordingto equations(34)and (95)and sinceT =' o. The differentiation

may alsobe carriedout at constantvolumeor constant pressuresinee is

a functionof the températureonly.
j3mustevidentlybecomeapproximatelyequal to unity, forvalues of T

not far removedfromthe absolutezero. Thisconditionand equations (35)
and (34)areevidentlysatisnedif wewrite

= i a-r'

wherea iaa constantgreaterthanunity. Theequation ofstate of the vapor
of a substancecloseto T = o mayaceordingly(provisionally)be written

pv = NRT(I a-T') (36)

Accordingto the kinetietheoryof gaseawe may write

pv =KNV"=Nj9RT
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andhence

KV~~RT (37)

whereV denotesthe meansquare molecularvelocity and K is a constant.
Thisequationindicatesthat the kineticenergyof a gas isnot proportionalto
the temperaturenear theabsolute zéro. At the absolutezerosinee= o
and T = o, it is interestingto notice,the equation gives

V=o0 (38)
On differentiatingequation(37) twice totally with respectto T weobtain

~)'~S}-~S+'~

At the absolutezeroof temperaturethis equationbecomes

dV = 0 (39)
S-

accordingto equation(3$)and sinceT = o and V = o. Thisequationalso
holdsat constantvolumeor constant pressure. The changein molecular
motionof a gas with increasein temperatureat the absolutezeroia thus
zéro,suggestingthe existenceof a specialmolecularinertnessat that point.

Thebearingof this result on the specificheat will appearif weconsider
a monatomicgaswhoseenergywe willsupposeconsistaofkineticenergyof
motionof translationonly. We willthen have

=
(KNV~)

KN.V

Thus Cv~ia zero at the absolute zeroof temperature if we assume,as is

ususllydone, tbat the velocityof molecularmotion of translationis zéro,
and take equation(39)into account. It is howevermorelogicalto deduce

thermodynamicallythat Vis zero (equation(38) ).
Ondifferentiatingtheequation withrespect to T wehave

~v. ~T /dVy d~V

~=KN.~+KN.V~

Therighthandsideiszeroaccordingto equations(38)and (30),andtherefore

0 «"dT
Thus it appearsthat thepropertiesof the specifieheat ofa gasexpressedby
equations(5) and (6) are in the caseof a monatomic gas intimatelyeon-
nectedwith equations(38) and (39) referringto the velocityof molecular
motion.

In the caseof a complexga8 wemay write

c. =~'(KNV)+~-dT dT
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whereu~ denotesthe interna)energyof the gas othcr than kinetieenergy
ofmotionof translation. The firsttenn on the righthand side of the equa-
tion is zeroat T ==o, as wehavejust seen, and hence

~-° a (43) =dT

by the helpof equation (s). Ondifferentiatingthe precedingequationwith

respectto T it canbe shownon referringto équations(38),(39)and(6)that

0 (44)

Equations(44) and (43) alsohold if the differentiationsare carriedout at °

constantvolumeor constantpressuresincethis holdsforequation(30).

It isof interest to note that ifwewrite

KNV~ RT

accordingto the otd formof the gasequation,anddifferentiatethisequation

withrespectto T we obtain

ftV

KN2V~.=R
(45)

a

Sincean infinitevalue of dv/dt isphysicallyabsurd,at T == o thisbecomes

o == R

if weassumethat V ==o. But this is inadmissable. HenceR shouldhave

a factorin the gasequationbesidesT whichisa functionofT. Thisfactor

wehavealreadyshownshouldexistfrom entirelydifferentconsiderations.

Thegasdegenerationshownbythe gasequationbasbeen suspectedfrom

the slightdecreaseof the specificheat at constantvolumeof heliumas the

temperatureis lowered,obtamedbyEucken.' It basbeenconsideredmathe-

maticallyby Sacicur,"Tétrode,"Keeaom/Lenzand Sommerfeld,'Scherrer,6

PIanok'and Nemst~usuallyfromthe point ofviewofquantizingthe specifie

heat.'

SitMngaber.preuss.Akad.Wiss.,!44(t9t2).
'Ann.Physik,(4),40,67(t9'3).
'Phyaik.Z.,14,~M(!9'3).
<PhyMk.Z.,lS,695(t9t4).
"VortMgeUberdiekinetiMheTheoriederMaterMundderEtektrizitat".Woifskeht

KoogKaainGëttingen,p. !2S,(<9t4).
"GStUngerNachnohten,8,My (t9t6).

Amn.Physik.,(4),50,385(t9'6).
"DietheoretischenundexporimentaUenGrundlagendesneuenWannesatzes",p.!S4,

(1918).
ApurelythermodynMaioattreatmentfortemperaturesnotveryfarremovedfromthe

abaolutezerohaabeengivenbythewriter.J. FranklinInst.,206,69' (t9~).
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5.The TemperatureCoeSdent ofthe Pressureof the SaturatedVapor
ofaSubstance orMixtureatT 0.

Let us writeequation (33)in the form

v,=~T (~)
P

The right handaide whenT = o is indeterminate,and its limitingvalueis
therefore

~R+RT~ dT
V;<=-––––––––Vttu

dp
dT

Accordingtoequations(34),(35)andequation(36)givenin apreviouspapor',
it is still indeterminateand therefore

~R~ -)-RT~
2K~+RT~

d~
whichis still indeterminateaccordingto equation(35), equation(37)given
in the paper justquoted, andsinceT = o, andtherefore

,R~+RT~
3R~+RT~

v~––––~––––
dT~

Sincev: = whenT = o it followsfrom thisequationthat

d'p o
dT'

0 (47)d'f3

Thisequationrefers to the pressureof thesaturatedvaporofa condensed
substance. Butit should benoted that it doesnot followthereforethat

0
~A

'='

for the condensedsubstance. On the other hand if this equationooutdbe
proved, equation(47) couldimmediatelybededucedfromit alongthe line
of reasoninggivenin a previouspaper.'t

6. Properties of the Heat andWorkofMijdngofSubstancesia the Gaseous
State at theAbsoluteZero et Temperature

Let us psssa number of condensedsubstancesthrough the following
isothermalcycleat the absolutezeroof temperature:-

a) Mix thesubstancesunder pressuresequal to their vaporpressures,
givingrise to anincrease in internalenergyequalto hm.

J. Phys.Chem.,31,937(t~y).
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b) Evaporatethe mixture,with attendant inoreasein internai energy
equalto L.

o) Separatethe constituentsof the resultantgaafromeachother. The
internaienergyis increasedby –ha,

d) Condensethe constituantsseparatety,givingrise to an increasein
internaienergyequalto –SLa.

Sincethe total changein internat energyis zero

L SLt = AL= hn.. hm (48)

NowAL = o and hm= oaccordingto equation(16)andequation(30)given
in a previouspaper,' andhenoe

h.. o (~)

On differentiatingequation(48) twicein successiontotally withrespect
to T it eaueasilybe shownby meansofequations(22),(23),and equations
(47)and (46)givenin a previouspaper*that

~hm-, o _]d*hm. 0= o and
-g~a. = o (so)

Wehavedireotlythat

./9u-\ /~h.

~~A ~À

and

A~ -h~\ (Sa)
(ÔIU) (ôi}})

= 0
~A'Â'"

0

by meansof equations(5)and (6).
Equation(49)maybewritten

h..=h,.AN=o o (53)

whereANdenotesthe changein the numberof moléculeson mixingthe

gases,and hr the heat absorbedcorrespondingto each moleculechanged.
Thus either ht or ANmustbe zéro. It caneasilybe shownby meansof

équation (50) that if ht is zero this also holds for the first and second
differentialcoeffioientswith respect to T, and if ANis zerothis alsoholds
for its ërst and seconddifferentialcoefficients.

The externalworkA~,done duringthe processofmixingis givenby

Hm..= hn.. + A.

whereH~~denotestheheatabsorbedduringtheprocessofmixing. Besides
wehave the wellknownequation

H = T
(ôp)

H..
T y

R.D.Kteeman:J. Phya.Chem.,31,!559(t9:y).
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By meansof these two equationsand equations(8), (y), (49), ($ï), (sa),

and the equationT = oit caneasilybeshownthat

Hm~= o andA~ o ($4)

(~).–-(~-
o (55)

` aT v
0 and

` aT9 lv
0 (55)

(~(~).-
(56)

?. Piopertiesof the Changein Fiée Energyand the Beat of Formationof
Substancesin the GaseousStateat theAbsoluteZeroofTemperature

Thechangein freeenergy AFis givenby
AF == Au TAS+ Apv (57)

If thisequationis appliedto gasesat theabsolutezeroof temperature

Au=?-.=<'
and

Apv~AN~RT-o

accordingto equation(49),and thus

AF==o ($8)

undertheseconditions. Ondifferentiatingequation(57)thricewithrespect
to T at constantvolumewehave

/aAF\ ~Au\ ..q /~AS\ /MN~T\

~A
=

\~TA ~S
T +

~–~–~àT- îf -àT- aT y

/~AF\ /a'Au\ /aA8\ ~/a~8\ /~AN<3RT\

~A"~Â'TÀ'A~aT~-A'

/e'AF\ /~Au\ /~A8\ ~AS\ /~AN~RT\\aT~7v"T'/v ~A \a'pA aT' A'

Fromtheseequationsweobtain

/9AF\

(-~A
= o (59)

aT

/~AF\

~~=o
0 (60)

{J'I'2,.=0
(60)

/~AF\ .u\ T.N\
~A '~A ~9T~A

at the absolutezeroof temperatureby meansof equations(r), (3),(s), (6),

(35).(34)and equation(11)givenin a previouspaperi.
Wehaveseenthat accordingto equation(53)either AN orhfis zeroat

T = o. If weare dealingwitha finitemaasof gas

AN = o (62)

accordingto a previouspaper*.

J.Phya.Chem.,31,t559(t~y).
1R.D.Kleeman:J. FranklinImt.,2M,691(1928).
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If howeverthemassof gas consideredis infiniteAN becomesfinite,if it
is at all possiblethat a moleculemay exist in the gaseousstate at T =' o,
sincehn,is zeroindependentof mass,the remarkableand important result
is obtainedfromequation(53)that

ht = o (63)
at T = o, or theheatof formationis zeroat the absolutezeroof temperature.

On differentiatingequation (53) with respectto T at constantvolume
weobtain

/9.AN\ t.9hA /~h~\
~A + =

= (64)

at T == o accordingto equation (Si). If as beforewedealwithan infinite
massof gas weobtainAN finite,and aince the equationholds independent
of the maaaofgasweobtain

?).-
(65)8Ty

= 0 (65)

by the help ofequation(63). On differentiatingequation(64) withrespect
to T at constantvolumeit may similarlybe shownthat

?).-
(66)

aT2)y

by the helpofequations(65), (63)and (52).
Equation (63)suggeststhat the atomicforcesaresmallor disappearalto-

getherat the absolutezero of temperature,whiohwasalsosuggestedby the

resultsof Section2. The effect of the atomic forcesof attractionduring
combinationmayof course be balancedby that of repulsion,but this is

hardlylikelytoholdingeneral.

8. Propertiesofthé Internai Specifieheat of a Vaporin Contactwith the
CondensedState

Let us passa substance initiaUyin the condensedstate throughthe

followingcycle:-
a) Allowthesubstanceto evaporate,givingriseto a changein internal

energyequal toL.

b) Raisethetemperatureof the resultant gasby dT, givingriseto an
increasein internaienergyequal to c~ dT, wherec~ denotesthe internal

specincheat.

c) Condensethe gas, givingrise to an increasein internalenergyequal
to-(L+dL).

d) Lowerthe temperature of the oondensedsubstanceby dT, giving
riseto an increasein internal energy equal to C[ dT, whereCtdenotesthe

internaispecincheatof the condensedstate.
Sincethe totalchangein internalenergyis zerowehave

L
Ot~=

+ Ct (67)
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SinceLis zerowhenT == o, ,?p
's positiveup to a valueTmof the tempera.

ture givenby

dL
dT

for higher temperatures .pp
is negative. Thus fromthe absolutezero of

temperature up to the value Tmthe internai specificheat of the vapor is
greater than that of the condensedstate, and in fact Mlikelyto be many
times greateras willbe shownpresently. Correspondingto the temperature
T..

o'< = Ci (68)

and for highertemperatures

0~ <C.

If a similarcycleis carried out with the substanceinitiallyat T *=o and
the temperatureis thonraised byTn,insteadofby dT,it caneasilybe shown
that

/'T~, /T.

c, dT
= L.

+
c,. dT (69)

6

ClIO. dT = Lm

O 0

CI dT (69)

where L~ denotesthe internai heat of evaporationat the temperatureT~.
Onaccountofthe largevalue Lmislikely tohave,it followsfromthisequation
that the averagevalueof c~ betweeno and Tmis likelyto be many times
the averagevalueofci.

We saw in Section 2 that the internai heat of evaporationis zero on

evaporatinga substanceat the absolute zeroof temperature. Thereforeon

increasingthe temperature of the vapor its potentialenergyof attraction is

greatly increasedsincethe internaiheat ofevaporationnowassumesa large
value. The specificheat is increasedcorrespondinglysincethe inoreasein

potential energycanonly take placeat the expenseofheat energyabsorbed
from the outside. Since this also holds when the vaporis in the atomic

state, an inoreasein temperaturenear the absolutezeromuetbeattendedby
very pronouncedchangesin theelectronicconfigurationof theatoms,which

may be said to returnfrom an abnormalstate to the normalstate.

9. The Heat of Formation of Molecules in the GaseousState at Inimité
Volumeat a Fiaite Temperature

Let uspassa numberof substancesin the gaseousstateat infinitevolume

initially at the absolutezero of temperature throughthe followingcycle
a) Mixthe gases. No changein internal energytakesplaceaccording

to equation (63).
b) Raisethe temperatureofthegaseousmixturetoT atconstantvolume.

The increasein internalenergy is
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/*T

r~
whereC(dénotesthé internalspecincheat.

o) Sapante the gasinto its constituents,whichgivesrise to an increase
in internalenergyequalto

ht. AN.

d) Lowerthe températureof the gasesto zero at constantvolumes,
givingnseto an inoreasein internal energyequatto

S t Cj.. dT

Sincethe total changein internatenergyiszero

b,.AN=-A~.aT (70)

when weare dealingwith a finite mass AN = o according.to a previous
paper*,but ANmay be Snitewhenthe massofgasis taken infinite.

Therighthand aideof theforegoingequationisequal to – ANmultiplied
by a similarintégral involvinga gram moléculeofthe complexsubstancein
a partly dissociatedstate. And since wemaysupposethat weare dealing
with a numberof complexmoléculesequalto ANat T whichremainun-
diasociatedti!l T ==o is reached,the foregoingequationmay bewritten

h<= A t c~. aT (71)
./0

whereAc't~ representsthe différencebetweenthé specincheat permol of
the MmdMMMo<«!complexsubstance and the speciSeheats ot its coMtp~(e
dissociationproducts. Hencewhenht hasvaluesabove the order ±10' cal.

permoltheapecinoheatofthecomplexmoléculesbasforcertaintemperatures
abnormaUylarge or abnormallysmall valuesdependingon the signof ht.

10.The Temperatoreof a Substance canaotbe Reduced to the Absolute

Zero in a FiniteThne

Supposethat the température of a substanceia reducedby passingit

througha successionofCamot'acyclesinvolvinga transferenceof heatfrom
a low to a high temperature. Let the heat absorbedper secondper unit

changeofvolumeat the lowtemperature be )–~ The heat absorbed
\OV/T

J.R-anUimInst.,20C,691(t928).`.
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duringthe time at is thenT
( &t

~tby the helpof the thermodynamioat

equation( °~(a~) v
Thiagivesriseto a drop ~T in temperature,

andaccordingty

~).
or

ât °° ~3T (ya)
""T~V'~

'\ar/T

whereCpdenotesthé speciSoheat of thesubstance. Nowaocordingto équa-
tions(n), (13), (y) and (8)wemay writethis equation in the form

,)t. a'T~ &T

~T~a~a;Ti

closeto the absolute zeroof temperature,where ai and a: are constants.
Onintegratingit betweenthe amits t ando, and o and T, weobtain

t=~~tnT-!no}=~,

or it takesan innnitelylongtime to reducethe temperatureof the substance
fromTto oin tbis way.

If the substance radiâteslike a blackbody it loses an amount of heat
aT<persecond,and hence

aT*. ât =. -c?. ôT

or

Cp Nt3T
~°-aT<=aT-aT~ a T

wherea is a constant. The integrationofthia equationgives

"M:-

or, as before,it takes an immitetylongtime for a substanceto decreasein

températurefrom T to oby radiation.

Thusit ishardty M!ce!ythat there ismatterin the Universewhosetemper-
ature is at the absolutezerounlessit beganthat way. But sinceradiation
of the heaveniybodiesinto space has beengoing on for millionsof years,
the températureof someof them must becloseto the absolutezero. Since
somesubstancesmay becomeunstaNeunderthese conditionasomeinterest-

ingastronomicalpossibiH~esare openedup.
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11. The ConttoUableEntropyis Positiveand cm beIn&titecntywhenthe

TemperatureIs ïaSaite.

The entropyS of a substanceat thé finite températureT and infinite
volumeis givenby

S=~ ~T
(~)

since the adiabatieof zero entropycorrespondsto T = o, wherec,~ denotes
the specifieheatat constant infinitevolume. The loweriimitof the intégra!
is zeroaccordingto equations (5)and (6), andhenee8 is postée and~M<e.
The entropyoorrespondingto a~e volumev isgivenby asimilarexpression,
which,asbeforeispoM<tfeandfiniteaccordingto equations(5)and (6). The
controUaMeentropyis thereforea positivequantity whosevaluecan be in.
6nite onlywhenthe temperature is infinite.



BY MHUP N. PETER*

A studyof the solubilityrelationshipsof the severalformeof lactosein
pure solutionand of the principlesgoverningthe separationof this sugar
from MMha solutionbas beenmadeby Hudson.~In thepresenceofcertain
dissolvedsubstances,however,i.e.sucrose,ammonia,etc.,the rate of sepa-
rationofthesolidphaseandotherphysicalrelationshipsofthesesolutionsare
matenauy altered. Thesephenomenaareof significancein a considération
of the problemof lactoseseparationfromheterogeneousmixtures,suohas
icecreamand condensedmilk, whereinsupersaturatedstatesmayexist.

In orderto determinethe extent of the deviationfromthe principles
which holdfor pure solutionsa study of certainphysicalrëlationshipsof
lactosesolutionsin the presenceofsucroseand ofotherdissolvedsubstances
bas been initiated. This first investigationdealswith the determinationof
the solubilityrelationshipsof laetose-sucrosesolutionsat lowtemperatures.

Duringthe past fewyearsseveralpaperswhichhavea bearingonlactose-
sucrosesolubilitiesin aqueoussolutionhavebeenpublished. Jacksonand
Silsbee~presentresultsand discussthe saturationrelationsin mixturesof
sucrose,dextroseandlévulose. Jenldnsabasdeterminedtheeffectofvarious
factors uponthe velocityof crystallizationofsubstancesfromsolution,lac.
tose beingoneof the substancesused. Palmerand Dah!e*and Lucasand
Spitzer*haveinvestigatedlactosecrystamzationinsandyiceoream. DaMe*
further discussesthe sandy iee creamproblemand presentsresultsshowing
the influenceofglucose,gelatin andothersubstancesuponthecrystallization
of lactose. Browne~states that sodiumchloride,potassiumacetate, and
many othersalts increasethe solubilityofsucroseandthat "the presenceof
free alkali,and of differentsatts of the alkalies,increasesthe solubilityof
lactose inmuchthe samemanneras withsucrose." It isquestionable,how-
ever, whetherthèsesaltaare presentin sufficientquantityin lactoseproducts
to affect materiallythe solubUityof this sugar. Leightonand Péter*have
done workupon the factors whichinfluencethe orystallizationof lactose.
Hunzikerand Nissen"have investigatedat 50"F and 65"F the effectof
sucroseandmilkcolloidsuponthesolubilityoflactose.

Before discussingthe procédureand results embodiedin this paper,
whicbtreatsof the solubilitydeterminationsat o"Cand -3"C, it is perhaps
advisableto considerthe propertiesof sucroseand of lactosewhichhavea
bearingontheir solubilityrelationships.

The veryhighviscosityof concentratedsucrosesolutionsat lowtempera-
tures" is evidentfromTableI.

*ReseaKhLabomtones,BuKauofDairyImhNtt-y,U.S.DepartmentofAgricattUM.

80LUBILITYRELATION8HIPSOF LACTOSE-SUCROSE

SOLUTIONS

I. Laotose-SuoroseSolubilitiesat LowTemperatures
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TABM)1

V!MosityofBtK!rosemaqueou88o!ution

Temperature ViMoaitymcent!poiBes
Pwcent8UCMMbyweight

*C o 20 ~o 60

o ï.792t 3.804 t4.7y 238.
S ï.si88 3.154 n.~6 ~6.

10 1.3077 z.6S2 9.794 109.8
15 ï.ï404 2.267 7.468 74.6
20 1.0050 1.960 6.900 g6.s

This highviscositydoesnot in itselfaffectmateriallythe finalsolubility
valueoflactosein sucrosesolutionsbut it doescauseconsidérableexperimental
duBoultyand, in a studyof solutionsat temperaturesbelowtheir freezing
points,it mayso delaythenormalequilibriumof theseveralphasesthat the
correctvalue is obtainedwith dMBculty.The influenceof viscosityupon
sucrose-lactosesolubilitieswillbe discussedmorein detailin anothersection
of this paper.

Lactose,likewise,évidencescertain propertieswhichprolongthe time
that is usually necessaryfor the determinationof thesolubilityof a sub-
stance. Theslowrateat whiohequilibriumis attainediiBconséquentto the
existenceinordinarysolutionoftwoformsof lactose,Damely,lactosehydrate
andthe ~-anhydride.It is questionablewhethera tMrdform, a-anhydride,
madeby heatingthe hydrateciyatatato iM"C,canexistinsolution.

The normal formof lactose,whichbas beenpreparedby crystallization
from waterat ordinarytemperatures,is lactosehydrate. In the presence
of water this augar dissolvesto a definitevaluecalledthe initial solubility,l
and then is alowlyconvertedinto its equilibriumform,the ~-anhydride.
Asthis changeproceedsmoreof the sugar(hydrate)dissolvesuntil solution
hasreachedcompletion. Thisvalueis apokenofas thefinalsolubility.

If the ~anhydride, formedby crystauizinglactoseabovethe transition

temperature,o3"C, be dissolved,the reversechange~anhydride – lac-
tosehydrate takes place. Thus solutionsmadefromeitherform of lactose
will exhibitthe phenomenonofmutarotationand ScaHyattain a constant
value. Thischangemaybemeasuredin the polariscope.

The rate at whichthisequilibriumis attained isslowat o"C,and in-
creaseswith temperature;it is greatly acceleratedby both hydrogenand

hydroxylions, and the ratio of the rate of the reactionin o.oor normal
ammoniumhydroxidesolutionto that inpure wateris :.4:i.At 75*Ctheequi-
libriumchangeis practioaliyinstantaneousand at temperaturesbelowo3"C
whenequilibriumbasbeenattainedtheratiooflactosehydrateto ~-anhydride
is approximatelyi :t.s.

By someinvestigators,however,it is assumedthat the completereaction

equation,which is quitesimilarto the equilibriumequationwhichhasbeon
fomulated for glucose,is:
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CaH~OnT-H,0~±Ct,HMOu,?=i:H,0 + CuH~Ou

~anhydride (hydrate) ~anhydride

Observationsof this mutarotationreaotionof lactoseshowthat the laws
of dynamicsthat holdfor a simpleunimolecularchangeare followed;henoe
the firstpart of the completereactionwhiohis thoughttooccurondissolving
lactosehydrate, namely, a-anhydride~=i:hydrate, must take placeinstan-

taneousiy. Likewisethe equilibriumbetweenthese twoformamustbe pre-
served.

That concentration,as wellas temperature,bas almostno influenceon
thisequilibriumin solutionis shownbythe fact that there is no slowchange
in therotatorypowerof milksugarafterdilution.

In additionto the investigationspreviouslymentionedUreoh"andTrey"
hâve done work upon the influenceof various substanceson the rate of

changeof rotationof milksugar. Thelatter in partioularpresentsextensive
data, coveringa widerangeof substances,on this mutarotation. Such ob-
servationsare of speoialmterest in relation to the rate of solutionor of
crystallizationof lactose.

Thus sodiumhydroxide(o.ooSN)and anunonia (o.oSN)produceprac-
tically inatantaneouBequilibriumandin quite dilutesotntionthesealkalies
exertan aocelerativeinfluenceonthe rateofattainmentofequilibrium. Hy-
droohloricacidin 0.4normalsolutionestablishesequilibriumquicklyand in
0.04normalsolutionaoceleratesthe reaction. H-ionsin equalconcentration
have lesseffectthan OH-ions. Sucrosein a concentrationof 17grams per
100ce. of solutionexerts piacticallynoeSect. Veryconcentratedsolutions
at lowtemperatures,whichmore nearlyapproximatethe conditionsfound
in partly frozenice creamandin condensedmilk,however,havea viscosity
whiohis approximatelyonehundredtimesgreaterand possiblyexertconsid-
erableinfluenceonthe rate ofattainmentofequilibriumandontheequilibrium
ratio.

In the measurementof lactosesolubilitiesat o" C and lower,values ob-
tainedby Hudsonshowthat it isnecessaryto agitatethe solutionsin contact
with the solutefor a considérablelengthof time, andfora muchlongertime
than at highertemperatures,in order to insure saturation. Thus the ve-
locityconstantsofsolutionobtainedbyHudsonandcalculatedbytheformula

1 g~ ~$

~-T-
werefoundto be:

o°, o.oi25;15",0.0664;25",0.184.
Hudsonobtained, both fromsupersaturationand undersaturation,values
whichwereinreasonableagreement.

Theveloeityconstantsdeterminedby Trey wereof a somewhatdifferent
order. His constantsweredeterminedfromthe rate of changeof the rota-

tory powerof lactosesolutions. It seemsevident that the measurement
of the constantsby this changeshouldgivevaluesin goodagreementwith
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It seemsevidentthat the valuesof Hudsonare the correctones. Not

onlywere hisdeterminationsby the twoindependentmethodsin satisfactory
agreement, but the rotationvelocityconstants,whether determinedfrom
lactosehydrateor anhydridesolutions,wereshownto be ofthesamemagni-
tude. Sucha resultisprediotedby theoryand wasverifiedbyRoux." The
rotation values (velocityconstants) of hydrateand anhydridesolutionsas
determinedbyTreywerenot in goodagreement.

Data havebeenobtainedon the effectofsucroseand ammoniumhydrox-
ide on the magnitudeof this velocityconstant,the valuesbeingcaleulated
fromdéterminationsmadeof the rate ofcrystallizationof lactosefromsolu-
tionscontainingthesesubstances. This workwill be presentedin a later

paper.
In reviewingpast work it shouldbe mentionedthat the cryohydrate

temperaturesfor the differentformsof lactoseas givenby Hudsonare of
valuein a studyoflactosesolubilitiesinpartly frozensolutions.

Anexcellentreviewoflactoseand itspropertiesisgivenbyWhittier."

thosedeterminedfromthe maximumrateofsolutionor rateoforystallization
becausethe surfaceofthe solidin rateof solutionand rateofcrystaUization
experimentsissolarge,the stirringsorapid(andthe températurebeinglow)
that the actualprooessof solutionororystallizationtakes placeverymuch
fasterthan thecontrot!ingequilibriumchangewhichprecedesit, asmeasured

by polariscopicreadings. Hence a measurementof the changein rate of
rotation shouldby catcutationgivevelocityconstantsof thesamemagnitude
as by determinationfrommeasurementsof the rate ofsolutionor ofcrystal-
lization.

Trey, however,didnot thus obtainvalueswhich can be said to be in
reasonableagreementwith those of Hudson. The constantsof the former
werecalculatedfromtheehangingrotationvaluesof lactosesolutionsaccord-

ingto the formula:

log
b log (b-x)

t

Comparisonof this expressionwith that usedby Hudsonwillshowthat in

realitythey areequivalentformuiae.
The resultsofoaleutatingthe velocityconstantsof the twoinvestigators

to the samebasis,givingthe valueofunity to the constantat o°C,are as
follows:

Hudmn Ttey
Rateof Rttteofoh&nge B&teof change
solution* ofMt&tMm ofrotation

o°. 1.0 1.0 i.o

i5~ 5.3 5.85.
20" – –8.57

as'15.5.15-6.io.15
*orrate ofcrystaJJHaNon.
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Expérimental

The solubility detenninatMDa were made by enclosmg an exeess of the

so!id sugar with tbe fespeotive sugar solution m ground gtass BtoppeKd bot-

ttes of appKHdm&teÏy tas oc. capacity. By means of spring ctipa the botttea

were fastened upon a motor-driven métal frame, wMch revolved m an elec-

<

SolubilitieaofhetMe-euetosesolutionsat lowtempeMtaKS.
CurvesAtmdCrepresentsolubilitiesatc'a
CurvesBandDrepresentMtabitittMat-3*C

tric&My-operatedtemperature-coBtroUedbath. This bath was a water-

alcohol-glycerinemixturewhiehhadafreezingpointofapptoximately–io"C.
Théaugar solutionsin whichthe solubilitywas to be measuredranged in
concentrationfrom 0.0% to approximatesaturationand were,of course,
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cooledto the necessarytempératurebeforebeingaddedto the solidphase.

Anatysisby a methodlaterdescribedgave the exactconcentrationof these

solutions. A smallquantity of vaselinewas placedupon the ground glass
stopperain orderto makethe bottleswater-tight.

In all determinationsat o°C and belowthe solutions,in contact with
an excessof the solidphase,wererotatedforapprox&nately30days. Dupli-
cato samplesweretaken at time intervalsof 7days. Theviscositiesat low

temperaturesof someof the moreconcentratedsugarsolutionswereso high
that equilibriumwasbut slowlyattained.

In makingthe solubilitymeasurementsthe bottleswereremovedfrom the
ntetal frameand placedin a wirebasketwhichwassuspendedin the bath.

Ashortpieceof rubbertubingwasdrawnovertheendofa t ce.pipetteand a

smallquantityofcottonwasstuffedintoit. Suctionwasappliedat the other

end. The tip of the pipettewas placedjust belowthesurfaceof the liquid
to besamptedand i co.of the solutionwaswithdrawn.

Thesamplewasplacedin a taredweighingdish,thebottomofwhichwas

ooveredwith a layerof asbestos. Afterbeingweighed,a smallquantity of

distilledwaterwasaddedandthe samplewasevaporatedto drynessat tog°C.
It wasfurtherdriedto constantweightina vacuumoven. Fromthis weight
calculatedon a water basis (parts total solidsto 100parts of water) was

subtracted,likewiseon a water basis,the concentrationof the originalsolu-

tion. Suoha determinationgivesthe solubilityofa sugarin 100parts of

water, in the presenceof a definiteconcentrationofanothersugar.

In determiningthe solubilitiesin partlyfrozensolutionit wasnecessary
to use other methodsof analysis. In thèse instancesthe methodsof the

TABLEII

Solubilitiesof lactoseinwaterandin suerosesolutions

SotaMitteaofLactose Solutionused
Kind Temper- PartslactosePer- PartssucrosePer-
of ature totooparts centage to iooparts centage
Bohtion water lactose water suorose

Water o°C 11.94 io. 68
Sucroseinwater o''C 10.85 8.4: 18.26 14.15

o"C 9.96 6.48 43.89 28.54
o°C 8.45 4.42 82.62 43.24
o''C 6.03 :7 t7t.84 6t.80

Water -3°C Frozen – –

Sucrosamwater –3"C 9.1t 5.97 43.2a ~8.37
-~C 7.55 3.98 82.4 43.4
-3"C 6.a 2.70 tM.8 53.63

m m
-3~0 5.5 2.14 151.2 58.9
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Associationof OiEoia!AgriculturalChemistswmeemployed. In all oases
it was assumedthat the formof lactoseobtainedon drying at 100°C was
the anhydride. C. P. !aotosoandC. P. sucrosewereused in thiswork.

b TABLEIII

Solubilitiesof sucroseinwaterandin lactosesotutiocs

Sotutionumd SotubiMttesofSucKMW
Kind PartstMtoeePef. PartamMMsePer-
of Temper- totooparts ceatago toïooptutaeentage
solution ature water tMtoM water aucrose

Water o°C – – 181.69 64.5
Lactosein water o"C 2.40 .85 ï8o.~ 63.8

~C 4.88 1.72 iy8.8 63.0
o°C y.32 :.sy 177.~ 62.4

o°C 9.43 3.29 177.48 61.9
o"C 10.89 3.76 176.36 61.45

Water -~C – – t79o 64.2
Lactosein water –3"C 2.40 .85 178.5 63.5

–3°C 4.2 !.5o 1750 6~.77

-3"C 6.11 !ï8 174.0 62.1

-3°C 8.2 2.89 175.5 61.9

Discussîoc

The data ahownin Tables 11and III and the values plotted in Fig. i

representthe solubilityrelationshipsof lactose-suorosesolutionsat o°C and

-3°C. It willbe seen that the solubilityof lactose in nearlysaturated
suorosesolutionsis reducedto approximatelyone-halfof its valuein water.

Consequentlyit appearsthat in icecream,and likewisein condensedmilk,
particularlyif it be subjectedto lowtemperatures,the water maybe greatly
supersaturatedwithrespectto lactose. Doubttessin the freezingofice oream
and its subsequentstoragein the hardeningroom,as more and morewater
is converted into ice,a solutionapproximatingsaturation withrespect to
sucroseisobtained. Likewisethe removalof waterconcentrâtesthé lactose.
Thesetwofactorstend to producea solutionwhichis highly supersaturated
with lactose.

Whetherornotthe lactosewillseparateis,however,dependentuponother
influences. Unpublishedresultswhichhave beenobtained showthat the

crystallizationoflactosefromviscoussucrosesolutionsis very slow. Hence,
althoughthe solubilityof lactoseisconsiderablylessat the lowtemperatures
ofcold storageand thesolutionbecomessupersaturatedwith respectto this

sugarit willbeseenthat theveryhighviscosityat these temperaturesof con-
centratedsucrosesolutionscreatesan influencewhiehopposesandmaterially
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retards the separationof lactose. It may, therefore,requireseveralweeks

or evenmonthsforlactoseto orystallizefromsolution.

For this reasonit was advisablethat the solubilitydéterminationsde-

scribedin this paperbe madefrom undersaturationand not conductedin

sucha waythat equilibriumwasattainedfromsupersaturation.

Databy Jenkinsaservesto establishthe aboveconclusion.He foundthat

the detenniningfactorwhiehalters the volooityofcrystallizationisthe vis-

cosityofthe solution. Therelationis givenbythe expression

K
Const.
––o~m"n

whereKis the velocityconstantand n is the viscosity.

It willaJaobeseenthat the presenceof lactosebas a s!ighteffeotonthe

solubilityof suerose.The two curvesC and D whichexpressthis relation-

shipcausethe etatements,with respectto the influenceofviscosityuponthe

rate ofcrystattizationoflactose,madein the precedingpatagraphs,to appear

moreevident. Thusa solutionwhichisapproximatelysaturatedwithlactose

can in tum beeomesaturatedwith aucrose,andhenoegreatlysupersaturate

the solutionwithlactose,without the separationof the latter sugarduring

the intervalofseveralweeksthat theexperimentisoontinuedand thesolution

is agitated.

It thusappearsthat it is the viscosityof thesolutionand not the solu-

bilityoflactosewhichis the most importantfactorin controUingthe separa-

tion of this sugarfromconcentratedsucrosesolutionsat low températures.

Since,however,the viscosityof saturated suorosesolutionsfalls sharply

as the temperatureinoreasesaboveo"C, it seemsvery probablethat with

rising temperaturethe solubilityof lactosewillbeeomethe predominating

influenceuponlactoseseparation.

The resultsinTable III havealsobeenexpressedas percentagesin order

that they may beplotted in a triangulardiagramexpressingthe phaserule

relationshipsof the iaotose-sucrose-waterSystem. Such a representation

willbe made ina laterpaperwhenthe oryohydraterelationshipsofthesolu-

tionsanda moreextensivetemperaturerangehavebeenstudied.

Summary

The changesin the solubilitiesof lactosein sucrosesolutionsat o° and

–3"C areroughlyinverselyproportionalto theconcentrationsof the sucrose

and in approximatleysaturatedsucrosesolutionsthis solubilityis reducedto

aboutone-halfofthe solubilityvalueinwater.

Owingto thelimitedsolubilityof lactosein water at o" and -3°C the

solubilityof sucroseat these two temperaturesis but little affectedby the

presenceof lactose. The valuesbear an inverserelationshipto the concen-

tration of the lactosein solution.
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Lactose in the presenoeof M~ coBcentrationa of suorose may be very
supersaturated with respect to the solution and yet, because of the high
viseosity, orystallize very slowly.

The relationship of the above conolusions to the oystaHiz&tionof lactose
in several dairy produots bas been discussed.
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THE RATEOFTHE MULTIPLICATIONOFYEASTAT DIFFERENT

TEMPERATURES*

BY OSCAR W. BICHARD8

Changesin the rate ofmultiplicationof yeasf that aecompanychanges
in the temperatureof the culturemediumaremasked,in the usualtest tube
culture,by the toxiceffectof theproductsof their metabousmonthe yeast
oells. Theseexcretionsinjurethe largerbudsand thepopulationgradually
reachesanequilibriumnumber*.Consequently,the apparenteffectof tem-
perature becomesprogressivelyless as the equilibriumof the population
approaches.' The innuenceof temperatureon the multiplicationof yeast,
uncomplicatedby the inhibitoryactionof the exoretionproducts,can be
measuredonlyduringthe periodduringwMchthe rateof growthisconstant
and the retardingeffeotof the toxicexcrétionproductsis circumventcd.~

Unlessthe culturemediumis changodat suflicientlytroquentintervals
to maintainit effectivelyconstant,onlythe first partof the growthcycleiB
usable,as the growthrate beginsto docreaseat about30hoursafterseeding.
During this periodthe numbersof ceUspresentare less and the errors of
countingarehigher. The teohnicaldimouttiesinvolvedin properlyrenewing
the culturemediumpreventedthe use of longergrowthperiodsin this in-
vestigation.

I.

The methodof culturingthe yeast and makingthe countshas been
describedebewhere'.A purestrainof SoccAaroMtyeescefeMSMMHansenwas
used. Whenthe logarithmof thenumberofceuspresentin a unit sampleof
the culturemediumis plottedagainsttime,the resultinggraph isa straight
line,withinthe experimentalerror,for periodsof timeextendingfrom i to
a hoursafterseedinguntilabout30hours. Aftera lagperiodof lessthan 2
hours the rate of growthis constant. A similarlagperiod is describedby
Slator.6 Theeffectof thisshortlatentperiodisminimizedin the experiments,
as only the linearpart of the curvewasusedin makingthe measurements.
Alagperiodwouldmerelyshiftthepositionofthe growthourvefurtherfrom
theoriginonthetimeaxis. Alonglagperiodwoulddelaythe timeofreaching
the equilibriumpopulation,but wouldnot affectthenumericalvatueof the

FromtheDepartmentofBiology,CtarkUniventity,Worcester,andtheLabora.tcryofGeneralPhyeMogy,HarvardUnivemity,Cambridge.
1 Theseexperimentswillbedeaignatedas thosemadeat WorcesterandCambridge.

TheyeastMthesameinbothcasesexceptthatasingleceUoftheyeaatusedatCambridgewasMotatedandtheyeastusedtatheWorcesterexperimentsbetongsto thepureMnestarted
bythiacell.

'Riehards:Bot.Gazette(!928).
Richarde:Ann.Bot.,42,271(to:8).

<Richafda:J. Gen.physiol.,U,5:5(toa8).
Biochem.J.,12,a48(t9!8).
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equilibriumlevel. Thia relationbas been shownby Lotka' in conneetion
withbis treatmentof the dynamicsofan épidémieof malaria. At a definite
stageduringan épidémiethere is reachedan equilibriumbetweenthe popu-
lation of malarialorganismsand the infectedhuman population. In this
caseLotkabas shownthat the incubationperiod(a lag period)bas only a
constanteffecton the equilibriumbecausethe lagperiod merelyslowsdown
somewhatthe progressof theeventsin the System.

The culturesof the experimentsat températuresbelowroomtemperature
weremadebyimmersingthe tubesina Ught-tightboxin a oonstant-tempera-
ture thermostatof the type describedby Crozierand Stier,' or in a small
beakerof water in a Kelvinator.' The other cultures weremaintainedin
eithera Freasor Thelooinoubator.

Twomeasuresof the rate of muMpUcationwere used: the slopeof the
growthourve,andthe reciprocalofthetimerequiredby thecultureto produce
a defmitenumberof oeUs.The latter wasobtainedby detorminingthe time
of intersectionof the growthourveand a line correspondingto antilog0.50
ceUs.

TechnicatdiBicuîtiesmakeit impraotioatto seed each set of tubes with
exactly the samenumberof cells. The rate of growth of yeast also varies
with the âgeofthe seeding. Evenwithseedingsofnearly the sameage there
is sope normalvariation in the rate of multiplication. The best method
for minimizingthesevariationsseemedto be to growa controlset witheach
experimentalset and to adjust the curvesso that aU of the controlshad
the samerate of growth. The controlsweremaintained at 3o°C. Should
this experimentbe repeatedthe controltemperature should be preferably
about 2°to 4°lowerinorderto obtainmoreuniformgrowthat the "control"
temperature(cf.Sec.HO.

To minimisathe variations,the growthcurvesfor each controland for
the correspondingset of data at eachtemperaturewere plotted on traoing
paper and the interceptof the growthcurveof the control and the line of
antilog 0.50wasmarked. Anothergraph had a line drawn whichwas the
most representativeofaUof the controlgrowthrates and the lineof antilog
0.50wasdrawnon this graph. Theneach of the sets on tracingpaper was
placedonthis mastergraphandthe growthlineof the controlmadeto coin-
cide with the !meof the mastergraph. The slopes and interceptafor the
experimentalsetswerethen measuredon the mastergraph.

II.
Therateofgrowthisexpressedas the tangentofthe anglethat the growth

curve makeswith the time axis. Theserates may be convenient!yplotted
as the logarithmofthe tangentagainstthe reciprocalof the absolutetempera-
ture, as in Fig. i. A straightune then expressesthe relationbetweenthe

Am.J.Hyg.,Jan.Supptement(t~g).
J.Gen.PhysM.,M,sot (t~y).

The Kelvinatorwasloanedtomefortheseexpérimentethroughthecourtesyofthe
WorcesterEïeotncLightCompany.
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rateofmultiplicationof the yeastandthe temperaturebetweenabout 9"and [

29*0.with the exceptionof the observationat io". Anotherstraight Une

expressesthis relationbotweeno"and 4"
The divergenceof the measurementat 10"from the others seemsto be

dueto hystérésis.To avoidthiseffeetit is necessarythat the yeast usedat

RateofmoMpMcationofyeaatmeasuredby the dopeof thegrowthcurves.

Rate of multiplicationof yeaat measuredby the alope of the growth curves. Same as

Fig. t, except that the vMtatton tn the different series is not min!mizedby adjusting the

ratée of growth ofthe controh to be the same (cf. note in text).

the lower temperatures be Srat well adapted to the particui&r temperature

of the experiment. When the yeast is properly adapted the rates are higher

and more self-consistent. In the experiments in wMch the cultures were

adapted to thé température the adaptation period was 7 days for the Cam-

bridge experiments and 10 days for the Worcester experiments.
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Above30 the rates deoreasein an aooeleratedmanner. This is partlydue to certamoells beingsdeetivetydestroy~dand partlydue to someee~ofthe natureofa thermaldestruction. Whenthesetwoeffectsare measured
MparatelyitjnU probablybe possibleto determinethe natureof the thermal
destructionby a method simiiar to that used by Heoht' for asomewhat
analogouscase. This effect is shownmoreolearlyby the other meaauMofthe rateof cet!proliferationdisoussedin the next section.

RateofmuMpMMttonofyeastmeMnredbytheredproo~ thetimerequiredtoproduceagivencrop.

The changesin the trends of the ratesare alsoshownif the slopesof the
original growthcurvesareusedwithoutmimmiN~thevariationsof averagingthe ratesof the contrôla,as is ahownbyKg. 2. Thé incrémentin this ErehasprobablynoreaUyexactmeaning;it mightbe suggestedas a case where
faultyinterpretationgivesa non.signi6cant~.Theratesforthe lowertempem-turesare the samein both ngures,as whenthé yeastsare adapted at a given
temperaturett tsno longerpossibleto maintaina atriettycomparablecontroi
at a highertemperature. Thua the régionsat o" and 30' seemto be critical
températures;they occurat régionsthat have beenemphasizedby Orome~
as significantin this respect. Thé scatteringof the velocitiesaround M"ems to indicatea real "break" in the curvesof the velocities,rather than
an effectof the chemicalconstituentsof the mediumvaryiagwith the tem.
perature,as suggestedby SherwoodandFuhner.'8

1J.Gm.PhystoL,t, 667(t~tS).
J.Gen.PhysioL,9,5~5(ï9~6).
J.Phya.Chem.,M,738(t9a6).
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Thedeoreasein therateofgrowthat temperatureshigherthan 30"suggests

that budding wouldcoaseat about 44",which is in accordancewith the

observationsgatheredby Guilliermond'with variousyeasts.

III.

The measurementsfromthe other oritenonof the rate of growthmay

be exhibitedin a similarmanner,by plottingthe logarithmof the reoiprooal

of the time to yielda certain erop against the reciprocalof the absolute

temperature, Fig. 3. This graph showsthe samefeatures as the previous

figures. The differentslopesofthe curvesof the vetooitiesin Fig. 3fromthose

of Fig. i are probablydue to the fact that the lengthof the lag periodvaries

with the temperature. A changein the lag periodwouldchangethe time of

the intercept of the growthourveand the lineofantilog 0.50 oells. Con-

sequently these measurementscontain the effectsof temperature on both

the lag periodand the rate of growth. This effect,which was obviatedby

the methodusedinSectionII, makestherates ofFig.3less reliablethan those

of Figs. i and a andpreventsobtaininga goodfitora significantincrement.

Strumiaand MoCutcheon'findvariationsin the lengthof the lagperiodfor

their measurementsof largeramountsof yeast forthe first nine hours of

growth. Largeseedingspermitmoreprécisemeasurementsof the !agperiod,

but thé greateramountofexoretonproductsshortensthe time duringwhioh

muitiplica~onoooursat a constant rate. Until the teohnieal diSicuIties

incidentto keepinglargeseedingsofyeastgrowingataconstant rateareover-

comeit willnot bepossibleto separatethe effectoftemperature on the lag

periodfrom the effectof temperatureon cellproliferation.

The numericalvaluesobtamedby solving the Arrhenius temperature

équation' for eachgroupof data are givenon theBgures. In generalthese

valuescorrespondwiththe classesof valuesfoundforgrowth processes,<but

the present valuesare for ceHmultiplicationduringthe increaseof a popu-

lation and they are not to be compareddireotlywiththèse for growthof a

multioellularorganismor the elongationof an umcellutarorganism. Values

of the critical incrementof the Arrheniusequationthat may be used for

analyticalpurposesoanonlybe obtainedwhenthecausesof variationmen-

tionedin this paperareadequatelycontrolled.

IV.

It is possibleto looatemorepreciselythe upperoritioal températurefor

the multiplicationofyeastby studyingthe changesin the formof the cells.

'"LesLevurM"(t9M).
RomunpubliahedmanuscriptoommunietttedpenoMtIytothewriter.

TheArrheniusequationia

~('/T.-<~
kt/k< E*

whenktfathevelocity,orproportionalmeaauteof it, atthetemperatm-eT.,andk, the

CMMapomdin<!velocityat thé ~pemtuMT~ Thetempetatm-eaBMStbeMpre~edin

theabsoluteorKetvmseate.Whenonlyapptoamatevatueaof~aMdeMred,theymaybe

obtainedfromanomogram,Riehatds:J.Phys.Chem.,30,Mt9(ï9~)-
'Ctozier:J.Gen.PhyMd.,10,53(1926);Castte:H,4o7('938).



~70 OSCARW.MCHARB6

IrregularelongateeeUaareoooasionallyseenin caltutes inoubatedat 3o"Cat from10to 30hoursaïterseeding. LatertheseceUsarenot found,and as
thestram used is pureandthe teohnioknownto be adequateto preventin-
feotion,it seemednecessaryto see if theiroccuranMwasaasociatedwith
certain temperatures. Cetbthat ocoaaionaUyinfeata tubeaccidentaUyare
differentfromtheseabnormalformaboth inshapeand size. Thebizarrecella
resemblemorethoseceHaeeenin very oldcutturesor in culturesmaintained
at hightemperatuKs.'

Thefrequeneyoftheoceun-meeoftheabnormalceBadesoribedinthetext(~.B~.s, b).
Fourexperimentsweremadebygrowinga seriesof tubesat temperaturesfrom:8 to 320and by determiningthe frequencyof theseabnormalceUs.

The inoubatorcontainingthe controls vanedabout ~0.7",but the water
thermostatin whiehthe experimentaltubesweregrown vaned onlya few
hundredthsof a degree. This permitted comparingthe ceUsgrownin the
usuallaboratorymoubatorhavingfair temperaturecontrolwitha groupgrownat moreadequatelycontrotledtemperatures. The results are expressedin
Ftg. 4. The différencein ahapebetweentheusualform ofS. cereMM<Mand
these abnormalformsis shownin Fig. 5. The drawingsare tracmgsof en-
largedphotomicrographsmadeby the methoddesoribedebewhero~.

Upto and inctuding30"wefindmore abnormalcetts in the gronpgrownin the water thermostat. At 30"the frequenoiesare approximatelyequal,and at 31"the fréquencesare exactly reversed. At a temperaturemain-
tained between 39.5" and 30.5"more of thèse unstaMe, morphobgieaUydifferentceUaappear,whioheuggeatthat thiaisa critical temperaturewhich

GaNiennond:"LesLev~Ks"(t<)M).
Richards:Bot.Gazette(1928).
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disturbsthebuddingprooess. This effectdoesnot changethe constancyof

therateofmultiplicationofthe yeast. Atemperatureof3odegreesbasbeen

shownto beaccompaniedbycriticaloffectsinvanous Mndsofvital activities.'

V.

Theexistenceof Buoha eriticat temperaturefor thegrowthof yeastisof

great importance,becausethe temperatureof 30" is customarilyusedas a

norma temperaturein the study of the

vital aotivitiesof yeast. This oritioal (

temperaturemay not be the same for

all atrMNBof the same species of yeast,

and it is possiblydifferentfor different

species.
The unusual forma are not of fre-

quentoooM'aaceunless the temperature
is ïaMntainedcomtant within narrow

limita, which is not aohieved by the

types of laboratoryinoubatorsin most

generaluse at the present time. The

bettertypesoftemperaturecontrolwhich

wiHcornewithwideruseofadequate ther-

mostatsmakesa thoroughknowledgeof

thesespecialtemperaturezonesprerequi-
site for the study of the metabolismof

yeast andsimilarorganisms,as wellas

vv~.t"

by the yeast on the rate of increase of the yeast population.
~hn mit«f w)aht)Htn <nwfaa bis mdebtedneas to Dr. W. J. Crozier for

constant conditionsof culture medium. It is possiblethat tbis special

effectof temperatureat whioh investigationsusingyeast are frequentty

mademayberesponsibleforpart oftheirregularitiesapparentin the published

accountsof sueh atudies. This is particularly~e for the investigations

that areprimarilyconcemedwith the first 24 hoursgrowthafter seeding,

becauseit ia duringthis periodthat thebuddingprocessis most sensitiveto

effectsassooiatedwith certaintemperatures. During later growththe effect

oftemperaturesishiddenby the greatereffectof the wasteproductssecreted

bythe yeaston the rate of increaseofthe yeast population.

The writerwishesto expressbis mdebtedneasto Dr. W. J. Crozierfor

helpfulsuggestionsand friendly critioismduring the progressof theseex-

periments. Summary
The rate of the multiplicationof the yeast jSae<MKycescerefMMMm-

creasesregularlywithinereaseof temperaturebetween4"and30°,exceptthat

the rateofchangealtersat o". Above30°a decreasein the rate ofgrowthis

associatedwith an increasein temperature. At 30*0.abnormal,elongate

ceUsareproducedwhichindicates that this temperatureeffectsthe process

ofbudformationin a criticalmanner. Moreof theseabnormalceUsappearif

the temperatureis maintainedwithinnarrowlimitsofvariation. Theneed

forprecisecontrolof the temperatureofyeast culturesis empha~ized.

CroNN-:J.Gen.PhysM., 525(19~6).



Introduction
In Part P it basbeenpointed out that in generalthe additionof a non-

etectrolytebringsabouta change in the dieleotrioconstantand aiso in the
mterfaotaltension. The change in the dielectric constantwillbring into
play*:

(i) greaterrépulsiveforcesbetweenthe colloidalparticles,
(z)1 inoreasedeleotrioaladsorptionof precipitatingions,
(3) a diminutionin osmoticeoemoientof the electrolyte.

It bas been pointedout that, as the presenceof non-eteetmiytesiowers
thesurface tension,adsorbabilityand coagulatingpoweroannotgo handin
hand,as is frequentlyàœumedby worhorsin this field. In this paper,the
behaviourof ferriooxidesolin presenceof mothyt andethylalcohols,sugar,
urea,glycerol,and pyridinehaa beenstudied. Measummentsofchargeunder
~e conditions are in progress; only the coagulatingconcentrationsof
differentelectrolyteswillbe givenin thispaper.

Freunduch and Rona' found that the presenceof non-~eotrotytessen-
SttBesa ferrio oxidesol.They aisomeasuredthe cataphoreticvelocitiesof
femooxidesol in presenceof oamphorand thymol and foundthem to be
lowerthan the valueof thepure colloid. Weiserbasoarriedout bothadsorp-tionand coagulationexperimentswith ferriooxide solin presenceof phenolandiso-amylalcohol. Heremarks that "the precipitationconcentrationof
KCIis lowereda smallamount by the presenceof a non-electrolytewhile
thatof saltawithmultivalentprecipitatingionsia ohangedbut littleif at aU."
Fromthese observationshe condudes that "we shouldexpectphenoland
isoamylalcoholto havelittle influenceon the adsorptionofmultivalentions
duringthe precipitationofcolloidaloxides." From thetheoretioalconsidéra~
tionsset forth in Part I, we have seenthat adsorptionas measuredana!y-
tiaallyand coagulatingpowershouldnotnecessarilygohandin band.

Experimental
The sol was preparedby peptisingfreshlyprecipitatedferriohydroxidewitha solutionof ferrieoblorideand then dialysingthe solti!l the dialysate

gavenotest for iron. Coagulationexperimentswerepetformedinsuchaway
J.Phya.Chem.,32,t~St(t~S).

Co~ Chaudhury:J. IndianChem.S<m..2,3,y, (,~5); IndianSdene.Cougrese(1921).
1 Biochem.Z.,81,87(t~ty).

THE EFFECT OFNON-ELECTROLYTESONTHE STABILITY
OFCOLLOIDS. II

Ferrie HydroxideSol

BY 8UBOBH QOB!NDA CH&UDHUBY AND ASHUTOSH GANGULI
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that the precipitatesettled downwithin Eveminutesleaving a ctearsuper-
natant liquidabove .5 o.o. ofthe sol weremixedwith 5 c.c.of mixturesof

eleotrolyteand water. Tables1-VIcontamthe expérimentalMsults:–

TABM!1

Ferrie hydroxido sol and methyl a!eohoÏ.

%Methy!a!oohot KCt K,SO< K~e(CN),
byvotumo N XM-* N X M-* NX M-*

o .827 3.3 2.5
10% .827 3.8 2.35
20% .~02 2.6 2.0?

~5% .6x2 2.5 a.oo

TABt,BII

Femo hydroxidesol and ethyl alcohol.

%otethyt KCt K,SO< K,Fe(CN).
a!cohot N XM-* N X M-' NX to-<

o 1.35 3.59 a.70
10% I.M 3.2 2.60
20% 1.00 a.88 2.45
25% 0.85 2.74 2.45

TABLEIII

Femo hydroxide sol and pyridine.
Pyridine KCI KJFe(CN).

N X M-* NX t<r<

o t.55 2.y5

0.005 t.50 2.70
o.oio 1.45 z.6
0.020 1.304 2.50

TABUSIV

Ferric hydroxide sol and urea.
%VK& KCt K,SO< K,Fe(CN).

(saturatedeot) N Xto"' N X 10'' N X to-*

o s.oo 3.44 4.39

2.5g 4.9g –– ––

io.o 4.4 4.05 3.S
25.0 –– 4-2 2.7

TABMV

Feme hydroxidesol and cane sugar.
%ofeaMMzar. KCI K,SO< K,Fe(CN)t

(toogmsin ïNtre) N XM-' N X to-* N Xt<r<

<* 5-oo 3.44 4.39

10% 5.00 3.85 4.o8

25% 5-2 3.57 3.87
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Discussion

Methyland ethyl alcoholandpyridine alwayssensitisethe solindepend-
ently ofthe valencyofthe preoipitatingions. Thesenon-eteotrotytespossess
lower dietectrioconstants,than water and consoquenttya greater number
of precipitatingions and lowernumber of similarlyeharged ions will be
adsorbedfor the sameconcentrationof the eleotrolyte(Part I. loo.oit.). The
behaviourofurea, canesugar,andglycerolis notsoregular; ureasensitisesthe
sol towardspotassiumohlorideand potassium sulphate. Glyccrolsonsitises
the sol towards potassiumsulphateand potassiumferrooyanide;towards

potassiumehlorideit first sensitisesbut with higherpercentagesof glyoerot,
the coagulatingconcentrationof the electrolyteattains itaoriginalvalue.It
hasbeenshownby Mukherjee,Chaudhuryand Mukherjeethat ethylaloohol
showabyfar the largernumberofinstancesofstabilisationagainstcoagulation
by electrolytesin the caseofarsenioussulphidesot. It thus appearsthat the
effectofnon~tectrotyte dependson the nature of the hydrosoltaken. The
abovetablesalso confirmthat the valency of the preoipitatingions,assuch,
bas no effeoton sensitisationor stabilisation of sols in presenceof non-

electrolytes,as assumedby Kruyt and van Duin in.the case of arseaious

sulphidesols.In casesof alcoholand pyridine therefore,the effeotof thedi-
electrioconstantseemsto be the dominant factor. The dieleotrioconstant
ofurea solutionsis greaterthanthat of waterandthereforeweshouldexpect
greaterstabilisation. Surfacetensiondata beingnot availableweare unable
to discusathe point further. It may be remarkedthat urea beinga weak
basewillcombinewithHCIprésent in the Fe(OH))sot. This willsensitiso
the sol. The surface tensionsand dieleotricconstantsof solutionsof sugar
aresughtiyiessthan thoseofthepuresolventsat the concentrationstaken.

Our best thanks are dueto Prof. J. N. Mukherjee,D.So.,for his advice
and for facilitiesfor work.

Pt~~tcatC~t<<()TtJ~o~watM~,
t~MfB)-~CoMe~e~Soenee,
Ca<t««tt.

TABLEVI

Fernohydroxidesol and glycerol.
%G!yccrot KCI K,SO< K,Fe(CN),

NXM-' N X !o-< NX M-<

o S.oo 3.50 4.39
lo 4.7 3.44 3.9~
ao 4.8 3.37 3.6y
~5 S.oo 3.37 3.67

t~I-–
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BY HARRY B. WBÏ8BB AND ROBERT B. BADCUFfE

Congored,the disodiumsalt ofdiphenyt-di8azo-bM-naphthytene-4-8u!fonio
acid Ma red dye substantiveto cotton. From osmoticpressuremeasure-
mentson the dye solutionusing a parchmentmembrane,Bayliss'obtained

a molecularweight 88to 97 percentof the theoreticalvalue,606. Similar
observationsby Biltz and Vegesaok~and by Donnan and Harris~would
indicatethat the salt dissolvesin the formofundisaooiatedmolecules.Con-

ductivitymeasurementson the solutionsindicate, however,that thesalt is

practioauycompletelydissooiated;but if this were the case, the osmotio

pressureshould be twiceas largeand the molecularweighthalf as largeM

the valuesaotually obtained. To account for the conflictingobservations,
Biltzassumedthat the partioleshâve a molecularweightwhichis a multiple
of thesimplestvalue, the experimentalvaluebetween600and yooresulting
fromdissociation.In !mewith this, Herzogand Polotzky~foundthediffusion

constantof Congored tobe o.iz6 X ïo-~at 6.9°whichisconsiderablysmaller

than wouldbe expeotedif the molecutarweightwerebut 696. Forexample,

erythrosinB with a molecularweightof 800and with 37atomsinsteadof

70forCongored, bas adiffusionconstantof0.265X 10**at 6.6°. Anappar-
ent objectionto assumingthat the dye anionsare associatedis that the high

conductivityof the salt wouldrequire largeions to hâvea relativetylarge

migrationvelocity,contraryto what onemight expect,a priori. Thisdiai-

cultydisappearsin the light of MoBain'8~observationson soap solutions.
Theanionsin such solutionswerefoundto be colloidalionsor ionic miceUes

(aggregatesof simplerions)possessinga mobilityof the orderof magnitude
of thatfor the potassiumion. The slowmigrationvelooityoflargeionssuch

as palmitateis due to itsone electronbeinginsufficientto chargeupthe ion

to thesurfacedensitynecessaryforthe,averagemobility. Onthe otherhand,
withtheaggregatesof ions,the ratio of the numberofchargesto thesize,is

suohthat the partides may possessa mobilityeven largerthan theaverage.

Thecolloidalnatureof the Congoredanionis indicatedby its verysmall

diffusioninto getatin"and its failure to dialyze throughparchmentor col-

Ptec.Roy.Soc.,81B,269(t~o?);84,~29(!9M).
g Z. p~1y811C.~r118111., Îvi, ¢$I (I9I0).'Z.phyNk.Chem.,73,48t(t9to).
J.Chem.Soc.,09,ï5S4("9").
Z.physik.Chem.,87, ~9(ï9t4).
J.Soc.Chem.Ind.,3 49 T (t9t8);McMn,Laing,andTittey:J. Chem.Soc.,US,

MM(t9t9);MoBainandSahmon:J. Am.Chem.Soc.,42,426(1920);Proc.Roy.Soc.,
MrÂ,~(t9~o).

'HeMOgandPotottiky:Z.phyeik.Chem.,67,449(t9t4).
'TMpteandBuxton:Z.physik.Chem.,00,479(t907);Vignon:Compt.rend.,150,6!9

(t9to).
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lodion. This is furtherevidencedbythefollowingultrafiltrationexperiment:
Aqueoussolutionsof Congored containingo.o2s,0.0$,and i gram,respec-
tively,of the purifiedsalt per liter werontteredthrougha cellophanemem-
braneultfaSIter under approximately7 atmosphèrespressure. Thefiltrate
wasperfectly ctearin every case, but wasslightlyalkalineowingto partial
hydrolysisof the salt fonning the non-mteraNobluecolloidalacid,andalkali
whichwill pass the membrane. Theseobservationstaken togetherwith the
dialysisexperimentsare quite indicativeof the colloidalnatureof theanion.
Theonlyother wayofaccountingforthefailureofthe anionto passthemem-
braneis to assumethat the cellophaneisaotingas a semipermeablemembrane
andnot as a aieve. This wouldmeanthat the membranemuetshowsuni-
cienttystrong negativeadsorption for the Congoredanionto fill thepores
with water. Aotuallythe dye is adsorbedby the membrane. A further
possibilityis that the dye-oeUophaaeadsorptionoomptexshowsstrongnéga-
tive adsorption for Congo red just aa the copper ferrocyanide-potassium
ferrooyanideadsorptionoomplexexhibitsnegativeadsorptionforferrocyan-
ideand so preventsits passageundercertainconditions.' Thispossibilityis
ruledout, however,on the ground that the adsorptionof an ionmust be
practicatlyirreversibleor the adsorptioncomplexcannotactas a semipenne-
ablemembrane for the ion in question. This is approximatelytruefor the
adsorption of ferrooyanideby copperferrocyanidefrom solutionsbelow i
normal,but is by no means true for the adsorptionof Congoredby ceUo-
phane. There is, therefore,little doubtbut that the red anionsofCongored
arecolloidalmicellesoraggregatesofsingleions,too largeto passafineultra-
filterand too hydrousand fine to bevisiblein the ultramicroscope.

Thé solutionof the red sodiumsalt beoomesvioletat a pHvalueof4and
blueat a pH valueof 3.' The bluecoloris due to a quite insolubleblueacid
formedby replacingthesodiumof thesaltwithhydrogen. Thisblueaoidcan
forma stable negativesolcontainingpartiolessumoienttylargeandanhydrous
to bevisible in the ultramicroscope..

The Red CongoAdd

In addition to the blue Congo acidSchaposchnikoffandBogojawionski"
claimto have prepareda red acid by~issolvingthe solidblueaoidinpyridine,
evaporating,and heating the resultingsalt at tao" to driveoffthepyridine.
Hantzsch~points out that the acid preparedin this way is not red but is
reddishbrown and, in compact mass,a dark brown-violetcolor. The blue
acidis reported to be quitesolublein alcoholand acetonegivingstablesolu-
tionsof the red acid. Hantzsch reportsalsothat heatinga diluteNuesol in
a platinumor quarts dishsometimescausesit to tum to a red whiehreverta
to theoriginal blueon cooling.

tWeiaer:"TheCoUoidatSatta,"N83(t~8).
*S<thB:Z. phyaOt.Chem.,57,47t (t9o6).
J.Rusa.Phya.Chem.Soc.,44, tStg(tg~).

<Ber.,48,tsa(t9tS).
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The oSeetof the natureof the solventonthe colorchangewasshownby
Hantzschlinthe foUowingway:Thirty cubiccentimetersof0.0004molarsalt
wasdilutedwith 350coof liquid. If waterwasusedthe solutionwasturned
to blueby6ocof N/io a!coho!icHC1whereasif alcoholwasusedthe solution
wasred afterthe additionof 1$ceofN/io alcoholioHC1anddid not change
to bluefor3 tog minutes.

As indicatedabove,thefirsttransformationin coloronaddingdiluteacid

to Congoredis from redto purpleor violet. The equationfor the reaction

may be representedasfollows,RNstandingfor the Congored anion.

2 Na' + R" + a H' + a CI' ~=± H~R+ 2 Na' + a Cl'

red blue

Hantzschobserved,however,that whenequivalentamountsof salt andaoid

are brought together in dilutesolution,the color is purple and not blue.

This purplecolor is believedby Hantzsohto be a mixtureof red and blue

acid; but thisdoes not followneoessanlysincethe reactionindicatedabove

isprobablyreversibleto a certainextent. Indeed,Michaelisand Rona*found ·

that neutral salta change the violet-coloredsolution to red. SimUarty,
KolthofPshowedthat anN/gosolutionofsulfuricacidsaturatedwithsodium

chlorideis coloredred by Congored and not blueas it is in the absenceof

salt. Furthermore,a onepercentsolutionofsodiumchloriderendersCongo
reduselessasan indicatorinacidimetry.WedekindandRheinbotdt*observed

that a violetsolutionpreparedas describedabovetums redon heatingand

becomesvioletagain on.cooling. Here atso,one oannotsay to whatextent

this is due to the formationof redacid andto whatextent to reversaiofthe

reactionwiththe formationof moreof the red anion derivedfromthe salt.

Hantzschisof the opinionthat the cotorchangesof all indicatorsaredue

to changeinstructure. He conoludeathereforethat the red and blueacids

are the azoidand ohinoidforms,respectively,of the followingformulas:

0< /o,s\ .>Ct.Ht. N N. CeH~.ÇA N N C~H~~so~ .X)

~H,N/ \NH~

(azoidacid,red)

/0~ /SO~

<O.S,
,C e N NH CiH.. Ce4 NH

C»H H0<, \H~ ~CteH.

N NH. CJï~ C~<. NH

C~H~ ~NH~X)

(chinoidacid,blue)

The onlyevidencefor thisdifferenoein structureis a variationin the visible

portion of the absorption spectrumof solutionsobtainedwhenequivalent
amountsofCongored andsulfuricacidaremixed(ï) in aqueoussolutionand

(a) in aloohoKcsolution.

1Ber.,48,ts8(t~tS);cf.,abo,Kotthoff:Rec.Trav.chim.,42,25!(t9a3).
'Z. EMttMehemie,M,a5!(!9o8).
Chem.WeekNad,t3,984(!9t6),Ree.Trav.ohim.,42,as' ('9B3).

<Ber.,52,Mt~(ï?!?).
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Sincethe colorofmeta!NoMb suohas goldisdetenninedin part by the
size of the particles,Wo.Ostwaldbas proposeda theoryof colorchangein
indicatorsbasedon changein the degreeofdispersionof colloidalpartioles.
Thus Ostwaldlshowedthat theco!orchangefromredto bluein Congorubin
sol is producedby almostaUeleotrolyteaandthat the effectaf ionsofdiffer-
ent valenoyon the changeis similar to that on typical hydrophobicsols.
From theseobservations,heconoludesthat the cotorchangesofCongored
are likewisedue to diBerencesin dispersion. Wo. Ostwatd'stheory is not
accepted*generaUyalthoughit is recognizedthat degreeof dispersionmay
influencethe color,in certaininstances. Butwithindicatorssuohas Congo
red, titmus,phenolphthalein,etc., wheretheooloris soctose!yrelatedto the
hydrogenion concentrationandis so little dependenton otherions,it seems
a veryremotepossibilitythatchangein dispersionis the onlyfactorcoming
in. Indeed,Haner"isof theopinionthat thechangeof colorofCongorubin
with acidsis not the sameinnatureas that withsalta.

Expérimentât

Sincethe aJkan dissolvedfrom ordinary glassat rooin temperatureis
suiBcientto changethe colorof the diluteCongoaoidfromblueto red it was
necessaryto carry out aUobservationsin Pyrexor quartzvesse!sand touse
particularcarein the purificationand storingof aUreagents

P)'ep<!fa<Mwof theBlueSol. A goodgradeofcommercialCongoredwas
purifiedbyrecrystatlizationfromalcoholaccordingto the methodofHunter.4
A s-gramsampleof the saltwasdissolvedin 400ceof waterand a suffioient
excessof hydrocMoricacidwasadded to givea blueourd. Thiscurd waa
thorougUywashed in 250cebottlesby the aid of the centrifuge,the super-
natant liquidafter eachwashingbeingdiscardedand Mptacedby water. At
the outsetof the washings,aamallportionofthe bluegelwasrepeptizedbut
the bulkofthe acid waathrowndownduringthe centnfugiNg.Afterseveral
repetitionsof the washingprocess,there camea timewhenthe wholemass
of the gelwaspeptized,nonebeingthrowndownbythe centrifuge.Asample
of this relativelypure, concentratedsol wasplacedin a Pyrexballoonnask,
diluted, and dialyzed in a Neidledialyzerwith a cellophanemembrane.
After the firatday the dialysategaveno test for chlondeabut the opération
waa continuedfor two weetain order to getas purea productas possible.
The sol usedin the foUowingexperimentscontained1.04gram of the aoid
per liter.

The Acidfrom Pyridine. A a-cubiccentimetersampleof the sol was
evaporatedto drynessona waterbàth, in a transparentquartz dishandthe
residuedissolvedin purepyridine.The deepredsolutionofthe pyridinesalt

1 Kolloidchem.Beihefte,M,t~ (t9t9);cf.SchdemMm:Biochem.Z.,80,t (t~t?).
'HantM~:Ber.,46,!537(!9!3);48,!58(t9ts);KoMd-Z.,H 79(t9!4),PiMMsd:Z. physik.Chem.,8t, 4!? ~9!3):V'"Kt:KoNoid.Z.,IS,84(1914);KMytmdKotthotf:

21,M(t9t7).
aKoHoid-Z.,27,t88 (1920);Laeta:26,ts (!9ao).
Biochem.J., t9, 42(t9ss).
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to drynessonthe waterbath. Asthe evaporationproceeded,andwastaken to drynessonthe waterbath. Asthe evaporationproceeded,and

a filmof the solidappearedon the wallof the vessel,thecrust assumeda

reddish-brownappearanoe. After the liquidevaporated,the depositwas

heatedin a hot airovento lao" to removethepyridinecompletely.Thé 6hn

wasblueby transmittedlight andreddishbrownby reSeotcdlight. Sineethe

surfacecolorof the solidblue acidis reddishbrown,it is altogetherprobable

that SohaposchnikoSand Hantzschwhoworkedwith porcelaindishesmis-

tookthé brownsurfacecolorof the blueacidfor the solidredacid.

jSo!MMM!/oftheBlueAcid in Alcohol.Sincethe blueacidis reportedto

befairlysolubleinalcoholand acetoneit waathoughtthat evaporationofone

ofthesesolutionsat lowtemperaturemightyieldthe solidredacid. Accord-

ingly,10 ce of the sol was placedin a 500ce transparentquartz distilling

naskconnectedto a vacuumpumpthrougha suotionflasksurroundedby a

freezingmixture. Evaporationwashastenedby rotatingthe distillingSask

at intervals thus coatingthe waUswith liquid. By this meansa filmof the

acidwasdepositedwhichwasbluebytransmittedlightbutdistincttyreddish

brownby reflectedlight. To the flaskwasaddedso ce offreshlyprepared

absolutealcohol. Contraryto whatwasexpeoted,the acidprovedto be al-

mostinsolublegivingbut a faint brownish-pinksolution. Thinkingthat the

evaporationhad inSuencedthe rate of solutionof the partioles,someof the

puresolwasaddedto theabsolutealcohol.Theadditionofo.o5ocofsol,con-

tainingi gramper liter, to 10ceofalcoholgavethe brownish-pinkcolorre-

ferredto above;0.1cegave a brown;0.15oca lavender;and0.25cc a blue.

Onstanding severalhours, the exceesbluesol coagulatedgivingthe weak

brownish-pinksolution.

Thisvery slightsolubilityin alcoholdidnot agreewiththe observations

reportedby othersor with our preHmina.ryobservationswithsomestock05

percentalcohol. Witha certainsampleof the latter reagent,3 ceof the sol

gavea bright redsolution,and 4 cea brown. Thissolubility,morethan 60

timesthat in the absolutealcohol,wastraced to the presenceof alkalidis-

solvedfromthe soft-gtassbottle in whichthe alcoholwasstoredfora yearor

more. A freshlydistilledsamplepossessedthe weaksolventactionwhich

characterizedthe absolutealcohol.

The brownish-pinksolutionin absolutealcoholyieldsa Shnof the blue

acidon evaporatingin a quartz dish. If an extremelydilutepalepinksolu-

tion isevaporated,the very thin filmappearsbrownratherthanblue. It is

impossibleto saywhetherthis brownishfilmcontainssomesolidred acidor

whetherthe redpresentis due to salt.formedbyinteractionwiththe alcohol

orwitha minutetraceofsomeimpuritytherein. The latter seemsthe more

probablein viewof the fact that evaporationofa pinkaqueoussolutiongives

a filmof the blueacid.

So!uMt~ in Water. In somepreliminaryobservationswithdilutesolsof

the blue acid in water,the sol wasobservedto changefromblueto red on

heatingand to return to blue oncemoreon cooling. In orderto study this

phenomenonquantitatively,2 ceoftheoriginalsolwasdilutedto 100cewith

conductivitywater. Solsof the concentrationsshownin Table1weremade
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TABM)!1
ConcentrationofDye Solusedin ExpérimentaMcordedin Table11

Solution Ccaditutedaot ~~onM.tMMonofdy.Mfd
(.ttamspetUtw––Mi&equ:va)enta

pefMtor
1 OS o.ooïos 0.00~22 °-75 0.00158 o.oo48

°~ o.oozto 0.0064
~5 0.00263 o.oo8o
"-5~ o.oo3ts 0.00246 ~'75 0.00368 o.ooa8

? 00 o.oo4ao 0.00398 "-So 0.00595 0.0040
3'°~ 0.00630 0.0048
400 0.00840 0.0064
S-oo o.oï0$o 0.0180

up in transparent quartztest tubes thathadbeenthoMughIycloaned. Over
the tubes was inverteda short test tubewhichservedto prevent undue
evaporationduring heating. The tubeswerepbced in a thennostatioaUycontrolledelectrieovenand heated for24hoursat eachof the temperaturesnotedin Table II. The levelof the liquidin the tubeswasmarkedand the
slighttossin water byevaporationwasrepbnishedat intervals.

TABMÏI

Effectof hea<mgDilute Ma cfthe BlueCongoAcid

~° Co!Mafterhe.tiaf!tt
150 1000

?- 40"
0

so"
Color

60'
hutingat

ys' ~<.
i ahnost pink pink pink pmk

colorless

3 blue ahnost pink pink pink
cotortesa

3 blue blue wjyMght light light
blue red Md

4 blue blue !ij~t ~d red
blue

5 blue blue blue bvender red
6 blue blue blue !aYender K:d
7 blue blue blue Mue red
8 blue blue blue blue brown

red
9 blue blue blue blue brown

Md
blue blue blue blue iavender
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The colorsof the solutionsafter heatingat the severaltemperaturesare

given in Table II. At roomtemperatureall of the solutionsappearedblue,
differingonly in intensity, and remainedso indennitely. On raising the

temperatureto 40"enoughredacidwasformedmsolutioni to givea mixture

of red and bluethat appearedcolorless.At 50°mostof the Mueaoidofsolu-
tion i had dissolved,the solutionbecomingpinkor light red. At this tem-

perature, solution2 becamecotor!essand at 60°,it tumed pink. At the

same time, redwas clearlydistinguishedin solutions3, 4, and s, whileat

the higherconcentrationthe red wascompletelymaskedby the blue. At

100°,the most concentratedsolutionin the seriescontainedenoughred to

make it appeardistinctiylavender.
If the redsolutionsare allowedto standat roomtemperaturethey retum

to the originalbluecolor,the diluteonespassingthroughthecolorlessstage.
The rateof this change isslowerthe moredilute the solutionsand the freer

they are fromthe blue sol,the presenceof whichpreventssupersaturation.
The rateof transformationofa red solutionto bluecan behastenedby seed-

ing withsomeof the blue sol.

If this is a caseof solution,the amountof red in presenceofblueshould

be the sameirrespeotiveof the excessof blue présent. Sincethe solutions

are so diluteit wasfound impossibleto determine,by absorptionmeasure-

ments, the amountof red in contactwithMue. Moreover,the insolubleblue

acid mayadsorbsome of the red anionthus reducingthe concentrationof

the latter in proportion to the amountof the Muesol présent. In spiteof

this latter sourceof error, the followingobservationgivesquite conclusive

evidencethat the color changeis the resultof a solutionprocess: Solutions

numbers3, $, and 6 were heated to 70**until 3becamepinkwitha tingeof

Mue, 5lightlavender,and 6lavender. AUthree solutionswerethenmadethe

same strengthby adding bluesol to solutions3 and 5 and waterto 6. As

nearly as couldbe determinedby colorimetrieobservationsall of the sols

were nowof the samecolor.

In viewof the similarity in colorofaqueoussolutionsof Congoredand

of the red acid,it is altogetherprobablethat the oolorof the latter likethe

former isdue to the red colloidalanion. The Mueacidis relativelyinsoluble

but to the extentthat it dissolves,it yieldsa red colloidalanion. Fromthis

point ofview,the blue coloris that ofthe non-dissociatedacidwhilethered

color is that of the ion. Sinoeevidenceof the existenceofa solidredacidis

lacking,it is impossibleto say whetherthere are two structurallydifferent

acids ofCongored. It seemsunlikelythat a changein temperaturefrom30°
to 40°wouldcausethe moleculeto changefromthe azoidto the quinoid
structure whichHantzschassumes;but there is nodefiniteproofeitherway.
In any case,there is no needof assumingsuch a transformationto acoount

for the observationsherein recorded.

CongoRedLakes
Thehydrousoxidesof iron,chromium,and aluminumadsorbCongored

forming stable colorlakes. From the standpointof the theoryof the lake

formation process,the most interestingCongored lakesare thoseobtained
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from theblue acid. BayMss'foundthat hydrousaluminaadsorbathe blue
acid fromits colloidalsolution. If this adsorptionoomplexis washed,sus-
pendedin water, and heated, the color changeafrom blueto red. Since
Congoredsalts are red, BayMssattributed this changein colorto theforma-
tion ofanaluminumsalt. The experimentswereextendedto the preoipitates
obtainedbymixingthe Nuenegativesolwith the positivesoisof the hydrous
oxidesofaluminum,ziroonium,and thorium. The blueadsorptioncomplex
becomesred on heating in every case,providedthe hydrousoxideso!aare
dialyzeduntilpractioaUyfreefromacid. Asmallamountofacid issumoient
to preventthe colorchange.Assumingthat the ootorchangeia due to the
formationofa Congored salt of aluminumor zirconium,thereis noobvious
reasonwhya trace of acid shouldprevent the changeprovidedthere is an
excessofhydrousoxidewithwhichthe Congored acid oanroact.' Bluoher
and Famau'attempted to get around this dimcuttyby assumingthat the
hydrousoxideadsorbaand stabilizes the free red Congoacid whichthey
erroneous!ybelievedto be instablein aqueoussolution.

Wedekindand RheinbotdfconnrmedBayliss'observationand suggested,
but didnotprove,that aqueoussolsof the blueacidcontainmoreor lésared
acid whiehis changedto a blue isomerby acids. The red lakewaabelleved
to bea saltof indefinitecompositionformedby réactionof ahuninawith the
red aoid.

Experimental

TheCongored sol used in the subséquentexperimentswaspreparedas
previouslydesoribed. It containedo.y gramsof the aoidper liter. Since
aluminagivesa typicalJake,the aluminasolwasusedaa theatartingpointin
the preparationofa!l lakes. It waspreparedby precipitatinga solutionof
aluminumemoridewithammonia,washingthegelbythe aidofthe centrifuge,
auspendiagin waterand peptizingcompletelywitha smallamountofhydro-
chlorioacid. Thesolwaspurifiedbydialyzingboilinghot inaNeidlediatyzer
with a continuousHowofwaterat the rate of twolitersperhourfor approxi-
mately 100hours. The solemployedin the followingexpérimentacontained
1.7gramaof aluminaper liter. BothsolswerepreparedandatoredinPyrex
apparatusand the experimentswere carried out in Pyrex tubes steamed
beforeuse.

ColorofAluminaLo~es. The Ërst sériesof experimentswascarriedout
to showthe connectionbetweenthe lake colorand the relativeamountsof
dye andatumina. In aUcases,the Iakeswerepreparedby theaid ofa mixera
whichwaaknownto giverapid and uniformnuxingof the twoconstituents.
The mixturewaspouredimmediatelyinto Pyrextest tubeswhiohwereplaced
in a waterbath at too"for twohours. Theteafter,the tubeswereallowedto

Proo.Roy.Soc.,84B,88ï (!9tï).
'Banen~t:J. Fhya.Chem,M,gy(t9ts).
J. Phya.Chem.,IS,634(1014).

<Ber.,N,ïoïg ('9t9).
Werne)-andMiddleton:J. Phya.Chem.,24,48(t99o).
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TABMIII

Color of Congo Red-Alumma Lakes

(T.25..)
C.t.rh~.g

(Totalvolumeagao)
tnces InniMItequivatents Fireotpitate SopenmtMt

At~), Dye AI.O, Dye liquid

ç x 0.9 0.0022 Red Pink

8 2 o.8 0.0043 Red Pink

y 3 o.77 o.oo6s Red Colorless

6 4 0.6 o.oo86 Red Colorless

5 5 0.5 o.oïo8 Purple Red

4 6 o.4q. 0.0130 Purple Red

3 y 0.3 o.otSi Purple Red

z 8 o.a o.oty.; Blue Red

i 9 0.1 o.ot04 Blue Blue

stand for twelve hoursand the observationsnoted in TableIII weremade.

Althoughthere is presentat all timesa largeexcessof alumina,the lakes

vary in oolorfromredthroughpurpleto blueas the concentrationof the dye

sol is inoreased. It willbenoted tbat, asusual,the rangeofcompletemutual

precipitationofoppositelychargedsols,is narrow.

~ec< of Acid. Theeffectof acidonthe colorof a givenlakeis shownin

Table IV. It willbeseenthat under theconditionsoftheexperiment0.00005

normalhydroohlorioacidpreventathe formationof a purered lake. Heating

in the presenceof acidcausescompletecoagulationof thesols.

TABLEIV

ENeetofAcidon ColorofCongoRed-AluminaLakes

Ingredientsmhedin Color
cubiocentimeteM Withoutheating Afterhe&ttM

(TotatvotumeMoo) aftwtwodaye
~w~~

AliOs Dye ~o~S1N) Prooipitate Liquld Precipitate LiquidAt~), Dye (.~N)N) P''e<"P:~te Uqatd PMcipttate Mquid

g 2 o.o Red Colorless Red Colorless

g s o.s5 Blue Red Purple Colorless

g 2 ï.o Blue Pale blue Purple Colorless

g 2 2.0 Blue Light blue Purple Colorless

S 2 4.0o ~No Blue Purple Colorless

g 2 6.0o (Frecipitate Blue Blue Colorless

Mee~MtMtMof theLo~ FormationProceM.In the lightof the aboveob-

servationsand thoserecordedin the previoussection,the mechanismof the

formationof the takesappearsto beasfollows:In thebluesolthe following

equitibnaaresetup:

nHitR±?nH~R xnH' + nR'

bluesol solution red
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whereR*istheanionofCongored. Risein temperaturedisp!acestheequilib-
ria to the right. Onmixingthe hydrousoxidesol withthe blue dye,mutual
coagutationofoppositelychargedpapotes résultain the formationofa blue
lake. FoUowingthisprocessthe aluminaadsorbathe red coUoidation shif.
ting the equilibriumgraduaHyto the right.The colorof the lake ultimately
formeddependson the hydrogenionconcentrationand the amountof the
bluedye. If theamountof dyeisnot inexoesaof the adsorptioncapacityof
aluminafor the redanion,the lakewillbe red. If there is an exoessof the
bluodye, the bluecotorMendswith thered givingpurpleor if the exoeasof
blueis 6u~Boient!ygreatthe redco!oriamaskedcompletely. Risein tempera-
ture inoreasesthe rate at whiohthe adeorptionequilibriumia set up. The
additionofevena Nna!lamountofaoidcutsdownatillfurther the lowsotu-
bilityofthe add asweUas the degreeofionisationof theacid, and bluelakes
onlyare formed.

Fromtheseconsiderationsit foUowsthat if the excessof Muedyoabove
the adsorptioncapaoityofaluminafortheredanion,weresuchthat it would
dissolveand beeomered on heating,the lakeehouldbe red whenhot and
purpleto bluewhencold. This provedto be the case: To 2500ofa blue
solcontaining0.00067gramof dyewasaddedi ce of the atuminaso!. The
blue lake waschangedto red on heatingbut on standingfor sometimeat
roomtemperature,it becamepurplishblue.

The observationsindicatethat the redlake like the blueis an adsorption
oomplexand not an aluminumsalt. If the aluNoinasolis free fromcations
other than hydrogen,then the red lakeconsistaultimatelyof an adsorption
oomplexof aluminaandtheredacid. Totheextent that alkalior ammonium
cationsare present,the dyemaybeheldas the red alkalior ammoniumsalt.
Banoroft*believesthat someammoniummuetbe presentin the aluminaand
chromicoxidesolsusedbyWeiserandPorter~inpreparingtheir alizarinlakes,
otherwisethe lakeswouldnot bered,sinoealizarinisyellowand not red.This
contentionis validunlessit shouldtum out that a thin filmof alizarinad-
sorbedon a hydrousoxideis red.

The mechanismof the dyeingofcottonredfromthe so!of the blueadd
issimilarto that ofthe formationoftheredcolorlakes.

summary

ï. Aqueoussolutionsof Congoredcontaina red colloidalanionwhich
is too smalland hydrousto be visibleinthe ultramicroscopebut whiohwill
not paaaa membraneperméableto ionsintrue solution.

a. Replacingthe sodiumin Congoredwith hydrogengivesa Muecol-
loidalaoid, Atypicalequationfortheréactionis: a Na' + R*~(red) + aH' +
a Cf H2R(Mue)+ a Na' + a CI',whereR" standsfor the anionof the
dye. Sincethis reactionis partly reveraibleCongored isnot suitableforan
indicatorm acidimetry,in the presenceofsalta.

Privatecommunication.
J.Phys.Chem.,31,tS~ (t~y).
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nLt~ -J –– -M––,.–t..t.I~ -A~ < ~~t
3. Thé blue aoidia veryslightlysolublein wateryietdingthe red col-

loidalanion. The sotubiutyincreaseswithrisingtemperature.Imthe blue

solthe foUowiagequilibriaexist: nH~R(Mue) nH:R (in solution)&?

9nH'+ nR' (red).

4. Thé positivetychargedhydrousoxidemordants,suoh as alumina.,

adsorbthebluecoUoida!aoidgivingblue takes. If the amountofblueacid

isBmaHthe blue lakeschangeto redvery slowlyat ordinarytempératures

andmorerapidly&thighertemperatures. The prooessconsistain the ad-

sorptionofthe red anionbythe hydrousoxidedisplaoingthe reactiongiven

in (3) to the right until all the blueacid diBappears.If the hydrogenion

concentrationof the bath is too highor the amountof blueaoidis inexcess

of the adsorptioncapaoityof the hydrousoxideforthe red anion,the lake

remainspurpleto bluein color.

S. Thebluelakeis anadsorptioncomplexof the Mueacidandthe hy-

drousoxide.The red lake is an adsorptioncomplexofhydrousoxideandthe

redacid{oralkali satt). The red aluminalake isnot an aluminumsalt of

Congoredas assumedby BayHsB.
6. Themechanismof the dyeingof cottonredfroma soloftheblueacid

iaaimDarto that of the formationofthe redhydrousoxidelakes.

y. Definiteassuranceof the existenceof the redCongoacidin thesolid

etateislaoking.Theproductformedby decomposingthepyridinesaltisblue

by transmittedlight and reddishbrownby renectedlight. It is probable

that SohaposohnikoKand Hantzsohmistookthe surfacecolorof the blue

aoidfortheaBegedred isomer.

r~B<M~tM<««<e,
HoMOMt,TNCM.



BY M. C. BEtNKABD AND B. F. BCBBEÏNBR*

It is wellknownthat intenseX-radiationcausesglass to takeon color
dependingonits ohenuoalcomposition.Leadglassiacoloredbrownandglass
containingmanganèseis ooloredpurple. RecentlywehaveexposedtoX-rays
samplesof a specialglass containingvariousamounts of bismuth.' After
twelvehoursofexposurethisgtassbeoameyellowincolor. Thédepthofcolor
produceddidnot inany wayparallelthe concentrationof bismuth.

This cotoratioain the g!assis fairlypermanent,requiringheatingahnost
to the meltingpointin order torestoretheoriginalco!or. Ontheotherhand,
Bayley~basfoundthat someinorganiceryatabwhenooloredbyX~rayslose
their coloras a resuitof exposuretoordinarywMteUght.

In viewof theserésulta andainoeglasswhichis a silicatetakeson color
as a result of radiation it seemedreasonableto expeot that certaingems,
someofwhiehalsoaresilicates,mightbeohangedincolorby similarradiation.
The followinggemswere thereforeexposedto thé and <yradia~onfrom
radium andaisoto X-rays. Thegemswere:

TopM A1~8i0<
Aquamarine Be~Ut(8iO,),
Amethyst giO:
Whitediamond
Gamet Mg~U,(Si04),
Browndiamond
Imitationemerald.

Thesegemswereplacednexttoa glaasbulbcontainingonegramofradium
in solutionas radiumbromideand 15cm awayfromanotherbulba!socon-
tainingonogramof radium in solution(the radonwas removeddailyfrom
over these twosolutions.) Thegemswereleft in this positionfor twenty
daya. The radiationia not as intenseasat firstapparentbecausetheradon
iaexpandedin a considérablevolumeand it is removeddaily. In spite of
this the gemsmust have reeeivedconsidérable and -y radiation. They
showedhowever,nocolorchange.

The stonesweretherefore,placedat a distanceof 70 cm.fromthetarget
of an X-ray bulbwhiohwas operatedat aoo.ooovolts and 30milliamperesfor 100hoursof intermittent radiation. Theradiationwasunnitered.This

B~ Studyof MalignatDi~e, B~r~, NewYork,BurtonT. %p9oz4M.D.,Direotor.
SuppMedbyPMÎMMrE. R.R~d, UnivessityofBuffalo.

*P.L.Bayïey:Phya.Rev.,(a)M,4M(!

SOMEEXPERIMENTSONTHEPRODUCTION0F COLORINGLASS
ANDIN GEMS BYX.RAYSANDRADIUMRAYS
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intensiveexposurealsofailedto producea noticeablechangein the colorof

anyof thé gems.Verymuchless timeofexpoauMwouldhaveproduoedcolor

ingtass.
Thebrownandthewhitediamondwerenextplaoedimmediatelybeneath

a glassbulb, 3 mmin diameter,containing440rniHIouneaof radon. The

diamondswouldwith this arrangementreceiveboth thé and Y radiation

fromtheradon. Thewhitediamondimmediatelynuorescedina beautifulblue

colorwhereasno fluorescenceat all couldbe observedin the browndiamond.

Coolidgeand Mooi~ report that with high-voltagecathoderadiation they

obtainedblue fluorescencein 32 out of 24 diamonds,oneof the remaining

showedyellowandtheothergreenfluorescence.

The diamondswereleft beneath the radonbulb for a total of 60,700

muliouriohours. No colorchangecouldbe detectedwhenthe radon was

removed. This is in accordwith Mnd and BardwelPwho eoncludethat

diamondis not coloredby and 'y rays fromradiumin a glass container

o.gto i mm.thick.

Noneof the othergemsshowedany fluorescencewhenexposedto the

raysfroma glassbulbcontaining150tniUicuriesofradon.

Natural quartz crystab were also exposedto intense X-radiationbut

showedno colorchangeafter 35 hoursof exposure.Fused quartz, on the

otherhand, beoamebrownin spots,otherareaaremainingolear. This same

effect was producedby Coolidge'with cathoderays from bis new high-

voltagecathoderay tube.

Sammaïy

The followinggemsare unaffectedby veryintenseX-radiationand by

and raya from radon: topaz, aquamanne,amethyst, gamet, white

diamond,and browndiamond.

Thewhite diamondnuorescedin a beautiMbluecolorwhenexposedto a

radontube; noneof theothergemsnuoresced.

Natural quartzisunchanged,whilefusedquartzis coloredin an irregular

brownpattern by X-rays.

1CoolidgeandMoore:J. FMt)tdinInst.,202,7~7(!9:6).
'LindandBatdweB:J.FrauklinInst., 1M,52(t~j).
CoolidgeandMoore:J. FranHinInet.,M2,722(t9:6).
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C.W.MCBHLBBRQEB
In !843,Bineau'pointedoutthat thehydrohatogenacidsformedoonstant-

boilingmixturesand attempted to identify thèse azeotropiomixtures as
definitehydratesof the aoids. He showedthat under ordinaryatmospherio
conditions,aqueoushydroNuorioacidof35.6to 37.6%concentrationdistilled
at constantcomposition. He reported that the constant-boitingmixture
boiledat iao"and hada densityof ï.tg. Roscoe*later studied the constant
boiMngmixturesofaqueoussolutionsofthe hydrohatogensand, in additionto
conCnningBineau'sexperimentalwork,he showedthat the compositionof
the equilibriummixturewasa funotionof the temperature at which the
equilibriumwas reached. Thus, at the ordinary boilingpoint of aqueous
hydrofluorioaoidunderapressureofoneatmosphere,theeqnilibriummixture
wasfoundto be 36to 38%hydrogenfluoride. However,at 15", the equi-
libriummixture waa 33.5%. By thia type of experimentation,Rosooe
showedthefallacyofBineau'shypothesisoftheformationofdennitehydrates.

Morerécentworkby Deussen*showedthat at atmospheriopressurethe
constantboilingmixtureof aqueoushydroSuoricaoid was43. hydrogen
fluoride.Thismixturewassaidto hâvea densityof ï.i38 at 18°and a boiling
pointof 111"at apressureof750mm.ofmeroury. For theseexperimentshe
useda platinumstillnttedwith a thermometerwell. Theconcentrationof
his solutionswas determinedby titration with barium hydroxidesolution
whiehhadpreviouslybeenstandardizedwith crystallizedpotassiumhydrogen
fluoride,usingphenotphthaieinindicator.

Inour laboratory,distillationsof pureaqueouahydrogenfluoridemadem
a platinumapparatushave indicatedthat the eonstant-boHingmixture is
38~8%HF ( d:o.io%)at a pressureof735mm. of meroury. The densityof
thisconcentrationofacid,asdeterminedwitha Westphalbalancefitted with
a Bakeliteplummet,wasfoundto be 1.138at so". This agrées with thé
densityreportedby Deuseenbut is considerablyhigherthan the densityof
38.18%hydrogenSuondegivenby Winteler*.The boilingpoint of the azeo-
tropicmixturewaa determinedin a lead distiUingapparatus fitted with a
thennometerwelland wasfoundto be no.8" at a pressureof 739mm. of
mercury.

Theconcentrationof the constant-boilingacid wasdéterminedby titra-
tionwith1.5normalsodiumhydroxidesolutionusing phenotphthateinas an
indicator. Precautionsweretaken to excludecarbonatesand silicafromthe
reagentsandto insurethat thehydrofluorieacidusedwasfreefromimpurities.

'A.m.CMm.Phya.,(3)7,M7-7S(tS~).
'Anm.,tM,M~-aM(t86o).
1~ 5' ~3~ <'9<~)'<anorg. Z. Mtgew.Chem.,t9M,33-34.4Winteler:Z.angow.Chem.,1902,33-34-

THE CONSTANT.BOILINGMIXTURE.0F HYDROGENFLUOBIDE
AND WATER'
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ConstantboilinghydrooMonoacidland caiefutlycrystaUizedoxaMcaoidl
were used as primary standards in detenniningthe concentrationof the

standardalkalisolution.
Fromthese'resultsit is apparentthat the concentrationof the coastant-

boilingmixtureofaqueoushydronuoncacidreportedby DeuBsenis toohigh.
Thiserrormayhavebeendue to impuritiesin the KHFIwhichheusedas an

acidimetriostandard.
Thewriteris greatlyindebtedto Prof.GeorgeKemmorerandothermem-

bersoftheChemistryFaoultyofthé Universityof Wiscoasinfor theirkindness
in providingapparatus and other facilities,withoutwhiehthis workwould

hâvebeenimpossible.

t/ttttWtt<~af~~MMMttt,
~ft<K«Ht,t~MOM<<t.
~p)«ZS) !9~S.

FoutkandHoNngeworth:J Am.Chem.Sec.,4S,iMy(t9~3).
HNMdSnMth:J.Am.Chem.Soc.,44,$46-557(t~:).
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Photochemlcal Proceases. B~ GeorgeB. X<e«o<MtM~. X cnt; pp. ~70. New

York: C~tMo! CataloqCompany, 1918. Prfee: M.M. The subjeot Mtreated under the

general headings: the conceptof light quanta and photoohemicalkinotiea; the equivalence

law; chain reactions; photosensitisation; catalysis and inhibition: frequeney of radiation,

température, and the rate of photochemical reactions.

In the foreword ProfessorTaylor says, p. 7: "The présent volume bas attempted an

analysis, fromthe stand-pointof quantum theory, ofthosephotoohomioal réactionsof which

the study bas been sumeient!ydetailed so that somedefinite conclusions conceming the

kinetica of the processean be reached. The <!t<ofp<«w<~??/(<Ma quantumprcceM

tMM~tMpone quantum per a6~orM)t~)no!e<~e (or a<om). The photochemicalyield i8 de-

<emMtt«!by thethermalfMdtMoff the~<Mt produced the light atMorp~~on.The foUowing

pages will show, 1 believe,that auch a general"tion ie adequate to thé faotanowknown."

The reviewer is not yet convincedof this. He haaMt found any real attempt to provo
the truth of the fundamental hypothesis that the nmt stage in a photochemicatprocéda ia

the absorption of exactty one quantum of tight. The reaMnint; MeBMto bimto be some-

thing like thia. If we aœmMthat the first stage is the absorption of exaetty one quantum,

higher yietds must be due to a chain reaction. We nnd higher yidds in manyoaseffand we

are therefore dealingwith chain reactions in thèse cases. Of course it is not put quite so

baidty as this. On p. !:3 another criterion is suggested,though very little useis made of it

and no attempt is made to ptove that it can only ocourwith chain reactions.

"Besides acetone hydrolyais, such reaotiona as the décomposition of ozonoin ultra-

violet and visible light, the decompositionof hydrogenperoxide, the oxidationsof hydriodic

acid, of sulfites,of iodoform,and several others, mustbeenumerated amongchainreactions.

Besides an excessivequantum yield observed in manyof these reactions, they possesa an-

other property common to chain reactions. We haverepeatediy observed that those re.

actions which have an exceedinglylarge quantum yield are partioularly sensitive to the

presence of even small tracesof foreign substances, the présence of which eitheraeceteratea

or retards the rates of thesereactions."

One wondera to what extent adsorption plays a part in photosenaitisation by zinc oxide,

p. 155. "A large variety of photosensitised reactions basbeen ehown in recent years to be

due to the action of solidparticles of zinc oxide. Eibnerdemonstrated that oitpainta con.

taining zinc oxideare destroyedmorerapidly by light than those oontainmg otherinorganic
substances. Winther studied the Nuorescenceof zincoxideand some of its photosenaitiaing
actions. For both processes,the near ultraviolet spectratregion was found to be effective.

Winther demonstrated that, in presence of uluminated sine oxide, glycerin is oxidised to

glyceroae and that this procesacan be carried out either itt presence of free oxygen or in

presence of différentinorganiocompounds. In absenceofair, tead carbonate is,for instance,
reduced to metaiUc lead by the reducing action of glycerin. Winther suggestedthat the

zinc oxide remaias chemicallyunchauged during thesereactions and supported hie view by

experiments which showedthat actuaNy the suie and shape of single zinc oxideparticles
remain unchanged even on prolonged illumination in presence of glycerin and lead car-

bonate." It looksas though it were not goodform for the catalytic hand to let the photo-
chemicaJ one know what the former ia doing.

Th<a*eia an interesting passageon p. ~y. "The existenceof Mght-absorbingcentres in

a single moleculesuggests,further, the possibMityofseveraldistinct photochemiealprocesses
caused in the same light-absorbingmotecuteby light ofdifférent frequencies. This problem
is undoubtedly of considérableinterest, but unfortunately very little experimental work

bas been done in this direction."

The author apparently accepta,p. to6, theviewof Moureuand Dufraisse that "nonnatly
oxidations by free oxygenproceed through an intermediary formation of an instable per-
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<<m)tfnv!ntfthif) nm'nxtdo "Tha ehatn oharnotar of theoxide and that inhibitors act by destroyingthis peroxide." "Thé ehain charaoter of the

photochemicaloxidation ofsodiumsutnte wasdemonstrated by BMfttrom, sinoe he found

as many as 50000moleculesper absorbedquantum of waw-length <536Â."

Whether one agrées with the main thesis of thé author or not-and the reviewer does

not-we are indebted to Mmfor the admirableway in whiehhe bas presented the enormous

mass ofdata. The mbjeot matter iswellarranged and tho view-pointisheld to eonsistentiy.
V<MerD. B<tM!-<~<

BlochemicalLaboratoryMéthodefor Students of the BiotogicatSciences. By C<oreM<

A. Morrow. M X M cm; pp..):M<+ 560. New yor&: Jo~ tf~ and Sons, /9.?7.

Preee.' <9.7C. The reviower muet firat express most sincère regret at the death of the

author whieh ooounredprior to the publication of this excellent book. ït Is a manuat

for use in training etudenta in the laboratory methode of biological chemistry with

emphMia somewhat upon the plant Bide,and ia the outgrowth of nine years' experience

in Moohemicatlaboratory metho<b.Two hundred thirty-three expérimenta are deaoribed.

There are nine chapters: the cottoidalstate; physioat chemical conatants of plant sapa;

hydrogen-ion concentration and buffer action; proteins; earbohydntea; glucosides; fats

and attied substances; eMymes;plant pigmenta.

A Metof weH-chosentefereneeeat the end of eaoh experiment i<an admirable feature

as in the introduction of Buffiolenttheoretioal mterial in the experimental descriptions to

olearly point out the connectionbetweenthe two.

The book is designed for studentawith a previous knowledgeofquantitative analysis

and organio ohemistry with a view to training in researoh methods. The question

arises whether such a book mightnot better be designed to followalso an introductory

course in pbysical chemistry.
Robert L. W«9<t'<

Das pettodtsche Systemtn neuerAaordaung. By D<tnMM0. Lyon. 18 X cm. L~p-

zig and VteHMt:Frank Deutieke,~S. P~ce; 8 ttMrte. Dr. Lyon has written in English,

and published in German, a Thesison the Periodic Classification of the Elements. The

introduction deals with insolubleproMems,such as the relative abundance of the chemical

elementem nebulae, in stars and in the interior of the earth, and the pmcessesof transforma-

tion involvedin their synthesis anddecay; but the principal contentaof the pamphlet are a

series of tables and spiralem whichthe periodieSystemis presented in a modifiedform, as

it bas been by many other authors. The principal justi6cation forissuing the pamphlet

may be found in two tables and a series of diagrams in which ts ofthe physical properties

of the éléments are set out (t) in orderof atomionumbers, (2) in orderof magnitude. Thèse

willgive an opportunity to the eamest student to explore more fullythe implications of the

Periodic Law, but the only important novelty appears to be the groupingof paramagnetie

and diamagnetio elements in clusteraof 3 + in the short periodsand of 3 + 4 + 3 and

3 + 5 in the long periodeof Mendeléef'seiassISoation. The elementof research is repre-

sented by a study of tables of data rather than by etqMrhnentatwork.

T. M. Lmory.

Dher Losungs- und VerduanangswafmeneMger starker Btettttetyte. (fcr<<et<«<eder

Ctemte, PA~~ und p~<<t<tM<tA<aC&em~,Bond N~<9). By JMetLange. M X 17 cm;

pp. 88. BefKtt; GetM!derBorn<n«~e<MM. P'tee' C.~0marks. The importance of the

heats ofsotution and dilutionofetrongelectrolytesin connection withthe theory of complete

ionisation is obvious, and the present monograph serves a useful purpose in bringing to-

gether a brief account of the theoreticatside of the subject and therather seanty experi-

mental results, for aqueoussolutionsoniy. Thé Uterature referencMare complète, include

Amerioanpublications, and are brought up to the date to~. BrM accounts of the experi-

mental methods are ineluded. Theinteresting connection between heat of solution and the

lattiee energy of salta is considered.
J. B. P<t)-<M!e<<M
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Amedeamï.uMtMts. ~A~~cMoW. y~~e~ ~X~cM;pp.~+~os.
E<M<tM;y~ CA<m<ea!PttH~Mttc Company,MiM'. PfM-e:?.00. The second éditionwaa
reviewedmorethanBevenyeara ago (M, 497). In bringing thé new édition up to date thé
eue of the book bu been inoreased about twenty percent. The book lawritten "to aid the
user and the buyer of tubrioanta in a moreintelligent seleotionof oib and greMes. The
point of view thmughout is that of the uzerrather than that of the teSner."

~tMer D. Boscr~t

Errata
în the paper by D. H. Peacock (9t, 595),the name of 8. C. J. Olivier shouldbe eub-

stituted for that ofHolleman in comtectionwith the secondfoot-note on p. 53S. Onp. 540
the ONtequation thouMbe ohanged to readi

k N~ VStr RT(t/MA t/Ma) e

In the paper by Andrewaand deBeer(32, to.;t), change the -Y above (3) on p. togt
to +Y. On p. tOMnineteen linea fromthe top, change too octo 300 ce. On p, to~gunder

C, change -o.n° to +o.n' On p. tû~ change ï.ao' to M.O".
tn the paper by F. F. Sherwood and E. I. Mmer (30,738) the CMt equation in Table

IX on p. 745shotitdread 0.0960+0.0306~ For Table XVI on p. 7sa, eubstitute the revised
table given below.

VAm~aop kt, 0~ and ~t fon tm GzowrH or YeABrM VAMO~aMjBNA

Wt = wortwithnoammoniumcMonde
Wt = wortwithoptimumconcentmthmforeach temperature.
Et =' MediumE keptoptimumfor30'.
Ef=' MediumE optimumfor eachtemperature.

(Shtor(t903)).

_W,Wt_E. Et
Sator

t'kXto'Qt, jtoo EXto' p., ~M tX!~ Qm t:Xto' 'Q,T ~j~'M_
o 'a:

T

~.53 t.tg
S (~.6) (7.4) (a.ss)

to 430î.5e t943CM.9~39 ~Soc 3.~ 4.05 ;.sa t94}o;.6!6s8o
!S (7.ï) !6o&)(ï4.o) tMM (5.2) (6.90) t647();.8:!3so
M to.3St.4t !~so t7.8ot.63 8087 7.77t.40 14500 8.83 ï.ï8 Ms8o:.9t7o6o
~('9.5) t!ooo(t9.4) s6o<i('o-4) t!89c(n.9o) too8o~t3SM
3Ct6.6t.63 92tqao.5tt.t5 Z53tt3.6tt.75 992~13.61 1.54 76set.9tt3<)o
3:(t9.o) 6?4t(so.4) 9M(t3-4) 4645(!4.a) 4Mt.e86t8
40 t9.36t.t5 t6t7 ~0.050.97-1403 t3.t6().966-1403 14.5~ 1.07 M8t
49 t9.z3o.99 -ZM3 io.98f).834 12.39 0.85
43 t.8o!t.Q93__ t.430.tt5__

W.,rswntt mithnnammnninnnnhlm·ian
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Copper eatatysts, synthesis of water over nickeland, yto
Copper colloidalsolution, pure, température of coagulationof, 425
Copper oxide eatatysts ofsodium hypochlorite,iron oxideM promoterin the, 1808

Cotton, silk, and wool, dependenceof the resistivity of, on relative humidity and
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Data, newsolubility, latent heat of fusion of naphthatene from, !0~9
DeaminMedgelatin, behavior of, 763
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chromiumoxide catalysta in thé, ty~
Decompoeition,oatatytic, of formioacid vapor, tzt

Décomposition,oatotytie, of méthane! ~tg
Decomposition,catatytic, of oteioacid, to~o
Décomposition,oatatytic, of sodiumhypochloritesolutions, .943, t8o8
Décomposition,photoohemicat,of hydrogeniodide; the modeofoptical dissociation, 270
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DepOtnts,solid etectrotytic, 843
Derivation of the freeaing-pointand boiling-point tawafordilute sotutions, a pre-

valent error in the, to8o

Detection, arc spectrographie,and estimation ofgaMium, t~
Détermination of pH, colorimetrie,the salt error of indicatorein the, 1820
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Determination of vapor pressureand water of hydration ofsolidcompounds,a micro

methodfor the, 1380
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meansof, 829
Devetopment of a method of radiation oalorimetry, and the heat of fusion or of

transition of certain substances. 9~
Diabètes, metabotismin normal heatth and, )[663
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DicarboxyUcacid, acétoneoarbon dioxidecleavage from. 96!
Muèrent temperatures, rate of muttiptieattonof yeaat at, t86$
DilutesotutiotM,a prevalent error in the derivation of the freesing-pointand boiting-

point !awBfor, to8o

Dilution, free energy and aetivity of, ofsome satta ofcadmium, 91
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Dioxide,carbon, cteavage from acétonedicarboxylioaoid, 96:
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Dispersions, aqueous gdatin, optical aotivity and coMoidatbehavior of, 89~
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Diaptacement of equilibriumby light, 529
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Effect of satts on-weakelectrolytes. 1495

Etfect of température on rate of oemoeiB, 127
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Eteetncat properties of the anode layers, tot8
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Electrode, hydrogen, thé préparation of the, tos6

Electrode, oxygen, as a quaai-quantitative instrument, 990

Electrode, oxygen, influenceof movement of electrolyte upon thé ateadinessof the

potential of the, U7'

Electrodynamics of surfacecatatysia, too6
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Electrolyte solution, equilibriumin, 67

Electrolyte, influenceof movement of, upon the eteadinesaof the potential of the
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Entropy and energy, internal, ofa substanceor mixture, formulaafor, t396
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Fata, carbohydratea and nitrogenous products, oxidation of, by a!)-in presence of

Mmtight, ~63
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Fluoride,hydrogen, and water, the eonstant-boiMngmixtureof, t888
Formicacid vapor, catalytic décompositionof, ta;
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Functionof temperature, latent heat of vaporisation as a, 576
Fusion,heat of, or of transition of certain substances, ~M
Fusion,latent heat of, or of naphthatene from new solubility data, t049
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Gatiium, t4~
Gallium,arc spectrographic detection and estimation of, t49
GaHium,extraction of, from lepidolite, t4:
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Cases, adsorption of, by graphitie earbon, tSZ4

GMes,cathode and anode,779, 843, 'ot8

Gases, eaaity condensabte,adsorption of mixturesof, !387
Gas réactions, homogeneous.studies in,Ms, !06s

Gelatin, deaminized, thé bebavior of, 763
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Heatth, normal, and diabetea, metabolismin, '663

Heat oapacity of tow-quart!!at 573°,bigh-lowinversionof quarts and thé, on, !206

Heat of fusion, latent, of naphthalene fromnewsotubititydata, to~~
Heat of fusion or of transition of certain substances, developmentof a method of

radiation oalorimetryand thé, 9tz

Heat, latent, of vaporisation aa a hmotionof température, 576
Heats of adsorption of certain créante vaporson oharcoalat ~5°,the, 360
Heats of vaporisation of isopropytalcoholand ethyt atoohot,the, 6t

High-low inversionof quarts and the heat capacity of low-quartzat 573*,the, t2o6
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High-tomperature fixationreactions of nitrogen, new, t488

High vacuum, rate ofevaporation of tnoltencadmium in a, t5t6
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ofthe. 86t
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Humidity, relative, and moisture content, dependenceof the resistivity of cotton,
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Hydration, water of, and vapor pressureofsolid compounds,a micromethod for the

determination of, t38o

Hydronuoricacid.astudyof. n~a
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Hydrogen electrode,préparation of the, and removal ofa commonsource of trouble

inconneetionwithitause. tos6

Hydrogen, ethylene, acétylène and ethane, adsorption of,by stannotNoxide, t4a3

Hydrogen fluorideand water, oonstant-boilingmixtureof, t888

Hydrogen iodide, photochemicatdécompositionof, 270

Hydrosol, lead setenide,préparation of a, 698

Hydrosoi, tead sutphide, préparation ofa, and its combinationwith phosphate ions, t7t7

Hydroxide.ferric.sot. '872

Hydroxybenzene solutions,aqueous, somephysica!propertiesof, 785

HypocMorite, sodium, copper oxide catalysts of, iron oxideas promoter in the, t8o8

Hypoohlorlte, sodiumsolutions, oatatyticdecompositionof, ~43, !8o8

Identification and isolationof "bioa I", the, '094

Illuminator, Hilger uttra-viotet monochromatio,reBection tosses in the optical

system of the, 86t

Incident light, the intensity of, influenceof, on the velocityof somephotochemical

reaotioM, t3o8

Indieators, sait error of, in the eatorimetncdéterminationof pH, !8:o

Influence of concentration ofa sol onita stability, '23!
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Influence of tight on the color of ferrieohloridesotutions, ~69
Influence of movement of eleotrotyte upon the steadinesa of thé potential of the

oxygenetectrode, t~~
Influenceof pressure on thé high-lowinversionof quartz, n97
Influence of satts on the sotubiUtyof othorsalt. in non-aquooussotveuts, t~o~
Influence of thé intensity of incident light on the velocity of some photoohemiesl

''eaetions,
Instrument, quasi-quantitative, thé oxygeneleotrodesa a, ggo
InteM:ty of incident light, the inaueneeof, on tho vetoctty of some photochemiesl

reactiona,
Interface, liquid-liquid, réaction vetoeityat a, 882
Inter-ionio attfMtion theory, the solubility of potassium bromide in ttcotone as

related to thé,
Internat energy and entropy of a substanceor mixture, formulaafor the, 1396
Introduction of quantum theory, to6s
Invereion, high-low,of quarts, and theheat capacity of low quartz ttt 573°, tao6
Inversion, high-low,of quN't<, influenceof pressure on the, t toy
Investigation, x-ray, ofthe adaorbonta. ;ga~
Iodide, cadmium, in aqueoua solution,aotivity of, g~o
Iodide, hydrogen, photochemioat decompositionof, and the mode of optical dis-

sociation. ~yo
!od{de,sodiumand potassium, equiatomicquantities of, a system oomposedof, ~66
lonization and photochemioatréactions,relation between, ~3
tons, phosphate, the préparation of a lead sutphide hydrosol and ite combination

mth, ,~y
Iron oxide as promoter in the copper oxidecatatysts of sodiumhypooMorite, 1808

Iron.someexpenmentson, tgM
Isoetectric point for chareoat, adsorption from buffer solutions as a means of de-

termimngthe, 8~9
Isoeleotriosolubilities,optical isomeKofcystine and their, 1031
Isotation and identification of "bios I" too~.
Isomericorganiocompounda.soiuMUtyrelations of.599, tggt
Isomers, optical, of cystine, and their isoeleotricsolubilities, to~t
hopropyt atcohol and ethyl alcohol, heatsof vaporisationof, 6!

Knowledgeof disinfeotant action, a contribution to our, 868
Lake, eo!or,formation, physioatchemistryof, t87$
Lakes, Congored, and red Congoacid, t8y5
Lamp, the uviot. energydistribution of, tg~z
Latent heat of fusion of naphthalene fromnew solubilitydata, 1049
Latent heat ofvapori~tion as a funotionoftemperatUK, 576
Law, mass-action, in electrolytes,aetivity coefficientsand, t~6ï
Law of themodynamies in chemistry, the second, 082
Law of thennodynamics, the third, the applicationof, to someorganio reactions, 73~
Laws, freezing-pointand boiling-point,for dilute sotutions, a prevalent error in thé

derivation ofthe, ;o8o

Layers, anode, eteetneat properties of thé, tot88
Layer, surface, of liquideand thé sise ofmolecules, 879
Leadsetenidehydrosot, preparation ofa. 698
Lead sulphide hydrosol,préparation ofa, and its combinationwith phosphate ions, tyty
Lepidolite,extraction of galliumfrom, t~
Light, absorption of, exoitedSystemformedby thé, 5o7
Light, incident, influenceof the intensityof, on the vetocity of some photoohemical

réactions.

Light, the displacement of equilibriumby, 599
Light, the influenceof, on the color of ferriecHoride solutions, ~69
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Liquid alloy phase in a Systemcomposedof equiatomicquantities of sodium, potas-
sium andiodine, 466

Liquid and f~assystates in the case of glucose, the transition between thé, !)66

Liquid-Uquidinterface, reactionvelooity at a, 882

Liquid sait phase, the equilibrium compositionof thé, 466

Liquid mixturea of teHurium and sulphur, the etectricat conductivity of tetiurium

andof, M8!

Liquida, thé surface layer of, and the 8Meof motecutes, 879

Liquida, pairs of, volume changes attendant on mixing, 285

Liquida, unaNooiated, entropy of vaporisation of, tszS

Liquida, various, solubility of thé aminobenxoioacide in, tMt

Liquid system, catalytio reductions of nitro-organio compouadain the, 63!

Lithium oMondeand ammonia comploxes, tyos

Losaee,reneetion, in the optieal eyetem of the Hilger ultra-violet monochromatic

inmninator, 86t

Low-quartz at $7)*, the heat capacity of, a note on thé high-lowinversion of, t2o6

Lyotropio sériée,the f-potentM and thé, t6<t6

MaM-actionlaw and aotivity coeNeienta in eteotrotyteft, t~t

Materiat, oolloidal,cataphoteeiBand eteotricat neutralisation of, tM:

Meamrement of contact angle and the work of adhésionof organie substances for

water, 255

Measurementa, phyaica!, a conception of polarity derivedfrom, anditsretationsto

the electronioconfiguration of aromatic organio eompounds, 203

Measuringrotatory dispersion, a simple method for. n63

Membranes, silica, the pore sizeofcomprossedoarbon and, of, tssg

Meroury, phototropio oompoundaof, tgM

Metabotism in normal health and diabetea, t663
MetaUiMdsi!ica gels, catalytio activity of, 113, to2
MetaJs in zincamalgam cells, a study of the potentials and activities of the, 209

Méthane, thé oxidation of, t92

Methanol, catalytio décompositionof. 4!$

Mothanoi over aluminum and zinc oxides, behavior of, szt

Methanol, deoompositionand synthesis of, behavior of zinc oxide and zinc oxide-
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Method, a micro,for thé détermination of vapor pressare and water of hydration of

soUdeompounds, t38o
Method for moasuringrotatorydisperaion, a simple, tt63
Method of radiation calorimetry, development of a, and the heat of fusion or of

transition of certain substances, ott

Micro method for the détermination of vapor pressure and water of hydration of

soiid compounde, tg8o

Mixingpairs of liquide, the volume changes attendant on, 285

Mixture effectand promoter action,

Mixture or substance, formutasfor thé internat energy and entropy of a, 1396

Mixtures, oonstant-boiting,of hydrogen fluoride and water, t888

Mixtures and substances, properties of, at the absolutezéroof temperature, t&tt

Mixtures, fats, nitrogenous substances and their, oxidation of, with carbobydrates

hyair, t66j

Mixtures, liquid, of teUunum and sulphur, the electrlcal conduotivity of telluriutu
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Mixtures ofeasiiycondensaMegases, adsorptionof. t~y

Moisture content, relative humidity and, thé dependenceofthé resistivity of cotton,

sBkandwooion, 176'

Molecular orientation at surfaces of soHds,255, 620

Molecules,the surface layer of liquide and the siiteof, 879
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NitMgen~jtygen.nitMgen')}ddeeq<tiMMum, '663Nitro-organiecompounda in thé liquid system, cat~ytic reduotion of, 63t
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Oxidationof fats, nitrogenomsubstances and their mixtures with earbohydrates by
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Qxidationofmethane, ~3
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Photoohemicaland ionizationreactions, relation between, 573
Photoohomioaldécompositionof hydrogen iodide, ayo
Photochemioaireactions, experimentaltechnique for quantitative study of, 482
Photoohemicatréactions, some,the innuenceof the intensity ofincident light on the

velooity of, tgoS

Photochemistry, nrst report ofthe committee on, 48!
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Photochemistry, atudieain theexpérimentât techniqueof,86t, t34):

Phototropio compoundsof meroury, t3S4
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Physicat tneasurement, a conceptionof polarity derived from, and its relations to
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Phyeicalproperties of aqueouahydroxybenzenesolutions,some, 785
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the etectronie configurationof aromatic organie eompoonds, 993
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theory, to89

Potassium, crystai structure of, 354
Potassium ferro- and ferrioysnides, t422
Potassium ferro- and ferricyMides,absorption spectra of, 187



!9ï4 SUBJBCTÏNBBX

Potentiatoftheoxygeneteetrode.theateadineMofthe.theinnuenceofmovetnentof

eiectrotyteupon, 1171
Potentiats and aetivitiea of the metale in <)inoamaigamcetb,a study of the, 209
{-potentia!, détermination of the, on ceBuiose, 6~t
Précipitations, adsorption and solutionphenomenaeneoanteredin, ~n
Preparation of a teadaetenidehydreso!7. 698
Preparation of a teadsutpMdehydMsot and ite combinationwithphosphate ions, t7:7
Preparation of the hydrogenélectrodeand the removal ofacommonsource of trouble

inoonnectionwtthitamte, ;oe&
PreMuro,influenceof, on the high-lowinvemionof quartz, tt~y
Pressure, vapor, and water of hydration of eolid oompound~a micro method for the

determiM.tMnof, tgso
PrMeurea,osmotie, of concentrated MiuttoM, t, toS6
Prevalent orror in the denvation of the freezing-point and boiling-point laws for

ditutesotutMnB.a, togo

ProeeMeft,quantum,in photochemMtry, gt6
Production of colorin gtass and in gemaby x.rays and radiumraya, t8M

Produote, nitrogeneoua,fata and earbohydrates, oxidation of,by air in présence of

aunËf~t, M63
Promoter action, mixture effeotand, yto
Promoter, iron oxideaa, in thé eopperoxideoata!ya<aof sodimnhypochlorite, !8o8

Properties, ehctrieat, of the anode iayeM, tot8

Properties, some physioa!,ofaqueMNhydroxybenzenetoh~onB, y 85
Properttes, some physioat, in benzène, !~6
Properties, Mme phyeieo-chemieat.ofatannoueoxide, tog
Proteins, retationaofphenoh and amineato. 868
PnMaianblue,nature of, u~t
PateohemicatMbatNtoeaasadhesites. ny8
Pure oopper colloidalsolution, temperature of coagulationof, ~ag
Quantitative atudy of photoohemioalréactions, experimentaltechnique for, 482
Quantum procemesin photoehemietty. gt6
Quantum theory, introductionof, to6s
Quartz, a note on the high-lowinversionof, tM6

Quarts, high-lowinversionof, the inBueneeofpresauMon, n~y
Quartz, low, at 573°,the heat capacity of, ~06

Quasi-quantitative imtruments, oxygenelectrode aa a, 990
Radiation catorimetry, developmentof a method of, 912
Radium raya and x-raya, some experimentaon the productionof color in gtaseand

ingemaby, t886
Rate of absorption of water by Bakolite, 876
Rate of evaporation of molten cadmiumin a high vacuum, tst6
Rate ofmultipncationofyeMtatdMerenttemperaturee, t86g
Rate ofosmosM,effeetof temperature on, t~
Raw rubber and plastie Miphur, streBa-etraincurvea for, at vanoua temperatures, tMg
Raya, radium and x-rays,aomeexpérimentaon the productionofcolor in gtasaand in

gemaby, tM6

Réactions, chemical,of the third order, t7~8
Reactions, consécutive,in the mutarotation of glucoseand gatactoae, ~07
Reactions, homogeneouagas,étudiesin,925,'065
ReactioM of nitrogen, new Mgh-temperaturenxation, ~88
Réactions, photoehemicatand ionisation,relation between, s73
Reactions, photoehemicat,exporimentaltechnique for quantitative atudy of, 48~
Réactions, some orgaaic, the applicationof thé third law of thermodynamieeto, 734
Reactions, some photochemieal,thé influenceof the intenaityofincident light on the

vdocityof, tgoS



BUBJtiCT!NMX l~îg

Réaction vetocttyat a liquid-liquidinterface, 88z

Red CoagoMM and Congored !akes, 1875
Red lakes,Congo,red Congoacid, and. tSys

Réduction, catalytio, of nitro-organiecompoundsin the liquid System, 63!
Reduction of nitrocompounda,catalytie actMty oftitania in thé, 85?

ReactioM,someorganio, thé applicationof the third lawof thennodynamies to, 734
ReNectiontoeseain the opticat Systemof <~ Hitger ultra-violet monochromatio

iUunnnator, 86t

Relation betweenphotochemicatand ionisation réactions, 573

RotationsMpbetween compositionand boiling-pointof aqueous sotutioM ofsodium

siKeate. 7~

Re!atioMMps,MhtbiUty,ofia<!t<Me-BUCM6e6otuticM. « t8s6

Re!atioMMpsof phenols and aminesto proteina, 868

ReMoaB,MtubHity,ofiBomehoeompottndB.593, t33i
Relative humidity and moMturecontent, dependenceof the tesiativity of cotton,

eitkandwooton. t76t

Removat ofa common cause of trouble in connectionwith thé UMof the hydrogen

etecttode, tos6

Report ofthé committee on photoeheaMetry,first, <~t

Report of thecommittee on contact catatyM, aixth, t6ot

Resiativity of cotton, eilk, and wool on relative humidity and moisture content,

dependeneeof thé, t~t

ReveMatofTraube'sruieofadsorption, tgM

R6te of phosphatesin the taMag-upof dyes by mordants, 380

Rotatory dispersion,meaaunng,a simple methodfor, ~63

Rubber, raw,and pta~tiosulphur, etresa-etrainourvesfor, at various temperatures, tMS

Rubber, vulcanisationof, 8ot

RuIeofadMrpMon,Traube'a,reveMatof, tga~

Salicylate,nieket,aqueotNsolutionsof, transport numberof the cation in, 1272

SattetrorofindicatorainthecotofimetricdetenBinationofpH, 1820

Sait phaM,liquid, the equilibriumcompositionofthe, and the liquid alloyphasein a

eystemcomposedof equiatomioquantities ofeodimn,potassium and iodine, 466

Satta.dimociatMnofwBaketectroîytesmthepreMnoeof. t!M

Saitsof cadmium,some.activity and freeenergyof dilution of, a etudy ofthé. 9!

Satta,n6uttal,thëetfectof,oncertam.catatytiedMompoNtioM, 401

8atta, other,in non-aqueouseolvents,the inmuenceof salta on the solubilityof, 1294

Satts,thee)feutof,onweakeiectrolytes,tt2t, ~495

Salta, the inliuenceof, on the sombiiity ofother salts of non-aqueous soiventa, 1294

Saturated fatty aoid, workof adhésionof the, forwater, 620

Second tawofthennodynamics in ehemistry, 982

SeÏenidehydrosol,lead, the preparation of a, 698

SeBsittang,the optical, of siiver balide emuMoM, 751

Séries, tyotropio,the {'-potentiatand thé, 1646

Silica, calciumoxide and water, the system, t236

Silica gds, metaUized,thé oatatytic aetMty of, 't3, '92

Silica membranesand of eompreesedoarbon,poresise of, 1553

Silicate gheses, etectrochemicatbehavior of, 779,843, iot8

Silicate, sodium,aqueoussolutionsof, relationshipbetweencomposition andboiling-

point of, 7~

Silicates,sodium,as coUoidaleteotrotytes, 44

Silicates,sodium,aqueous solutionsof, 44

Sitks and dyestuna. 16.

Sitk, wooland cotton, dependenceof the resistivityof, on relative humidity and

moisturecontent, '76t

Silver bromide,adsorption of orthochromeT to, 7St



ï9'6 BUBJBCTINDEX

SitverhatideemuMoM.optieatBenaitizingof. 751
SunptemethodformeaauringrotatorydiapeMion.a, J 163
Sixth report of thé committeeon contact catatysh, toot
Sbe of molecules,the eurfaoelayer of Uquida and the, 879
Sise, pore, ofoompreMedoarbonand ofaiUoa membranes, ~53
SodiumhypocMorite,eopperonde catalysts of, ironoxide aa promoter in thé, t8o8
SodiumhypocUoritesolutions,oatalytio decompMitionof,43, t8o8
Soditan, potassiummd iodine,a system composedof equiatomio quantities of, the

liquid attoy pbMein, ~66

8odi<)msitiMte,aqueouaeohtt:o)Mof.
SodimnaHie~te,aqueouaeotutiomof, tebtiomMps between compositionand boiling

point of,
SodiumeitiMteeMcoBoidatdectMtytea.
8odi<Mnmtphide MttttioM,the eteetrotysiBof. tygy
Sol,MBeniotMau!phMe, t~gt
Sol, ferne hydro~dde, ts~
Sot.theinnueneoofconoentMtionof~onitsstebNty, ta3t
Solldcompounda,vapor preasmeand water of hydration of, a micro method for the

détermination of. ~80
SoMeteotMtytiedeposita, 843
Sottde.moteouhu'orientationatsurfMesof,355,6~0
SotpMitiee,isoelectric, opttoatMomersof cystine and their~ togt
SotuMUtydata, new, the latent heat of fusion of mphthatene from, to~o
Solubility, mutual, of thé dinittobenzenes with thenitroMuMnee, 393
SotuMity, mutual, of the three chtorobeMOMzci~ 593
Solubilityof other Mtta in non-aqueousaotvents, the inaneace of mtte on thé, tao~
Solubilityof the aminobenzeneMide m various liquide, ~3!
Solubility of potassium bromidein acetone as related to the inter-ionic attraction

theory, thé, togo
Sohtbi!ityMtationaMpsofi)M:tose-euorMesotutiom, )8s6

SohtbMityrdatioBBofisomericor~niocoBtpoMnda.593, t33t
Soh)tMn,adMrptionfrom,byMh-freecharcoat, Sao
Solution, aqaeoua.aotivityof cadmium iodide in, astudyof the. 040
Solution, aqneouaammonia,Mtfacetension and the etudy of the eurfaceof, 583
Solution, buffer, adsorption from, aa a means of determining the isoetectricpoint

for chaKoat, 829
Solutionphenomenaand adsorptionencountered in nreoipitationa, t~nt

Solutions,aqueous hydroxybenzene,some phyeteat properties of, 785
Solutions,benaene, a cryoKopicatudy of, 709
Solutions,ooncentrated, oemotiepressures of, t, to86
Solutions, dilute, a prevalent error in the derivation of the freezing-point and

boiling-point lawsfor, 1. to8o

Solutions, electrolyte,equilibriumin, 67

Sotutiona.fen'iocNonde.inauenceoftif~tom the color of, M69

SotutioM.tactoae-sueroBe.MtubiMtyrdationahipBof. ~856
Solutionsof nickel salicylate,aqueoua,transport numberof the cation in, M7a

Sotutiomt,aodimnhypocMonte,eatatyticdecon)poaitMnof,43, !8o8
Solutionsof sodium silicate, aqueous re1ationship betweencomposition and boiling-

pointof. 12
SotctionsofMdiumnNcatee. 44
Solutions, sodiumhypochlorite,catalytic decompositionsof, t8o8

Solutions, sodiumMtphide, eteettelyeMof, tySy
SotutionB.supeKaturated.wcoNtyof. 604
Solutions, surface teamonaof, variation in thé, 32!
Solutions, variation of the capiMaryaction of, with time, un



NOMMTINDEX ï!)ty

Sotventft,non-aqueous, the innueneeof salte on the solubility of other salts in, ~04

Sorptionof water vapor by activated eharcoats, <t4~

Speetra, absorption) of potassiumferK- and ferrioyanides, a further study, t8y

9pMt<ographiedetection, are, and estimation of gatMum, t~

Stabitity of eottoids,eiïeet of non-eleotrolyteson thé, !48!, tSyz

Stabitity, the influenceof concentrationof a ao!on its, 1231
Stannous imide, ammonouseobattouanitride, ammonousaluminumnitride and, 433
Stannousoxide, adsorptionof hydrogen,ethyiene, aeety!ene and ethane by, t~!3
Stannousoxide, somephyeteo-ehemica)properties of, t03

State, change of, properties of substances and mixtures at the absolute zéro of

température oonnectedwith, t8~!

Statef, g~my and liquid, in the case of glucose,the transition betweenthe, t366

Steadinessof thé potential ofthe oxygehelectrode,influenceof movementof eteotro-

tyte upon the, ttyt
StreM-strainourves for plastic eulphur and mw rubber at various températures, tMs

Structure ofpotMstum.erystat, 354

Structure of the surfaceofaqueouaammoniasotut!on9,surface tensionand thé, 583

Structure of water, t68!

Studieain dyeint: t6t

Studies in homoeeneoosgaaréactions,225, to6s

Studiosin the expérimenta)technique of photochemistry,86t, !3~
Studie on g)Ma, !366

Study, a oryoacopic,of benzenesolutions, 709

Study, a physico-chemioal,of gum arabio, 676

Study of hydronuoric acid, the hydroCuoridesof organie baM«nd a, n~

Study of the absorption spectra of potassium ferro- and ferrioyanides, t8y

Study, quantitative, of photochemioatreactions, expérimentât technique for, 482

Study of the activity and free energy of dilution of some eatts of cadmium, ût

Study of the aotivity of cadmiumiodide in aqueous solution, 940

Study of the potentiab and activities of the metab in zinc amalgumcells, 2og
Substances and mixtures, properties of, at the absotute i~rc of température con-

nected with changeof atate, tS~t
Substanceor mixture, formulasfor the interna! energy and entropy of a, '396

Substances,nitrogenous, fata and their mixtures with carbohydrates, oxidation of,

by air, '663

Substances, organic, the work of adhésion of, for water, meMurement of contact

angle and, 255

Substances,pure ohemioal,as adhesives, nyS

Sucrose-Jactoaesolubilitiesat lowtempératures, )8s6

Sutphate, ammonium, sulphurie acid and ethyl alcohol, the System, '697

Sulphates, basio cupric, eNectof a!katinity on, n85

Sulphide,cadmium, adsorptionby, and its importance in thé estimationof cadmium, to6:

Sulphidehydrosol, lead, préparation of a, and ita combination with phosphate ione, t~ty

SutpMdesodiumsotutions.eteotroiyaisof. 1787

Sulphidesol, arsenious, t<t8t

Sulphurand tetturium, liquid mixtures of, eteotrioatconductivity of teilurium and of, t28!

Sulphurioacid, ammoniumsulphate and ethyl alcohol, thé System, tôo?

Sulphur, plastic, and raw rubber at various températures, streM-strainourves for, tMs

Summary, general, and theory of constitution; sodium silicates as coNoidat elec-

trolytes, 44

Sunlight, oxidation of carbohydrates, fats and nitrogenous products by air in the

présenceof, 1263

Supersaturated solutions, the viscoMtyof, 604
Surfacecatalysie, thé eteotrodynamiosof, !0o6

Surfacelayer of liquida and the SMeof moleoules, 879



ï9l~ SUBJBCTINDEX

Surfacecfaqueousammoniasotutions,surfacetensionand the structureof, 583SurfacesofsoUds,moleoularorientationat, (;,o
SurfacetensionMutthe structureof?9 surfaceofaqueousammoni&sotutiohS) 583
Surfacetensionsofsolutions,variatioMinthé. 3~i
Synthesisand décompositionofmethanot,aineoxide-chromiumoxideoata!ystsin

the,behaviorof,
Synthesisofwater.
Synthesisof waterovernickelandcoppero&tatysts, y
8y9tem:MMïMntmneutptMte,BatphunoacM,MMtetby!ahtohot, t6o7
Syateta:oalaiumoidde,ailioaMd watNf, ~6
Systemcomposedofequiatomioquantitieaof sodium,potaeeiumand iodine, 466
8yatem,M<8iO,,H<0,
System:tholiquid,e~t<dyt!oreduotionofnitro-organiocompoundsin, 63!
System,theopttcat,of the Hilgeraltm.vio:~monocbromatiotHuminator,roSeotion

tOiSM~
Systems,excited.fonnedbythéabMrpUoaoftight. 507
Taking-upofdyesbymot'dantB.i'oteofphosphatesmthe, 380
Techniqueforquantitativeatudyofphotochemicatroaotione,expérimentât, 48:
Techniqueofphotochemistty,eicperimentat,etudieain thé,86t, !342
TeUudumandautphar.Uqmdmixtureaof.etectrie&tcondMtivityofteUuriumandof,M8t
TeMurium,electrioalconduotivityof,andofliquidmixturesoftoMudumaad eutphur, M8t
Température,abaolutezéroof,pMperttMof Mbetaneesandmixtareaat thé, !84t
Temperatareofcoagulationofpureooppercolloidalsolution, 425
Température,functionof, latentheatofvaporisationas a. 576
Température,theeneot of,onrateofcaaoaia, ~7
Temperature,thevariationof theMtiMtion-coeBcieotwith, 1834
Temperatures,dKferent,thérateofmultiplicationofyeaat&t, t865
Temperatores,various,atrest-atrainourvesfor ptae~esulphurand raw rubberat, t325
Tensions,surface,ofsotutioM,variationsin thé, 32;
Tension,thesurface,and thestructureofthe aurfaceofaqueoueammoniasotutiotM,583
Textue8,eteotricateonduetionin, 1761
Thallium,cataiyticactivityof, ~e~
Theory,inter.ionioattraction, the solubilityof potassiumbromidein acétoneas

relatedto the, 1089
Theoryofadsorption,Patnck'a,anexaminationof,6t6, t4a3
Theory,quantum,introductionof, jo65
Thermodynamicsin chemistry,thesecondlawof, 982
Thermodynamca,théapplicationofthethird lawof,to someorganicreactione, 734
Thirdlawofthermodyaamies,the applicationofthe,to someor~anioréactions, 734
Thirdorder,chemicatreaotionaofthé. t748
Time,the variationofthé eapi!!aryactionofsolutionswith, Mitt
Titania,catalytioaotivityof,in theréductionofnitrocompounda, 852
Transitionbetweenthegtaesyandiiquidtttatesinthecaseofgtucose. t366
Transitionof certainsubstancesor ofheatof fusion,developmentof a methodof

radiationcalorimetry,and thé, 0~
Transportnumberofthe cationin aqueouesolutionsofnickdaaUoytate,thé, 1272
Traube'sruteofadsorption,reversaiof. igaa
Ultra-violetmonochroma.ticiNumication,Hilger,opticalSystemof thé reNection

hMseain. ~6,
UnassodatedHquids,entMnyofvaporitatioaof, t~S
UvioHamp,energyd)stnbutionofthe, t34a
Vacuum,a high,rateofevaporationofmoltencadmiumin, !St6
Vapor,fomucacid,catatytiedécompositionof, Mt
Vaporization,latentheat of,as a funotionof temperature, 576
Vaporisationof isopropytalcoholandethylaïcohoi,heatsof, 6r



8CBJECTMPEX

VapottiatMnoftHMMoeiatedMquicbttheentMpyof, ~598

VapoMOBehareoatat9S'eertaimo)'ganic,heatsofadeo)'ptionof. 360

Vapor, water, Bmptionof,by aetivated chaMoa! 441
Variation ofthe oapiUàryaction of solutions wlth time, MU

Va)'iationoftheext!netion<oemeientwtthtempeMture,the, t834
Variations in the surfaeeteaatonBof sotutions, ~t r

Vanoua!iqu!ds,sotwbi!ityofthea!ninobenzoicfMMein, t~t
Varioue températures, plasticaulpbur and raw rubberat, atress-strain ourves for, tMS

Vetocity,KMtion,ata!iqt)M-Mqtddinterfaee, 882

VetocttyofMteriBeath'nofamidMinatcohot. t<t6y
Velooity of some photoehemieat reaetions, influenceof the intensity cf incident

light on the, tgoS

Visoometer,a oombinedcapiHanmetef, 459

ViM<MityofBupefsatutatedsolutions, 604
Volume ct)an({eeattendant on mixiaKptUMofUquidB. 285

VMtcaniza~onofrubber. 8ot

Water,andhyd)'ot~Cooride, the constaat-boiiingBMXtuMof, !a88
Water of hydration and vapor pMMMMof aoMdcompounds, a micro method for thé

detemnination of, t~So

Water, rate of adsorptionof, by BaM!te, 876

Water, silicaand calciumoxide, the syetem, Kgû

Water,etrueture of, !68t

Water,syntheNBot. tt3

Water, ayntheBiaof, over niokeland copper catatyata, yt9
Water vapor, Mtptionof, by activated chareoat, 44!

Water, work of adhedon of organic substaneee for, 235

Water, work of adhésionof thé BatwatedfattyMids for. 620

Weak etecttotytes, dimodation of, in thé présenceof satts, tMt

Weak eleotrolytes,effectofsatts on, t t~t, t4os
Wiid!eM*bios, t094
Wool, cotton and silk, dependence of the resistivity of, on relative humidity and

moieture content, t)'6t
Work of adhésion of organicsubstances for water, nteaatu'ement of contact angle

and thé. 255
Work of adhésionof the saturated acide for water, 620

X-ray investigationof the adsorbenta, 1524

Yeast, the rate of maMpiieationof, at diCerent temperatures, t86s

t-potential,. determinationof thé, on cettutose, 641

t-potential and the lyotropiosériée, t646
Zéro of temperature, absotute.pmpertiesof substances and mixtures at the, 184!

Zinoama~gamceiia.potentiata and activitieaof, 209
Zinc and aluminumoxides,behavior of methanot over, 221

Zinc oxide and zinc oxide chromiumoxide eatatysts, behavior of, in the décomposi-
tion and synthesis of methano! t743

Zinc oxideobromiumoxideoatatysts and zinc oxide,behavior of, in the decomposi-
tion and syntnesis of mothanol, ~43


